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Abstract:
The catalytic hydrodenitrogenation of a high nitrogen (0.191 wt %) and high sulfur (0.800 wt %)
medium California gas oil was studied in a bench scale, packed bed, continuous, tubular reactor.

The primary objective of this research was to perform process development studies on the use of a
'cobaltous chloride alumina-silica catalyst for hydrodenitrogenation. Desulfurization was also studied.

The operating conditions studied were between 670 and 800°F, 800 and 1200 psig, liquid hourly space
velocities from 0.25 and 2.0 hr" , 2000 to 12,000 standard cubic feed hydrogen/bbl oil (SCF H2/bbl),
catalyst compositions from zero to 9.0 percent cobalt, and chlorine-nitrogen ratios from zero to 15.0
atom/atom. Optimum catalyst- composition was 7.0 percent cobalt using Harshaw 1602-T
alumina-silica support.

Methylene, ethylene, and propylene chlorides were used as sources of chlorine in the reaction zone.
Methylene chloride gave the best -results.

The catalyst activity increased with increasing temperature and pressure, decreased with increasing
space velocity, was unaffected by variations in hydrogen treat rates between 2000 and 8000-SCF/bbl,
but decreased at hydrogen rates greater than 8000 SCF/bbl. The decrease by using hydrogen rates
above 8000 SCF/bbl was probably due to chlorine-hydrogen dilution effects.

In order to achieve the highest catalyst activity, the hot reactor system was purged with hydrogen to
remove all traces of air and moisture. Some catalyst activation may also result from the treatment. At
optimum reactor conditions, 91 percent conversion was realized.

Hydrogen consumption was determined by analyzing the effluent reactor gases. Consumption varied
between 20 and 381 SCF H2/bbl for the range of operating conditions described above.

Sulfur removal followed the trend of nitrogen removal but at a lower level. Optimum sulfur removal
was only 78 percent.

A comparison of cobaltous chloride with a commercial cobalt molybdate catalyst showed that the
chloride was substantially better because it removed all but 190 ppm compared to 280 ppm "nitrogen in
the product for the commercial catalyst.

An exploratory run made with a nickelous-cobaltous chloride catalyst showed that this catalyst also has
a high denitrogenation activity.
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ABSTRACT

The catalytic hydrodenitrogenation of a high nitrogen (0.191
wt %) and high sulfur (0.800 wt %) medium California gas oil was
studied in a bench scale, packed bed, .continuous, tubular reactor.
The primary objective of this research was to- perform process develop-
ment studies on the use of a‘'cobaltous chloride alumina-silica catalyst
for hydrodenitrogenation. Desulfurization was also studied.

The operating conditions studied were between 670 and 800°F,
SOOland 1200 psig, liquid hourly space velocities from 0.25 and 2. O
hr”™~, 2000 to 12,000 standard cubic feed hydrogen/bbl oil (SCF H2/bbl),
catalyst compositions from zero to 9.0 percent cobalt, and chlorine-
nitrogen ratios from zero to 15.0 atom/atom. Optimum.catalyst: composi~- -
tion was 7.0 percent cobalt using Harshaw 1602-T alumina-silica support.

Methylehe, ethylene, and propylene-chlorides were used as sources
of chlorine in the reaction zone.  Methylene chloride gave the best :
results. ‘

- " The ‘catalyst activity increased with increasing temperature
and pressure, decreased with increasing space velocity, was’unaffected
-.by-variations  in hydrogen treat rates between 2000 -and 8000 SCF/bbl
but decreased at hydrogen rates greater than 8000 SCF/bbl.” The decrease
by using hydrogen rates above 8000 SCF/bbl was probably due to chlorlne-
hydrogen dilution effects.- '

'In order to achieve the highest catalyst activity, the hot re-

actor system was purged with hydrogen to remove all traces of air and
moisture. Some catalyst activation may also result- from the treatment.
“At optlmum reactor condltlons, 91 percent conversron was realized.

Hydrogen consumption was determined by analyzlng the effluent
reactor gases. Consumption varied between 20 and 381 SCF H2/bbl for-
the range of operatlng :conditions. described above.

Sulfur removal followeo the trend of nltrogen removal but at a
lower level. Optlmum sulfur removal was only 78 percent.

A comparison of cobeltous chloride with a commercial cobalt.
molybdate catalyst showed that the chloride was substantlally better
- because it removed all but 190 ppm compaxéd to 280 ppm- nltrogen in the'
product for the commercial catalyst. :

An exploratory run-made with a nJckelous cobaltous chloride
catalyst showed that this -cdtalyst also has a high denitrogenation
activity. .




, I...INTRODUCTION
" Hydrotreating to remove‘nitroéen and, sulfur lmpuritieS’from
'varlous compounds found in petroleum 1; a well establlshed reflnlng
process. It 1nvolves contactlng a petroleum feed (or synthetlc
petroleum feed) with hydrogen in the presence of a catalyst. The method

of contactlng and the operatlng condltlons Vary accordlng to the type '

of .feed ‘and the de51red level of 1mpur1ty removal.‘

. NitrogenJremoyal has hecome important for several reasons.
'ﬁltrOQen-containing compounds have heen shown to be seyere catalyst
’poisons ln-acid alkylation,”polymerization,.isomeriaation, catalytic
'cracklng, and hydrocracklng processes because of thelr polarlty and
'.ba51crty (152,3,4)- It has also _béen found that- nltrogen compounds
are_involved‘in gum formation, color instapllity,‘odor,_and poor stor- g
:age.propertfes'of fuels.. Studles“concerning'nltrogenfpoisoning'haye_r'-”

-reyealedzthat:the_nitrogen concentrationshin_theyfeedrstream must be-

‘very low in.order'for hydrocracking to be feasible (3).

Another study has shown that hydrOLreaclng a catalytlc oracklng
feedstock has lowered carbon productlon and 1mproved select1v1ty in
catalytlc crackingloperatlons.f The feed treated.had.anwaverage,of 1.8.
‘Jpercent sulfur'and 0.15 percent'nltrogen; which~pointed-out the need to o

_.remove even small quantities of these impurities from the feedstocks (8).

’Reoent actions by some local governments to restrict'the sulfur,

‘content‘of-donmstlc fuels indicates that hydrotreating will become,
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eVen*more.impomtent in futume refining. . Studies havelindiceted that
the sulfur content of a laige‘percentage‘of fuels oonsumed_in.ﬁhe._oo
Atlantic Coast Megalopolis:confain:between 1 pe:cent-endiB-pemcent
sulfur. Using an average of 2 hercen£ sUlfur, an -estimated -3.7 |
million tons of sulfur dib&ide[would‘be emitfed-fo“the-etmosphere'if
‘not recovered before the stocks are used as a fuel. -A small_heroent4-
age of this sulfumndio&;de is:oonyefmed to sulfur'trioxide and subj;,

sequently to sulfuric acid in the combustion_processs_(é).

Research on photochemioai smoo-indicatesxmhem the'inihieirre-
5actants are hydrocarbons, partlcularly oleflns and substltuted aro-”'
matice, nitric ox1de, and . oxygen It has been shown by chamber studles
that stralght automobile exhaust w1ll prov1de suff1c1ent quantltles.or :
these compounds that when subjected to pnotochemlcal reactlon condl—‘:
'tlons'w111_cause eye 1rr1tat10n (7. The.source.of the nltrlc;omlde
is—nof;esfabiished-hut amounfs uarying from l?h{o,Qdolppm“were:measured';

indicating that @ variation in fuel-could-possibly-be a: factor.

~Nitrogen removal will become even mome 1mportant due to the de-
spletlon of . the known reserves of hmgh qualltu nltrogen free petroleum
;and the appearance of synthetlc stocks which are derlyed from,ollvshales;:
Athébasca tém sands," and ooal'hydrogenation. For exampleg crude shale.i
011 from ‘the-. 1arge bedsof oil shale in Colorado contqlns approx1mately

.2 percent nlt:ogen (,) and- a typlcal Athabasca dlstlllqte contalns 3.46

pércent sulfur and 0.18 pe;cenu nitrogen (lO).
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These examplesg'then,_point out the'need for removing nitrbgen‘“ﬂ

impurities'from_refining feedstocks.

The methods avallable to remove nitrogen from petroleum stocks
are varied .ahd.numerous. Many of the basic. nltrogen compounds can be
removed by extraction'with'a'dllute solutlon of a strong»m}neral acrd,
-More recently a-process involvingrextractipn wlth'sodium‘aminoethoxide o
has.been.used-sugcessfully'on a oatalytio.cyble.oil oontaining 4b.ppm |
nitrogen (4){ Even . though in'both of these methods.the nitroger con- .
taining compounds can éenerally'be reoovered'unchanged ”the methods are”~
.very?inefficient and almost always incomplete. In partlcular, the
method employlng the mlneral acrd scheme removes only the baslc nltrogen
'compounds whlch usually comprlse'less than half the nltrogen COmpounds -
‘hl]found infpetroleun stocks (3,l2)a"‘ . o

Hydrotreatlng ‘is a well deflned and effectlve method of Temoving -
nitrogen from petroleumvfeedstocks.' However, to obtaln a satlsfactOIy
level of removal, severe condltlons of pressure and temperature are -
requ1red to denltrogenate medium to heavy gas orls. Fllnn has reported
that with- heavy vacuum- gas 01ls and resldues, complete hydrodenltro—
genatlon 1s not ea51ly obtalned even at 6000 pslg (12) “The catalysts
most ‘commonly used in hydrodesulfurlzatlon are also used to hydrodenltro—?
. genate and..consist -of varlousrcomblnatlons of nickel,.tungsten; cobalt,
and'molypdenum?impregnated on alumina or alumina-silica Bases. Flinn

s
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has’ reported using an actrve nickel- tungsten alumina catalyst in ex-3
perlmentalystudrev, and. Brewer (13) has reported u51ng nlckel—molyb—

'denum{catalysts'in commeroiélmunits.- Klovsky and others have noted

the adverse effect of nltrogen compounds in petroleum rractlons on the -~

act1v1ty of a mLch used cobalt molybdenun alumina catalyst (5);- (1t

is well establrshed that cobalt, nlckel, molybdate types of catalystS"

exhlblt thelr act1v1ty only 1f they exist in a sulflded form. ‘Falk (14)

and Brewer have noted the condltlons employed- to sulflde the catalyst ..

‘result- in varying degrees of’ actrvrty.)»

,Toﬂeliminete"completely the undeeireble_oharacteristics"of
nitrogen-containing compounde'in oils,'tne nitrogen muet bé éémpiétéi§ _
'removed;. Concentratlons of only a few. parts per mllllon can cause"
-harmful eff ects.. In general, nltrogen is harder than sulfur to remove
from petroleum stocks and the presently used catalysts do not-do ;;

" ad€quate job of removrng;the nitrogen from high nltrogen;content~01ls-

_even at.egtremelyfsevere:temperatunes and_ pressures.

Nitrogen compoundsqpresent in petroleum and synthetlc petroleum

”étooke'héve been etudied quite extensively. The knowledge of thelr

'beh3v1or in catalytlc hydrooenatlon is essentlal to understandlng why -

different reaction ratee?are observed‘lnrtyploal-denltrogenatlon”rem
actions (12). The nitrdgen compounds present inupetroleum;'snalefoil,

‘and coal products are very similar in nature. The&:éreféenerelly B
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A heterocycllc, w1th the nltrogen atom 1ncorporated in either a five--

or 51x-membered unsaturated ring. Some amines’ are also present.
Nltrogenrcompounds~present in petroleum can be classified as hasiC‘and
noen-basic. This classification is based upon the ability of the nit-

rogen compound to-interact with a perchloric acid-acetic.acid solution.

’VAbout 25-35 percent of the nltrogen compounds occurrlng in petroleum

are baslc_(l25l4). 1he flve-nembered ring comoounds are frequently

non-basic with hexa-hydrocarbazoleland.;ndollne,ae notaple exceptrdne;:

while.the'six-me@hered ring compounds_ are generally unsaturated:and

basic.:

Hartung and Jewell (15) have 1dent1f1ed indoles, carbazoles,

phena21nes, and nlcrlles'rn 2 hydrogenated, catelytlcally cracked

furnace 011, Sauer and co-workers have estlmated the concentratlon of

carbazoles,.lndoles, pyrroles, pyrrdlnes, and.qulnollne in petroleum

'WK3,15,16)TA-Examplesgof‘these typicalinitfbgenrcontaining:comoodndsr'

are shown -in-Figure 1.

On the ba51s of spectral ev1dence and the weakly a01dlc nature

of a spec1flc fractlon studled (3), small concentratlona of the';o1low--

: ing'claseéeuof comoounds could also be present:. hydroxylndoles, hydroxy?

" carbazoles,. hydroxypyrr0101ndenes, and dlhydropyrr0101nd@nes.\ This frac-

tion was also- the most colored-of those- separated and,;; nalyzed They -

:undoubtedly contribute largely to the adverse colornandfodor offthea‘




>
petroleum fraction. Aliphatic amides have been extracted from a 430-
65OOF boiling distillate of Wilmington, California crude oil but re-

presented a small fraction of the material isolated (3).

Typical Non-Basic Compounds

LJ CO :}'1”] @\?ﬁ@

H

Pyrrole Indole Carbazole

Typical Basic Compounds

@iy O -

Pyridine Quinoline Alkyl Amines
OH
G FERLD ¢ 00
NJ N g
H H H
Indoline Hexahydrocarbazole 2-Hydroxyindole

Figure 1. Typical Nitrogen Compounds Found in Petroleum.
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Destructive'oatalytic h?drogenation seems_to be the most sel—'
ective means of. removing the nitrogen from'oilsdsinoe it_remoVes onl?
the‘nitrogen atoms from‘the origlnal oompounds.. There is,:then,'a
definite need:to define and develop better and more eff1c1ent catalysts
for removing nitrogen from petroleum stocks Slnce.ltzls well estab-
llshed that the nltrogen compounds present in petroleum dre harmful
to many;reflnlng"operatlons,~1t-would seem that it is best to‘remove‘
._the.undesirables from the 0il source as early in‘the refinery pro-

" cessing of ‘the oils as possible.-

Investigations. (5) conducted at'MontanakState‘Universlty have
shown the merlt of metal onlorides as catalysts. Prevlous mork?done-A
with nickel chloride showed a suostantial.increase'in catalust actluitynﬂ
when compared at 1dent1cal operatlng condltlons to a presently used
cobalt molybdate catalyst. . Additional- study showed that the catalyst
' aotiultyﬁof'copaltous“cnlorlde’catalystawas sllghtly higher than_that“7'”'

. of nickel chloride.

It was for the above reasons that thls study was undertaken to
1nvest1gate the process development characterlstlcs of a cobaltous
. chloride alumlna 51llca destructlve hydrogenatlon catalyst system

Auslng a_hlghrnmtrpgen,oontent~med1um gas.oil.




II. RESEARCH.OBJECTIVES
Tﬁe overall,objective of this research workxwas concerned witﬁi
the process development df the catalyttc_hydrodenitrogenaticn qf High '
nitrogen-content gas oils in'the‘presedce of a cobaltous.chloride N

aldﬁina-silica catalyst.

Secdhdary‘objectires included -an ievestigationicf:the prccess_
Qariables ianlQed in hydrodenitrogenatton and deveiecment cf a“kin-
etic expre531on descrlblng the reaction rate in terms of the. nltrogen
‘concentratlon in the gas oil. The process varlables rnvestlgated 1n—
cluded the effect of reactor operatlng pressure, temperature, llqu1d

hourly space velc01ty based on 011 to catalyst volumes, nydrogen flowA
rate, catalyst composition, and feed chlorlne nltrogen ratlo;' Pre~<‘
vious work (%) conducted at Montana ‘State University has shown that
the last of these‘variablesVis'important td‘sUCCéSSfUI chLoride‘cat-A
alyst usea,THence,:the“method of additioe.of chlorine,tc the_reactioﬁ'

. zone.was also investigatéd.

These:. obJectlves were fully or’ partlally reallzed depérding
upon the researcher s estlmatlons of 1mportance, and are dlscussed

later in this paper.
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. III. EXPERIMENTAL

"A. Introduction

'Sevéral~explorafoiy ;uhs were hadeﬁusing‘cdbaltoﬁsiéhloiide”as k
a catalyst; The purpose'of:these‘funs was to detefhihe'fhe.effec-
tiveness of the catalyst ln nitrogen remoeal. As.a resulf of these
exploratory runs, the-reaclofisysfeﬁ (14) hsed for earlleristgdies Was
found'to.be-fotally'Unaccepfable'}orlfurther use with this_catalyst.:
‘The_system was_unacoeptable,because fhe accomdlation of ammoh;um -
7chioildé;~a majofV£eaction product (5), plugged the reactor after only .
l2‘hours:o£ cohtihhed”use Falk (14) has shown that in order to obualn

‘useful results, a catalyst ‘line- out of over" 12 hours was. requ1red.

o ggHowever, 1nterpretatlon of the exploratory data dld showrthat 1tpwould

 be of yalue tovdeslgn and build a new.reactor system that would allovi

for ‘the accumulation of the reaction product.-

A schematlc dxagram, Flgure 7, shows the overall’ flow of- the newvi
l'system._ Thls system 1ncluded a precooler and heater arrangement that
_maintainedjthe'ﬁemperature w1th1n~the;small flttlngs at the reaotor
outlet, above‘the soblimation temperature,of‘ammohium,chlorlde, 335°Cl
(li).' Theaammohiuﬁ chloride was theﬁ deposited on theuwalls of the
'larger ‘diameter section of the precooler, allow1ng much longer ‘Tuns

to be made. -
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Additional preliminary runs were- then performed. Figure 9

shows the results of two of-these rUns.:'The operating-conditions

.and techniques for these runs were’ 'based on con51derat10ns presented B

by earlxer experlmentors (5, 14) Interpretatlon of these results
deflnltely p01nted out the probable usefulness of the catalyst and

also that the catalyst comp051t10n would be an 1mportant factor to

:cons1der,1n future work. Consequently, a thorough- 1nvestlgat10n was -

L

undertaken. . The follewing sectlons expand on “the equ1pment,_operat1onal

procedures,ﬂand,analytical_techniques used for thisuanestigation;'

B. ,Reactor-System and.Operation - e
A detalled dlagram of the reactor is shown in Flgure 8. It was

constructed of a 33 1nch length of ‘1= 1n. schedule 80, 316 stalnless

.steel” tublng. Each end of the reactor tube was threaded and fltted

w1th an approprlate 1nlet and outlet sectlon. }l tubing leading to

* pressure gauges, pumps, hydrogen supply, flttlngs,wthe precooler and

:thermowell,~are-3lo staxnless steel. The.thermowell_ls-mounted ax1ally

and extends to-within three or four inches of-the outleti _It:Was in;_
stalled so that it could be. located in the center of the reactor. A
6éinch diameter aluminum block used to contain the redctor is heated

with seven‘Nichrome;wire heating coils. "A pair of two coils_(secondaiy¢

‘heaters) and a set of three coilé (primary heaters) are:connepted.in'

parallel to give a uniform heat distribution in the block. Each set -

‘has an.equivalent resistance_of 16 ohms-and is controlled with a Variac. g
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. The aluminum block is mounted in‘a 12-in. metal-can filled with.

?Zonolite".insulating.material.

The-hajor materials employed consist of,barrel—eize samples'of-ﬁ

'mediumroas 0il (see Table T for test oil propertles) supplled by Chev~

‘Ton Research Corporatlon San Pranc1sco, Callfornla, and pure hydrogen
Isupplled by H-R Oxygen and Supply, Inc., Helena, Montana. ,Ihe:major_l
equ1pment:employed consisted. of a Hills-McCanna meterlng typefpiston
pump, a water cooled condenser, a Grove Mlty -Mlte back pressure regu-
lator,.-a safety head fitted w1th a 2000 psig rupture. disky a Leeds and
_Northrupﬂlndlcatingfpoténtiometer,.and_a”Leeds;and'Northrupﬂrecording
potentiometer, a hldhlpressure das rotameter3-and“a Earherléolenan :
on-off temperature controller. The controller is & 51ngle pornt con-
~troller, using an 1ron constantan thermocouple as the sensrng deulce.

It'is used. to control theé temperature at.point’ 2 of Figure 8 with the

'three'primaryfheating'colle.f:Thle set of coils heats the major portion.

.of the.catalyst zone.. Three, other equally spaced thérmocouple -probes
inserted in the thermowell'are‘used to measure’the.temperature'profile_

at other points in the bed. -

A normal operatlng procedure consrsted of the followrng sequence;

1) the alumlnum block was" preheated to the desired temperature, 2) the
:reactor was’ loaded w1th catalyst and placed 1nto the alumlnum block;

3) the reactor was purged with hydrogengand tested forxleaks as it-




- WO . WS I ¥ | LLL Ui

:,-12-.
heated to the‘desired temperatore{ (The hydrogen purge was-found“cd
_be‘very‘important and is.discussed‘later.in>thls section,)>‘4)'£he feed
was;starfed."The.feed rare'was measdred.by a 5d}ml burette andhthe -
hydrogeniflow was. measured with a high pressure‘rotameter:“ The rotar
meter was callbrated u51ng a wet test meter. In all cases, ‘a catalysr
“volume of 120 cc was-used. The catalyst bed was held in place at the‘
' top w1th 90 cc ©of 1/4 1n. alundum pellets and at the bottom by about
.75 cc of 1/4 in. alundum pellets.; This .centered the,catalystuoed in. -
the reactor. A~ contlnuous record of-the"temperature doring operatlon
was recorded by the Leeds and Northrup recording potenclometer.. The
pressure and feed rate were checked per1odlcally and adJusted when,

~

necessary.

lyplcal operating condlclons were"SOooF, 1000 pslg; hydrogen rate.
_ of'7,500'SCF/bbl,'liquid,hourly space'yelocity (LhSV) of 0.5 hr'l,’and
ha'chlorinelnitrooen ratio of 9.0ha£om/atonl -Most~of fhe experimental-
data-was obtained‘a{ these conditions} _Howeyer,'sincestheirjeffeCt on -
catalyst performahce'was studied, each.waS‘varied oyer'a specific
range. - Temperatures from 670°F to BOOOF;‘pressures from 800 to 1200 :
psig, hydrogen rates’ from 2,000 to 12,000 SCF/bbl, LHSV;from_Q;Zo to
.p2.0, and chlorine-nitrogen ratio from 0 to 15 atom/arom were used.'

Twio mefhods wete used:to'obtain.samples of the product oil. ..
Neifher;proved.to‘be'superior and copseqUently both werehused..‘fhe

- first method involved cbtaining a small .volume (15-20 ‘cc) of sample
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p?oéhct for anélysis. The second meuhod involved obtalnlng a large
volume (604120 cc) of sample and subsequently using only a small _por=
mtlon of it for analy51s Tbe time¥available for taklng‘the sample
dictated the method used. Each sample wae'wesﬁed with'a‘dilute eolg-
.. tion of NaOH and water'and then dried‘before énaiyzinc This procedure
served eo remove any free. sulfur from the sample and dld not affect

the nltrogen analy51s
"The effluent reactor gas which was'knowh’to_eoeté;n'hydfbgen‘
eulfide-end’edme ammonia passed through%e diluted~NaOwaashfand‘Wate£

wash before being emittednthrdUgh vents'.to the-atmosphefe.-g -

| The Jerigth'of each, ‘tun‘varifd. depending on. the ohjscts
'naccomeifshedyT‘Fiéure 9 shows 20 to 25 hours were required to allow
fhisleatalysf_tp line:eut,__Therefb;e, each run was at least 25 hours
in lepgth.and.most;were 48 fo 20 hoers:léng;z_lt wes neceséary ﬁo use;

the data obtained after line-out té eliﬁihate'timé as,a¥yariéblé:Wheh;

-comparlng datas After the initial line-out period, the rate of change -

of nitrogen'removal ehd-hence cetelyst-deactivetion,'epproecﬁes ze10.

'Figure 42 shows that over a 160-hour period and after'repeated changes

in operatlng condltlons, the level of nltrogen removal ‘was not changed.
P . : ) oL S

. 51gn1f1cantly when compared to the orlglnal condltlons. In orderwio

Tobtaln'meanlngful'results ‘from those runs during whlch_thevoperatiné

yariables-aie periodically changed, it was found that after a change"'V
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the operating conditions mustibe,held constant. for a catalyst age of :

4 cc-0il/cc catalyst. This corresponds'to an -elapsed-time of eight

" hours ‘when operating at an oil pumping rate of 1 cc¢/min and catalyst

volume of'l20‘cc,

The nece531ty to purge the hot reactor w1th hydrogen for a suF—

ficient length -of tlme before contactlng the Catalyst w1th oil- 1s a

very important factor and was not fully realized until thls investi--

gation was well underway. ' This procedure was believed to remove all

and played_anuimportant part in realizlng.a'high_nltrogen;removalz Thls

is sh0wn bY noting points of 1dent1cal Operatlng condltlons on Flgure o

11, Wthh relates catalyst comp031t10n to nltrogen removal, i.e., at

7.0 percent Co, nltrogen removal is' 87 percent, and on Figure 17 which -

relates hydrogen. flow rate to nltrogen removal at a hydrogen flow rate

of 7 500 SCE/bbl, nitrogen removal is 91 percent A four toiflvedperwf o

cent: increase in n1trogen remOVal was reallzed. ThlS is 4 very “sub-
stantial increase.in nitrogen.removal since it represents a decrease -

from 250 ppm to 175 ppm total nitrogen in the product.

C: Catalyst Preparation

When prepsring a catalyst for.hydrodenitrogenation studies, it -
is important to realize .that the successful development of a catalyst

may depend upon ‘the utilization of as much.of'the surfaoe'area of the .

traces of moisture and oxygen from the eystem,:to activate the catalyst, -
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catalyst as poé;iblé. .Fof this reason, two catalyst supports and two
methods of preparation were studied.'.The,phfsicaL and chemical “prop-
erties of the two alumina;silipa caﬁélyst supports éan be fpdn&:in
Table iI.”They have greatlyadifferenf physiéél_propertiésZand.gub-:>:
sed@eﬁtly:showed different'résplts; (fhesé-resglts aré discussed under

the section on Catalyst Composition.)..

The'method of catalyst preparation involved: i) support pre-

paration, 2) impregnation,,3) Eatalyst dqyingv Since cobaltous chlor-

idégiﬁ_soluble in water, the preparation was relatively simple.f The

fSupbgrt'waskfirét_dnied_atA4200F for 24 hour§_and:weighed<t0wdgﬁermine K

the dry weight. A solution of cobaltous chioride, whose concentration

had been pre-determined, was poured -over the>support and aliowed.to

soak.into thes catalyst: pores. for .24 hours. A}slight vacuum-was applied -

to the iﬁpregnation:flask to'qid the bfoggss.' Initially;;an approxi-
“mate solution' concentration was determined by.usigé-pd;efvoIUme:daﬁa
fqr‘the catalyst. Af@er’several'trials, a curve wés'dréﬁn'giviﬁéithe'-
solution concentration. needed for a desired iﬁpregnation.level.-TSeef

Figure 10.

After impregnation, the method of .preparation varied.:. In the

first variation, ‘the impregnaﬁed peliet was drained and.then.dried.for .

24 hours at 420°F. ' Thé.second variation was developed to detépmine_

whether or not the catalyst surface area was being utilized to the -

fullest extent., It is well knowpfthaﬁ”fhe}éatélysts of the‘type:usedg
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-in hydrodenitrogenation have a very small external surface area when
compared to the internal surface area. .It is, therefore,.thg,intérnal
surfabe'area which must be utilized.. The second variation involved
leaching the external surface area of the catalyst with water before
drying. This, in effect, would remove the high conéentf%tion of co-
baitous chloride that might bé blocking the -pore mouths ét the exfernai
surface of the catalyst. The leached éatalyst was arained"andAtheh
"dried, -as before., Cobalt composition for both vafiations was -determined

by assiming the weight gain was anhydrous cobaltous chloride.

Once the catalyst is dried, it is ready-to be placed into the

reactor.

D. Analytical
Each of the product samples was analyzed for total nitrogen,

- sulfur, and chlorine. The effluent gas from the reactor was aﬁalyzed

-to determine its composition.

Total nitrogen was determined‘by the Kjeldahl Methed (i8,l9).
Sulfur and chlorine content were determined by the quaité tube'-combus-
tioﬁ method ‘using a Shell design sulfur apbaratus (20).f Since no pre-
vious-invgstigators at Montana State Uniyerﬁity haq used gas chroma-
tography to assist them in describing the operating charécfefisticsléf
a hydrodehit¥ogenation catalyst system, an acéepxaﬁle and reliable

procedure was developed.




17+

Philip (21) reported'tbat "Porapak" was successfully used to
give a good sep%ration<between hydrogen and several light hydrocarbon
gases. His-column and chromatograph were.then used in the preliminary
identification of the gases present-in the effluént stream. It was
found thét in addifion to unreacted hydrogen, méthane, ethane, propaney
iso-butane, n-butane, §6me beﬁténes, hexanes, and higher méleculail
weight hydrocarboh gases were present. Also,. ammonia and hydrogen-

sulfide were detected.

After identification of the yariéué gasés in~the’éffluent gas.
stream it wés concluded that Philip’s;chromatograph,-eguipped_with‘a‘
thermal cohdgctivity (TC) detector, did not offer the operational |
~ characteristics and sensiti?ity'desi;ed.' Since a flame ionizapion
detector (FID), is much more sensitive in hydrocarbon-analysis,.an

Aerograph 660 chromatograph equipped with a FID was used for all en-

suing gas analyses. This chromatograph was better for the gas analyses

beCause as hydrogen was used in the FID, it was not detectea and did
not interfere with the-determination‘ofuthg-othg;—lightﬁhyd;ocarbon§_
even though it was in excess. However, the FID does not defect ammonia
or hyaroéén sulfide. Therefore, it was assumed that the quantitie;

" of these gases were.negligible when_compared'to the quantity'of hydro-

carbon gases present in the effluent stream.;.This_assumption was quite - -

good considering that ammonium chloride was the major product from

nitrogen removal.
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To'calibratejthe'column for quentitative‘analysie,-e gas mix-
ture simulatlng‘thejeffluent'gas and containing ﬁnown:percentagee'of
‘methane, ethane,-propane,.iso-butane, andlnormél butane was-used.
These gases made up about eight percent of the mixture with’thelre—e
,mainder‘beind hydrogen. The higner molecular weight hydrocarbon gases}_

were omitted £rom the~analysls becaose it was'fodnd thdt.tney'were only"

present in trace amount. Samples of the standard gas were 1n3ected into

the chromatograph usrng a l-ml gas- tlght syrlnge.l InJectlons of 1/4 ml
1/2 mi and .1 nl were made to. 51mu1ate ‘various concentratlons of the
gasa ln this way it was possrble to calibrate the column in terms of

peak helght versus volume percent for each compound. Once‘the-percent

concentratlon of each gés was’ known,*' ”"‘of gas productlon could

be determlned, A wet test meter was used to determlne the effluent gasf
.rate and by knowinhg the 0il rate through the reactor, the-poundimoleS',

~of gae produced per barrel of oil was'determinedéz

© Since the calibration curve depended upon température and ‘baro--
metric preesure, all analyses were'conVerted-tonstandard-calibretlon.

curve conditions before final determinations were made. - -

A didital computer was used to eid in the.conversion of-the‘raw',
;peak»heiéhtsdata,to‘rate of mole production. ,A;least square:polynomial
curve it was used to find polynohisl that fitted:the calibration
data. . This polynomial was then plotted oVer tneAranQe of the:data};

:Once an acceptable polynomial was found,;it‘was a simple - matter to re-
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late pgak height to percent gas aﬁd subseqqently to méle'production.
The computer program used for the curve fit is given in Table IV and
the program used to plot the calibration data is given in Table V.
Tables VII to XI give the calibration curve data and Figures 2 to 6
show the calibration curve.for methane, ethéne;‘propane,Aiso-butane,

“and n-bu{ane{.respectively.

Once the prodgction rate of egch gas was known; hydrogen con-
sumption was Aetermined. This parameter could then be :elated'tq'_
changes in the various operatingléonditions." Another computer program
was written to éalculate'tﬂe hydrogen consumption and isngiven in
Table VI. A sample output of'the‘data from this program is given in

Table XII.

The-operating conditions for the Aerograph 660 chfomatogrgph
were: 1) carrier gas flow rate of 30 ml/miﬁ; 2) temperature of 100°C;
3) hyd}ogeﬁ flow rate to flame of ;8:ml/min. Thé attenuation settings
for each of the components were: 1) 3200 for methane and ethané;

;2) 1660 for propéne; aﬁa 35 800 fof the butgnes. _Nitrogen was used -

as the carrier gas.

“In addition to total nitrbgeh, sulfur, chloride, -and gas analysis;
: tﬁe API éravity.bf eéch_produét sahplé was méaéured."ASTM”disfilla-_
tions were determined on the feed and several prqdubt sahples (see

Figure 38).
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A complete list of the analytical results and operating con-
ditions for each run is given in Table III. Gas production data wés

not determined for runs in the C or AC series.:
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IV. BESULTS AND DISCUSSION

A. Introduction

This. chapter is devoted to the presentation'and-discuééion of

the experimental results of the investigation.

The feed-dsed for all but the preliminary and early exploratory. -
_ runs was a.hiéh‘nﬁ%fogen—cohfeht (0.191 wt¥ N) gas oil designated as
CR#8. . A.summary of-the properties of the test oils is‘giveh in.

Table I.

A cobaltous chloride alumina-silica catalyst.was investigated
for the purpose bffhydroden;tibéenation. Several other types of metal
"chloride catalysts have been studied, with varying degrees of success;

for their hydrodenitrogehation activity (9).

Some important observations noted during the.;nvestiéatiop-are

that, in.general, a small amount ‘of CoClé.impregnated-on the qatélysﬁ'j'

support. produced a great improvement in activity. . Increasing tempera<
ture, pressure, and chlorine-to-nitrogen ratio produced: an increasing .
trend in nitrogen removal. Increasing space velocity decreased nitro-

: éen removal and inéfeaéing hydrogen flow rate did not affect nitrogen

removal until} very high rates were used.

~ In addifioﬁ}to the piodhct 6i1, ammgniuﬁ“éhibri&e,:ﬁydrogen',

‘sulfide, .ammonia, methane,.ethane, propane, iso-butane, n-butane, traces

3df pentanes, hexanes, and ethylene were found as reaction products.
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. Also, a reversal of the ratios of iso< to normei butane from
a value greater than one to.less than one was observed when the‘chlor-
: ﬁne;foinitrogen ratio was decreased and wheh'commercial cobalt molyb-

date catalyst was investigated.

" ASTM dlstlllatlons showed that the b0111ng range for productS-
obtained when oobaltous chloride was used as the catalvst did -not .differ
"signlflcantly from the b0111ng range when a commer01al cobalt molybdate'

catalyst was uaed.-‘

The trends in sulfur removal ciosely followed the trends in

nitrogen removal but at a lower percent removal.

A re—statement of the objectives is in order} ‘fhe objectives
included 1nvestlgat1ng the process varlables -- temperabure; pressur
‘space velocity,. hydrogen flow rate, catalyst comp051tlon, and feed
chlorine-nitrogen ratio on the activity of the cobaltous chlorlde
a}dmina—eilica Catalysf; ahd.devéloping kinetic,expfessiohs‘oesofibiog
the rate of  impurity removal in terms-of the impurit?fooncehﬁratioﬁ;" | T
Nitrogen removal was the principal interesf;’but.sulfur:rémoval was

also’ investigated..

“The extenf«tonwhich the objectives‘were realized is discussed -

i, in the followingnéectioos,A
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B. Preliminary Runs

The purpose of these runs was to familiarize the investigator |
with: the operation of the equipment and to discover whether the use-

of cobaltouS‘chloride asda'catalyst warranted additional study; -As

can be seen from Figure 9, the level of n1trogen removal -was 93- percent>

for a 7.2 percent Co (as anhydrous cobaltous chlorlde) catalyst, and

89 percent for a 6.0 percent Co catalyst. These runs were 50 hours

plus in length and showed-that over.a short-period-of time a;nigh;leveliz .

of nitrogen‘removal was'realized.' Therefoze, a thorough-study was
-warranted. 1In addltlon, it was reallzed that the amount of 1mpreg-
'nated cobalt was deflnltely an operatlng varlable. e

Arde f,lml.txe;,..c:\-ataal yst- ll.r,l,e;a..qu't.v.,p..ql:.;:od -.w_a;s al.so»)Jﬁ.oqndﬁ'—i_de:u:besA.».r.-z‘_ezq-

' éssary. Catalyst line-out i% required to allow the'catalyst to become

saturated with oil and equilibrium established, Line-out is & function

of catalyst age based on unit of oil per‘unit;cf catalyst.

The time necessary for catalyst llne out in the prellmlnary
runs was 25 to'30 hours. - Since they were conducted at a LHSV = 0, 25
hr'l, a catalyst age of lO ,to 12 mi 01l/cc catalyst was reallzed for
line-out to occur. Since thls was the minimum catalyst age{used’ln
: ail future runs, time .was not'an'inportant variable unless runslnere'

made over an.extended period.

A-chIcrine—nitrogen ratio of 9.0 atom/atom was used. This value ..

was selected. after considering ranges used in previous work (5)..-
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C. Catalyst Compdsition

Tests were made of,catalysts containing varicus amounts_of-
cobaltous chloride to determine the optimum catalyst composition'with,'
rescect-to nitrogen removal. Two.catalyst supports were ueee and
‘ comparednin,this part of the study. The operating conditions used
;for the entire serles of Tuns were lOOO p51g, 800°F LHSV of 0.5 hr l,
chlorine- nltrogen ratio of 9.0 atom/atom, and 7500 SCF Hz/bbl 011 as
,thevhydrcgen.rate, In all cases‘the.nitrogen‘removai is based on
.samplesdtaken;after or at a cataiyst ageldf'20;24 cc cil/cc catalyst.
This represents approximateiy 48 hodrs‘cn stream and is more than

sufficient fcr cataiyst‘line-out.,;The-reeaite of these teets are
' ,,shonn‘in Ficure 11, which presents percentage nitrogen-removai"ae.a
'function of percent cobalt on the catalyst for each of the catalyst

supports studied.

As can.be 'seen from*Figcre 1l,~a'small:ameunt of cobalt increased
Ithe activity of the catalyst made from Harehaw_léOQ—E qeite.appreciably
but did mot”have the same effect on the activity of the _catalyst made o
from Harshan 1602-T.. Also, it can be seen-that the var 1ous methods of
catalyst preparation did not arfect the performance of the catalyst.
‘This 1nd1cates that the capability of the entire surface area of-the

catalyst was used -~ at 1east at the opcimum~catalyst composition.

The percent nitrogen removal for the cataiyst made from Harshaw

‘1802 E 1ncreased fron 65 at zZero percent cobalt to about 80 percent at
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3.5 percent cobalt. It,Qid not increase aboveASO bercent removal
when the percent cobalt was increased to abéut 9 percent. The opti-
mum nitrégen removal for Harshaw 1802-E was then 80 percent -at 3.5

-

percent cobalt.

For Harshaw l602-f, nitrogéﬁ rehoval inereésed from 77 perceﬁt
at zero perpentucobalt to_86-percen£ at about % percent 9obalt.‘ This
increase in.feﬁoval was linear up to 7'pércent cobalt and did not. change
from 86 percent as the catalyst composition was indfeééeq_tb 9 pércent
.cobalt. Consequently, the optimum catalyst.Cbmposition for Harshaw _
1602-T was found to- be agout 7 percentigobalt and yielded an 86 percent
nitrogen removal. This represgﬁts’a final product concentration of

about 250 ppm and is well-below the final product‘concentrafions

- achieved by other workers using .similar- feedstocks (5,14).

Tbe.APi-g;avity.of the product wéé ngt'sign%ficantly affectea'by
increasing the percent cobaltAon the support. The Harshaw suppo?ts
yielded a product with API gravities of 26,5 and 27.6 for 1802-E" and
'1602—T, iesbéctively; The gravity then inéreased slightly td.about |
2?.5°API fo£ 1802-E and 28.0°API for 1602-f, where it remainéd constant

as percent-cobalt on the support was increased.

Flinn and co-workers (12) believe that-simple hydrocracking re- -
actions are a final step in hydrodenitrogenation mechanisms. This is.‘

not surprising since most hydrodenitrogenation catalysts are made by
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impregnating a metal promoter on an alumina or alumina-silica base and
various alumina-silicas are the major catalytic cracking catalysts.
‘Therefore, if the feed gravity, 23.9°API, is compared to the product -
gravities for the unpromoted alumina-silica and promoted alumina-
silicg base, the major part of the craéking of the stock has occurred
-:as part of the reaction between thé catalyst base and feed. The pro-
moter, cobaltous chloride; has not contributed significantly to the:

change in API gravities of the feed and product.

As impurity removal is one of the underlying objecfiyes of this
investigation, the support and catalyst composition giving the. highest
nitrogen removal was selected for use in all subsequent runs. Therefore,
a large batch pf‘catalyst containing 7 percent dobalt'impregnated>on
Harshaw 1602-T was prepared and used to investigate the effects ;f the

remaining operating conditions on nitrogen removal.

D. Effect of Chlorine—NitrogeniRatiq and Type of CHIoride‘Compound

Used in Reactor

© The necessity to add soﬁe<form—of oféanic chloride to the feed
of a metal chloride catalyst s?stem was first pbserved by McCandless
(5). He also observed that ammonium chloride was the majof reaction
product involved in-cémbining,withjand hence removal‘of nitrogen:from
‘the feed gaé oil. McCandless found that‘méthylene,chlofide was adequate

as a means 'of supplying chlorine to the reaction zone of various metzl
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chloride catalyst systems. The préliminary fuﬁslmade with cobaltous
chloride showed that it was aéceptable for .that system, also. There-
fore, methylene chloride was used in.this study to determine the effect

of chlorine-nitrogen ratio on nitrogen removal.

Test runs were made using chlorine-nitrogen ratios of 0.0, 3.0,
6.0, 9.0, 12.0, .and 15.0 atom/atom to determine the effect of this
.variable on nitrogen removai. figﬁ%e 14 shows the result of this
study. Nitrogen removal beéins at &7 péfcent when no methylene chlor-
ide is present in the feed and increases to 88 percént Qhen the chlor-
ine-nitrogen ratio is'15.0. At a chlorine-nitrogen ratio of 9.O,Ithe_
"nltrogen removal is 86 percent. Increasing the chlorine- nltrogen ratlo
ébove 9.0 does not 51gn1f1caﬁtly increase the nltrogen removal. There-
-forv, a chlorlne nltrogen ratio of 9.0, well a5§ve the sL01ch10metrlc —

ratio required for combination with eéch nitrogen atom, was used as

the optimum value.

Nitrogen removal was aiso studied when ethyleﬁe and propyléne
chloride were used té supply chlorine to the reaction zoné. _Neither of -
these compouﬁds were as successful as methylene chloride in producing.
.a.satiéfactory nitrogen removal. Figure 14 shows that for ethylene and:'
p?opylene chlorlde at the optimum chlorlne nltrogen ratio of 9 0, only

an 80 percent removal was achieved.

. As a result of these observations, it was-apparent that the

activé form of the catalyst was a chloride form. When the feed chloring-
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~nitrogen ratio was'zero, the catalystﬂwas very unreactive*for nitfogen“
memoval due to the depletion of the‘chloride‘ayailable for :eaction.
"Addition of'methflene chloride to the .feed produced a“sharp increaée'

in catalyst activity, prohably‘hecause itireacted with the'deaotivated
oatalyst offering a step for regeneration. :It would not- seem apparent

- that(the‘dompound used:in'the‘regenefation mould be an'important factor.
4 however,.this is not the case, Ethylene and propylene* chlorlde Te-
generation do not produce the:sameilevel of nltrogen removal.‘ ThlS
cduld be_duefto the relative stabilities of the,organlc compoundsxin
'queetiOn. ‘The heat of formation, ZXH?,:for methylene}and.ethyleme‘die‘
chloi‘ide'"'are -21 Kcal/mOle. a'nd -25.1 Kc’;al/mole,"'respe‘oti\)el}; \(17).
ofrpropylene chlorrde 1s e5o1mated as. -29 7 Kcal/mole by assuwﬂng

,f:£5Hf T
Tthe addltlon of a methyl group to ethylene dlchlorlde, ‘then methylene
chlorlde is the least stable of the three and probably the most reactive. ‘
,.Therefore, in all subsequent runs, methylene chlor1de was used as.a’

fmeans of supplying the chloride to the reactlon zone, -

The effect of chlorine-nitrogen7ratio on the API gravity‘of the i
product is shomn in Figure 20. The product gravit? increaSed'sharply
from 26 ko) API to about 27.5°API when a small amount of organlc chloride -
. was. added to- the feed - This- 1nd1cates that the chloride- compound Was. ‘f
;‘not overly involved in any hydrocracklng reactlons_other-than those

involving nitrogen removal.
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E. Effecfﬁgi'Hydrogen Flow Rate On Niif&qén Removal

At this point in the,studyJ.the'method'éf pgeﬁaring-fér'each
Tun was Changed{ 'The‘reactor system waé.puréed\wi{h hydrogen'for 12
hours be;ore contactlng the: catalyst w1th oil. .This procedure removed
any moisture and air from the system and probably autlvated the cétalys-.
No speculatlon can be offered as to what mlght ‘be 1nvolved in the actl-
vatlon it 1ndeed it is an actlvatlon,'becausg,very little is understood
:abdut thefactiye-surféces of hydiédenitrogenéﬁioﬁ~agduhyd£édeéulfﬁfi-:
zation ‘catalysts (23). As 3 résu@t qf fhis pew‘proéedgre!.a 4-5.percent
incréaée‘ih nitrogen.fehoval was reali%ed. Thi§ iS'é“very subsfantials
incfeése since'i£_rep;egeﬁ£s:a décfeasetfrom_250'fo 175 ppm totai
nitfogéﬁ in the product. This'hethqd'ﬁas théﬁ used in all subsequént
runs énd'explains the abrupt,incréagé”of'épﬁiﬁﬁﬁ nitrbgen-rémOQal from

86 to 90.5 percent apparent on'severél'figurés.

"Several tests were made to. detérminé the ‘effect of .hydrogen rate.
on nitrogen removal. Hydrogen”ratesff;om,ZOOO to 12,000 SCF Hy/bbl

"were used.

As seen‘from.Figufé i7, the'percent nitrogen removal is constant
at 91 percent aslthe.hydroggn.rate-ié.inc;gased from 2000‘£0_ébout'8000
scF/bblf.'At aoooiSCE/bbl'it.beginsfto'Aecrease slightly aaa.a%‘lz,ooa
' SCF/bbl-is about. 85 pérbeﬁt. Hyarogeﬂ:f;ow-rétes‘of-less‘tﬁén QOOO'orji

greater than 12,000 SCE/bbl were not studied.
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“The results of theSe.tesﬁs are somé&hat unusua,l but not without
e%plqnation; " Falk (14) has reportq& that to test foijextefnal fiim
" diffusion effects {he'hy§fogen flow rate §hould'5e varied énd;ﬁitrogen :
'remdval determined. .If'film diffusion is rate qoﬁtrolling,Athe nitrogen
“removal shoqLd incrgase with incregsing‘thiogen7fiow. He-réport; thatA'
for a é%udy"hsiﬁg'a“bobaltFmoi;gqaté sulfide catalyst, nitrogen :émoval-
increased to a maximum at abouf 4000 SCF Hy/bbl and remainéd constant
at:hydrbggﬁ rates up to.l6,000-SCF/bb1{;:Oﬁ the surface fhere sgéﬁg-toi
be a contradiction betweedithese data. - However, this'is not ‘ch‘e_.f'si"c‘u-y-vr

ation.

'Qoﬁsideriné the chIQr;de catalyst sysfem,:a’new parameter égn

" be presented. This parameter will éefibe the concentrétionAof %ﬁe'
ndrganic chlo;ide in the reaction-zohe and_is the éhlorinevﬁy&;qgeﬁ,ratio:
~ Since the organic chloride has already been shown‘to be @mpd:tanf fp the
;eaction'involving'nitrogen removal, the éoncgptratibn 6f_thé‘ch16fide“
ih:fhe reaction zone will be a function of the amount in-thé‘fééa and'”'
the.hydrogen rate. . The hydrogen rate.is.important becéﬁée_at,higb réteé_.
the largé volﬁmes would tend to dilute the chloride~concen£pation éince;
the methylene chloride would probably be in the yapér phase at the Operg?
éing ig@peraiure of the‘reactori Thé‘critical;tempefatureiof:hefhyleﬂe;
chlofide:is'456°F,(24).. The chloridé~to—h9d;ogen raﬁioﬁ£h%h5aecreé§es
.as hYdrogén.%gfehincréases.for 3 constaﬂt oi}'féed”iété;dndﬁméthyigpe

chloride concentration. Above a hydrogen rate of -8000. SCF/bbl, the




-31-
chloride diffusion to the surface of the catalyst brobabiy becomes the -
rate cogtrolling:é{ep_in the mechanism .of nitrogen removal in the

© system.

Figure 21, effect of Hy&roéen flow rate on product gravity; and
Figure 22, effect of chl&rine-té*ﬁitrbgén-faiio on wéight percent '
chior;ne in product, help to show that a.chiofine—ﬁydrogeﬁ’effect is
operating}_:Eigure 2lhshows that_API gfaﬁity deéfeaseé as hydrogen rate ’
iiﬁcieases;'and'Figure 22 shoﬁs»ﬁhat asThydrogen ratg'inq;easés the chiofe--“
ine in ihe'prOduct increase%r _Thé-lasi fig&re indicates-that prgbablyt
the chloride has not had sufficient tiﬁe to”diffdse ﬁo.theucatgiyst
éurfagg ana react at the higher hYdrogén rates.  It therefore remains

unreacted and is found in the product..

‘Considefing that ‘both hydrogen andlchlofide diffusion-may‘be a
part of the overalluzdenitrogenation méchanism,.all subseduént"runs wége‘
made a£ a hydrogén rate of 5000 SCF/bbl. -This r;téisgguld-bé'abOVe the
value Falk found to be_bydrogen diffusion COnirolling.and belqw the

‘rate é£_@hi5h chlorine—hydragen ratio dilution effects bééomé'iﬁbo;tant.

F. Effect of Iémperatgrég P;es;ure, and Space‘Vélocity gg‘Nitr?gén
- .A.§eries’o¥'fuh§'was ﬁade to test £h5 effecfé-ofhﬁémperature
' vefsug space velbcit§ énd preséﬁre.vefsﬁs‘sbacé>yeiociéy:op nitibgéﬁ :

removal. The résulﬁs-of these runs are shown on‘Figuies~23-and‘26;:
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respectiQely. From Figufé 23, effect of temberature and,space‘yélocity‘
on nitrogen réméval;,it can be seen that the catalyst is active only
over_a-relaéively narrow range of tempéfatures@ ThiS‘raﬁge is from
about 73% to BOOOE. ,Foraihese temberaﬁﬁres“the be;cent—nitQOQen re~
moval droppéa 10 pefcent and an’additioﬁél 20 pércent when the fempera-
%ufe waé.lowéred from 735 to 67OOF; i.e., the raté'éf éhangé of nifrd;‘
gen femoval with respect to témpéréture is hiéher at the lowernfembgraf3

" tures than at the higher temperéturés., This:indicates that the last,

‘traces of nitrogen are harder to remove -- first, because the compounds -

containing the hetérocyclic nitrpgen are ééobably véry stable‘ahd“ré—:
:sistant to hYdrSgenaiion‘and-hyarbcracking;'segﬁnd, igéiéasingftempefah
| turevacts insucha way 85 to, shift the thermddyngmic equilibrium to s
:iess favorable value (5,23). This chahge'ih'abtivitYZWith températufe.

is also a characteristic of the sulfide catalysts (22).

During the low temperaturé runs of this séfiég,-a Targe quantity
of.a'very.viscous material cgllecféd in ﬁhe‘cohd§nsér'and product col-
lectién flask. This material was identifi§d~as.a quaternafy‘ammdnium:;
. salt (%) and indicatesVthéAhydfodeniﬁrqgenétion.reabtionAgoes'thréugh .
a hydpqchlofide ihtermediaﬁe,' This Intermediate was br&bably_gtéble
ehough at' the lower temperatures to,reéist hyd;ocracking fé\a hydro- -
carbon and ammqnium‘chloridé; fbe hgjdi‘;roductéfOf thé rung maéévat

800% .

X
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The effect of pressnre at a constant.fempereture onSOOOF-and
‘ various.space.velecities ie enown in Figure 26. Pressure was varied
petween'SOO'and 1200 psig and space velecity was Qaried from 0.25 to
,l.O,hr”l. Nitrogen removal was increased nitn pressure over'the‘whole-
pressure range and increased: from about 74 and an estlmated 92. percent
at 800 p51g to about 84 and 98 percent at 1200 p51g for space ve1001-
. tleSmof‘l.O,hr'l-and 0.25 hr l, reepectlvely. From the figure it appeé;s
that by increasing fhe‘pressure abeve lZOb;peig; conpiete'hydredenifro~.
genatlon will occur. - However, it has generally been noted ‘that with~
heavy gas 01ls, complete hydrodenltrogenatlon is not ea31ly obtalned
~.at.pressures up to 6000 p51g. Flinn (12) clalms theAreasons for thls
rare that side reactions occur which-yieldfnitrogen conpounds in smell.
ﬁamounts;that are more Qifficuit to nydfogenate thaf.the originai re-
actant. Alee,;ﬁhe heterecycl;c nit;ogen-cohiaininé‘:ing must pe.eat-
urated duiing‘the reactien and,tpehlarée_groups_theﬁ ere'atpechedtgo

the ring appear to hinder this reaction (12). "

Additional runs at lower temperatures.eenld'no{'be made because
ammonium -chloride plugged the system. Equipment limitations prevented
temperatures higher than 800°F and. pressures in excees offléQQ_psig

to be made.
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G: Chlorine in Product 0il

All significant product samples were,anélyzed,for chlorine

since an organic chloride was blended with the feed oil.

Figure .22 relates the effect'of pércent cobélt on suppozrt,
chlorine-nitrogen ratio, organic compound used, and hydrogen rate on
- weight percent chlorine ;in proddct. It éppears that the means of
adding the chloride using methylene, ethylene, or propylene chloride
.ﬁas ﬁo effect on the amount of chlérine iﬁ the product. This indicates
that the organic chlorides are involved in reactions other than those
.involving impurity removal.  McCandless noted that HCl could be -a re-

action product and that it might account for this observation.

'Pércent.chlorine‘in the product was indépendent of the‘percent
cobalt on support and was constant at about 0.4 percent chlorine for

both alumina-silica suppoits used.

The effect of weight percent chlorine in product versus hydrogen
rate-has been discussed in a previous section -- Effect of Hydrogen

Flow Rate on Nitrogen Removal,

Figures 29 and 30 show the.effect of weight percent chlorine in

product with temperature, pressure, and space velocity. At higher~tem-'

peratures, a higher weight percént chlorime -in the product was observed

to occur at .the-higher space velocities. The opposite was observed at -
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lower temégratures, The bhaﬁge.caused by témperatufe haS'bgen discussed
. and probably.is the-resuit of'the formation-df'hydrocblo:idgs thaf do |
not'hydrocrack.at the lower‘temperaturés. At 800°F, the effect of
space Vélqcity is explained as a_fﬁnctiqn éf'the‘hydrocracking re-
action occurring. A£ the hiQher space velocities thé residence time
1is loﬁ‘éhoggh so that only a pértiéi crackihg of the hydrochloride takes
place::‘Consequently? the fraémenteﬁ hydiochloride‘nof céﬁpletely.hydrof_
_cracked to'aﬁmonium.chLoridé'is soluble and iemains‘in the prodﬁct; At
the low sbaqe velocities, resiaence.time.ié longieﬁough‘to causehé md:é
eompléte hydroc;acking'to’ammqnium'chloride and a hydrdééfbon or hydrb;
carbons. At the low temﬁena%Ures, thelweight bé:cht chiorine in théi ‘
product wias sLightly deperident on.space velogity.. Thic indicated that
:the temberatufe was £do low for a comblete'hydrdeféckiﬁgfﬁo oﬁcur at

- any of the space velopitiesistudied;‘

The effect of pressure on'wsighﬁ‘pércent.chlorine is notrwell .
defined. The results shown on Figure 30 indicate that a décré%seuin:‘
product'chlarine cgntent ocCurs-as pressur%-is ihcreased;L;This is
reasqnable since.impurity removal probablylcqrres§6nds_to an increase
in theAfbrmgtion‘of ammonium chloride rather"thanla>hydrocﬁloride and .

hence a decrease in chlorine‘ih the product.
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- He Gas Prodpction and Estimated Hydrogen Consumption

A quantitative determination of the major hydrocarbdn‘gases in
the effluent’ gas provided a method for determining the effect of changes
in the various operating variables on hydrogen consumption. ‘Hydrogen
consumption is important because a plentiful supply of high preésure
hy&rogen is not readily available. 'Théfefore, optimum use of the

hydrogén is desired.

Tablé,XII gives the results o% thése aeterminations for most of
the runs. Information is mot availablé for the C- and AC-series bé-
cause the procedure for éhromatographfe"anaiysis was gnder‘develbbﬁent-
when these runs were made. The results of Run DC-6, a typical run in
ferms of hydrocarbon gas production,are: methane - 0.193;.ethane - |
0.0474; propane - 0.0352; iso-butane - 0.0251; and' n-butane -‘0.02205
with units of 1b moles/bbl. Theveétimatgd hydrogen consumbtion for

this run was 130.0 SCF/bbl oil.

The effect of chlorine-nitrogen ratio on estimatéd hydrogén'cone
sumption is shown in Figure 16. The trend is much the saﬁe as that of
nitrogen reméval Versus chlérihe-nitrogep ratio in that it increases
from a 1§w value -- 38 SCEF/bbl -- to about 90 SCF/bbl at a chlorine-

.. hitrogen ratio equal to 9.0. _Aﬁové this valﬁéﬁi£ increases,@ore;slqwiy;
as the chlorine-nitrogen ratio is increaséd.'-Alﬁhough thé rate of

hydfogen,consumptionAis a result of many competing reactions such as
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hydrogenation, and hydrocracking (of the hydrogenated nitrogen and

sulfur-containing compounds as well as other hydrocarbonsg in the feed:

;tock), the hydrogen consumption followed closely the trend in impurity

removed for changes in chlorine-nitrogen ratio.

Figures 19, 25, and 28 show the effect of hydrogen flow rate,.
temperature, pressure, and space velocity on the estimated hydrogen

consumption. In all, the trend was the same as that observed with the

. chlorine-nitrogen ratio; i.e., as impurity removal decreases, hydrogen '

consumption decreases.

" The results shown on Figure 25 warrant further discussion.
Figure 25 shows.the effect of temperature and space velocity on hydxégen
consumption. At SOOOF, the hydrogen consumption was very dependent on

the space velocity and decreased substantially as the space velocity '

‘was increased. At the lower temperatures, hydrogen consumption was

about independent of space velocity.

During the series of rurs at BOOOF, no significant quantity of’
heavy viscous products, thought to be hydrochlorides, was collected.

However; at the lower temperatures a considerable quantity of the hydro-

chloride was found in the system. - It -is believed that these "compounds ~

. formed by a chloride-nitrogen hydrogenétidn'feaction at the metal sites

on the catalyst, are not hydrocracked in a later step in the reaction

because the hydrocracking reaction is slower at the reduced temperatures.
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If no unsaturated hydrocarbons are préduced when,hydrocracking takes
place, the hyarogen must react with the fragments t¢ fill the valence
of the available carbon atoms (or nitrogen atoms). No sign}fiéant
amount of unsaturated light hydrocarbons. were observed in the effluent
gas stream; i.e., only a trace of ethylene, no propylene or butenes
were observed. Therefore, the reduced hydrogen consumption was pro-
bably directly related to the decrease in hydrocracking. The decrease
in the productiqn of the light hydrocarbon gaseé;_normal reaétion éro—.
ducts of simple hydrocracking reactions;:further established.thé trend

of a decrease in the rate of hydrocracking at the lower temperatures.

Figﬁre 19 shows the effect of hydrogen rate on hydrogen consﬁmp—
tion. At the higher rates, less ﬁydrogen per bbl of oil waélconsumed,
indicatipg that the reaction rzte of the many eompeting'reactions in-
volved was dec;easing. This obsérvationialso ve;ifies the observed’
decrease in nitrogen (and "sulfur) removal wifh hydrogeén rates.exceed~

ing 8000 SCE/bbl.

In general; thé hydrogen coﬁéumptiéns'rebbfted in this invésti—
Qation are in the range of those_observed‘by induétry. .éeQnolds (8)
has réported,that in treating a cataiytic crackiﬁg feedstock, hydrogeh
consumptién ranges froﬁ 20 to 250 SCF/bbl for operating conditions be-
 tween 600 to 800%F, 650 to-3000 psig, LHSV equal to 1.0 hr™Y, and .

hydrogen treat rates of 350 to 1500 SCF/bbl. Under.hydrocracking
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conditions up to 1600 SCF Ho/bbl was.sometimes consumed (26). In this
investigation, hydrogen conéumption varied from 20-to 381‘SCF/bbl for
operating conditions Eetween 670 to 800°F, 1000 to 12,000 psig, LHSV
from 0.25 to 1.43 hr™l, hydrogen tate of 5000 SCF/bbl, and a chlorine-

nitrogen ratio of 9.0 atom/atom.

In order to compare the gas.make and hydrogen consumption char-
acteristics of the cobaltous chloride catalyst to those of a commércial

catalyst, two runs were made -using cobalt-molybdate as the-catalyst. -

This catalyst was presulfided according to the method used by Falk.(14).

The operating conditions for these runs were'identical to those with
which they are compared. One of these runs, designated HC-3, when com-
pared to Run DC-é provided some interesting information.l The amounts
and rat;os of the light hydrocarbon gasesrpfdduced are of interest.

A chfomatograph trace of a gas sample analysis for these last two run§
is shown‘on Figure 37. The gas make for thege runs was: 041657 ahd
0.1930 1b moles/bbl methane;-0.0309 and 0.0474 1b moles/bbl ethane;
0.0319 and 0.0552 lb moles/bbl propane; 0,0léQ and 0.0251 1b moles/bbl
iso—butgné; and 0.0124 and 0.0220 1b moies/bbl n-butane, for Runs HC-3 ,‘
-and DCfé, respectivgly. For Run HC-3, hydrogen conéumptioq was 113.4
SCF/bbl and. for Run DC-6 it was 130.0 SCF/bbl. From the chromatograph
trace and the above data it is evident thét since the ratio of iso— to
n;bufane-has ;hanged-frqm less tﬁan'ong to greater than onég a chahge

in the product distribution has occurred. Since iso-butane is of 'some-
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what more value due to its use in-refinery alkylation units, the pro-

duct ratio from Run DC-6 is interesting.

The definite cause of this change in distribufion is not known.
It could be a résult of isomerization or selective destructive hydro-‘.

genation caused by the highly acidic nature of the chloride system.

I. Comparison of Cobaltous Chloride to Other Catalysts

The .activity of cobaltous chloride as a hydrodenitrﬁgenation
catalyst was compared to the activity of two other catalysts. Tﬁe
first was a commercial cobalt-molybdate catalyst which-is representé—
tive of the most active comﬁe&cigl catalysfs (14). .Thé second is a

laboratory-prepared nickelous-cobaltous chloride catalyst. _

Figures 39 and 40 show the resultg of these comparisons. The
operating conditions for these runs were: BOOQF; 1000 psig, LHéV equal
to 0.5 hr'l, 5000 SCF H2/bbl,'and chlorine-nitfogen ratio equal to
9.0 atom/atom. The chloride, as methylene chloride, was added to

the feed used: for the chloride catalyst. systems.

The first of these Figures shows £hat the cobal£ous—chloride
catalyst is somewhat more active for nitrogen removal than is Hourdy-C,
thehcommercial catalyst.’ If based on pércent convergions, the qiffer-
énce doés not seem significant. .However, if the results of the t&o )
Runs HC-2 and HC-3 afe'averaged and coﬁpaied to Rdn CC-7,'then, based

on the nitrogen remaining in the product, a significant difference is




L . {1 Ll

-4]-
noted. The average product nitrogen concentration for the runs using
the commercial catalyst ié 230 ppm and for éuh CC-7, 190 ppm. This
difference is significant'considefihg that it is very difficult to

remove the ‘last traces of nitrogen from a heavy feedstock.

The second of these Figures shows the comparison.of -the cobélt-'

. ous chloride catalyst (Run CC-7) to a combined nickelous-cobaltous chioz-
ide catalyst (Run Ex-1). The Figure shows that the catalysts have
essentially the same activity_for denitiogeﬁation. However, sincg

little is known about the optimum combination of the nickel-cobalt -
chloride catalyst, it is probable thatAthe ratio_of the two met%ls*is

not optimum as is the percent cobalt in Run CC-7.

Mitchell (23) has pointed out that cobalt oxide (active as
C0988) is not a good desulfurization catalyst by itself. .Therefore,

no comparison of cobalt oxide was made.

ASTM D-158 distillations were performed on the product from Run -
HC-3 (commercial catalyst) and Run DC-6 (cdbaltous chloride) to deter-
mine if the type of‘cétalyst used had a significant effect‘oh the boil-
ing éoint distribution of fhe pfoduct. Figure 38 shows that the aver-'
age boiling point of the product from Run HC;3 was only slightly'higher
than:thét from Run -DC-6. This.indicates that the same degree of hydréf
" cracking takes place in both systemér The ASTM D—l58fdistiilation fdr'

the feed gas oil is also shown on the Figure.
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J. Desulfurization

The catalysts that"aregprésenfly'used for hydrodenitrogenation
were developed for hydrodésulfdrization.' In order to use them for de-
nitrogenation, the reaction temperature and pressure used must be con-
siderably higher than those required'for desulfurization. Conéequently;'
it ha; been  found that when using the conventionalvcatalyst for denifro-'

genation, if the nitrogen comes out the sulfur does, too (25).

Since the: 0il used in the hydrodenitrogen%tion studies contained.
0.80 weight percent sulfur, most of the impurity removal trends;wére
determined as a function of sulfur removal in addition to nitrogen
removal."The reéults are somewhat surprisihg, considering the high
hydrodenitrogenation actiﬁity obtained With the cobaltous cgloride

catalyst system.

In general, the sulfur removal followed the sa@g trends as the

" nitrogen but at a lower percent removal. As can be seen from Figures
12 and 13, the opt imum sulfur removal as a function of'catalyst com-
positions is 65 percent at 3.5 percent gobalt for Harshaw 1802-E éup- '
. pbrt and abo&t 68“pércent at 7.0 béfcent cobait for ngéhaw 1602-T.
Again, as in nitrqgen'remqvé},'Har§haw:l§02-T‘p;oyed to'befa,better

supporf;

Figure 15 shows the effect of chlorine-nitrogen ratio and chlor-

ide carrier on sulfur removed. Increasing the chlorine-nitrogen.ratio
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above 9.0 did net change the sulfur removal significantly. In addition,

the type of chloride carrier was not as‘important for sulfur removal
as for nitrogen removal. This indicates tnat for the three organic
compounds studied, all are identically reactive to the sulfur removai

at the chlorine-nitrogen ratio used.

Sutfur_removal.increaeed at about the same rate with tempera-
ture changes as-nitrogen but at a lower percent removal._ Figure é4
shows that for a LHSV of 0.5 hr'l, sulfur removal 1ncreased from about
48 percent at 670°F to 78 percent at 800°F. Again, it should be noted
that there is an increase in the reported sulfur removel from the pre-
vious values of about 68 percent to 78 percent at identicai operating
conditione. This increase is due to the change in methods of preparing

~ the reactor for each run. -

Decreasing the space velocity is also ‘shown to have an increas-

ing effect on sulfur removal. See Figure 24.

As would bz expected, sulfur removal was increased by lncreasing
the reactor pressure. However, the increase was not very great, as
shown in Figure 27. At a LHSV equal to 0.5 hr 1, the sulfur removal

1ncreased from 76 to about 78 percent as pressure ranged from 800 to .

1200 psig, respectively.
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As previously stated, sulfur removal was generaliy quite low
and at the optimum conditions it was'about.8§ percent. (Nitrogen
removal at the saﬁe conditions -- 800°F, 1200-psig, 5000 SCF H2/bbl,
and chlorine-nitrogen ratio of 9.0 was 97_percenﬁ;)' This is not tbé

surprising consideriné that most sulfur compounds found in pétrdleum,

i.e., thiophénes, etc., are acidic in nature and high desulfurization -

activity would not be expected using the highly acidic cobaltousg

chloride alumina-silica oxide catalyst.

K. Kinetics of Denitrogenation and Desulfurization

Levenspiel (27) states, "Chémica; kinetics is simply the study. -
of the f;ctoxs'that influence the fate of reaction and the expléna;‘
tions for thé rate of reaction. For the chemical engineer the kine-
-tics of a-reaction must be'known if.he is fo.méke‘a satisféctory design
for equipment in which these reactions are to be éffected’on,a.tech—
nical scale.”" If the design engineer has kinetic correlations and re-
actor design equations available, he then has the'tools necessary-to
determine how much time a reaction will require to.prqd&ce a céftaiﬁ
level of conversion. In this study a kinetic correlation-is developed
by fitting experimental data to:a'mathematical mpdel describing the

rate of reaction involving nitrogen and sulfur removal.

The detérmination of the rate'equatioﬁ-is uéuélly a two-step
procedure invdlviﬁg an andlyticai analysis of. experimental data. -

First, the concentration dependency, i.e., reaction order, is found
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at a fixed temperature and then the tempefatdre dependency of the

rate constant 1is found.

There are two methods for analyzing kinetic,data{ tﬁe4intégral
and the differential methods. In the integral analysis a kinetic
model and rate equation are selected and after appropriate mathemati-
cal manipuiations, one predicts that a plot of the concentration fdnc-'
tion versus time data should yield a stfaight lines 1If a straight line
is obtained, thé rate equation fits the data. In the differéptial
method a kinetic model isﬁselected ana its corresponding rate expres-
sion fitted directly to the data. These methods provide a meanslof
obtaining thg concentration dependency of the proposed kinetic expres-

sion. The temperature depeﬁdency can then be found.

For many reactions the temperature dependent term, the reaction
rate constant, hasfbeen found to be well represented by Arrhenius’
Law (27). This law was used to describe the temperature dependency

term of the denitrogenation and desulfurization rate expressions.-

In order for the differential method of aﬁalysisito be gseful,
.thé data fitted‘must.be extremely good or a large amount be available.
In tﬁis‘study the .data availabie is somewhat scarce. Howevef,‘a good-
deal of information can be obtained by applying the differéhtiql an-
alysis-procéduré to the'déta as an expiorétory épproach. Once the

approximate concentration dependency of the rate equation is deter-
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mined, by'using the much easier differential analysis,'the infegral
analysis can be applied to the same rate equation as a first approxi-
mation.- This eliminates a considerable amount of time-consuming trial

and error procedure,

As a basis for the kinetic‘analysis of the data, the. following
assumptions were made:
1) The reactants are in plug flow.

"2) The hydrocarbon remains mainly in the
liquid phase. ' :

3) Hydrogen partial pressure and hence con-
‘centration is essentially constant through
the reactor. This is accomplished by us-
‘1ng an _excess of hydroaen and maintaining

" the" pressure in the. reqctor ‘cofistant.

4) Chloride partial. pressure and hence con-
centration is .essentially constant. This
is accomplished by using an excess over
the stoichiometric amounts requlred for
reactlon.

5) Interaction between sulfur-and nitrogen-
containing compounds is ignored.

6) The reaction is irreversible.

ThHe proposed rate equation for this investigaticn as given for
denitrogenation is:
] ‘ Al ]

(-zy).= Ky (D2 (@WP (c1)°

if (H) and (Cl)‘are in excess or their
concentrations are such that small changes.
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do not affect the rate of'reaction; then
the rate equation can be written:

a
(or) = k()

' 1
where ky = ky (H)® (c1)©

For desulfurization, the rate equation can be written by

analogy as:

A plot of ln(rN) versus 1ln(N) should yield a straight line with

slope ay, the pseudo order of the reaction.

Figures 31 and 34 show nitrogen and sulfur removal as a function
of space time. The reaction rate of nitrogen removai was obtained
~ from Figure 31 and plotted as a function of concentratiod as .shown on
Figure 32. The pseudo order of reéctioh for nifrogen removal was found
fo"be.é;d9.“ Eecause of the siﬁilérity iﬁ fﬂe shape of-the curves for-
nitrogen and sulfur removél, tHe pseudo ofder of reaction for sulfur
removal was assumed to bé 2.0 for the application of integral analysi§

to the data.

A test for pseudo-second order reactions was made by plotting:

the. integrated form of the rate equation. The rate equation can be




Ll

~48-

written, for nitrogen removal, as:

- % =k ()

dt

which, on integration, yields:

Thus, a plot of l/CN versus t should yield a straight-line if
the proposéd rate expression is correct and the pseudo ofder'of're—
action is correct., Figures 33 and 35, which test for the validity
6f this expression in terms of nitrogen and sulfur removal, show that

the rate expression is valid. Consequently, 2 is the pseudo order of

the reaction for both denit;ogeﬁation and desulfurization.

The temperature dependency was obtained using A;rhenidgﬁzLaQ:-
-E/RT
k = koe /

or  1In(k) = ~(E/R)(1/T) + ln(k,)

Therefore, if In(k) is plotted as a function of inverse temperature,

the resulting straight line should have a slope equal to-—E/R'and'inter—

cept ko' A plot of these values for this study: is shown on Figure 30,

The slope of the lines yields the activation energy,.E,'for:each Té-
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action and is found to be 18.6 Kcal/g mole for both denitrogenation
and desulfurization. The frequency factor, ko’ was found by the sglu-
tion of Arrhenius"Law-and is 7.66 x 107 for denitrogenation; 2.11 x

. 107 for desulfurization.

The design equation for plug flow reactors was used to evaluate
the reaction rate constant, k, at each of the temperatures studied.

This equation is:

X N
T = 1 . L dX (27)
Leaml a - .
o} [o]}

and its development assumes a negligible change in volume between the

reactants and products.
The final rate-expressions are:

-18600/1.98T

(-IN) = 7.66 x 10 o (N)=.
for denitrogenation and:

-18600/1.98T

(-ro) = 2011 x-107e (S)

g)

for desulfurization.
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The nomenclature used in the above development is as follows:

-r

-rS

(c1)

(1)

3N &g
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reaction rate for denitrogenation,
(wt% N)(cc-0il)/(cc-catalyst)(hr)

reaction rate for desulfurization,

(wt% S)(cc-0il)/(cc-catalyst)(hr)

reaction rate constant for denitro-

genation, (cc-0il)/(hr)(cc-catalyst)(wt® N)

reaction rate constant for desulfuri-
zation, (cc-0il)/(hr)(cc-catalyst)(wt® S)

frequency factor, -same units ‘as”ky or kg”

nitrogen concentration, weight percent

chloride concentration

sulfur concentration, weight percent
hydrogen concentration

pseudo reaction order for denitrogen-
ation and desulfurization

space time, hrs

activanion energy, cal/g mole

gas law constant, 1.98 cal/g mole o
temperature, %

conversion of nitrogén or sulfur

initial impurity concentratlon, welght
percent
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V,ACATALYST LIFé CONSIDERATIONS
An important quality that all catalysts should possess is that
they remain active over z long period of time. A long catalyst life
is desired because of economic reasons which include down time as

well as replacement or regeneration costs.

A long run (30 days) was made to test the life of the cobaltous:
catalyst.. Because of the continued production of ammonium chloride aé
the major reaction product, it Qas made in a series of thrée ten-day -
runs. After ten days, the reactor was cooled,'disméntied, éleadéd .
and reassembled. The same catalyst was charged to the reéctor_gach
' time it was cleaned. The Qperating condifions for this run were:

1000 psig, 8009F, LHSV equal to 0.5 hr'l; 7500 SCF Hy/bbl, and a chlor-
ine-nitrogen ratio of 9.0. The catalyst testéa had  7.4% cobalt im-

pregnated on Harshaw 1602-T support.

The résults of this Tun are shown on Figuié 41.: As can be seen,
the activity of the catalyst started off.at about 85 percent remoQaI
- and declined éteadily fo about éb bercent after nine days on stream.
The rate of Aecline theﬁ slowed quite significaﬁtly and activity was

almost. constant for the remainder of the_run.

Because of the low rate of deactivation from the nintﬁ day-oﬁ,'
the data from nine and one-half days to the end.of the study were

fitted, in the least sqdare sense, to a first degree polynomial.
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Table XIII gives the result éf that fit and Figure 4l'ref1ects the
analysis of the data. The plot.shows the best straight line through
these{@ata and has a slope“of -0.0218 percent/day. At the..end of the
30-day run, nitrogen removal was about 79'percent. The catalyst with
which this_rﬁn was made waslnot purged with hydrogen for 12 hours be-
fore contacting it with oil. Théréfore, a shorter run was made to obf
tain information as to what effect fhis procedure might have on the

life of the catalyst.

Figure 42 shows the results of this run. The operating'va;i-
ables were changed. quite freqqently to determine what effect this "
might have on the catalyst.perfqrménce. As can bé seen, the first
changé'in operating variables occurred after about 40 hoﬁrs’on stream. .
At 80 hours, the original oper;ting conditions ‘were re—eétablished.'
The net change in percent nitrdgeﬁ removal was about 2.0 percent and
prdbably was due to normal catalyst deactivation. Beginning at about
100 hours on stream, additional changes in operaﬁing'were made .over a
60-hour periqd.- The original operating conditions.were tﬁen re-estab-
lished after 160 hours on stream with theJéffect of no net change in
nitroggn removal. The final nitroéen-rgmoVal was 87 percent at about

165 hours on- stream,

The interpretation of these runs enables one to establish that

the activity of the cobaltous chloride catalyst iemains rélatively high
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for substantial periods of time. Since the deactivation of the
catalyst is probably due largely.to coke lay-down on the catalyst.
surface, anything that will lessen coke formation should lengthen
the catalyst life. The major.causes of coke formation are: 1) high
temperatures -- hot épots are sometimes caused by channeling, 2) low
‘hydrogen rates or partial pressures, and 3) the presence of high boil-
ing fractions containing asphaltenes. Because df the lasﬁ of these
causes, the catalyst life studies using variods feedstocké ére dif-
ficult to compare unless accurate charéﬁferizations of the feedstoéks
are available. For this reason, no comparison with other catalyst

life studies (5,14) was made.
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VI. CONCLUSIONS

‘The primary objective of this investigation was to perform

process development studies on the use of cobaltous chloride as a

hydrodenitrogenation catalyst. In that capacity, the major.conclu-

sions of the study are presented.

1)

2)

5)

Of the two alumina-silica catalyst supports inves-

tigated, Harshaw 1602-T proved to be best.

For -maximum catalyst.hydrodeﬁitrogenafion activity,
a catalyst containing approximately 7.0 percent by
weight cobalt is required 'if Harshaw 1602-T is

used -as the support.

The method used to prepare the cafalyst allows the
optimum use of the internal surface arsa of the

catalysf.

To achieve the highest activity from the catalyst,
the hot reactor and catalyst bed must be purged
with hvdrogen before contacting with oil. This

procedure presumably removes all traces of moisture

.and air from the system. Some activétionwmay also

occur.

As expected, the developed catalyst's activity

increased with increasing temperature and pres-
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sure and decreased with increasing space velocity.

Methylene. chloride was the best source of chloride
necessary- for catalyst activity.' Increasing the

chlorine-nitrogen.ratio above 9.0 did.not sighifi-

. cantly increase the nitrogen removal.

For hydrogen treat rates between 2000 and 8QOO )
SCF/bbl, no effect on nitrogen removéi was noted.
However, increasing the rate above 8000 SCF/bbl.
decreased the.nitrogeﬁ.rgmoval, presumably be-~

cause of chlorine~hydrogen ratio dilution effects.

Optimum reactor corditions for hydrodenitrogenation
appeared to be:

Catalyst: 7.0 percent cobalt on Harshaw 1602- T
Temperature: gredter than 750°F
Pressure: greater than 800 psig
Chlorine-nitrogen ratio: 9.0 atom/atom u31ng
methylene chloride .
Hydrogen rate: greater than 4000 but less
than 8000 SCE/bbl

Catalyst properties at temperatures greater than 800°F

and pressures greater than 1200 psig were not studied.

The cobaltous chloride catalyst system was sig-

,nifican{ly better than a commercisl -cobalt molyb-

date catalyst because it reduced the'product nitrogen




10)

11)

12)

. ‘respect to the impurity concentration.
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concentratidn from 280 to 190 ppm for runs per-
formed at identical operating conditions. The‘-
boilihg point distribution of prodﬁct obtained
from operating with both of these cataiysts was

nearly identical.

The trends in sulfur removal closely followed the

trends in nitrogen removal but at a signifiéantiy

lower percent conversion.

Both denitrogenation and desulfurization broceed

under pseudo-second order reaction kinetics with

- A cafalyst_life study indicated that after a rapid

deactivation over a 10-day period, percent nitrogen

- removal remained nearly constant for an additional

20 days. At the end of 30 days, 78.8 percent

conversion was realized.




viI. RECOMMENDATIONS

The results of this investigation opened many avenues for fur-
ther study on hydrodenitrogenatiqn studies, The two which are felt

to be of most importance are summarized here:’

1) - A detailed study cdﬂcerning the mechanism by which
the denitrogenation occurs wouid be useful in
determining_ways in which the catalyst perfor4

" mance might be improved. The ideas concerning
certain points 6f a possible overall mechanism
presented in this papef are strictly hypotheses
concluded as a result of several meagef observa-
tioﬁs.‘ A detailed study to prove or disprove thése_
ideas would have taken many years of study and de-
viated from the origina;=intent of the research

conducted..

2) The run made with a nickelous-cobaltous chloride

.céfglyst opened the door for édditional'study of
this system. Niékel tyﬁes of catalyst are known to
be very active bufisusceptible to poisoning while =
cobalt'catalysts are considered to be rugged and

-+ resistant to poisoniﬁg. Thgreforg; an thimum~

‘nickel-cobalt catalyst might'prové to have a longer

useful life than either metal catalyst used separately.
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APPENDIX

VIII.
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TABLE I. .  TEST OIL PROPERTIES.
Sample Designation CR#D* CRH8**
API Gravity 60°F/60°F -~ 21.3 23.9
ASTM D-158%%x : : '
IBP 608 538
5% : _ 656 585
10% j 673 ' ~ 601
20% _ : 693 . 623
30% : 710- 636
- 40% - 724 646"
50% ' 740 _ 666
60% 752 672 -
70% 767 695
80% . 777 . 712
90% ' 743
E.P, : . 760
Wt% Nitrogen 0.327 ) . 0.191
Wt% Sulfur - 0.815 -0 #4800

* Used only for Runs C-5 and C-9-
*% Used extensively in experimental work (see exceptlon above)
*%% Distillation at 640 mm corrected to_ 760 mm with-
Sidney Young Equation
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TABLE 1II. PROPERTIES OF COMMERCIAL CATALYSTS AND CATALYST
SUPPORTS USED IN TESTS*

" Catalyst Manufacturer: Houdry Process and Chemical Company
Identification Symbol: Houdry - C . '

Properties: 1/8" alumina extrusions

3.0% Co0

15.0% M003. 5 STt

Surface Area: 310 to 340 m“/gr

Pore Volume: 0.45 cc/gr

Apparent Bulk Density: 53#/ft3

Average Pore Diameter: 55 A

Catalyst Manufacturer: The Harshaw Chemical Company
Identification Symbol: Al-1802-E = |
Properties: 1/8" silicated high activity alumlna extrusion
92%%6 Al04
676 SlO2
Surface Area: 277 m2/gr
Pore Volume: 0.91 cc/gr 3
Apparent Bulk Density: 33#/ft
Average Pore Diameter: 132 A°

Catalyst Manufacturer: The Harshaw Chemical Company
Identification Symbol: Al-1602-T¥**
Properties: 1/8" silicated high. act1v1ty alumlna pellet
91/ A1203 : . _ _
Surface Area: 210-240 m2/gr
Pore Volume: 0.48 cc/gr 3 ‘
Apparent Bulk Density: 52#/ft
. Average Pore Diameter: 91-80 A©

* Information supplied by manufacturer
© %% Support used-extensively in investigation




TABLE TII. EXPERIMENTAL DATA

. Run Designation Code
C, EX-series Exploratory
AC-series-Cobalt Concentration effect

Al-series Harshaw Support only
BC-series Chlorine Concentration and Carrier Effect
CC-series Hydrogen Rate Effect

DC-series Temperature Space Velocity Effect
EC-series Pressure Effect

RUN NO. . : c-5(a)
A. Reactor Conditions
1. Pressure, psig 1000 .
2. Temperature, °F 800
3. LHSV, Hr-l 0.5
4, Hydrogen Rate,
SCF/bbl 5000

5. Cl/N Ratio,

atom/atom( ) 9.4
6. Catalyst, %Colc) 6.0
7. Catalyst Support d) A
-B. Product PrOperties(e)
1. API Gravity,
60°F /60°F ——
2. Wt% Nitrogen 0.032

3. Wt% Sulfur -
4. Wt% Chlorine ————

c. Impurify Removal .
1. "% Nitrogen 89.0
2. % Sulfur -

(See NOTES on following page)

> J 0

c-9(2)

1000
800

0.5

5000

0.026

93.0

» OO
[oNe]

Al-6

1000

- 800

0.5

7500

26.5

0.067
0.396
0.252

w O

CALl-7

1000
800

- 0.5

7500

27.6

0.042

0.342

0.264

78.0
57.3

- AC-7

1000
800
0.5

7500

> 00
H O

28.3

0.035
0.291
0.435

AC-9
1000
800

0.5-

7500

> 0O
L]
w O

27.5

0.039
0.272
0.347

79.5
66.5

-Ig_
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TABLE IIT (continued)

RUN NO. = . . AC-10 AC-11 AC-12 - AC-13 AC-14 AC-15
A. Reactor Condltlons , : _ '
1. Pressure, psig 1000 1000 1000 1000 1000 1000
2. Temperature, °F . 800 - 800 800 800 800 800
3. LHSV, Hr-l 0.5 . 0.5 0.5 0.5 0.5 © 0.5 -
4. Hydrogen Rate, : -
SCF/bbl 7500 7500 7500 7500 7500 7500
5. Cl/N Ratio, :
atom/atom(P) 9.0 9.0 9.0 9.0 9.0 9.0
6. Catalyst, %colc) 6.3 4.4 2.6 1.5 3.6 2.0
7. Catalyst Support(d) A A A A B B

B. Product Propertles(e)
1. API Gravity, .
609F /60°F -—— 27.1 -——- . 27.5 . 26.3 27.9
2. Wt¥% Nitrogen 0.038 0.037 - 0.034 ' 0.047 0.033 0.036
3. Wt% Sulfur 0.281 . 0.291 0.265 ' 0.336 0.295 0.289
4. Wt¥% Chlorine ' 0.395 ~0.386 0.457 0.380 0.376 = 0.307
C. Impurity Removal - ‘ . k
1. % Nitrogen - 80.0 80.5 82.0 .75.0 83.0 81.0
2. % Sulfur - 64.9 63.6 66.9 - 58.0 63.1 63.9
" NOTES: Runs made using a Gas Oil Feed containing 0.327 Wt% Nitrogen..

(a)
(b) Chlorine from methylene chloride unless otherwise hoted.
(c) If an asterisk, '¥', appears after percent metal, the catalyst was purged with
hydrogen for 32 hours before contacting with 011.
" 'L" indicates that the’ catalyst was léached.
(d) 'A' designates Harshaw 1802-E; 'B' designates Harshaw 1602-T.
(e) Effluent Gas analysis not avallable'fo: C and AC series- runs. .

=-Z9-




TABLE III (continued)

RUN NO.

A.

Reactor Conditions

1. Pressure, psig

2. Temperature; OF .

3. LHSV, Hr-1l

4. Hydrogen Rate,-.
SCF/bbl

5. Cl/N Ratio,

' atom/atom b
6. Catalyst, %colc)
7. Catalyst Support(d)

Product Properties(e)
1. API Gravity,
60°F /60°F
2. Wt% Nitrogen
3. Wt% Sulfur
4, Wtk Chlorine

Impurity Removal
1. % Nitrogen
2. % Sulfur

AC-16

1000
800
0.5

AC-18

1000
800
0.5

28.3

0.031
0.273
0.410

AC-19
1000
800
0.5

7500

I w O
N O

- 27.6

0.034
0.309
0.352

AC-20

1000
800
0.5

AC-21
1000
800
005

7500

[ss BN AN S)

28.0

0.026
0.244
0.421

-£9-"




TABLE III (continued)

RUN NO. S AC-24
A. Reactor Conditions
1. Pressure, psig 1000
2. Temperature, CF 800
3. LHSV, Hr-!l 0.5
4. .Hydrogen Rate,
. SCE/bbl - 7500
5. Cl/N Ratio,
atom/atom(?) 9.0
6. Catalyst, %Colc) 7.1(L)

7. Catalyst Support(d) B

B. Product Properties(e)
1. API Gravity,

60°F/600F 28.0
2. Wt% Nitrogen 0.029
3. Wt% Sulfur 0.252
4. Wt% Chlorine . 0.387.
C. Impurity Removal
1.. % Nitrogen" 85.0
2. % Sulfur . 68.5

NOTE: (1) Data taken at 29.5 days

AC-26 AC-29
1000 1000
800 800
0.5 0.5
7500 7500
9.0 9.0
8.33 7.5(L)
B B
28.3 S
0.027 0.027
0.251 0.278.
0.476 0.299
86.0 86.0
68.6 65.5

-9~




TABLE ITI, '(coptinuedy

RUN NO.- :
A. Reactor Conditions
‘L. Pressure, psig-
2. Temperature, OF
3. LHSV, Hr-l
4. Hydrogen Rate,
'SCF/bbl
5. Cl/N Ratio,
:atom/atom(b)< y
6. Catalyst, % Co'°®

7. Catalyst Support(d)

B. Product PrOperties(e)
1. API Gravity,
, ,60°F /60°F
2. Gas Production
“1b moles/bbl
0il x 103
a) Methane
b) Ethane
c) Propane
d) Iso-butane
e) N<butane
.3. Estimated Hydrogen
Consumption
-'SCE/bbl oil
4. W% Nitrogen
5. Wt% Sulfur
6. Wt4 Chlorine

C. Impurity Removal
+1l. % Nitrogen
2. % Sulfur ~

BC-1
1000
800
0.5

7500

[ws RN IRNe/
o

27.8

143.6
36.6

55,3

32.7
23.2

110.6

0.294
0.467

84.0
6314

. NOTE: (1) CH,CICH,Cl used to supply Cl.

28.5

151.2
33.6

- 58.1

41.4
26.0

117.7
0.021
0.236
0,509

88.7
70.5

BC-3
1000
800
0.5

7500

[ssEEN e
(@]

27.6

115.5
29.9
41.8
19.6
16.3

84.7

0.036

0.293

- 0.442

80.8
63.4

BC-4

1000
800
0.5

7300

131.7
28.3
44.0
27.5
18.4

94.8

-0.027

0.253
0.527

BC-5
1000
800
0.5

7300

waw
o

27.5

69.5

20.4

. 29.5

11.7
11.6

54.2
0.047

0.353 .

0.354

75.0
58.9

BC-6

1000

800
0.5

7500

o(1)
7.0

27.7

63.7
97.4

45,0
5.6, .

18.2

94.8

0.042

0.260
0.527

-G9-
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TABLE III. (gontinued)

RUN NO.

A. Reactor Conditions

1.
2.
3.
4.

5.

6.
7.

B. Product Properties

l.

20'

Pressure, psig
Temperature, OF
LHSV, Hr-l
Hydrogen Rate,
SCF/bbl
Cl/N Ratioy
~étom/atom(b)
Catalyst, % Col€)
Catalyst. Support

(e)

API Gravity,
60°F /60°F

Gas Production
1b moles/bbl
oil x 10

a) Methane

b) Ethane

c) Propane

d) Iso-butane

e) N-butane

Estimated Hydrogen

Consumption
SCF/bbl oil
Wt% Nitrogen
Wt% Sulfur =
Wt% Chlorine

C. Impurity Removal

1.

2.

%.Nitrogen

.% Sulfur

(d)

BC-7

1000
800

0.5

7500
(1)

[soEN JiNe]
[oNe]

27.7

56.9
26.4.
119.8
21.6
15.2

91.0
0.042
0.274

0.452

78.0
65.7

WO
.'COO

BC-8
1000
800
0.5

7500

26.5

NOTE: (1) GH,CICHCICH; used to supply Cl.

BC-9
1000
800
0.5

7500

[oNe]

220.6

48.9

62.1 .
©34.7
24.1

148.2
0.025

86.7

BC-10
1000
800
0.5

7500

28.1

102.6 -

44,3
165.2
28.3
23.1

137.9

0.040 .

0.255

©0.450

oty

cc-2
1000
800
0.5

8000

28.4

100.9
26.4
40.4

24,4
16.0

79.0

0.017
0.262
0.337

cc-3
1000
800
0.5

4000

3l.4

189.6

51:3
. 57.4

28.2

25,7

- 133.7 .

0.014
0.181
0.221

92.7
76.8.

_99-
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TABLE III (continued)

RUN NO.

A.  Reactor Conditions

1.
2.
3.
4.

5.

6.
7.

-Pressure, psig

Temperature, OF

LHSV, Hr-l

Hydrogen Rate,
.SCF/bbl

Cl/N Ratio,
‘atom/atom b

Catalyst, % colc)

Catalyst Support(d)

B. Product Properties(e)

l.

2.

5.

6._

API Gravity,
60°F /60°F
Gas Production
1b moles/bbl

0il 'x 10
Methane
Ethane
Propane .
Iso-butane
N-butane

Estimated Hydrogen

Consumption
SCF/bbl oil

Wt% Nitrogen

Wt% Sulfur

Wt% Chlorine

o0 o w
e e e S e

D

C. ' Impurity Removal

1.
2.

*% Nitrogen
% Sulfur

cc-4
1000

800.
0.5

29.1

CCc-6

1000

800

0.5

3l.6

312.9
73.8
28.9
28.4

. 25.5

178.2

"0.018

0.164
0.233

CC-7

1000
800
0.5

141.0
33.7
47.4

24,2

18.3

100.4
0.019

90.2

- -

162.0
43.9
57.5
37.9
25.3

124.0
0.019
0.135
0.473

148.0
36.8
55.4
32.6
21.7

112.0
0.024
0.239
0.587

87.6

CC-10

1000
800

0.5

© 12,000

9.0
7.0%

27.6

_Zg-




TABLE III (continued)

RUN NO.
A. Reactor Conditions
l. Préssure, psig

. Temperature, °F
. LHSV, Hr-i.
Hydrogen Rate,
: SCF/bbl
5. Cl/N Ratio,

atom/atom '
6. Catalyst, % col€)
7, Catalyst Support(d)

HW-N

B. Product Properties(e)
1. API Gravity,
_ 60°F/60°F
2. Gas Production
~1b molesébbl
oil x 107
.a) Methane
b) Ethane
¢) . Propane.
d) Iso-butane
. e) N-butane
.3, Estimated Hydrogen
Consumption
“SCF/bbl oil
4, Wt% Nitrogen
5. Wt% Sulfur
6. Wt% Chlorine

.-C. Impurity‘Removél'

l. % Nitrogen
2. % Sulfur

CC-11

1000
800
0.5

4000

239.2
65.2
74.6
39.1
32.6

171.0
0.016
0.183
0.244

DC-1

1000
800
1.0

27.1

128.1
25,2
32.3
12.1
10.8

79.1

0.044
0.308
0.406

DC-2
1000
800

1.43

5000

118.9
26.5
31.6
12.5
12.9

76.8

0.052
0,328
0.317

72.7

59.0

DC-3

1000
800
0.25

5000

32.2

272.5
74.4
86.3
46.1
35.7

105.4
0.007

*0.120

0.181

96.1

85.0

DC-4
1000
800 -
0.67

5000

29.7

211.1
49.0

"59.7

27.9
27.9

142.5
0.029
0.226
0.275

DC-5

1000
800
2.0

26.8

106.7
22.9
24.5

- 8.2
9.1

65. 1
0.062
0.347

"0.377

67.8
56.6
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TABLE III (continued)

RUN NO.

A. Reactor Conditions

1.
2.
3.
4,

5,
6.
7.

B. Product Properties(e)

1.

2.

3.

4.
5.
6

Pressure, psig

Temperature, OF

LHSV, Hr-l

Hydrogen Rate,
*SCF /bbl

Cl/N Ratio,

N atom/atom( )

Catalyst, % Co(cgd)

Catalyst Support

API Gravity,
60°F /60°F
Gas Production
1b moles/bbl

oil x 103
Methane
Ethane
Propane
Iso-butane
N-butane

N S et e e

a)
b
c)
d)
e
E

Consumption

SCF/bbl. 0il
Wt% Nitrogen
Wt% Sulfur
Wt% Chlorine

" C. Impurity‘Remgval

L.
_2-

% -Nitrogen

% Sulfur

timated Hydrogen

DC-6

.1000

800 -
0.50

30.1

193.0
47.4
55.2
25.1
22.0

130.0
0.022
0.182
0.246

77.2

DG-7

1000

735
0.50

27.1

58.2

0.041
0.313
0.277

DC-8

1000
735

0.67

5000

26.5

25.5

_DC-10

1000
735
2.0

25:3

DC-11
1000
735
0.25

5000

28.3

96.1
18.7
28.1
17.4
11.7

65.3

0.025
0.204
0.233

_69-




- TABLE III (continued)

RUN NO.

A. Reactor Conditions

1.
2.
3.
4.

5.

6.
7.

. Pressure,  psig

Temperature, OF -

LHSV, Hr-1-

Hydrogen Rate,
SCE/bbl

ClL/N Ratio,

‘ atom/atom(b)

Catalyst, % Co‘©®

Catalyst Support(d)

‘B. Product Properties(e)

1.

2.

5.
6.

API Gravity,
60CF /60°F
Gas Production

lb moles/bbl
0il-x 103
a) Methane
b) Ethane
c) Propane’
d)  Iso-butane
e) N-butane
Estimated Hydrogen
Consumption
SCF/bbl oil
Wtgs Nitrogen
Wt% Sulfur
Wt% Chlorine

' C. Impurity Removal

l..
2.

% Nitrogen
% Sulfur

DC-12

1000
735
1.0

26.1

64.9
8.1
11.3
4.9
4.1

35.4

- 0.068

0.381

0.215"

64.5

52.4

DC-13
1000
670

0.50

5000

25.3

DC-14
1000
670
1.43

5000

24.8 .

DC-15

1000

- 670

1.0

24.7

25.7 .

93.3
8.4
10.9
5.7
5.3

46.9

- 0.064

0.414
0.081

DC-17

1000

670

0.67

5000

25.2

" =0L-




TABLE III (continued)

RUN NO.

A. Reactor Conditions

1.
2.

3.
T4,

5.

6.
7

Pressure, psig

Temperature, °F

LHSV, Hr~1

Hydrogen Rate,
SCF/bbl

Cl/N Ratio,
atom/atom(b) '

Catalyst, %_Co(c)

Catalyst Support(d)

B. Product Pr0perties(e)

1.

2.

4.
5

API Gravity,

" 60°F /60°F
Gas Production
1b moles/bbl
oil,"x'lO3

) Methane

) Ethane

a
b
c) Propane

'd)..Iso-butane .

e) N-butane
Estimated Hydrogen

.. Consumption

- SCF/bbl oil

" Wt% Nitrogen

Wt% Sulfur

C. Impurity Removal

l.
2.

% Nitrogen
% Sulfur

30.8

EC-3

1200
800
1.0

- 28.6

113.4
27.9
43.4
24.0

17.1

5.7
0.027
0.266

© 35.3

528.0
138.9
169.6

110.1 .

53.3

38l.4

0.006
0.093

96.8

EC-5
800
800
0.5

5000

29.5

EC-6

800
800
1,00

5000

[5s JEN INo]
[eNe]
*

27.1

141.7
34.6
44.7
26.4
15.3

99.8
0.049
0.320

_.'[L-
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TABLE III (continued)

RUN NO.

A. Reactor Conditions

1.
2.
3.
4.

Pressure, psig-
Temperature, OF
LHSV; Hr~1
Hydrogen Rate,
:SCE /bl
Cl/N Ratio,
atom/atom(b)
Cafalyst,'%_Co(c)
Catalyst Support(d)

B. Product Properties(e)

l.

. 2.‘

API Gravity,
_60°F/60°F

Gas Production
-1b moles/bbl
0il x 103

a) Methane

b) Ethane

c) Propane

d) Iso-butane

e) N-butane

Estimated Hydrogen
Consumption’
SCF/bbl oil

Wt% Nitrogen

Wt% Sulfur-

Wt% Chlorine

C. Impurity Removal .

l'

%-Nitrogen

2. % Sulfur

HC-2

1000
800
0.5

3000

(1)

-—— -

0.031

84.0

HC-3
1000
800
00‘5

5000

(1)

30.2

167.5
59.7
45.8
7.2

23.9

115.4
0.025

- -

87.5

'~'NOIE: (1) Houdry=C Catalyst; (2) 3.8% Co; 3.8%'Ni

EX-1
1000
800
0.5

5000

~ O

.30.7

'165.7

30.9
31.9
16.0

12.4

97.5

0.0174

—— -

" 91.0

-ZL-
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TABLE IV. FORTRAN II COMPUTER PROGRAM 'FOR CURVE FITTING USED IN LIFE
STUDY ANALYSIS AND GAS CHROMATOGRAPH CALIBRATION ANALYSIS.

%LIST
C
c
c
C
73
10
57
9
C
1000
40
C
1
C
3
4
5
6
7

X (M)
CONT INUE

Li_l

-73-

PRINTER -

% DAVID WHITCOMSB

DAVID WHITCOMB

POLYNOMIAL CURVE FIT -MAXIMUM DEGREE IS 10

WILL FIT FOUR TYPES OF CURVES TYPE NUMBERS ARE BELOW
1 IS YVSX, 2 IS LOGYVSX, 3 IS-LOGYVSLOGX, 4 IS YVSLOGX

DIMENSION X(100),Y{100),C(11), A(11,12)
READ IN POLYNOMIAL DATA

COMMON X4Y o N,IMyC,IY

DO 27 M=1,100

READ 901, WXsWY

IF(WX + $1E+04) 9,433,100 °

Y{(M) WY :

WX

N=M-1 :
READ DESIRED DEGREE AND TYPE
READ 900, ITYPE,LIDEG
IF(ITYPE) 41441,40

PRINT 906,ITYPE,LIDEG -
PRINT 907

IM=IDEG+1

Ivy=IM+1

SET MATRIX A{(I4J)=0.0

DO 1 I=1,IM

DO 1 J=1,1Y

A(I,J)=0.0

GENERATE POLYNOMIAL COEFFICIENTS
DO 2 KzlyN

WX = X(K) :

WY = Y{(K) ‘

GO TO (4444343),ITYP

WX=LU0GF (WX). .

GO TO (64545,6),ITYPE
WY=LOGF(WY)

W=1.0 :

DO 7 I=1,1M

All:I)=A(1,1)+W
A(I,IM"']—)zA(I’IY)'*'NY

W=l X

WY =W Y 2 X -




L L S W1

=74~

TABLE IV (continued)

DAVID WHITCOMB

. DO 8 I=2,IM -
S AT IM)=A(I,IM)+W
8 W=WxWX
2 CONTINUE ,
IF(IDEG~1) 20,20,30
30 DO 11 1=2,IDEG
DO 11 J=1, IDEG
11 ALI4d)=A(I~1,J0+1)
20 DO.12 1=2,1IM
DO 12 J=1,1Y
DO 12 K=2,1
12 ALT,U)=Al1,J) =AlK=141)%A(K=15J)/A(K~13K=1)
CUIM)M=ACIM,IY)/A(IM,IM) .
PRINT 902, IDEG_C(IM)
DO 14 I=2,1IM
K=I1Y-1 ,
CH=ALKSIY) o ‘ .
DO 13 J=2,1I :
© L=IM+2-J :
13 W=W-C{L)*A(K,sL)
CIK)=W/A(K,K)
M=K-1
14 PRINT 902,M, C(K)
PRINT 903 -
SUMSQ=0.0
CALCULATE AND PRINT. VALUES AND ERRDR AT EACH POINT.
DO 15 K=1,N
W=X(K)
GO TO (17,17,16, lé),ITYPE
16 W=LOGF (W)
17 YC=0.0
"~ DO 18 1=1,IM
J=1vy-1
18 YC=YCHW+C(J)
: GO TO (21,19,19,21),ITYPE
" 19 YC=EXPF (YC)
21 YEA=Y(K)=YC
SUMSQ=SUMSQ+YEA*YEA :
PRINT 9053 X(K),Y(K);YC, YEA
15 CONTINUE - :
PRINT 908,SUMSQ
PAUSE
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TABLE 1V . (continued)

DAVID WHITCOMB

41

33
900
901
902
903
905
906
907

908

CALL WPLOTL

GO 70 1000

CONTINUE

GO0 TO 73

CONT INUE

FORMAT(212)

FORMAT (2F10.6) ’

FORMAT(3H C(,12,1H),E14.8)

FORMAT ( //9X1IHX, 14X LHY 311X, 6HY CALC, 8X79HABS ERROR,//)
FORMAT (4F15.6)

FORMAT ( 6HLITYPE,13,4X, TH DEGREE,I13,//)

FORMAT (42H COEFCICIENTS OF POLYNOMIAL FITTLD T0 DATA;

110H ARE BELOW/)

FORMAT(//27H SUM OF SQUARES OF ERRORS =,El4.8//)
CALL EXIT .
END




| )
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TABLE vy . PORTRAN IT COMPUTER SUBROUTINE USED TO PLOT GAS CHROMATO—
GRAPH CALIBRATION CURVES.

<L IST PRINTER -

% DAVID WHITCOMB 110-67
*L.DISKWPLOT1

DAVID WHITCOMB llO~67

SUBROUTINEWPLOT1

DIMENSION X(lOO)yY(lOO),C(ll)
COMMON X oY N,IMsC,IY .
XMAX IS THE-MAXIMUM PEAK HEIGHT
YMAX IS THE MAXIMUM. COCENTRATION
XXMAX IS THE MAXIMUM PEAK HEIGHT
ON PLOT" YYMAX IS THE MAXIMUM
CONCENTRATION - ON PLOT :
READ: 20y XMAX 3 YMAX3XD YDy XXMAXyYYMAX
XL:'Zi'oO ) :
¥L=2.5
XMIN=0.,0"
YMIN=0.0 .
XS= (XXMAX-XMIN)/XL
YS=(YYMAX - YMIN)/YL
CALL PLDT(l,XdIN,KXMAX,XL,XD YMIN,YYMAX YL,YD)
‘CALL PLOT(99)
DO 10 1=1,N o .
i CALL_PLOT(91X(I)7Y(I)) -
10 CALL PLOTSY(X(I), (I),O lyXS YS 4)
" CALL PLOT(99)
c K IS THE NUMBER OF POINTS CALCULATED AND PLDTTED
K=50
WK=K . .
WWK = {XMAX = XMIN)/WK
X0=0. : : .
DO 11 KK=1,K
W=XMIN+XO -
X0 = X0 + WWK
YC=0.0
DO.12 I=1,IM-
.o d=1Y-1
12 YC=YC#W+C(J)
11 CALL PLOT(OsW,YC)
CALL PLOT(99)
CALL PLOT(T)
20 FORMAT (6F10.0)

OO0




TABLE V (continued)

DAVID WHITCOMB 110-67

RETURN
END

~77-
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TABLE VI.. FORTRAN-II COMPUTER-PROGRAM FOR DETERMINATION OF GAS PRODUC- - . -
TION FROM EFFLUENT GAS ANALYSIS USING FITTED CALIBRATION CURVE;f

«LIST PRINTER
" DAVID WHITCOMB

DAVID WHITCOMB.

PROGRAM FOR DETERMINATIDN OF GAS PRODUCTION AT STP

STANDARD CONDITIONS ARE 760MM HG, 60DEG F
ON SECOND- DATA CARD POSTION RUN NQ IN COLUMNS 2 70 9
LEGEND 1= HETHANE 2=ETHANE - 3=PROPANE 4=1S0- BUTANE :
5=N-BUTANE ***SIZE=INJECTION SAMPLE SIZE IN CCx
DIMENS I0N. P(5) GMOLE{5)43SCF(5),GLBM(5)
10 READ 2, TEMP,PRESS,0LHSV, HZRATE CLN-
IF(TEMP) 20,21,21 '
21 READ ‘1
READ 2, (P(I)ysI=1,5) : . -
READ 3, BAROM,AMBTM,SIZE BRRERTRE Ce -
ABST=460, +AMBTM :
CORRE{BAROM*537,)/(635%ABST)* (1. /SILE) ,
GMOLE(1)=(.2865E-06%P (1)%: 3—,10215 04%P{1)%%2+
. 1 1027E~01#P(1)~.1750E~06)*CORR .- o
" "GMOLE(2)=(.7512E~07#P (2) %3+, 2225E 04«P(2)“°2+_.
l. 5455E-02%P (2)~,2500E~06)%C0ORR = -
GMOLE(3)=(+1382E~-07%P (3)%%3+,3974E~05% P(3)“
1.3741E~02%P(3)+.,5250E~06)*CORR ‘
GMOLE(4)=(.3658E~08%P{4)%%3+,3436E~-05% P(4)rr2+
1.2643FE~02%P(4)~,5000E~07)*CORR
GMOLE(5)=(~a5157TE=08%P (5) %4+, 6722E=06%P {5 ) %% 3-
1.167TE=04%P{5) %42+, 3721E-02% P(5)—.6500E O7)-CORR
FT3LBM=359.%520,/492,
SMOLE=0.0
DO 12 I=1,5
12 SMOLE=SMOLE + GMOLE (1)
ESTH=SMOLE*H2RATE /100.
HMOLE=100.0-SMOLE
DO 13 I=1,5 '
. SCF{I:)=H2RATE™ bMDLE(I)/lOO.
13 GLBM(I)—SCC(I)/FT3LBM
PRINT 4
PRINT 5 . :
PRINT 1, TEMP,PRESS,OLHSV,H2RATE,CLN -
~ PRINT 6 ' ' '
DO 14 I=1,5 -
14 PRINT 74 I GLBM(I),GMOLE(I)

OO0 O
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TABLE VI (continued)
DAVID WHITCOMB

PRINT 9, HMOLE

PRINT 8, ESTH
60 TO 10
20 CONT INUE

1 FORMAT ( 10H - ’ F8.Z,ZX,ES.O,ZX,FYDZ;BX,FS.O,

1F8.1)" -
2 FORMAT (5F10.2)
3 FORMAT(3F10.2) ,
4 FORMAT (21HIOPERATING CONDITIONS)

5 FORMAT(//8H RUN 92X 49 10H TEMP »10H PRESSURE

110H  LHSV. . ,10H H2RATE  ,10H CLN )
6 FORMAT{//27H MOLES GAS PRODUCED PER ‘BBL 33X,
130HPERCENT GAS IN EFFLUENT STREAM) |
7 FORMAT (1OH COMPONENT,I3,3XsF10.6,19XsF1046)
8 FORMAT (/31H ESTIMATED HYDROGEN CONSUMPTION,F10.3,
113HSCFH2/BBL OIL).
9. FORMAT (3X,9H HYDROGEN;33X,F10.6)
CALL EXIT
END -

’
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TABLE VII.

FEYIRE 551 DEGREE &3

GAS CHROMATOGRAPH CALIBRATION CURVE DATA FOR METHANE.

COEFFICIENTS OF POLYNOMIAL FITTED TO DATA ARE BELOW

C( 3) +2865471T11E-06
Cl 2)-=41020855T7TE-04
Cl- 1) K10266258E~01]
C(10)=¢17500000E-06

X Y Y ‘CALC ABS ERROR
0.000000 0.000000 0.000000 0.000000
71.000000 . 780000 . 780001 -.000001
119.000000 1.560000 1.559998 «000001
178.000000 3.120000 3,120000 0.000000
SUM OF SQUARES OF ERRORS = .34502250E-11
4.0
A
0 3.0 Att: 3200 ///>>
17}
*
. 2.0 -
L b
o >
o. 1.0 *’;5»**’**”
Lo
:**J*”*
0 <heet”
0 50 100 150 200

Peak Height

Methane Calibration Curve.
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TABLE VIII. GAS CHROMATOGRAPH CALIBRATION CURVE DATA FOR ETHANE.

TS EE 1 DEGREE .3

COEFFICIENTS OF POLYNOMIAL FITTED TO DATA ARE BELOW

C 3Nel51 1811607
CHT2)1522246999E+04
Cl 1) «54549601E-02
C( 0)-.25000000E-06

X ¥ W ICALG ABS ERROR
0.000000 0.000000 0.000000 0.000000
61.600000 « 438000 « 438001 -.000001
102.600000 .875000 « 874998 .000001
160.000000 1.750000 1.750000 0.000000

SUM OF SQUARES OF ERRORS = +444651000E-11

4.0
Att: 3200 /‘\)’>
3.0 v
Q &
<!
P ,»/
+)
ol Gt /
£ @
[}
(8]
~
: J /
- &
t'/ﬂ'
e o ¥ 8 :
0 50 100 150 200
Peak Height

Figure 3. Ethane Calibration Curve.
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FABLE  aIX: GAS CHROMATOGRAPH CALIBRATION CURVE DATA FOR PROPANE,

H gl sl DEGREE" 5

COEFFICIENTS OF POLYNCMIAL FITTED TO DATA ARE BELOW

Cl3) 138169 71E=07
CHZ) Ne391 3929 TE=05
C( 1) «37408868E-02
C( 0) «52500000E-06

X ¥ YeuCALC ABS ERROR
0.000000 0.000000 0.000000 0.000000
16.800000 «317000 «316998 .000001
139,200000 « 635000 «635000 0.000000
234,000000 1.270000 1e 269999 0.000000

SUM OF SQUARES OF ERRORS = .27676250E-11

1.5
At 1600 ;
$O,
) 73
=5
2 1.0 d
(@]
o A
o,
2
3 S
Mo 08 P
[}
(2% ’/M//
/3
/l
O\'V‘."'l
0 4o, 150 225 300

Peak Height

Figure 4. Propane Calibration Curve.
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TABLE X. GAS CHROMATOGRAPH CALIBRATION CURVE DATA FOR ISO-BUTANE,

EVYRE "1 DEGREE " 3

COEFFICIENTS OF POLYNOMIAL FITTED TO DATA ARE BELOW

5] We86582592E=08
C({ 2 ¢34556961E=05
CC.1) «26429655E~02
C( 0)-.50000000E-07

X 2 W CALC ABS ERROR
0.,000000 0.000000 0.000000 | 0.000000
100.200000 «303000 ¢ 202999 0.000000
179.200000 «605000 « 605000 0.000000
301.600000 1.210000 1+209999 0.000000

SUM OF SQUARES OF ERRORS = ,20380000E-12

1.5

Att: 800 &

1.0

&
0.5 /

Percent Iso-Butane

0 100 200 300 400

Peak Height

Figure 5. 1iso-Butane Czlibration Curve.
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TABLE XI. GAS CHROMATOGRAPH CALIBRATICN CURVE DATA FOR N-BUTANE

BERE DEGREE' 4

COEFFICIENTS OF POLYNOMIAL FITTED TO DATA ARE BELOW

Cl 4)-.51570647E-08
Cl 3) «67219377E-06
Cl 2)-.167T70167E~-04
Cl 1) .37208348E~-02
C( 0) .65000000E-07

X ) ¢ Yo CARC ABS ERROR
0.000000 0.000000 0.000000 0.000000
20.200000 .073000 s 02999 0.000000
38.400000 « 145000 « 145000 0.000000
71.200000 « 290000 « 2889999 0.000000

SUM OF SQUARES OF ERRORS = ,18106000E-13
0.37

»
Att: 800
Q
=
e 0.2
e |
)
-
4+
[ =
()]
" 0.1
Q ’
(a8 /’)’.V
e
0 &}/ﬂ/ ; : -
0 25 50 75 100

Peak Height

Figure 6. n-Butane Calibration Curve.
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TABLE XII. TYPICAL OUTPUT DATA FROM FORTRAN II PROGRAM -- DETERMIVATION

OF: GAS PRCDUCTION.

OPERATING CONDITIONS

RUN "TEMP PRESSURE LHSV
DC—6—2 800.00 lOOOo . 050

'MOLES GAS PRODUCED PER BBL  PERCENT

COMPONENT 1 »193038

COMPONENT 2~ «047391

COMPONENT 3 .055213

"COMPONENT - & - .025049

COMPONENT 5 .022039
HYDROGEN -

ESTIMATED HYDRDGEN EONSUMPTION 130.

H2RATE CLN -
5000, 9.0

GAS IN EFFLUENT STREAM
1.464897
359632
2418993
190089
$167248 - -
97.399140

043SCFH2/BBL OIL
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TABLE XIII.  DATA FOR LEAST SQUARES FIRST DEGREE FIT OF LIFE' STUDY
. DATA FROM NINE AND ONE-HALF DAYS TO END.
ITYPE . 1 -

DEGREE 1

COEFFICIENTS OF POLYNDMIAL FITTED TD DATA ARE BELOW

CH 1)-.21812979E -01 -

C( 0) .79522889E+02

X Y. - Y CALC
9.416666 78000000 79317484 =131 7484
9.958333 78.000000 79:305669 ~1.305669 -
10.416666- . 80.000000 - 79.295671 « 704329
10.958333 - - 79.100000° 79.283856 . . =.183856.
11.416666 80.700000 79.273858.. 14426142
11.937500 75.700000 79.262497 | ~3.562497
12.500000 80.000000 79.250227 o 749713
13.000000 79.800000 . 79.239321. «560679
"134437500 © 78.000000 79.229778. =1.229778 .
13.937500" 80.200000 79.218871 .981129
14.416666 79.400000 - 79.208419 2191581
14 ,975000 ~ 81.,200000 79.196240 2.003760
""15.583 333 78.000000 79.182971 -1.182971
16.062500 79.900000 794172519 727481
16 +562500 - 79.000000 '79.161612° = 161612
16.979166° - 784200000 79.152523.. ~-.952523
17.479166 79.300000 79.141617 .158383
17.916666 79.300000 79.132074 0167926
18.541666 79.300000 79.118441 .181559
19.708333 81.700000 . 79.092992 . 26070038
.20.270833 80.500000 - 79.080722 14419278
. 20.750000 78.100000 79.070270 ~.970270
21.229166 81.700000 - 79.059818 2.640182
21..770833 80.000000 . - 79.048003 «951997
225229166 79.000000 79.038005 -s038005
22: 7710833 . 78500000 79.026190 -4526190 -
- 23.229166 80.300000 - 79.016192 . 1.283808
23.833333 77.500000 79.003014 .. -1.503014
244270833, 79.200000° 78.993470 - « 206530
125.270833 77.200000 78.971657 . ~1.771657
25.770833 79.000000 - . 78,960751 " 2039249 -
 78.949844

26.270833

78.500000

ABS ‘ERROR

- 449844




LA )

"TABLE XIII

26.729166
27.270833
27.770833
28.270833
28.729166
29.270833
29.770833

(continued)

78.500000
79.200000
78.200000
17.200000

79.800000

-87-

78.800000 .

78.800000

78.939847
78.928031
78.917125

78.906218
78.896221

78.884405
78.873499

SUM OF SQUARES OF ERRORS = .58769433E+02

~—+439847 -

«271969
~e 717125
—1.706218
« 903779

' -+084405
=e073499



















































































































