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Abstract:

The catalytic hydrodenitrogenation of high nitrogen content petroleum gas oils was studied. The
primary objective of this research was to discover and/or develop a catalyst which could effectively
remove nitrogen from high nitrogen content petroleum gas oils. A catalyst was sought which would be
more effective at removing the nitrogen from the gas oil than the present commercially used
cobalt/nickel molybdate catalysts.

The study was carried out on a bench scale, continuous, tubular flow reactor. The operating conditions
utilized during this study were: temperature 700 to 820°F, pressure 1000 psig, hydrogen flow rate of
5000 SCF/ bbl. of oil, space velocity (L.H.S.V.) 0.25 to 2.0 ml. of oil/hour/ml. of catalyst. (In order for
the hydrodenitrogenation process to be economically as well as technically sound, the pressure was
limited to no greater than 1000 psig.) The primary feedstock source was the Santa Maria (California)
crude source. The feedstocks, whose boiling ranges were approximately 550°F to 900°F, contained
between 0.181 and 0.335 wt.% nitrogen.

All nitrogen conversion calculations were based on the total nitrogen concentrations determined by the
Boyd Guthrie modification of the Kjeldahl method. A nickel-tungsten type catalyst, on a silica-alumina
support, more active than the present commercially used cobalt/nickel molybdate hydrodenitrogenation
catalyst's was developed. Use of a silica-alumina support, containing 5 to 7 percent silica (Si02) by
weight, was found to result in a more active catalyst than a similar catalyst on an alumina support. Of
the conventional hydrotreating catalyst promoters (nickel, cobalt, and molybdenum), nickel was found
to be the most effective promoter for the tungsten type hydrotreating catalyst. The catalyst was found to
be more effective (active) if properly sulfided prior to use.

As expected, the developed catalysts' activity decreased with increasing L.H.S.V. and decreasing
temperature. It was noted that the sulfur was removed from the feedstocks much easier than the
nitrogen, even though it was present in a much higher concentration.

The "optimum" catalyst composition was determined by use of a Central Composite Rotatable Design.
This catalyst should contain approximately 7 percent nickel (by'weight) and 18 percent tungsten (by
weight) on the silica-alumina support. It was noted, however, that the response surface was relatively
flat over the range of nickel and tungsten contents studied; i.e. , over the nickel content range from 2 to
12 wt.% and tungsten content range from 6 to 26 wt.%.

The results obtained from tests conducted utilizing the nickel promoted tungsten on silica-alumina
support catalyst show its superiority to currently available commercially used hydrodenitrogenation
catalysts. It is rugged, long-lived, and operates at temperatures and pressures that are moderate and
economical to obtain.
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ABSTRACT
The ‘catalytic hydrodenitrogenation of “high nitrogen content petroleum
gas olls was studied. The primary obJective of this research was to dis-

cover and/or develop a catalyst which could effectively remove nitrogen.
from high nitrogen content petroleum gas oils. A catalyst was sought

which would be more effective at removing the nitrogen from the gas oil

than the- present commercially used cobalt/nickel molyhbdate catalysts.

The study was carried out on a bench scale, continuous, tubular flow
reactor. The Operating conditions utilized during this study were: temper- -
ature 700 to 820° F , pressure 1000 psig, hydrogen flow rate of 5000 SCF/ '
bbl. of oil, space'velocity (L.H.S.V.) 0.25 to 2.0 ml. of oil/hour/ml. of

catalyst. (In order for the hydrodenitrogenation process to be economi-. '
cally as well as. technically 'sound, the pressure was limited to no greater
than 1000 psig.) The primary: feedstock source was the Santa Maria (Cal-

ifornia) crude source. The feedstocks, whose boiling ranges were approxi-
mately 550°F to 900°F, ‘contained between 0.181 and 0.335 wt.#% nitrogen.
All nitrogen conversion calculations were based on the total nitrogen con-

" centrations determined by the Boyd Guthrie modification of the Kjeldahl
.method. .

\.

A nickel tungsten type catalyst, on a silica-alumina support, more

" active than the present commercially used cobalt/nickel molybdate hydro-

denitrogenation catalysts was .developed. Use of a silica-alumina support,
containing 5 to 7 percent silica (Si0z) by welght, was found to result in
a ‘more active catalyst than a similar catalyst on an alumina support. Of
the conventional hydrotreating catalyst promoters (nickel, cobalt, and

- molybdenum) , nickel was found to be the most. effective promoter for the .

tungsten type hydrotreating catalyst. . The catalyst was found to be more
effective (active) if prOperly sulfided prior to use:

As expected the develeped catalystsl activity decreased with in-
creasing L.H.S.V, and decreasing temperature. It was noted that the sul-

. fur was removed from the feedstocks much easier than the nitrogen, even

though it was’ present in, a much higher concentration.
{

The "optimum" catalyst composition was determined by use of a Central
Composite Rotatable Design.. This’ catalyst should contain approximately 7
percent nickel (by'weight)'and.lS percent tungsten (by weight) on the
silica-alumina. support. It was noted, however, that the response .surface
was relatively flat over the range of nickel and tungsten contents studled;

.i.e., over the. nickel content range from 2 to 12 wt. % and tungsten content

range from 6 to 26 we.%. 2z

The. results obtained from tests conducted utilizing the nickel promoted
tungsten on silica-alumina. support catalyst show its superiority to cur-

.rently available, .commercially used hydrodenitrogenation catalysts. It is

rugged, long- -lived, and operates: at temperatures and pressures that are-
moderate and economical to obtain. o

'
»




L - INTRODUCTION

In recent years"the nation's proven reserves of petroleum and its

consumption of petroleum products have both been increasing. A major con-.

tributor to the increased consumption of petroleum products has been.the -

- rapidly expanding petrochemical industry. Although at present the

nation's, and the world's, proven reserves of petroleum exceed the demand,
for it, technologists have become vitally concerned with processes where—
by . other ‘oils could be used in place of- petroleum products. Thils is

evidenced by the Synthetic. Liquid Fuels Act passed by the United States

. Congress “in 1944 which authorized research and development of new sources -

of oil.. With this increasing demand from the petrochemical industry and

" other users of oil it is felt that d time may arrive in the foreseeable

¢

future when the demand for petroleum products will exceed their supply.

Therefore, investigahxxs into processes whereby other oll sources could
be used as.petroleum'bubstitutes have been under way in recent years

(4 .13‘ 14, bo, 42). :The main:sources of petroleum substitutes appear-
t0 be shale- oil liquid and gaseous products from coal hydrogenation, and

the oil from the tar sands_in_Alberta (Athabasca), Canada.

' Keeping the aboVe trends in mind it should be noted that the nation's

supply of crude petroleums that are free from considerable quantities of

" nitrogen, sulfur,\and oxygen- containing compounds (high quality crude

sources) are rapidly being’ depleted. Generally, crude petroleums with ’

\

‘greater than approximately O l wt.% nitrogen could be considered to have

': 1

\ k
a high quantity of nitrogen (3)." The main sources .of petroleum substitutes
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all contain considerable quantities of nitrogen-, sulfur-, and oxygen-

containing compounds, especially when compared to crude sources that have

been used in the past (l 3, ll) For_example, crude shale-oil from the

vast beds of. oil shale in Colorado contains approximately ‘2 percent by

weight nitrogen (1).

In general 1t has been noted that the presence of nitrogen-contain-”
ing compounds in oil sources .are undesirable (12, 16, 22, 24 27, 30, 34,
41). . They have an adverse effect on the petroleum products and the cat-

alysts used in the refining of the oils. .Nearly all petroleum processes

" are catalytictin nature and'it has been noted that nitrogen compounds in

the feedstock(s) to most of these processes 1s detrimental to the catalyst,,
(s) used. For example, the much used silica alumina cracking catalyst is.
poisoned (deactivated) by nitrogen compounds in the feedstock to the cat-

alytic cracking unit (27, 30) : Kiovsky and others have noted the adverse

. effect of nitrogen compounds in petroleum fractions on the activ1ty of
'the much used cobalt molybdate hydrodesulfurization catalyst (22 24y,

.Even one of the most recently develOped catalytic petroleum processes,'

‘

hydrocracking, is adversely affected when nitrogen containing compounds

are present in its feedstock (34) " Various sources have noted that in-

. soluble gums and color instability are characteristic of petroleum prod-

ucts whicn contain nitrogen compounds (12) 37, 41). These products are

also noted for their unpleasant'odor.

'i

In order to' eliminate these undesirable characteristics of oils which

contain nitrogen the nitrogen must be completely removed Concentra-




tions of even'a-few parts ﬁef million of nitrogen cdn cause these undesir-
-

_ able characteristics in oils Although, much work has been done toward

/
upgrading these oils, a definite need still exists for a more efficient.
and/or effective means of removing the nitrogen from the oils. 'The up-l

!

'grading, by nitrogen removal, of the petroleum substitute oils and high -

nitrogen content petroleum,oil sources is a challenging problem.

' Destructivelcatalyticﬁhydrogenation'seems,to he the most selective
" means of removinghthe'nitrogen from the-oils since it removes only the

vnitrOgen atoms from the original compound. Destructive catalytic hydro-
.genation involvesfpassing the oil ‘stock together with hydrogen over a
suitable.catalvst at relatively high temperatures and pressures. The -
: net result is,that the:hydrogen reacts with the nitrogen compound to.

.give 'a hydrocarbon and ammonia.

The.nitrogen compounds:in petroleum, shale-0il, and coal products
are very similar in nature (ll 15, 26, 28, 35). They are-generally
heterocyclic with the nitrogen incorporated in elther a five- or six-

" membered ring. The ring 1s usually unsaturated The nitrogen compounds
are classified as basic or ‘non-basic. » The five-membered ring compounds

. are frequently non basic, with hexahydrocarbazole and 1ndoline as notable
_exceptions, while the six—memhered ring compounds are generally unsatur-
ated and‘basic. This classification is based upon the ability of the’
nitrogen compound to interact with”a perchloric acid-acetic acid solu-

: “tion. Approximately 30 percent of the nitrogen compounds in a typical

R}

stralght run.petroleum stock are basicr The configuration of some of the

‘.




!
typical nitrogeﬁ compounds in petroleum or its potential substitutes are
shown on the following page. (Homologs and derivatives of quinoline,
pyridine, and pyrrole are the most common nitrogen compounds found in

petroleum, shale-oil, and coal hydrogenate.)

TYPICAL NON-BASIC COMPOUNDS

Pyrroles '~ Indoles Carbazoles

NV

TYPICAL BASIC COMPOUNDS

Pyridines Quinolines Amines Indolines Hexahydrocarbazoles

.

"R-NH>

AN

Figure 1. Typical Nitrogen Compounds Found in Petroleum.

The removal of sulfur from petroleum or petroleum substitutes 1s no

longer a problem.. Cobalt molybdate and/or nickel molybdate catalysts, on

an alumina support, do an adequate Jjob of removing the sulfur from these

0il sources (7). Presently, these catalysts are also used to remove the
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. “‘ . ' . '
nitrogen from petroleum fractions. In general, nitrogen is harder to re-
i

:‘ A
move from oils than, sulfur and the presently used cobalt and/or nickel

molybdate catalysts do not do an adequate Job of removing the nitrogen

from high nitrogen content oils even at extremely severe.operating con-

ditions (7)t Also, as noted previously, cobalt molybdate catalysts are

-adversely affected (deactivated) by the nitrogen compounds in the oils.

During the catalytic hydrotreating of oils it has been learned that vhen

the nitrogen comes out, the sulfur does, too (7).

Since the petroleum substitutes mentioned herein all contain a rather
high content of nitrogen and their use 1is expected to increase shortly,
it, would seem apparent.that'some serious effort should be expended to
develop & process and/or catalyst for remOVing the nitrogen from these

oils that is more effective than those presently available

The reactions involved in the hydrogenation of complex mixtures of
nitrogen compounds in an oil stock are numerous and complex in nature

(15, 36).

In previous research‘at.Montana_state University, extensive

., investigations have been conducted in order to gain information on these

complex reactions. For'example, the destructive catalytic hydrogenation
of quinoline was studied-extensively by Ryffel and that of pyridine and’

pyrrole by Schreibeér (36, 38).'-oox studied the destructive catalytic

hydrogenation of some of the derivatives' of these compounds'(lo). The,
catalytic hydrogenation-of shale 0il fractions was also investigated in

previouslwork carried out-at Montana .State University (4.

o
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In light of tne.facts presented herein, -it would seem that there“is

presently a definite need for’ a "better" catalyst more active, effective,

'

and -durable than the presently used cobalt- and/or nickel molybdate cat-

- alysts, to remove nitrogen from petroleum fractions. Since the nitrogen'

‘in nearly all petroleum process feed streams is undesirable, it would seem

Vo

most beneficial to remove’the nitrogen from the oil source as early in

the refinery procesSing of the,oil as possible. It was for this reason
that the research work presented herein was conducted This work was

conducted utilizing high nitrogen content petroleum gas oils.

It is believed thet the results of this research-should be of con-
siderable’practical velue; ~§ince the nitrogen compounds in petroleum are
similar in nature to those in.the potential petroleum substitutes, the
results of the work presented herein should be applicable t0 the process-

1

ing of the potential petroleum substitute oils.




RESEARCH OBJECTIVES

The bvergll objective of this reseérqh work was the process devel-,:
opment of the catalytic hyarodenitrbgenation of high nitrogen content
_petroleum gas oils. Thils hydrodenitrogenation probéss should be economi-
cally as well as'techﬁically.sound.
The primary %bJective of this research was to discover and/or de-

Y .
velop a catalyst which could’ effectlvely remove nitrogen from high nltro-

'gen content petroleum gas oi;s.‘ A catalyst was sought which would be
méré effective at re@dving phe nitrogen from gas oil than the present‘

T commercial;y ﬁsédrcoﬂglt/nickel molybdate catalysts. This catalyst

. should have the cépabfliti of hiéh nitrogen removal and long catalyst
life A secondary obJecélve of this research was to obtain information

- on the effect of process varlables on the nitrogen removing capability

-of the catalyst. In parﬁicular, the operating variables of principal

interest were space véioci@y“and temperéture.

In general, the above\objectivés were realized insofar as time and

available equipment'alloﬁedx .




" EXPERTMENTAL CONSIDERATIONS

" A, 'Introduction
ThlS section of the thesis is intended to present and discuss experi-.
- mental COnsiderations only to the extent and for the purpose of pointing
out the importance,of considering the factors presented. The actual ex-

, perimental hethods'and techniques‘used in taking these factors into ac-

count Will be discussed in the Discussion and Interpretation of the Ex-

perimental Results section of the thesis

i
Before experimental workqwas initiated, a review of the literature

- wWas conducted in order to determine the experimental variables that should'
be investigated The Operating conditions (i.e. the range of the vari~
ables that should be used), were selected aftervthe literature review and
several exploratory test runsr' Consideration was given mainly to keep-

ing the conversion in the lO to 90 percent range for the catalyst activity
comparison tests. This was 's0 that catalyst activity differences could

be more easily detected. 1The limitations of the equipment, analytical

h techniques, expense, and'the timelreQuirementslwere also considered. This
literature review'was helpful in acduainting the author with experimental
Qechniques that were of'considerable value, and also possible experimental

"pitfalls” that should be avoided.. The most pertinent results of the pre-

experimental literature review dre presented below

.l\
\

In general, it 'is noted that the high nitrogen content petroleum crude
sources are located}in‘the California'area (3). The nitrogen content of

crude petroleums generally vary between O and approximately 0.9 wt.% (3).
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' Therefore, for the experimental work reported herein, high nitrogen con-

" . tent heavy gas oils from the California area were utilized.

' One of:the primary objectives of this research work was to develop a
) catalyst more active “than the present commercially available cobalt/
‘:nickel molybdate catalysts used for removing nitrogen from. petroleum
feedstocks ' Present catalysts cannot completely remove the nitrogen from

-high nitrogen content gas oils even under severe operating conditions (7,

"_ ”15, 20). . At presentg.high temperatures and pressures are needed to obT :,

" tain-even a reasonable;degree of.denitrogenation of ‘petroleum gas oils

(20)' At temperatures much above 800 F, substantial cracking of the

'_hydrocarbon oil and coke formation normally occurs, and the production of

‘ﬂflight gases increases markedly With 8 less activelcatalyst the tempera—

i

fz:ture'at the start of the run must befmuch higher,land the on—stream time
“:'abetween catalyst regenerations'is correspondingly reduced More active

:catalysts would make posSible the use of" lower temperatures and be usable
'for long periods of time ! Hence, ar Special feature of a highly active‘
catalyst is its relatively low Operating temperatures and the resultant

_”long catalyst life ) A highly active catalyst also has the advantage that

'.th permits the use of higher space velOCities in treating ‘hydroearbon oils.

'In view of. the fact that eXperience has shown that operating temper—~

‘ ﬂatures much in excess of 800 F .are. not feasible Without excesSive coking

of the catalyst used this was selected as’ the probable maximum tempera—
ture to be used in the catalyst comparison test runs . The initial explor—
1} .

atory tests verified that 800;F_was,a suitahle,temperature for the cat—

+: X N . -‘ \
alyst comparisongtests.-




. -lO—.
It is well known that in the hydrotreating of oils the greater the-
Operating pressure‘the greater is the nitrogen removing capability of the
catalyst used. This, of course, assumes that the other variables‘are

held constant. Since we were seeking a hydrodenitrogenation process that

. was economically as well as technically sound, we limited the operating

‘,pressure to not more than lOOO p51g Pressures above 1000 psig are ex-

pen51ve‘to obtain.

It is noted that in most hydrotreating processes the conversion ob-_
tained drops sharply during the first few hours of reactor operation and
then levels off to a reasonably constant value thereafter (10, 36, 38).
This sharp xhange in‘conyersion in attributed mainly to the initial ad-
sorption-of'the-oil upon'the oatalyst until it is completely saturated

and - equilibrium is established ) Theislight decrease in conversion, with

time, "thereafter .occurs because of a decrease in catalyst activity caused

in the mos% part by blocking of the active sites on the catalyst due to

carbon dep051t1on. Therefore, effort was made to insure that a catalyst’s

activity was measured_after-the initial transient conversion period.

When solid'catalysts'are being employed, as in.this work, care’

should be taken in order to make sure that the catalyst is being used to

v

-its fullest capac1ty That is, tests should be made £o insure that one

" of the physical difquion steps is not the rate controlling step" in

'the.reaction mechanism: If.film'diffusion.is controlling, it means that

et

‘either the“reactant moleculesncannot be supplied to the catalyst or that
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the product moleoules cannot be removed fast enough to keep up with the
potential abillty of the oatalyst to cause the reaction to proceed. This
occurs because the reactants and products must dlffuse through a stagnant .
layer of gas/llquld that surrounds the oatalyst pellet. Experimental

tests were conduoted in order to insure that film diffusion was not the

__Wrate controlling step" and that‘the catalysts were beilng used to their

fullest'oapacity.

i

Since for nos t solid oataiysts the outside surface area is negligible '
in comparison to the inside surface area,;oare should be taken to insure .

full use df the interior (inside) surface area of the catalyst. Failure

to do this could result in not using the catalyst to-its fullest capa—

city in order for the 1nter10r surface to be used to its fullest cap-
acity, the reactant molecules must dlffuse into the catalyst pores and
the product moleoules must diffuse out of the c¢atalyst pores ‘at a rate
fast enough to keepvup with the potentral‘ablllty of the catalyst to cause

the reaction to proceed. ' - f,i

Anothier experimental factor that warrants consideration is the pre~
treatment of the catalySt prior to'its.use.for.hydrotreating; Ezperience
has 1nd1cated that sulflded hydrotreatlng catalysts, (i.e., oataiysts |
with the metals in the sulflde form), seem to be more actlve than the
corresponding metal oxide oatalysts (20, 22). Therefore, the effect on.

the catalyst's aot1V1ty of sulfiding it prior to use was investigated.'
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v

" Space velocities, volume of oil per hour per volume of catalyst,h

used during the experimental work were selected with two basic (important)

'crlteria in mind. For the most'part, consideration was given to keeping
" the conversion of nitrogen.in the 10 to 90 percent range for easy com-

parison of the catalysts'tested. This conversion range is also most de-

. ot §
sirable when determininé the effect of process variables on the nitrogen

removing abillty of the catalysts Also, space velocities were utllized

that would be feas1ble for industrlal use

The hydrogen\flow rate'to the reactor can also be an lmportant ex-

perimental factor and should be investigated. ' Mainly, the hydrogen flow

. rate should be kept large enough so that it is not limiting the catalyst's

abillty to-remoye nitrogen from the oil (activiby), especially in a study
where dlfferent catalysts are belng compared, 'as herein. Of course, the
expense should be considered in the selection of the hydrogen flow rate
(consumption) since hydrogen is expensive. ' The hydrogen flow rate used
for the work presented here was muoh'larger than stoichiometrically nec-
essary. In fact, no significant difference in nitrogen-conversion'Was.

noted even at consideérably high hydrogen flow rates.

o
~

In general the experimental considerations presented up to now have

‘been appllcable to both the commer01al catalyst evaluation and catalyst

develOpment phases of the work presented here Now, -the results of a

literature search which eventually led to the catalyst develOpment effort

_presented-here is put forth ‘and d;scussed?
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The results that may be’ obtained from .a thorough study of a presently
used catalyst for a specific purpose are illustrated very well in U.S.
.Patent No. 3, 114 70l (reference 20) 1lssued in December 1963. In this
patent the increased denitrogenation ablility of nickel molybdate cat-
alysts, on'an aluminalsupport,.in'the_range containing 4-10 percent nickel
together with,l?.s - 30 percent molybdenum by weight is noted over the

conventionally used nickel'molybdate hydrotreating catalysts.

Conventional nickel molybdate and cobalt molybdate catalysts usually

v

contain’ only about 10. to 12 percent by weight (total) of the metals.

"These conventional catalysts were develOped originally for hydrodesul-

',f'furization purposes

A thermodynamic feasibility s.tudy, based on an assumed mechanism, of
various metals as effective hydrodenitrogenation and hydrodesulfurization

':catalysts indicated the pos51bility that tungsten disulfide, along with
various other metal compounds, might poss1bly be an effective hydrode-
nitrogenation catalyst [ﬂ ’:fg'j'ﬂ

S
'

Shell Oil Company has previously used. a catalyst for petroleum hy-

drotreating purposes, cons1st1ng of pellets containing 48 percent tung—

'sten 20 percent nickel and, 25 percent sulfur (8 29). The remaining
' percentage 1's iron carbon and unidentified material. Shell has dis;
continued use of this tungsten nickel sulfide catalyst. Recently the‘

‘ Harshaw Chemical Company has started ‘to -offer commercial nickel in thel

reduced form tungsten sulfide catalysts for hydrocracking and other hydro-

v
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treating-purposes. One.of these catalysts contains 6 percent nickel and
[ ‘ .

19 percent tungsten'and is available on either an alumina or silica-
alumina base. The other, containing 4.5 percent nickel and 9.5 percent

tungsten, is availablé on an alumina base. The silicon dioxide (8102)

content of the first catalyst when on the silica;alumina_base is approii-
. \

, . mately 50 percerit, by weightn It should be noted that tungsten has been

employéd fof various cétalytio processes (25).

In the August 17, i963'iésué of Chemical Week (reference 7) an art-

icle titled "Catalysts" contained the following statements about hydro-

treating batalysts, in genéral, and Harshaw's 6 percent nickel, 19 per-

cent tungsten catalyst, mentioned above,; in particular. "Originally the

big job for hydrotreéting catalysts was to remove sulfur. Now, it's to

get the nitrogen outrallt has been learned that when the nitrogen comes

.‘out, the sulfur does, t00. 'Catalysts are cobdlt molybdate or nickel

molybdate on élumiﬁa with or without silica. Harshaw Chemical Company
is marketing a catalyst containing 6 percent nickel, 19 pércent tungsten

on an alumina—silica'support as a hydrocraéking catalyst."

It should be notéd'here ﬁhatfa catalyst that effectively removes
nitrogen from a refinery stream wiil also, in general, effectively re-

move the sulfur from the stream. -

U.S. Patent No. 3,114,701 clearly indicates the results that may be

. obtainéd by the thorough study of a general hydrotreating catalyst for

..‘a specifié purpose. In fhis case,. a convgntiohal desulfurization cat-
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alyst was studied thoroughly and improved to make it a more active hydro-

denitrogenation catalyst On“the basis of this and the other. facts pre-

sented above, it was\decided'that a thorough study of tungsten as a

" hydrodenitrogenation catalyst seemed warranted.

\\ . 7

" Before setting upxthe research plan for the development of a tung-
sten type hydrodenitrogenation catalyst the literature and U.S. Patents
were reviewed for helpful 1nformation in deciding upon the best research

plan. The results of this review of available material, which was very

fruitful, are presented below.

. Since catalyst preparation and manufacture 1s sometimes considered
. to-be more of an art than a ;cience, it is felt that the initial step in
any catalyst develOpment program should~be the verification of the abil-
ity to prepare an active catalyst of the type desired, in the laboratory
_(18). .Experimental "verification of the repeatability of the catalyst:s

preparation and activity should also.be determined early in the develop—

ment program.

A third factor that should be studied is catalyst pretreatment This
factor should be examined because although most people claim hydrotreat-
ing catalysts‘should be sulfided to increase their actiVity, the temper-
ature of sulfiding and the degree (amount) of sulfiding are controver-
sial issues.’ Most people claim hydrotreating catalysts should be sul-
fided at 600-700°F (20), others claim more active catalysts are obtained

by sulfiding between llO—ZlO Q (31). The important thing to note is that
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both thensulfiding temperature,and the amount of sulfur passed over the

catalyst could possiﬁly“ipfluende ;ts activity. Many sulfur sources have
been usgd in thé sulfiding gf catélysts. In general, little difference
in catalyst activity has been noted due to the source of sulfur used for
sulfiding (20, 22-,. 31, 43, b4). One of the most effective and simple |

means seems- t0 be to utilize a gaseous hydrogen-hydrogen sulfide mixture.

. Sinceé most-hydrotreating catalysts contain more than one metal, the
possibllity of promoting a tungsten catélyst with one of the conventional

hydrotrgating catalyst promoters should be'examined.

- Two' other factors that it'is essential to investigate are the order

'of“metai impregnation -on theﬁcatalyst support and the catalyst support

used. Both of* these factors can'have‘a significant influence upon the

catalyst's activity, as noted in U.S. Patent No. 3,114,701 and U.S.

‘Patent No. 2,744,052. Other literature sources and personal correspon-

dence with catalyst manufacturers have also pointed out the importance

of using the prdper'carrier. The proper carrier can greatly enhance a

_catalyst's activity. The methed of catalyst preparation can also greatly

affect its.activity (5, 18).

Literature sources using various‘supports for hydrotreating cata-

- lysts indicate that alumina and alumina—silica:supports are generally the

most adequate suppgrts. Such supports as Iiog, MgO, ang 5402 for hydro-

treating catalysts generally do not work_very well in comparison to the

alumina dr alumina-silica supports (31). Therefore, for this research -
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wprk,'only alumina“and alumina-sillica type supports were evaluated.

That alumina-silica supports will probably yield catalysts of higher
activity than qurespbnding a;umina supports is noted in the literature

(31). This is because.of ‘the cracking property of the alumina-silica.

.If-the silica content is less. than 6 perbent, the undesirable cracking

activity is usually not present.,.(Exqessive cracking -is undesirable since

1t causes carbon deposition oh the catalyst which results in catalyst de-

.activation). In fact, according to U.S. Patenf No. 2,437,532 the pre- ]

sence of small amounts of silica can serve to stabilize the resulting

i oatalysf'and proiohg the catalyét life (19). 'For this wofk'the silica

content in the silica-alumina supports was kept below the 6 percent level,

In reviéw, the objeotivés that are felt essential to accomplish in

preliminary catalyst prepérat;on test runs are:

(1) - To deterﬁine if it is possible to prepare an active )
:kéatalyst, of the type mentioned above, in the labor-

étory. -

(2) To determine if the preparation -of such a éatalysf is
reasonably repeatable. . |

(3) To deterﬁine the effect that éuifiding temperature and
the amount of 8Q percent hydroéen—ZO,percent hydrogen

sulfide (by volume) mixture that .is passed over the,

catalyst has-on its ‘activity. (Other pretreatment

techniques were also. tried.)
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(%) To determine the effect of nickel, cobalt, and molybdenum
oh the tungsten catalyst as promoters.
(55 To d;termiﬁe if tﬁe ordef of impregnation of the metals
affects the catalyst's activity.
(6) ITO dete?mine if the cgtalysf's support has an important
.effect on thé catal&st's activity. (That is, various

§

supports were evaluated and the'best one chosen. )

After the above six objectives were accomplished, an experimental -
\ o _ '
design was carriedaout using the best catalyst support, proper catalyst

7

pretreatment, and the best~prombter for the tungsten. The purpose of
this design was to,determiné ﬁhe'Optimum welght percent of each metal . .

"thaf shoﬁld be impregnéted oﬁithe support to give a catalyst of maximum
‘ denitfogenafion écﬁivsty.'}(This design is discussed in detail in the
Discussion and Interpré%épion of the Experimental Results section of the
. '
thesis.) \’
\
With due conéideratﬁén foé the information presénted above, which
-wés obtained from a lit%r;%ure'reviéw and‘a:few exploratory tests, the

following operating conditlons were'chosen.

(1) A.feactor pfeésgrg\of lObO psig was utilized for all tests:

(2) Space veiocities betﬁeen 0.25 and:z.d ml of oil per hour
per ml of_catélyst wefe utilized for most tests. (A few
tests were coﬁduoted-at higher spacé velocities.) .The

majority of the cataiyst cdmparison tests were conducted
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~at a spaﬁé velocity pflo.é.

(3) Tehperaturé; between 706—800°F wefe utilized with the
exception of a.few tests. The majérity of the catalyst
compafison tests were conducted at 800°F.

' (4) For gll tests except'those’té in&estigate £he effect of.
hydrogen flow rate on the nitrogen conversion, a hydrogen
. flow rate of 5000 sfaqdard cubic.feet of hydrogen per
" parrel 6f oil was'empioyéd. This hydrogen flow rate is
much lafger than is stoichiomeﬁrically necessary. No
' significant difference in niérqgen'conversion is noted
'eVeﬁ”at higher h&drogén'flow rates. .
(5) * The feed§foqks wéﬁe heavy gas oils fr?m thé California
. area. These gas 0ils céntained'ﬁetween approximately
1800 and 3460 parts per. million nitrogen.

(6) The cafalyst charée to the reactor was varied from 30
:to 120 ml,'depepdiné bn fhe space vélocity being em-
ployed. Most tests utilized 'a.120 ml catalyst charge.

. The Eupport usually consisted 6fieithér 1/8-inch pellets

or extrusions.

In most catalyst development studies it is practically essential,:
if at all feasiblev'tb conduct a catalyst'l1fé'test, This project was
not an exception. \Thereforé,_i catalyst life study was conducted with

! S - .

4 nickel tungsten sulfide cét@lystﬂ

v { Y
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B. Materials . - K

'The feedstocks nsed‘for this research work were all high nitrogen
content petroleuﬁ éas.oilsf' All feedstocks were obtained from California
crude sources which are noted for their high nitrogen content (3). 'The
weight percent nitrogen .in the gas oils varied from 0.181 to 0.335 (1810
:t0'3350-ppm)._ Table-I-A, page'9h,,lists the pertinent properties of the
oils that were treated. The California Research Corporation at Richmond,
Califqrnia provided the major portion of 'the gas oll used for this re-'.
search project. These gas oils~were‘from the Santa.Maria (California)

" area and.their‘boiling'range was approximately 550°F to 900°F.

Table II-4, page 95 lists the commerc1al catalysts that were tested
during this prOJect along with their pertinent properties Essentially
all of the catalysts were 1n-the rorm of 1/8-inch by l/8-inch pellets .
or extrusions. All of'the'cobalt/nickel molybdate hydrotreating catalysts
listed in Table II-A are conmercially available. All are on an alumina
.snpport. C . S A | |

t
v

The inert catalyst support naterials used in the pre-heat and after—
.heat'sections of the .reactor were either.l/M-inch or 1/8-inch low sur-
face area alundum pellets They were obtained from the Norton Company
" The 1/8- inch by l/8 inch alundum pellets were also used, when necessary,
to dilute the catalyst charge to occupy a volume of about 120 ml in the

center of the‘reactor.- (This constituted the catalyst zone of the re-

actor.)
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Table II;—A, pageQ?'; lists.the various alumina and silica-alumina

supports considered for use-in the catalyst preparation phase of this

research project.. (The actual'supports tested are also noted.) The
reasohs-for selecting thg éuﬁports that were tested is discussed in the

DiécgsSion and Interprefation &f the Experimental Results sections of this

"thesis. The supports tested were all in the form of 1/8-inch by 1/8-inch

pellets or extrusions.

Cpmmercially available, chemically pure, chemicals were utilized for
the preparation of all cafalysts. Cobalt hitrate, nickel nitrate, émmqn-
ium-molybdaﬁe, tungstic'acid, and agueous ammonia were employed in the .

preparation of the catalysts. ‘Most of these chemicals were obtained from

"'the Fisher :Cliemidsl. Company.

- The pure hydrogen tréat gas employed was supplied in high pressure
cylinders by H-R Oxygen and Supply of Billings,. Montana. The hydrogen’

gés was passed through a "Deoxo' unit to remove trace guantities of oxygen

~before being usedf' The hydrogen-hydrogen sulfide gas mixture was obtalned

from the Matheson Company.bf,Jdliet, Tllinois. It was a 20 percent hydro-
gen sulfide-80 percent hydrogen mixture (by vblume). This mixtgre was

used in the sulfidihg'(pfetreatment)_of nearly all the catalysts tested.

Othef;maberials fhat were employed were djclohexane, carbon disul-

lfide, pyridine,_and Pedeteckl Theée'materials‘were used for cétalyst pre-

treatment studies, as.will be noted later.
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C: Eqﬁipment"
A sgheﬁatic ?iow diagram .of the catalytic hydrdtreating unit is
shown in Figure lA;Ipaée 145. zThe reactor.is Operafed as a fixed bed,
continuous-flow,‘iﬁtegral reactor. A detailed diagram of the reacto; isl

shown in Figure 24 on page 1k6.

The-feedstock; a high nitrogen content petroleum gas oil, is pumped

from .its reservoir to the top of the reactor where it enters with the

Jhydrogen. The hydrogen which is metered from ‘the hydrbgen'cylinder has

been deoxygenated,.dried; and filtered. . The "Deoxo" unit contains a pal-
ladium catalyst which removes the oxygen by catalytically combining it

with hydrogen to form water. 'The water is then removed by passing the

stream through a tube packed with a material suitable to absorb the water.

The feed and hydrogen then pass down thfough the pre-heat, catalyst, and
after-heat zones of the reactor,  (Figure 2A). The reaction mixture con-

sists of gaseous hydrogen and the feedstock which is partly vapor and

partly liquid as it passes'through.the catalyst zone of .the reactor.

- After passing through the reactor, the resultant products are cooled and

_condensed under pressure in a countercurrent water condenser. After

passing through a back-pressurée regulator, the reactor products-are

passed through anotﬁer_condensér which consists of a cooling coll lmmer-
séd in an ice bath. This is to insure coﬁpleté recovery of the conden:'
sable vapor prodﬁcts. Thé_liqﬁid produét ig collected in a flask while'
the gaseous prodﬁé£s-are.scrubbgd‘bgfore being vented to the atmosphere

(Figure 14). R
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The reactor-was made from a l-inch (outside diameter), schedule 80
seamless type 18-8 stainless steel pipe approximately 30 inches in iength.

Flanged unions were welded to_poth ends of .the reactor. The top flange

was permanently Jjoined to.a-high pressure cross containing a 1500 ﬁsia

t

rupture disc in one of the slde arms. This rupture disc was inserted -as

‘a safety device.. A thermowell entered the reactor through the top 6f the

cross, and the'feedstock and hydfégen:mixture through the other side-arm

of the cress.- The flaﬁge at the bottom of the reactor was such that it

pérmitted easy access to the inside of the reactor.

Thé'reactor'Was covered with a layer of asbestos tapé and then
wrapped with five oefamio-beaded nichrome heating coils (Figure 24).
The heating coils were covered with approximately two inches of a mag-

nesia type insulation. The heating coils were connected to 110-volt,

.constant voltage PQwerététs which were used to regulate ‘the current supply

to the coils.

A length of 3/16-inch (outside diameter) stainless steel tubing,

brazed shut at the lower end, exterided through the middle_of the reactor

and served as the thermowell. 1t extended to within approximately oOne

inch of the bottom flange. Four iron-odnstantan thermocouples were in-

serted in the thermowell at various pbsitidns in the reactor to measure.

the temperature. The locations of fhe heating coils, thermocouples, and

catalyst bed are showh.in Figure 2A. The thermocouples were connected.

to a Leedé &-Northrup_indicating poﬁentigmeter which read directly in

degrees.

"
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Accessory equipment whichfuas also used in the Hydrotreating unit -
is as follows: A Hills-McCanna high pressure proportioning pump; a Broqks
armored high pressure rotometer; a Grove (Mitey-Mite) back pressure reg-

ulator; llO volt Powerstats/ a 1000 ml glass feed reservoir with attached

'50-ml burette side armnfor measuring-voiumetric flow; three Marshalltown

ki

pressure gages; a_Baker‘Qeoxo Purifier; a Matheson hydrogen regulator; a
Matheson hydrogen-hydroééh suifide regulator. Schedule 80 black-iron
piping and Type 304 stalnless steel tubing, 1/8 inch outside diameter
were used throughout. Various Hoke valves were used on the unit, as
required. Rubber tubing and glass flasks.were utilized for collecting

the liguid productland scrubbing and venting of.the effluent gases.

D. Operating Procedures -

Reactor Preparation: Before each test run, the reactor, condensers,

Mitey-Mite back pressure regulator, and connecting tubing (Figure 1lA)
were washed with acetone. After the equipment was dried of the acetone,
the reactor (Figure ZA) was'inverted'oh a specilal stand and filled with

the catalyst and alundum pellets in the manner desired. Care was taken

to dmsure that the thermowell was located in the center of the reactor.

The top section of the reaotor was filled to within three inches of

‘the oatalyst zone with 1/4- 1nch by 1/4 inch alundum pellets. A three-

inch long section of the reactor 1mmed1ately above the catalyst bed was:

filled with l/8-inch by l/8—inch alundum pelletsa These sections above

the'catalyst bed constituted the pre—heat:zbne. The three-inch long sec-

tion of l/8-inch pellets above the catalyst zone was to -insure proper -

i
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distribution of the,liquid portion of the feedstock over the catalyst and

prevent ”chénnéling” of the\liquid down the wall of the reactor. Iﬁ the

l-inch outside diameter péactor, channeling of the liquid feed could pos-
sibly occur in the reéctor.if‘l/4-inch pellets were used throughout the

T i
pre-heat zone.

The new catalysﬁ,.diluted'to.lzo-ml'with the inert 1/8-inch alundum
pellebs when necessary, was then added to the reactor. This constituted

" the reaction zone.

The after-heat zone of the féactér“contains a 2-inch iong section,
next to the &atalyst ébne, Qf 1/8-inch glundum pelleESu The remainder
"of the. after-heat zone was filled With 1/M-inch alundum pellebs to just
beléﬁ thg flénge:: A stainless stéel séfeen, followed byig stainless steel
._ring to'ﬁold the scfeen in p;aqé,.wés then,inéertgd into the bottom of
- the reactbr to.keep the:reactOr charge in'place. The reactor was tapped
gently during filling to #néufe proper (uhiform) settling of the catalyst

and support materials.

The reactor was then installed into its position in the system
(Figure 1A). The feed line, thermocouple leads, vent line, and Power- .
- stat cords were then hooked onto the reactor unit. The entire system

, was -then pressurizéd and ‘checked for leaks. If no leaks were found, the

unit was ready for a test run.'

Reédtor Operation: In all cases, exqept as will be noted in the'Dis—

cussion and .Interpretation of the Experimental Results section of this
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thesis3 the catalyst was.presulfided in the'reactor‘to convert the metalsL
from the oxide to the sulfide form. Nickel oxide (NiO) and/or cobalt
oxide (CoO) together with molybdenum oxide (MoOx) catalysts, on alumina
supports, are more active for hydrotreating purposes when they are |
sulfided prior to use. This was also found to be the case for the nickel
oxide (NiO) - tungsten oxlde (wo3) type catalysts,..on alumina/silica-
alumina supports developed during this research project. Generally, the

catalyst was presulfided w1th:a 20 percent hydrogen' sulfide -- 80 percent

'hydrogen mixture_(by.VOlume) at 650°F prior to use. Sulfur equal to_

approximately 1/2 the weight of the catalyst charge was passed over the

catalyst during sulfiding at a rate of two standard cubic feet {of gaseous

mixture) per hour. This method of sulfiding the catalysts was found to

. be as effective as’any'of the methods of sulfiding that were investi-

gated The exact nature of the other catalyst pretreatment methods

. that were tested w1ll be discussed later. In general, the reactor was

allowed to cool to room'temperature before starting the experimental run.
But no significant difference was noted between runs started with the
catalyst hot (650°F) ard those- started with,the catalyst at room tempera-

ture.

It should be noted that most catalyst manufacturers do not recommend.

.that initial contact of an oil feedstock should be made w1th a hydro-

treating catalyst while it isvat elevated~temperature, (above 200°F).

It is felt that initial contact of the catalyst while hot, with the oil

may initiate cracking and cause carbon dep051tion on the catalyst which




could adversely affect;the catalyst's activity.

To start & run the feed pump was started the reactor was pressur-

2

' ized with hydrogen to the desired pressure, and the Powerstats were turned

- on to heat up the reactor Then the hydrogen flow rate, which was metered
:by a calibrated rotameter and needle valve, was adJusted to the desired
value and the feed pumplwas'set to pump at the desired volumetric flow -
-rate. The Powerstats were then adJusted to yield the desired temperature.
iThe temperature was controlled by manually controlling the Powerstats!
outputs i Except during reaotor ”line out”, at the start of the test run, -
or at night when ‘the reaotor was left unattended for 6 to 8 hours, tem-
peratures were checked and reoorded every half.hour and adjustments uere
made to the corresponding Powerstats when neoessary, to maintain the

. de81red temperature. After reactor ”line out” which usually took less
than 4 hours, the reactor temperature at all locations (Figure 2A) could

be kept ‘very nearly constant and equal without excessive manual adjust-

ment of the Powerstats.

As mentioned previously, effort Was made to insure that the cat-
alystls activity was measured afterlthe.initial transient conversion
period. Experimental tests indioated that approximately lé hours of

' .reactor Operation were required before the tranSient conversion period
had elapsed. _Also, it waS'noted that the reaotor should be allowed,tO'
‘operate at a constant'operatiné condition for several hours, depending'n
on the ﬁeedaflowvrate, hefore afproductvsample_is taken. This was to

insure that a "true" (representative) product ‘sample was obtained.
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Consequently, for each test run samples were taken after approxi-

mately 8 hours of operation'at approximately 4-hour intervals until the

test-was.terminated. This was to.ynsure that the reactor operation had
been allowed to "line out" and that the transient conversion period had

passed. FEach sample was approximately_lSVto 50 ml and was collected in

"a clean 500 ml flask. Most tests were between 24 and 48 hours in dura-

tion.

E. Analytical Procedures

The total weight percent nitrogen in the feedstock and product sam-

ples was determined by the Boyd Guthrie modification (2 of 'the Kjeldahl
‘method (ll, 23). This method is designed specifically for the deter-

"mination of total nitrogen in oil fractions. In most cases the deter-

mination of the nitrogen content in each sample was run in duplicate.
The percent conversion was calculated using the results of the nitrogen
content determinations .of the feedstock and product samples. Water

washing of the samples to-remove'free nitrogen and then drying them with

' calcium chloride was shown .to be 'unnecessary in early test runs and was

not employed in general Dilute acid washing of the feedstock or pro-

duct samples was shown to remove some nitrogen from the samples, as

.Zexpected. But dilute acid wasning of,the,samples was not employed in

most cases,

wn . : . on

For those feedstock ‘and- product samples on which a sulfur deter-

,mination was run, the weight percent sulfur was determined by the quartz*

tube combustion method A description of this method is contained in
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Vol. 24, page 710 of the‘April 1952 issue of Analytical Chemistry. ‘All

of' the samples'werew@shealn,a'dilute'cahstic solution to remove free
hydrogen'sulflde and then water washed and' dried before being analyzed..
The'percent sulfur conversion'was calculated in a manner similar to that
for the nitrogenﬂconversionq - E
The method oq determining the weight percent nickel, cobalt, or
. x : ; .
molybdenum'in the orepared_catalysts is discussed below. Only the method

used to determine the weight'peroent nickel will be discussed in detail

'herein The other promoters were both used only once each and the ba51c

method used to determlne the welght percent of promoter was.similar for’

each promoter. Nlckel 1mpregnat1ng solutlon of known nickel concentra-

|
‘tion and density were used at.all times. The amount of solution that

- VoL t :
was absorbed by the support (catalyst).was used to estlimate the nickel

A

_tontent of the resultin@'catalyst assuming that the dried and calcined

. support (catalyst) would cohtain hlckel as- Ni0. Nickel nitrate impreg-

natlng solutlons were employed The nickel content was‘also calculated
from the increase in weight\of ‘the catalyst after impregnation, drying,‘
and calcining of the catalyst support,',assumlng the increase in welght
to be NiO. For all practical purposes the resultingvhickel content of

the catalyst determlned by the two methods was identical. The basis for

assuming that the ‘nickel is 1n the form of NiO'is noted in references

.2l and 33. Personal_correspondence with ‘catalyst authorities alsolval-

idated this assumptionl"Therefore, the weight percent of promoter.onh-

“the catalyst'was”determined'fromfthe'increase in catalyst weight upon

1l

¢
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impregnation and calcining and'the known form of the promoter upon the

catalyst supportf

From personal correspondence with tungsten catalyst manufacturers
and K. Nozaki of the Shell Development Company at Emeryville, California
the form of tungsten on the tungsten type oatalysts, before sulfidlng,
was established. When impregnated on a s1llca-alumina or alumina support,
from a cold solution made by dissolving tunéstic acid in agqueous ammonia,
and caloined in the manner described herein, the tungsten is in the form
of WOs. Erom the peight'gain, upon impregnation and calcining, of the

catalyst support and the knownlform of the tungsten on the support, the‘

tungsten content. of the catalysts was determined.

/ _
Although in-genenal no/detailed analysis of the hydrotreated product

. \ .
- was made other than .for nitrogen and sulfur removal, a feedstock and

product ASTM distillation komparison was conducted on one test. Also
. /

several effluent gas samples were analyzed to determine the effluent gas '

composition. These analyses were conduoted by commer01al laboratories

\
and will be dlscussed in detall later

F. Catalyst Preparation frocedures

The basic method of-catalyst preparation used in preparing the
catalysts for this researqh work is presented here. Any variation in tne
method of catalyst preparation from that'given below will be explained.
in the Discussion and Interpretation of the EXperimental Results section

of this thesis. The.oatalyst preparation procedure was varied only for
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the purpose of determining the "best method" of preparing the catalyst.
The "best method” of - catalyst preparation is that method which yielded

a catalyst of maximum activity.

'_In'general, the,catalysts prepared for use in the research work re-
ported herein .were prepared'using high surface area 1/8-inch pellets or
extrusions of alumina or silica-alumina. All.of the supports used are
commercially available and were.obtained from the manufacturer as noted

_in Table III-A on page 97.

Prior to 1mpregnation of the support material with the primary metal
component tungsten the support material was calcined at 900°F for from
12 to~24 hours to remove any absorbed moisture This has also.been noted
to increase the resulting catalyst act1v1ty in- some cases k}l). The
tungsten uas then 1mpregnated onto a knOWn ‘welght of support material
from a cold solution made by dissolv1ng 63.5 grams of tungstic acid in
300 ml of 14 percent adueous-ammonia. The'impregnated pellets were then
dried for 12 houféfat %OO;F'and'then_calcined at 900°F for from 12 to 2k
hours to convert the tungsten:to_its oxide form (w03).' The increase in
weight of the suppbrt material, which now contains tungsten trioxide;.was
-used to determine.the.percent,(by'weight)of tungsten In the catalyst: If
-neceSSary, similar impregnationslof.the support with the desired tungsten}
solution concentration were carried out to obtain a catalyst with the de—"
sired tungsten content. After ‘the support with the desired tungsten con-

M)

tent was obtained, it was then impregnated with the desired promoter,
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The desired promgter'wgs Impregnated onto the pellets from a solution
of " known promoter concentrat}on. ‘Nickei was impregnated onto the pellets
from a nickel nitpéte solution. Cobalt was impregnated from a cobalt
n;traté solution .and mdlybdenum from an ammonium molybdate solution. The

promoter was convefted to the oxide form by drying ahd calcining in a man-

‘ner similé? to that used for the tungsten. . The promoter.content (welght

percent) in the catalyst was determined from the increase in weight of the

péilets.' This was.possible because thé'fbfm of the promoter oxide on the

‘catalyst was known. The promoter content could also have bheen determined

from the émoqnt of known concentratiori promoter solution absorbed by the

pellets.

1

Between.the steﬁé in.the catalyst preparation procedure the pellets

were kept in a desicator to tnsure that moisture was not absorbed by the

pellets.

As noted previously, the "prepared" catalysts were sulfided prior to

use, in-géneral. Usually  this was éocomplished by passing a 20 percent

"hydrogen sulfide-80 percent hydrogen mixture (by volume) of gas over the

catalyst at a rate of 2 standafd cubic feet (of gaseous mixure) per hour,
at 650°F, until sulfur equal to 1/2 of the weight of the catalyst was

passed -over the oatalysfu

Table  .IV-A, page 99, presents the properties of the prepared catalysts.




In order to accomplish the fesearch objectives set forth for this

v EXPEhIMENTAL RESEARCH PLAN
v _/.f '

project the experimental-%esearch plan described below was followed.

constructing this plan? brime'consideration'was given to the information

presented in the Experimental'Considerations section of this thesis.

First ~a few eXploratory tests‘were conducted utilizing a commercially.

available hydrotreating catalyst in order’ to determine the following per-

\

tinent information T

(1)

!

The run length necessary to ﬂnsure'complete "lineout"
of the-catalyst's activity. The conversion drops sharply
during the first few hours of Operation and then levels

off to a reasonably constant value thereafter

,'A reasonable operating temperature range for a study of

the effect of temperature on the catalyst's hydrode-
nitrogenation activity%‘ahdrthe operating temperature .
to'he used in.the catalyst acitivity comparison tests..
Prime consideration Was given to keeping the nitrogen

conversion in the 10 to 90 percent range.

A reasonable space velocity'(volume of oil per hour

'iper volume of catalyst) range for a study of the effect

of space ve1001ty on the catalyst's activity, and the
space Velocity ‘to be used‘in the catalyst activity com-

parison tests. Again, prime consideration was given to -
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Keeping the nitrogen, conversion in the 10 to 90

percent range.

(%) The hydrogeﬁ.flow/éate'neces;ary to'assure that the
hﬁdrogén floﬁ fafe does not limit the nitrogen re-
i moving~abilit& yactivity) of fhe catalysts. Tests
weré also oondgéted.tolinsuré that filﬁ diffusion.

was not controlling the reaction rate and thereby

the nitrogen .corversion.

(5) -The effect that sulfiding of the catalyst has oh its
hydrodenitrogenation activity. Standérd recommended
. - \ ,

sulfiding_pfocedures‘were employed as specified by

the manufacturer.

Then, several-opmmgréially available.cobalt/nicﬁel molybdate catalysts
ﬁhich are presentlyidSed for hjdfotféating petroleum fractions were eval-
uated to'determige théir,niﬁrogen reﬁoving oapabilityiwhen used to hydro-
tr@at a ﬁigh nitrogen oontenp petroleum gas oil. This waé necessary in
._6rder that these catal&sts zould be compared with the catalyst(s) devel-
oped during tbé work repofted-ﬂer;in.r The effect of‘space'velodity and‘
ﬁemperature on the nitrogen removing capability of these cobalt/nickel'
molybdate catalysts were also.determined:‘ Whiie‘this work was béing car- -
ried out; the results of these tpsts; the literature and thermddynamic

calculations, were studied and reviewed in ‘an attempt to uncover a poten~-

"tial hydrotreating catalyst.
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After a potentlal catalyst.material (tungsten) was deemed worthy of
. study as a hydrodenitrogenation catalystr'the following comprehensive
catalyst development effort was 1n1t1ated in order to evaluate and dev~
"elop the potentlal catalyst material. Tnitially, preliminary catalyst

_ preparatlon tests were conducted w1th the following objectives:

(1) To determlne if 1t is possible to prepare an active -catalyst,

of the type de51red, in the laboratory.

(2) To determine if the preparation of such a catalyst is reason-
'ably repeatablé;'
:03) To determine if the orderhof metal impregnation affects

the oatalystﬁsfactivityﬂ'

(4) To determine the effect of nickel, cobalt, and molybdenum

‘on- the tungsten catalyst as promoters.

. “(5) To determine the effect that sulfiding temperature and the
famount.ofuBO percent hydrogen - 20 percent hydrogen sulfide -
(by volnme) ml%ture that is passed over the catalyst has on

its activity. -(Other pretreatment techniques were also tried.)

(6) .To determine if the'catalysts'f support has .an impoertant
effect onthé catalyst'i activity.' That is;,varions supports
'Were evalnated}and_the'moat suitable.one chosen.

Utilizing tungeten'alonélwith“itslhest promotor, nickel, and the most

A

suitable cabalyst support, an experimental:design wae,carried out to deter-
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mine the optlmum welg v percent of each metal that should be impregnated
“onto the support to yield a catalyst of maximum hydrodenitrogenation acti- -
vity. The‘catalysts.for this'experlmental design were prepared .and pre—
treated in the most.desirabletmanner as determined in theupreliminary

‘ catalystfpreparation test runs.

v

An extended test run, §Otdays'in length, .Was conducted to demonstrate
the catalyst llfe capablllty of the tungsten type .catalyst for hydrode-
-,nltrogenatlon. Also the effects of the process variables, space veloc—v
ity and temperature, on'the nltrogen and sulfur removing capability of the
developed catalyst were studled Of.course, the nitrogen removing cap-

ability of ther developed catalyst was compared Wlth commercially avallable

catalysts presently used for hydrodenitrogenation. E ¢




DISCUSSION AND INTERPRETATION OF THE EXPERIMENTAL RESULTS

.'l .
Introduction:

With the research objectives (page.T) and efperimental considera-
tions (pages 8 through32!) in mind, the research plan presented on pages
33 through 36 was constructed. The experimental results obtained By fol-

.- . Wl

lowing this research plan are presented and discussed in detail on.the
. | . o ) N " .

following pages. L [ ‘ !

| ' ! . l.“ . ' \

| : ‘ . o , ' :

Table V-A presents a tabular summary, in chroﬁolbgical order, of eéch

test's operating conditions and a‘brief-descriptioﬁ'of each test's b~

jective(s). Table VI-A presents the experimental nitrogen aﬁd sulfur con-
. . )
version-data from these tests. Figures 3-A through 20-A present the ex-

perimental data in graphical form and arg'discussed,in detail ‘'on the fol-

lowing pages. , !
’ cod

The experimental work was divided into three malin areas of effort

and the results will be presented and discussed here under three separate

headings; The main areas of effort were:

(1) Exploratory Tests = )
- (2) Preliminary Catélyst.Preparation Tests | .

(3) Exﬁerimental Design and Cataiyst‘Evalqation_

! Comparisén.Tests i 1 '

|
W

These main areas of effort are described briefly below. The expl&ratory

14 TR 1 T

tests Weré’utillzed_tbiﬁe$exmineepexbinent—hydret;eating—uni%—e%e&é%ing
) !
conditions -and procedures and for the evaluation of commercially ayailable

_ ——
I i
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hydrotreating catalysts. Preliminary catalyst preparation tests were con-

H " ' ) M

-ducted'in(order'to evaluate and deter@ine proper catalyst preparation and/
or pretreatment nethods for the ﬁreparation.of an "active”,hydrotreating
catal&st.' The erperimental design tests were utilized to determihe the
optimum weight percent of each metal, primary metal.and promoter that
should be 1mpregnated onto the support to yield a catalyst of maxlmumI
hydrodenltrogenatlon act1v1ty The effect of the process variables tem-
perature and.L.H,S.V. on the developed catalysts's actiuity were studied.
The qeveloped catalyst's activity Wasfalso compared uith commerciallf

available hydrotreatinglcatalysts.
. 4 | , |
The feedstocks used for this research work were all high nitrogen con-
tent petroleum gas oils. All feedstocks were obtained from California
e . l B . ;
crudelsources which are noted for their high nitrogen content. The pﬁimary
B i B "
i !

source of the feedstock was from Santa Marie}(California) crude oils.

EXPLOFATORY TESTS . b : '
l| % N
Preliminary Investigations: . ,

Flgure 3-A presents the results of some 1n1t1al{tests conducted utll—

l
izing a commerc1?lly avallable cobalt molybdate (Houdry ") hydrotreatlng

[
catal st. As noted in this Figure, the run length necessary to 1nsure com-

1
plete llneout of the catalyst's activity is approximately twelve hours for

]’I

both the presulf?ded and non—presulflded catalyst.

{The reason.for the decrease in the catalyst's activity during the in-

itial few hours Ff reactor operation for the’presulfided catalysts was dis- .

i ;
! . B 0

' ’ ! ! ' L ' ) SRR :" .

¥ . . T 1 . i K

.’ t ! .4! i! / . . )
I : i I . 1
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" cussed in‘detail on ‘page 10, For the'nonépresulfided catalyst, -the initial

i . "‘ .
transient:catalyst activity period, while apparently of the same .duration

B .: 1 " .
as for the presulfided catalyst, exhibits a markedly different trend. Dur-

ing the initial transient conversion period the catalyét's activity in-
" ] , .
creases inétead of decreases for the nbn—presulfided catalyst. This in-

crease in tﬁe catalys?’s activitj during the initial hours of the test run-
is attributed to a.pégtial sulfiding of the catalyst by the sulfur{in_the
feedstock. This.sulfﬁr‘is converted to HyS gas in the ﬁydrotreatiﬁg unit.
This same phenomenon, partiai cétalys%;sulfiding, was noted by Kiovsky (22).

when utilizing a non—pfesulfided cobalt molybdate (Houdry "G") catalyst.for

hydrodesulfurization studies.

. The results of these initiai tests also indicate that an increase in

the resulting‘”lineout”‘catalystﬂs'activity, for hydrodenitrogenation, re-
‘ .

“sults from presulfiding.the catalyst, at least for commercially available

cobalt molybdate'hydrotpéating catalysts. This increase in cobalt/nickel

molybdate hydrofreatingjcatalyst‘s activity, when presulfided, was ex-

pected since catalyst pfgsulfiding is recommended %or maximum catalysf act-

ivity by most manufacturers of these types of catalysts when they are to be

used for hydrotreating petroleum fractions. In this case (Figure 3-4) &n
increase of approximately six percent in the nitrogen éonvérsion caﬁabiiity

of the -catalyst was obtained by pfeéulfiding the catalyst.

Also indicated in this Figure (Figure 3-A) 'is the high degree of
f l ' : i ' Lo

repeatability of a catalyst:activity test run.
: - |

|

I




"' not more than 1000 psig. The operating temperature of

" from tpe high nitdogen content petqoleum gas.Tils. Subsequent testing

. i
] provedjthis to be true. -
- N f . K I

.catalyst's conversion after "lineout". o

~ho-

\

Standard recommended sulfiding procedures were employed as specified~

by the catalyst manufacfurer. .Thé details of the sulfiding procedure are

given on page ;OO. For all subsequent tests utilizing commercial hydro-

treating cobalt/nickel molybdate catalysts, the catalyst was presulfided
' ' |

for maximum caﬂa}yst acﬁivity. The  mean conversica for each caﬂalyst‘was

1

determined, as noted on page 113, by taking the mean of the conversion for

the samples takén after twelve hours on stream. This is the mean of -the

All tests condpcted during this research work were cbnducﬁed at a
: K : '
reactor pressure-of 1000 psig. It is well known that the greater the re-

" actor operating p?essure, the greater is the percent nitrogen removed in

. 1
the hydrotreating process (L, 15, 36). This, of course, assumes that the

other variables are held !constant. Pressures above 1000 psig are expen—'

sive to obtain. Since we were seeking a hydrodenitrogénation process that’
was economically as well “as techniéally sound, we limited the pressure to
800°F was selected

as the maximum temperature that would be used in any catalyst activity com—

parisoﬁ tests sinée this, is about the maximun  temperature that can be‘usedA
i i K

" without excessive'coking of the catalysts used (4, 20).

1
i
i o

The L.H.S.V.%of 0.5 was originally used because it is near the miﬁi— '

, mom vaiue that wo@ld-be feasible for commercial use and it was. felt thaF a

] ¥ I 1 : ot f ' . !
low L.H.8.V. would.be reguired for a reasonable degree of nitrogen removal:

I I . v i

1

i
!
!

] S . ,.;
i R ' ' ‘

vy . N . .
’ i ! . I Vi
: 4 ‘
. ifl ' : i '
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When solid catalysts are being used, as herein, care should be.taken . -
to insure-that the catalyst is being used to its fullest capacity.. :That is,

tests should be conducted to insure that one of the physical diffusion steps

’

is not the "rate controlling step" in the reaction mechanism.

1

Utilizing the above mentioned extreme operating temperature,. pressure,
and liquid hourly space velocities of 0.50 and 1.0 ml of oil per hour per

ml of catalyst, tests were conducted to insure that external film diffusion

l

was not controlling the reaction process and thereby the nitrogen conversion
ability of the catalysts{ These were the most severe operating conditions
except for two tests conducted'late in the research effort at. a L.H.SJVf of
O.25'and part of a catalyst iife test conducted at 8205F. If film diffnsion
controls the reachion precess it nculd be most significant at the most =~

severe operating conditions.

| .
H 3

In order to test for external film diffus1on effects, tests were con-

" ducted ut11121ng Houdry "C" catalyst in which the L.H.S.V. and catalyst

charge were held constant along with all other operating variables except
. . b

: : Lo
the H, flow rate. The H, flow rate was varied from 1,000 to 16,000 SCF/

bbbl of oil. If film diffusion is rate controlling., the conversion should
increase with increasing H, flow rate.’ As noted in Figure M~A the results
of these tests 1ndicate that for H flow rates in the 5 000 to 15,000 SCF/

bbl of101l range, the Houdry "C" catalyst's act1v1ty is essentially inde-

E pendent of the H2 ilow.rate. Therefore, it was decided that: an H, flow"

rate of. 5,000 SCF/bbl would be used on future tests to insure that film

l : ' [ ! .
e | : . . C
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diffusion did not limiﬁ the catalyst's:activity. Higher Ho flow .rates were

not utilized because of the expense that would be incurred in the excessive

H, consumption. As will be shown later, the'difference-in conversion be- -

|

tween the tests conducmed at 5, OOO and 16 OOO SCF H /bbl of oil was w1th1n
|

he test procedure experlmental error.

The results of the tests conducteé_htllizing Houdry "C" catalxstrin—
dicate that if a much more active catal&st were employed, that possibly the
P 5,000 SCF/bbl H2 flow rate might:limit the catalyst's ectivit&. But this
L Eigufe (Figure b4-A) also sho&s fHe results of tests conaucted utilizing the

most active catalyst tested the developed nickel—fungsten type catalyst.

Agaln, bhe results of these tests ‘indicate that an H2 flow ‘rate.of 5,000

SCF/bbl of oil insures that the catalyst activity is not conﬁrolled by ex—
ternal film diffﬁsion, All of the- other tests conducted durlng thls re-

search work Were\conducted u31ng an H, flow rate ol 5,000 SCF/bbl, and it

. is felt that this H2 flow rate should have been sufficient to insure that
none of the tested catalyst activities were controlled Dby. external film
diffusion during any of the tests. ' o

_Figufe 5-4A sgows the-resulfs cflfurther tests that we%e conducted to
| insure;%hat filmfdiffusiok was not controlling the,reacfioﬁ pfocess and
. u
.thereby‘%he nitroéen'conversion; Tests were conducfed utilizing Houdry‘"ch
;catalys% in Wﬁich the effects of e#tercal film diffcsion %ere checked for  '
i by meking a series of runs at constantvL.H.SuV. by different linees.vel—'
| : . . .
; ocities: This was accompllshed by varylng the oil feed rate and volume OL.

catalyst (ml) 51multaneously to give the same L.H.S.V. The feed rate was




~of 0.5 or greater. All future tests utilized 120 ml of catalyst except
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8

varied from 30 to 60 ml/hr and the amopnt of catalyst from 60 to 120 ml

for the 0.5 L.H.$.V,'tes¢s. For the 1.0 LoH.S.V.‘%ésts,_the feed raté
‘ , . .
was varied from;30 ml/hr to 120 ml/hr and the catalyét charge from 30

i

to 120 ml. .If the conversion for ;the different linear velocities co-. !

incide, at thé‘ééme L.H.S.V;, the effect of external film diffuéion is

negligible; conversely, %here is é diffusionél effect if the’ conversions
are significantly different for tﬁp same_L,H.:SoV° Ir fil; @iffusion is
rate céntrolling;éan increase in gbnvefsion ﬁith increasiﬁg linear vel-
ocity or catalyst‘charge should be eviaent° The results of these ttests

(Figure 5A) indicate that film diffusion is definitely not rate con-

trolling if 60 or.more ml of catalyst are used in conjynction with L.H.S.V.

those conducted at a L.H.S.V. of 5.0 utilizing the FG 500-8 catalyst.

Therefore, on the basis of the above résults it is felt that external

film diffusion did not significantly affect the activity of any of the

: .
catalysts tested.’ o

Commercial Catalyst Evaluation Tests .

A% this poiﬁf in the research work various commercially available,
| .
. | 1 l
hydrotreating catalystsiwere evaluated:." Table II-A lists the properties
‘ [ ;‘ ' Y I | f' ’
The purpose of this part:of the research was to gain

of these catalysts.
infor%ation on tﬁ; actijity of comﬁercia; hy%rotreafing catalysts as
hydro%enitrogenat;
I , the cataiystsfthét,
are uged at bresg%t forjhydrodenitgogenétion% Accorﬁingly, a Serieg of

! ' ‘ ! v !

ion catalysts. As noted previously, this was necessary

)

o [ ‘ "
go that the develipped catalyst could be compared with
[N u ‘.

J ) o

|
1
]

;| .
!

d ) !

I'] i l

|

J

!
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tests ﬁere carried out on nine commercially available hydrotreating cat-

. ! . } B .
alysts and the resulbs are presented in Table I, below. This represents

most of the commercially:ravailable cobalt/nickel molybdate. hydrotreating

catalysts that are presently available.

. ) ! . |~
TABLE I. COMPARISON OF COMMERCIAL CATALYSTS' HYDRODENITROGENATION

ACTIVITY.
Catalyst and We. % We. % Wwe. %- % N5 Removed.
Manufacturer CoO or Co NiO or Wi .MoO, or Mo - @'750°F @ 800°F
Hoﬁdry; , . .
(Series "C")  3.0; CoO ———- 15.05 MoO; - 66.5  85.0- -
Davison . : . . ) :
(Nicomo 12) 1.9; Co 0.3; Ni 10.0; Mo 66.4 e
Cyana@id ﬁ ' . ﬁ
(HDS-3) - 3.1; N0 . 15.0; MoO,. 66.6 84,5 -
leanamid ? ! S | ! ; i
(HDS-2) ‘ 3.0;. CoO . — 15.0; MoO., '55.0 | —
J i - ) . o
Gilrdler . . o ‘ l ' : o , |
" (G-35{B) 3.5; CoO* — 10.0;_Moo3_ 55.0 A
| . ' ! . . .
Filtrdl o - |
(500~8) 14255 Co: 2.25; Ni 11.0; Mo 46.2 | :67°7i o
1 ) . 1 ‘ " N |
] A-. ' ] : ' : ! '
Filtrol - o ' : ' : .
(u75_%) 2.8; CoO0" —— 15.0; MoOy 1374 50.0"
, | : ‘
Nalco’ o ii ' %
{Nalcomo X " ' ' : ‘ - !
h1) 3.5; Co | — 12.5; MoOs - 61.2 —_—
l ’ A
Peter Spence  2,5; CoO : _— 1h.0; MoO, 57.9 66.0

)
!

The operatiég conditions for the catalyst comparison runs listed
: . Y g y
in the above table are Shpwn below. ’ . ‘ ‘ ;o

H ll ; ‘
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Operatiﬁg temperatures of 800°F and T50°F
Operatlng pressure of 1000 psig
© Liquid hourly space veloc1uy of 0.5 ml 01l/hr—ml catalyst
| : Hydrogen|flow rate of 5,000 SCF/bbl oil '
. :
| Feedstock was a Callzornla heavy gas oil contalnlng 0. 238

Weight percent nitrogen, 2380 ppm nitrogen. (Feedspock

No. 1)

_All of these commercial cetelysts ere supported on alumina'supports.
The L.H:3.V. used during the catalyst comparison tests was selected as
0.5 on.the basis of the:.results obtained during the initial tests and a
kno%ledge of reasonable%commerciai opefating ligquid heﬁrly space vel-
ocities. The operating'temperature was selected using the same .consider-
ations. Prime consideration was alsq éiven to keeping the conversion in
the 10 to 90 pereent range. |

Of the commercial cebaltvmolybdate, nickel cobalt nolybdate, and. |
nickel molybdateicatalysss tested, Houdry "C" cobait mdly%date and H

Cyanemid's (HDS-3), nickel molybdate seemed to be among the most effective

hydrodenltrogenatlon catalysts (See Table I) Other n001ceable results

- were the wide wariation in the various‘commercial catalysts' activity

for hydrodenitrogenation and that traces of NiQO on cobalt molybdate-
catalysts seemed %o enhance theirfhydrodenitfogenation ability. The
commercial cetalysts were presulfided before use for maximum activity.’

. , : : [
It was decided that the developed. and prepared hydrotreating catalysts

. ! ' :
- would be compared with the Houdry "C" cobalt molybdate catalyst since -

|
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this catalyst seemed to be as active as any of the commercial hydro-

I

trgatihg catalysts of the cobalt moly‘bdate9 nickel cobalt mol&bdate, or |
nickelfmolybdate'ﬁypes,J The effect of.the operating variasbles, space

velocity and temperature, on the nitrogen removing capability (activity)

1 !
1

of a ﬁommercial"qobalt nickel molybdate catalyst was determined using "
v I] :

the Filtrol (FG 500-8) catalyst. Althbugh this is not the most active

|
: ! _— g , !
catalyst of the commercial cobalt/nickel molxbdate type, it was the most
. ' | ‘ o
readily availablé,catalyst and is représentative of the cobalt/nickel

;' . ! T ! s

molybéate catalyé%s tested. The results of these tests are shown in
! ' . : ' .

.; . ; ’ . ' - 1
Figurés 6A and TAL. As noted in these Figures, space velocities between !
:; J ' I Lo
0.5 and 5.0 were"used along with temperatures betweenhTOOOF and B8009F.
N i ' : = '
N .

. . | : )
The results were as expected. That is,!the catalyst jactivity decreased
{ | o ' ‘

i

. : . ' . i, . . .
with increasing L.H.S.V. and increased yith increasing temperature.

These tests indiéate that high temperatures and low liguid hoﬁrly space}
! . )
velocities in coﬁjunctidn with a highly active catalyst will be reqiired

in order +to remove most of the nitrogeﬁ'from high nitrogen content

petroleum gas oiis. L, !
. Il: l\\ - . ' I "“‘{ s ;,; .
While the aforemenﬁio?ed WOT% was being conducted, the results  of
‘ I i ‘
these tests, thefliteratﬁrép and thermodynamic calculations were studied
i i v o
in aﬁ attempt toluncoverka potential hydrotreating catalyst.
P i Lo '
o Lo
tatistical Anaglysis of the Data
K ) i
1} r

Utilizing the data from Runs 1,2, 3,4, 5,9, 15, 25, 26, and 27,

a staﬁistical analysis was made in order to.determine an estimate.of the
i ‘ . H \ .

il

o .
‘ 2 !
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difference in catalyst .activity (percent conversibn) necessary in order

to be considered as being significant (6, 17, 32, 39). That is, an

analysis was made in order to determine what difference in nitrogen

conversion is reguired in order to indicate a significant difference

in catalyst activity. Rums 1, 2, 3, 4, and 5 differ from the other runs,
in operating condition ether than catdlyst employed, only in that J_che‘H2
’ ]

flow rate was 8,000 SCF/bbl instead of 5,000 SCF/bbl. Figure YA in-

dicates that this changé in H2 flow rate is .not significant as does a :
statiétical analysié of the‘resuits of Runs 1, 2, 3, 4, 5, and 9. Thefe—
forebdan analysis of va;iance for'onefway classification (Ref. 39) with
unequél replicatgon and equal suﬁsamp}é numbers was perfor@ed on these
data.l Runs 1, 2, and 3.are replicatiqn tests as are runs L4, 5, and 9. |

The other runs were notiduplicated. All tests had two determinations
per test run. Each sample was analyzed twice and the two conversion [
values obtained for each test run are the average of the conversion data

obtained after lineout on the first and second analysis of each sample,
respectively. g
The resultipg analysis of variance table for these tests is given

below.




TABLE IT.

Source of

Variation
Treatments:
Experimentai“
Error ’
Sampling
Error
Total
Sa—'=
where’

18-
|

g .
i

Degrées of . Sum of

Mean
Freedom Squares Squares
) .
5 1 2370.26 L7h.05
H" . 2.9k 0.735
. o
'} 10 1.13 0.113
19  237L.33 -
r. + 1
o N S O 1 J
S Y7 = 10.735 r.r,
\\ i J 173

two means being compared.

S<=t = the least significant difference for

. "d%.05,W ~

the means'being compared at the 95 percent con-

i

fidence lével°

These results indicate that there are significant

'ri and rj are the huwmber of observations in the

treatment

ANATYSIS OF VARIANCE ;RESULTS FOR EXPLORATORY TESTS

6hl, o7
6.50

(catalyst) differences since FO 0L with 5 and k4 degrees of freedom is

| Y '
much léss than the. calculated value of:6hh,91 F

0.01 With L and 10 degrees

freedom is less ﬁﬁat 6.50. Therefore, .there is variation in addition to
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that among the subsamples. That is, replicated tests vary due %o

.sources of variation other than or in addition to the chemical énalysis

of the samples.
|

The fesulté.ofJ%his statistical‘énalysis of the exploratory test
data yielded no unexpected results ané'does not change any of the con-
elusions ér statements made to this point iﬁ the research work.. The
author realizes‘that;these data could Dbe analyzed further, statistically,
but feel that furthef statistiéal analysis of this exploratory test

data is unwarranted.'iThe main purpose of the analysis performed was
; 1
#o gain an estimate of the difference in conversion between test rﬁﬁs

that 1is neceséary in drder to iﬁdicaté'a significant d}fference in cat-
alyst activity. This ﬁould be very useful in analyzing the p?eliminary

catalyst preparation test results.

The results presented in Taﬁle Ii indicate that a d;fference of
2.38 percent in the nit?ogen conversion would be reiuired to indicate
a significant difference in catalyst activity, at the 95 ﬁercent con-—
fidénce level? for r. =lrj = 1. This‘assumes that each catalyst is
tested only once. That is, the least significant difference would be
SEFO.655M or (0.8575) (%.776) = 2,38 percent. If the‘difference is
2.38 percent or éreater,zwe can be at least 95 percent confident that

the two catalysts tested have different activities.




~50—

1

Catalyst Life Investigation

' A thermodynamic'feésibility étudy; based on an assumed mechanism,
of various metals as effectivé hydrodenitrogenation and hydrodesulfuri-
zatioﬁ catalysts indicated the possibility that ﬁungsfen disulfide,
along‘with variéus other metal compounds, might possibly be an effective

1

hydrodenitrogenation catalyst. Therefore, it Was_deciaed‘that tungsﬁen

would be evaluated as a hydrodenitrogenation catalyst. !

o i
It should be noted that the Shell 0il Company has previously used

a catalyst copsiéting of pellets containing 48 percent tungsten, 20 per;
cent nickel, and-?B perc;nt sulfuxr for;hydrotreaiing‘petroleum frac—

A . , i
tionsg-the remaiﬁing percentage béing[}ron, carbon, and unidentified
materiél. Shell has diséontinuediuse of this tungsten nickel sulfide

catalyst. .Recently the Harshaw Chemical Company has started to offer

commeréial nickel) in thé reduced form, tungsten sulfiﬁe catalysts for! -

'

hydrocracking and other hydrotreating purposes. One of these catalysts

' contains 6 percent nickel and 19 percent tungsten and is available on

either.an alumina or silica alumina base. The other éontaiﬁing 4.5 per-

cen% nickel and 955 percent tungsten is avallable on an alumina base.

Before setting up the research plan for the developmenﬁ of a
tungstgn type hyd%odenitrogenation catalyst; the literature and U.S.

U . |

Patents were reviewed for helpful information in deciding upén the best

i 4 1
N '

researhh plan. Af the éame time it was decided that &he Harshay tung-:

sten type catalysts would be evaluéted:for hwdrodenitrogenation pUrposes.
i i ' .

) o ; , i = S

Thereflore, a test run was started (Run No. 37) utilizing Harshaw's
| : ' . g o '

:(E . L ’ o

|

: - : |
"? ‘ ﬂ ‘h . . | o ) !
, '|l . . ! ’ .
] a .
| .
i
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Ni-LhQl-E hydrocraéking catalyst containing six (6) percent nickel, in
the reduced form, and nineteen (19) percent tungsten as the sulfide on
a silica-~alumina support. From personal correspondence with R.\J.“Wen—
sink, Catalyst Representative for the Harshaw Chemical Company, it was
determined that this éatalyét contains approximately fifty (50) percent
silica (SiO ) by weight. The results of an extended test run utilizing

this catalyst are discussed below.

The results of this test are presentgd in Figures 8A and 9A. As
noted in‘these figures, the test was started utilizing the "standard" ’
(page 100) operating conditions, except that the catalyst was not pre-
sulfided since it was re;eived in that form énd the manufacturer did
not recommend that the user presulfide the catalyst. The feedstock,
Feedstock No. 2, contained 1810 ppm nitrogen and 0.58 Wt,%‘sulfur and‘
had a boiling range of 540-820°F. TInitially, the catalyst removed
approximately 97.5 percent of the nitrogen from this gas oil.

After 60.5 houré on stream, the feedstocklwas switched to Feedstock
No. 4. The properties of th&s oil, which contained 2560 ppm nitrogen,

are given in Table I-A. The catalyst removed approximately 88.5 per-

cent of the nitrogen from this gas oil.

v

After 50 hours of operation utilizing Feedstock No. h, or 110.5
total hours on stream, the feedstock was switched back to Feedstock No.
2. At this time the catalyst.removed about 91 percent of the nitrogen -

froﬁ this gas oil. When the temperature was reduced to TSO°Fa the
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nitrogen conversion was reduced to T9 percent. When the temperature
was again raised to 800°F, the conversion obtained was 92.5 percent.
' Therefore, after six (6) days on stream the conversion had dropped

about 5 percent.

A7:cer 146 hours (total) on stream, the feedstock was again switched.
Feedstock No. 5, which contains 3350 ppm nitrogen, was fed to the re-
actor. Approximately 82 percent of the nitrogen was removed for this

gas oil by the Ni-LLO1-E catalyst.

Upon returning to the original feedstock, after 60 hours Qf oper-
ation utilizing PFeedstock No. 5, it was found that the catalyst still
removed nearly 90 percent of the nitrogen from this feedstock. There-
fore, after 10 days of operation the catalyst still removed 90 percent

of the nitrogen from Feedstock No. 2.

Since catalyst evaluation studies need catalyst-life data, which -
are expensive to obtain, to have much meaning, it was planned that an
extended catalyst-life test would be conducted during this research
project. It was therefore decided at this time that since 10 days of
operation had already been completed utilizing the Ni-4L01-F catalyst

| . .
and its activity was still highé that an extTnded -— possibly 90¥day -
catalyst-life test on a tungsten type hydrodénit:ogenation catalyst .

should be conducted at this time. Consequently, this test run was

continued for another 80 days in order to obtain this valuable cataiyst—.

life information. K This also afforded the author an opportuaity to
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further review the literature for helpful catalyst preparation and

development information.

The operating conditions were maintained at the ofiginal conditions
until 62.5 days of total test dﬁration had passed,-with the resulté
shown in Figure 8A. At this time the cataljsﬁ was still removing 7&.5'
percent of the nitrogen from the gas oil.  The temperature was raised
to 8éO°F at this point in the test and maintained there for the remain;
ing 27.5 days of the test. The conversion which increased to 85‘§er— |
cent upoﬁ the initial temperature rise dfopped to below 80 percent with-
in approximately five (5) days. But at the end of the test the nitrogen

removal was still around TL.5 percent.

It is felt that this test proved that a tungsten type hydrodenitro-
genation catalyst would have a long catalyst life if used for hydro&:
treating high nitrogen content petroleum gas oils at conditions as ‘severe

or less severe than those used herein.

]
Since this catalyst (Ni-4401-E) was developed as a hydrocracking
|
catalyst it was feared that possibly at the severe hydrotreating con-
ditions employed in Run No. 37, excessive cracking of the feedstock

might result in the "coking' and resulting deactivation of the catalyst.

|

1

This was especially feared upon learning of the high silica_content:of
the catalyst. But the catalyst did not seem to cause excessive cracking
during the extended run. This was evidenced by the condition of the
catalyst after the test and the relatively slow catalysf_deactivatioﬁ

rate.
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A material balance conducted over approximately a ten-=day period
yielded the following results. This was conducted from the eightiéth ’
to the ninetieth day of the test. During this time a 95.5hpercent (by_-
weight) recovery'of the feedstock was obtained. The A,P;I. graﬁity of .
the feedstock‘was approximately 24 (Table I-A) and that of the product

was 29.5.

The results of én analysis of the feedstock and prdduct; (performed
by the Continental 0il COmpany'at Ponca City, Oklshoma), obtained ffom
a sample taken during the fiftieth to the fifty-second day of the test
are presented in Table VII-A. In general, it. is noted fhat the féed-
stock anaiysis performed by Continental 0il Company agrees quite well
with that presented in Table T-A. As can be nofed from the data in
this table (Table VII-A), the pércent nitrogen-conversion was approxi-
mately TT.é percent at the time this sample was taken. This is in close '
agreement with the results obtained by the author (see Figure 84).
Also, a very close agreement between Continental 01l Company and the
author is noted on the nitrogen content of the feedstock. As noted in
Table VEI-A, the sulfur conversion is still 96.7 percent at the end of
nea%ly 52 days of reactor operation; This is not an unexpecfed result .
because of the relative ease of sulfur removal as compared to the re-

moval of nitrogen from petroleum fractions.

Tt has been noted by many investigators (Refs. 10,.15, 36, 38) that -

the nitrogen content (concentration) of a feedstock can significantly
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affect the nitrogen conversion obtained at a given process condition.
Also, it has been noted (Ref. 15) that in pefroleum fractions from thé
same crude source, that the higher boiling range fractions of the crude
contain & hiéher peréentage of nitrogen than lower boiling fractions,
in general. It is also known that the type of nitrogen compound or
compounds present in the oil significantly affect its ease of removal
{Refs. 10, 15, 36;'38), Tt is readily understood that similar boiling
fractions from different Erude-sources may have quite different nitrpgén'
concentrations (Ref. 3), or, tha; even if they have similar nitrogen
contents the ease of removing the nitrogen from these two oils could'bé
quite different because of the diffgrence in nitrogen compounds that

2
the two olls may contain.

With the above discussed material in mind, it is interesting to..
note'the resuits obtained with the different feedstock}émployed in
Run 37. As npted in Table I-A, the higher the boiling range-of the
feedstock empioyed, the higher was. its nitrogen content and the more

difficult was the job of removing the nitrogen from the gas oill.

As noted in Table VI-A, the effect of water washing the samplé
prior to analysis to remove any free nitrogen was tested during this -
test run. The results indicated that the effect of water washing thé
product sample, prior to analysis,'on the sample's .nitrogen content -

is negligible.
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After the completion of the extended ninety-day test, two short
duration tests were made at the same operating conditions. These tests,
Runs No. 38 and 39, confirmed the high activity of the Ni-4LOl-E cat-
alyst and further estéblished the high repeatability of the testing

procedure.

Table VITT-A contains the résuits'of gas analyses performed on the
effluent gas from the reactor during Run No. 37 and Run No. 38. The
analysis from Run No. 37 was taken on thé eighty-sixth day of the test.
The gas sample from Run No. 38 was taken approximately two and one-half
days into.the test. The most significant differénce between the samples
is that the sample taken at two and one-half days into the test run con-
tains about two percent less hydrogen and_consequéntly,_about two per-
"cent more light hydrocarbon gases than the samble taken near the end of
Run No. 37. Ip both cases the gas contains greater than 90 percent
“ hydrogen and 7 to 9 percent light hydrocarbon gases from the éracking
taking place. The gas analyses were performed by the Yapuncich, Sander-

son & Brown Laboratories at Billings, Montana by chromatographic analysis.

In order to obtain some indication of the importance of the catalyst
support on its resulting activity, test Run No. 40 was conducted. The'
catalyst used for this test was Ni-L4403-E. This catalyst is similar to.
the Ni-LLO1-E catalyst except that the suppért is alumina instead.of"
silica~alumina. The same operating conditions as were employed'in tests

37, 38, and 39 were utilized. Only ninety-one percent nitrogen removal

4

-
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was obtained during this>test. This is approximately 6.5 percent lower
than was obtained with a similar catalyst on a silica—alumina support.
It is believed that this difference in catalyst activity.can be attri-

buted to the difference in the catalyst support used.

A comparison of Harshaw's hydrocracking catalyét (Ni-4L01-E) con~
taining 6 percent nickel in thé reduced form and 19 percent tungsten
as the sulfide on a silica-alumina support was also made %ith Houdry "C"
cobalt molybdate catalyst. Hoﬁdry e catalyst Waslthe most active
cobalt/nickel molybdate catalyst testé@; "Standard” 5pérating condi-~
tions were used except that the Ni-LLO1-E catalyst did not need to be'
preéulfided. The feedstock used was Feedstock No. 3 which contains
3190 ppm nitrogen and the following resultsiwere obtained. The Houdry
"C" catalyst removed 79.8 percent of the nitrogen from the gas oil
while the nickel.tungsten sulfide catalyst removed 92.2 percent of the
nitrogen from the gas oil. These résults clearly indicate that a thor-
ough study of tungsten as a hydfodenitrogenation qatalyst is warranted.
Also, the superiority of a nickel tungsten catalyst over a cobalt molyb-

.date catalyst for hydrodenitrogenation was indicated.

PRELIMINARY CATALYST PREPARATION TESTS

The results that can be obtained from a thorough study of a pres—
sently used catalyst for a specific purpose (process) is illustrated
very well in U.S. Patent No. 3,11&,701 issued in Décember of 1963 (Ref.

20). 1In this patent the increased denitrogenation ability of nickel
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molybdate catalysts on an alumina éupport in the range containing 4-10
percent nickel together with 15.5-30 percent molybdenum.by weight is
noted over the conventionally used nickel molybdate hydrotreating
catalysts. Copventioﬁal nickel molybdate and cobalt molybdate catal-
yvsts usually contain only about 10 fo 12 percent by weight (total) of

the metals. These conventional-cgtalysts were originally developed

for hydrodesulfurization purposes.

U.8. Patent No. BSllM,YOl‘clearly indiéates the results that may
be obtained by the thorough study of a general hydrotreating ca%alyst
for a specific purpose. Iﬂ fhis case, a‘conventipnai'desulfurizatidn
catalyst was studied thoroughly and improved to make it a ﬁore.active
hydrodenitrogenation catalyst. Therefore, based oﬁ the experimental -
results obtained from the exploratory test conducted Quyiné‘thié re—

search and a simultaneous literature review, a thorough study of tung-

sten as a hydrodenitrogenation catalyst seemed warranted.

Before setting up the research plan for the developmenf of a tung-
sten fype hydrodenitrogenation catalyst, the litefature and U.S, Paténts
were reviewed for helpful information in declding the most appropriateA 
research plan. The most pertinent results bf this review of available ~
material, Which was very fruitful, are‘presentéd on pages 13 through 18.

1

The research plan construé¢ed for this phase of the research is pre—"
. , A , :

3

sented on' pages 3L through\36i.
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A1l of the preéliminary Catalyst Preparation Tests were conducted
utilizing the same oﬁerafing conditions. Thé catalyst pretreatment and
reactor startup procedures were different for some of these tests but
only for the purpose of studying the effect of tﬁese va%iables on the
catalyst activity. Unless otherwise noted, the operating conditions,
catalyst pretreatment, and reactor startup procedure noted on page 100, -
as "standard operating conditions" were utilized. Feedstock No. 3

(Table I-A) was used for all of these tests.

Catalyst Preparation Feasibility

Since catalyst preparation  and manufacture is sometimes considered
to be more of an art than a science, it was felt that the,first two
catalyst preparation test objectives should be accomplished early in the

experimental plan.

Figure 10A presents the results of the initial catalyst preparation
testslconducted in order.to determine if an active hydrodenitrogenation .
catalyst of the type desirea could be prepared in the laboratory. .The
cafalyst preparation procedures described on pages 30 .to' 32 were employed.
The resuits presented in this Figﬁre indicate that an active catalyst .
of the type desired can.be prepared in the iaboratory. A1l of these cat-

alysts were sulfided as per the "standard" manner.

AN
The pertinent "initial" preliminary Catalyst: Preparation test re-

sults presented in Figure 10A are:
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(1) When Feedstock No. 3 is treated at the "standard operatiﬁg
conditions” utilizing only an alumina catalyst support
material with no impregnated metals, only 3.5 percent of

the nitrogen was removed from the gas oil.

(2) When 12.5 Wt.% nickel was impregnated on an aluﬁina
catalyst support, approximately 50 percent of the nitrogen

was removed from the feedstock under these same operating

conditions.

(3) With 14.5 Wt.% tungsten impregnated on this alumina~support;
75 percent removal of the nitrogen can be obtained under

the same operating conditions.

These results seem favofable, especially when éompared with. the results
obtained during Run No. 42. As noted in Figure 104, the Houdry "C"
cobalt molybdate catalyst (Run No. 42) removed 80 percent of the nitrogen’
from the same gas oil under identical operating conditions. Therefore,
the preparation of an active tungsten catalyst in the laboratory seemed

favorable, especially whé? the possibility of promoting the catalyst

with known hydrotreating éatalyst promoters was considered. Also, the
possibility of finding a more adequate.support for the tungsten and -
optimization of the amount of material (metals) on the support could pos—.

sibly glve a more active catalyst than the one tested in this case.
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Effect of Metal Impregnation Order on Catalyst Aétivity

In Figure 11A, the resulbts of two tests conducfed in order to deter-
mine if the orﬁer'of metal impregnation onto the catalyst support affects
its activity are presented. As noted in this Figure, the difference in
the mean conversions obtained duriné the tests was 2.5 percent. The
support upon which the tungsten Wés impregnated first appears to result
in the most active catalyst. As noted in Figﬁre 114, the two catalysts
are both on the same alumina support and are .of nearly the same.comr'

position. Again, these catalysts were sulfided in the standard manner.

On ﬁhé basis of the results of the statistical analysis of the
Eiploratory Test data, the difference in the two catalysts' activities
would be deemed significént. A difference of 2.38 percent or greater
ié required for statistiéal significance at the 95_perceﬁt confidence
level on the basis of the statistical aralysis of the Exploratory Test
res'ults° Application of results obtained from a statistical analysis
of the Experimental Design test data indicate that the 2.5 percent dif-
ference in catalyst mean conversipn is - not significant at the 95 percent
confidence level. Based on the;e tests, a difference of >2.5 percent.
.is required in.‘the mean conversions for a significant catalyst activity

~difference. It therefore appears to be questionable if metal iwmpreg-

nation order affects the resulting catalyst activity.

It was noted during the catalyst preparation that when the nickel

was impregnated onto the support first, some of the nickel seemed to be
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leached from the support during impregnation of the tungsten onto the

support. For this réason, and the apparent differénce in the two cat-

alysts' activities, future catalysts were prepared if possible with the
tungsten impregrated onto the support first.

A comparison éf the results presented in Figures 10A and 11A in-
dica%es that approximately a 6 percent increase in the tungsten catalysts’
hydrodenitrogenation activity results from the use of 5 percent nickel.
as a promoter on this tungsten'gatalystg at least when Girdler's T-126
alumina support is employed. Also, it should be noted that the nickel
promoted tungsten én an alumina support cabtalyst is apparently as active
as 'the Houdry "C" cobalt molybdate catalyst for hydrodenitrogenation.
Neither of these catalysts is as active as Harshaw's Ni-LLOI1-E nickel
tungsten sulfide hydrocracking catalyst on a silica-alumina support.

This is evident from the results of tests Nos. 41 and L2 in which the

Ni-LL4O1l-E and Houdry "C" catalysts were tested, respectively.

It should be noted that an analysis of catalyst conversion "lineout™.
data from early catalyst preparation tests indicated that both the "line-
out" time and characteristics of the nickel,tuﬁgsten type catalysts

are similar to those of the commercial cobalt/nickel molybdate catalysts.

Effect of Catalyst Preparation Repeatability and Test Run Duplication

on Catalyst Activity Determination

Figure 12A presents.the results of tests conducted in order to deterf'

uine the repeatability of catalyst preparation and test run duplication
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on the catalyst's activity for hydrodenitrogenation. The results are
for the preparation and teéting of two separate batches of tungsten cat-
alyét promoted,with nickel on an alumina base. As noted in the Figure,
the preparation of tungsten type catalysts in the laboratory is reason-
ably repeatable. The results of these tests also indicate that the re-
peatability of test run- duplication is reasonably good. These catalysts

were sulfided prior to use in the "standard" manner.

Catalyst Promoter Evaluation

‘In Fiéure 13A, the results of tests conducted in order to evaluate
conventional h&drotreating catalyst promoters for promoting the tungsten
type catalyst ére presented. The results indicate that nickel is the
best promoter for the tungsten catalyst when it is used for hydrodenitro-
genation. For these trigl runs sgme of the alﬁmina catalyst support ob-
tained from Nalco Chemieal Company (Table IT-A) was impregnated with 20.2
Wt.% tungsten. These pellets were then split into four separate batches.-
One babtch was impregnated with nickel, one with cobalt, one with.molyb-
denum, and the other was hof impregnated with any promoter. Cobalt was
impregnated from a cobalt\iitrate solution. Molybdenum was ilmpregnated
from an gmmonium molybdate isolution. In each case, the resulting catalyst-.
contained approximatelj 8 tg 9 percent by weighf of the promoter. Cal;
cining of these pellets to ébtain the oxides was, of course, necessary.
The catalysts were presulfiéed in the "standard" mammer. That nickei'is '

%

the best promoter is clearly indicated. Cobalt and molybdenum increased

the activity of the tungsten catalyst by an almost insignificant amount..
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The nickel-promoted catalyst's activity was increased by approximately
10 percent. Therefore, nickel was chosen as the promoter to be used

in the tungsten type hydrodenitrogenatioﬁ catalyst development effort.

Another aspect of the results to date is noted by making a compari-
son of the results pyesented in Figures 10A, 124, éﬁd 13A. It is noted {
that the activity of the nickel tungsten catalyst on both alumina sup-
ports T-126 and 65-2542 .is nearly identical. But the unpromoted tung-
sten catalyst on the T-126 support was more active than the unpromotéd
tungsten on the 65-254é support. This difference could possibly be the

result of metal content differences and/or support differences.

Effect of Catalyst Pretreatment on Catalyst Activity

Figure 14A presents the results of tests conducted in order to
determine the effect of various pretreatment methods on.the nickel tung-
éten catalyst agtivity. These trial tests were made using catalyst frpm
the same batch of catalyst. The results presented indicate that presul-
fiding the catalyst with an 80 percent hydrogen - 20 percent hydrogeh
sulfide mixture, by volume, at 650°F, at the rate of 2 standard cubic
feet of gaseous mixture per hour until sulfur equal to one-half the welght
of the catalyst was passed over the catalyst is as effective as any of
the pretreatment methods employed. This is the "standard" presulfiding
treatment that had been used pre&iously and it was used in the remaining
catalyst testing. As noted in tﬁis Figure (Figuye 144A), decreasing the

sulfiding temperature to 350°F or increasing the amount of sulfur passed
. \ N
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over the catalyst during the presulfiding period.does not significantly
affect the catalyst éctivity. Also, presulfiding the catalyst by any
of the above methods resulted in an incréase of approximately 10 percent
in the resulting catalyst activity over that of the non-presulfided _l

catalyst.

Presulfiding the catalyst with a mixture of carbon disulfide (CSZ)
in cyclohexane 1s also a fairly effective means to activate the catalyst
as noted in Figure 1LA. In this case, a 5 percent by weight sulfur

solution made by diluting CS, in cyclohexane was employed. This feed-

2
stock was fed to the reactor operating at the "standard opérating condi-
tions™, except that the temperature was 650°F. This treatment was con-

tinued until sulfur equal to one-half the weight of the catalysﬁ was

passed over the catalyst.

An attempt ﬁas made to nitride the catalyst using a solution of
pyridine inqcyclohexanen A solution containing 5 percent by weight
nitrogen was employed. It was made by diluting the pyridine'in cyclo-
hexane. The pretreatment was carried out in a manner similar to that
employed fof the 082 in cycloheiane pretreatment. That is, at the same
condition, until nitrogen equivalent to one-half the weight of the cat-
alyst was passed over the catalyst. The results of this pretreatment
did not significantly affect the catalyst activity, as noted ih'Figure

1LA.
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Tests, Runs No. 64-P, 65-P, and 66-P were conducted in order to
determine the best manner in which to start”the test runs when utilizing
a nickel tungsten catalyst on & silica-alumina support. Three different
reactor startup procedures were evaluated. The procedures tested were:

(1) Standard procedure (page 100 ).

(2) .Standard procedure except that the run was started with

the catalyst at 650°F when contacted with the initial
feedstock flow. |

(3) Standard procedure except that the catalyst was sub-

jected to.a reducing atmosphere, hydrogen at 650°F
after sulfiding. 'He at the "standard oﬁerating con—

ditions™, flow rate and pressure were employed for

a 10-hour period.

These'reactor startup procedures were tested because many hydrotreating
manufactureﬁs do not recopmend initial contact of thelr catalysts with.
the feedstock while the catalyst is at elevated temperatures. This may
possibiy result in the initiation of cracking by the catalyst and a |
resulting loss in the catalyst activity, especially in the case where °
the support is of the silica-alumina type, as employed herein. The re-:
ducing atmosphere was employed in an attempt to determine if the nickel
coﬁld possibly be reduced and result in an increase in the catalyst .
activity. The results obtainéd indicated very little difference, if any ,
in éhe catalyst activity (Teble VI-A). The run conducted at "standard

conditions:, Run No. 64-P, resulted in the highest nitrogen conversion.
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Of course, this startup procedure was utilized thereafter, as previously.

Catalyst Support Evaluation

Figure lSA presents the results of tests conducted in order to eval-
uate various commercial alumins and silica-alumina supports. Thése tests
were made to evaluate the various supports by keeping the weight percent
of the metals, tungsteﬁ and nickel, on the support nearly constanﬁ. The
difference in ﬁhese catalysts' composition are not significant enough to'
cause cabalyst activity differénces9 as will be noted in the Experiﬁental
Design test results. The best pretreatment method'and impregnation or-
der, as previéusly'determined, were used for all of these cataiysts. Thé

properties of the supports as received are shown in Table IIT-A.

The most noticeable results from these tests were:
(1) That, in general, use of a silica-alumina support resulted.

in a more active catalyst than the use of an alumina support.

(2} That, in general, there was little difference between the .
various alumina supported catalysts as a group or between
the various silica-alumina supported catalysfs as a group, ..
even though the physical properties of the various supports

varied markedly. !

t was also noted thétithe silica-glumina supports produced catalysts.
whose activities were near that of Harshaw's Ni-4L401-E hydrocracking

catalyst which contains 6 bercent nickel in the reduced form and 19 per-
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cent tungsten as the sulfide on a éilica—alumina base containing approx-—

imately 50 percent silica (8i0.). The silica-alumina supports utilized

2
herein containéd approximately T percent Siog, as noted in Table III-A.
The reason for limiting the silica content of the supports tested to

this low value was discussed on pages 16 and 17 . The catalysts tested

all contained approximately 5 percent nickel and 15 percent tungsten.

The second result, above, seems somewhat surprising in view of the
fact that there were large differences in the densities and pore volumes
of the various supports tested. As noted in Table III-A, A1-1602-T
supporf is much denser than the A1-1802-E support. .Therefore, when com-
pared on the L.H.S.V. basis, a volume basis, the more dense catalyst
will contain much more tungsten and nickel in the same volume of re-
actor. If the catalysts have the same weight percent of metals on them,
as was the case here, it would seem that the more dense catalyst would
possibly be more active when compared on this volume basis since it con-
tains more of the metals on a total weight basis. This was not found to
be the case. It should be noted that the volume basis, L.H.S.V., used
for the catalyst comparison tests herein is the common basis employed in
the petroleum industry. Therefore, for the experimental design portion
of this research work, a support of the silica-alumina type with low bulk .
dengit& was employed. This should result in a catalyst of the same ac-
tivity on the volume basis used to compare the catalysts ﬁhile using less

" total metal. ,Of éourse, this would be the most economical support to
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use. Also, the use of this support makes it possible to absorb more
impregnating solution per impregnation and more total material without
plugging the\catalyst support pores because of the higher pore volume

of the support. The support Al1-1802-FE was therefore used for the ex-

perimentél design. The high pore volume of this support made it easy
to vafy the metal content of the support (catalyst) over a wide range
for the experimental desigp which was used to optimize the weight pér—
cent of the various metals,.nickel and tungsten, on the support for a

catalyst of maximum hydrodenitrogenation ability.

The preliminary Catalyst Preparation Tests were conducted utilizing
15 to 20 percent tungsten together with 5 to 10 percent promoter, if
any, on the catalyst support. The reasons for choosing these ranges of

metal content(s) were:

(1) The results obtained during the Exploratory Testing

using Harshaw's nickel tungsten catalyst.

(2) Commercially available hydrotreating catalysts that
were developed originally for hydrodesulfurizafion
contain only 10 to 12 percent (total) of impregnated
‘metals. But Reference 20 notes the increased activity
of this type of catalyst for hydrodenitrogenation in

" the range containing 20 to 40 percent (total) of -

impregnated metals.

Higher metal contents were not utilized because of the possibility.of
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plugging the pores of the catalyst support. This could result in a

decrease in the catalyst activity due to the plugging of the pores.

EXPERIMENTAT, DESIGN AND CATALYST EVALUATION TESTS

Experimental Design

In an attempt to determine the "optimum" amount of nickel (promoter)
and tungsten (primary metal component) that should be impregnated onto
the support (Al—1802;E) to yield a catalyst of maximum hydrodenitrogen-—
ation activity, an experimental design was employed. The method of
response surfaces was used to determine the effect of these quantitative
factors on the catalyst activity. The second order design employed
yielded a polynomial (quadratic) approximation of the true response

surface.

The second order design chosen for this work was the "Central
Composite Rotatable Design" (Ref.-9). In a rotatable desigp, the stan-
dard error is the same for all points that are the same distance from
the center point of the design. As noted in Ref. 9, this property-is a
reasonable one to adopt for exploratory work in which the experimenter
does not know in advance how the response surface will‘orient itself”
with respect to the X-axes. Consequently, he has no rational basis for
specifying that the standard error should be smaller in some directions

than in others.

The basic layout of the design used is shown below in Figure 2.

The design points are shown in the coded scale. The relationship be-
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TABLE III. EXPERIMENTAL DESIGN TEST POINTS

Design Point ~  Coded Scale Value Actusl Desired Scale Value
1 - (0, 0) ‘ ~ (7.00, 16.00)
2 (1, 1) ' (10.54, 23.07)
3 B ¢ PO DI (10.5k4, 8.93)
L | (-1, -1) - (3.46, 8.93)
5 (-1, 1) (3.46, 23.07)
. 6 (0,.v/2) (7.00, 26.00)
7 (V/2, 0) '  (12.00, 16.00),
8 _ (0, -V2) (7.00,:6.00)
9 (-/ 2, 0) - (2.00,. 16.00)

As noted in Table III, the nickel contgnt,_‘Xl9 of the cafai&éts
tested iﬁ the experimental design ranged frdm 2.00 to 12.00 Weight per-—
cent. The tungsten coﬁtent9 X2, of tﬂé catalysts ranged from 6.00. to
26.00 percent (weight ﬁercent). Catalysts were prepared with composi-
tions near the desired ones and were tested. The catalysts were pre-
pared with compositions as near as possible to the actual scale desired.
value. The range of nickel and tungsten catalyst contenté were.chosenv
for study on the basis of the experimental results obtained to date and
a knowledge:.of the maximum amount of metal that can be impreénated onto
supports of the type being employed without causing excessive plugging
of the catalyst's pores which would‘result in a decrease in the catalyst
activity. As noted in References 20, 31, and others, the total me£ai on

catalyst supports of the type used herein should not exceed the 25 to 35
\

|

1
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percent (by weight) range; If higher metal contents are used, plugging
of the catalyst poreg and decreased catalyst activity will probably

result.

As notéd previously, the center point of the design was tested five
times. .The purpose of'this was twofold. It provided four degrees of
freedon for'estimgting the experimentél error and it determines the pre-
cision of the estimated conversion at and near the center of the design.
If there were many replicatioﬁé of the center boint, the standard error .
would be low at the center and increase rapidly as we moved away from
the center. With only one or two replications of the center poiné, on
the other hand, the standard error may‘be greater at the center point
fh;n at the other-éxperimental points. The number of center point re-

plications used, (five), provides that the standard error of the pre-

dicted conversion is approximately the same at all points tested.

Since this experimental design assumes that the experiment is to.be "~
randomized, the different treatment combinations- (experimental points)

were applied (tested or carried out) in a randomized order.

It should 'be noted that the polynomial (quadratic)'expression gen—
erated should not be extrabolated outside of the designs limits;.i.e,;
it should be applied only within the region of Xl and X2 covered by the
experiment. Any predictioﬁs made from the polynomial about the responsé '

outside this region should be verified by experiment before putting

reliance on them. Catalysts,wererprepared‘ih the method described
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earlier in this thesis, with nickel and tungsten cqntents suitable for
the "Central Composife Rotatable Design" described above. Table IV
below presents a comparison‘between the desired.design metal contents
of the catalysts and the actual metal contents of the cataiyst tested.

As noted previously, the prepared catalysts had compositions verj close

to the desired compositions. -

TABLE IV. COMPARISON OF THE DESIRED AND ACTUAL METAL CONTENTS OF THE
DESIGN'S CATALYSTS

Design o .
Point ‘ Degired Values Actual Values
Weight Percent Weight Percent Weight Percent Weight Percent
Nickel Tungsten . Nickel Tungsten
1 T.00. ' 16.00 7;5 15.1
2 10. 54 23.07 10;2 23.1
3 10. 54 8.93 10.8 9.0
4 3.46 | - 8.93- 3.5 9.0
> 3.46 ' 23.0T7. . 3.5 23.0
6 ~ 7.00 26.00 6.8 | 25.8"
T 12.00 16.00 ll.é o 15.9
8 7.0 . 6.00 7.0 6.0
9 2.00 . 16.00. . 2.5 16.0

All‘of the catalysts were tested at the same "standard operating

conditions” noted in Table V-A, on pagel00. The randomized order of
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testing is noted below in Table V. There are nine points.but thirteén

total tests in the design.

TABLE V. EXPERIMENTAL DESIGN POINTS TEST ORDER

Test Order Design Point
1 | 9
2 8
3 1
N 2
5 6
6 . 4
T 1
8 3
9 1
10 5
11 T
1z . - , 1
13 1

.The conversion of nitrogen obtained utilizing each catalyst was
taken as the average of the conversion that was obtained from the‘Samplés"
taken after 12 or more hours of -reactor operation. Thé tests were gen-~
erally between 2L and 48 hours in length. Statistical analysis of the
conversion data ﬁaken after 12 hours of reactor operation indicated that

the conversion was independent of the run length for these testsy i.e.,
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the catalyst lineout time and characteristics of the nickel tungsten

catalysts were similar to - those of the cobalt/nickel molybdate catalysts.

In order to determine if significant differences existed between
the treatmonts (catalysts) tested in the "Central Composite Rotatable
Des?gn", the experimenfal data from the design were analyzed first by
the method of Analysis of Variance. The design is characteristic of a
completely random design with one-way classification. In an attempt
to determine 1if signifioant differences existed beﬁween repeated treat-
ments othef than thot due to the chemical analysis of the samples,lall
samples were analyzed in duplicate. Therefore, for each test con-.
ducted in the design, two separate conversion values were obtained ——

one from each analysis.

The experimental design used in determinihg the "obtimum" amount
of nickel and ‘tungsten that should be impregnatod onto the support to
yiela a catalyst of maximum hydrodenitrogenation activity was basically
a completely randomized design; (i.e., the tests were carried out in a

randonized order and the experimental units were essentially homogeneous.)

Preliminary analysis of the data from the "Central Composite Ro-
tatable Design" using the principles of analysis of variance for one-
way classification and equal subsample numbers is summerized in the

following Analysis of Variance Table.
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TABLE VI. ' EXPERIMENTAL DESIGN

(Analysis of Variance: One-Way Classification with
Unequal Replication and Equal Subsample Numbers.)

Source of Degrees of © Bum of Mean : F

Variation Freedon Squares Co- Square
Treatments 8 186.48 32.31 15.2k4
Experimental
Error . L - 6.12 1.53 8.50
Sampling .
Error 13 : 2.3k 0.18 ———
Total 25 19Lk.9ok _— R

Using this Analysis of Variance Table (Table VI) the null hypothesis -
was tested that there was no-differenée in the treatment (catalysts)
tested; i.e., the hypothesis was tested that there was no significant
activity difference in the catalysts tested. This hypothesis was re-
jected. In fact, we can be at least 99 percent confident that there aré ’
activity d?fferences in the catalysts tested. (F with 8 and 4 de-

0.01L.

grees 6f freedom is 14.8.)

Experimental error may or may not contain variastion in a&dition to
that among thg subsamples (sampling érror). This will depend upon the
environmental differences that exist from run to run. If the two mean
squares for experimental error and'sampling error were of the same order
of magnitude; then any variation among like treatments could be attributed
,éntirely to the sampling error (chemical analysis). The experiméntal |

error is usually larger than the sam@ling error since 1t contains an
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additional random source of variation; that is, environmental differ-
ences from run to run. If F

calculated 1s greater than Ftabled with b
and 13 degrees of freedom where

_  experimental error mean sduare
calculated sampling error mean square

ana F is the: tabled P value, then there are real sources of vari-
tabled .

ation in similar tests other than those due to the chemical analysis
(sampling error).

caleulated = 8.50 and is greater than P.

6. 01 (with 4 and 13 degrees
of freedom).

Therefore, we are at least 99 percent confident that an
additional source of variation other than sampling error caused by en-—

vironmental differences exists from run to run.

;

The standard error of a treatment mean is SSE = 0.391 percent and

the standard error of a difference between treatment means is Sa-= 0.958
percent,

The meaning of these qualities, 8=
and Sa? will be discussed later.

The statistical analysis of the data from the "Central Composite.

Rotatable Design" in two X-variables is discussed below. The method of

data analysis used is éimilar to that shown in Ref. 9.
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Table VII below lists the nitrogen conversion obtained at each of

the points in the deﬁign:

TABLE VII. EXPERIMENTAL DESIGN CONVERSION DATA

Design Point .. . Percent Conversion

1 : 90.80

1 : , 90.90

1 | - 89.55

1 91.25

1 | . 91.95

2 ) 87.85

3 | - 83.75 "
N 85.50

5 87.15_’

6 , , . 87.80

7 8L.25 )

8 8k.85

9 ‘ - 86.35

Initially, this data was utilized to determine the second order
fitted response surface in the coded scale. The resulting fitted-

response surface in the coded scale is shown below.

A . ' 2 2
vy = Oo + blxl + b2x2 + bllxl + b22X2 + b12X1X2

or




A 2 . 2 . ‘
y = 90.89 - 0.5025x%, +;l.2hOx2 - 2.733%," - 2.200x," + 0.6125xlx

A . ) .
where, ¥ = the estimated nitrogen conversion, percent

X. and x

1 2
b. and b. .
i ij
i

J

coded scale values of weight percent -

]
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nickel and tungsten, respectively

the regression coefficients:

0,1,2

1,2

2

The Analysis of Variance Table for the "Central Composite.Rota-

table Design" is shown below. An examination of this table leads to

the following conclusions about the fitted response surface.

TABLE VIIT.

Source of

First, since the mean squafe for lack of fit is of the same

ANATYSTS OF VARIANCE:

Degrees'of

Variation Freedom .
First-Order

Terms 2
Second-Order

Terms 3
Lack of Fit 3
Experimental

Error k

Total 12

Sum of
Squares

1k.32

78.02

0.90

3.06

96.30 .

Mean

Squares

7.16

" 26.01

0.30 .

CENTRAL COMPOSITE ROTATABLE DESIGN

9.36

34.00.

1 0.39

order

of magnitude as the experimental error mean square, a second order re-

sponse surface appears to be adequate for describing the true response
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surface. Fy . With 3 and 4 degrees of freedom is 16.69. Also, both
' ' 0 . .
the first and second order terms give significant mean squares. There-

fore, all terms in the response surface equation should be retained.

The standard error of the various regression coefficients are:

s.e. (b;) = s.e. (b,) = s/0.125 = 0.310

s.e. (bll) = g.e. (b22) = 5/0.125 + 0.01875 = 0.332

s.e. (by,) =5 Of25 = 0.438

An examination of the fitted surface indicated that the position of

maximumf? is located at the position i

1 = 0.27082, in

= -0:06159 and 22

the coded scale. This corresponds to a catalyst with x, = 6.78 weight

1

percent nickel and x, = 17.92 weight percent tungsten in the actual

2
scale. This is the "optimum" catalyst. composition for a catalyst of
maximum hydrodenitrogenation’activity. The estimated maximum.? from the

fitted response surface is 91.07 percent nitrogen conversion. This is,

of course, with the operalting conditions utilized for the design tests.

In order to further interpret the data from the "Central Composite.

Rotatable Design" in two x~variables, an analysis was made of the result-.
| .

ing contour surface. In Figure 16A, some contours of equal response are

plotted; i.e., plots of conétant'? are shown. This Figure, page 160,

should be consulted during the reading of the following discussion of

_the "Central Composite Rotatable Design" results.
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The results.obtained‘from the experimental design indicate. that wé
can be at least 95 pércent confident that the catalyst corrésponding to
the experimental design's center point is significantly more active than
any of the other experimental design catalysts. That is, we can bé at
least 95 percent confident that the catalyst composition corresponding

to that of the center point of the design (xl = 7.00; x, = 16.00) pro—-

2

duces a more active catalyst than any of the other experimental design
catalysts. The mean conversion obtained with this catalyst was 90.89

percent, (S 2.66 and 90.89 - 2.66 = 88.23). In fact, we can

a%0.05,4 ~
be at least 99 percent confident that this catalyst is significantly

more active than all of the other catalysts in the design except the
design point catalysts 2, 5, and 6. It would, theréfore, appear that
the most economical of the catalysts to produce of the four "best". cat-
al&st compositions tested in the design is also fhe most active catalyst;

i.e., the x. = 7.00 and x

1 = 16.00 composition catalyst. These same

2

conclusions can be drawn about the predicted "optimum" catalyst in com-—
paring'itAWith all of the design'’s catalysts except the design center

point catalyst.

As noted in Figuré 16A, by the plotted contours of contant §; the

response sﬁrface is relatively flat over the range of Xy and Xy values.

studied. Also, it is noted that the range of variables tested produces

L s

. . _ A _ _
a maximum. Since Sgt 2.66, the ¥ = 88.41 - 3%0.05,k

0.05,4 ~

91.07 -~ 2.66 corresponds to the range of catalyst cdmpositions which are
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within the 95 percent confidence interval range of the "optimum" cat-
alyst composition. Catalyst compositions within the 86.66’9 ellipse
range are within the 99 percent confidence range of the "optimum" com-

position catalyst.

A . _R
(ymax SdtO.Ol,h B 86'56 =7)

<

As noted in Figure 16A, the predicted optimum conversion (91.07

percent) occurs at x. = 6.78 welght percent nickel and x, = 17.92 Weight

1 2

percent tungsten. This composition is quite near that of the catalyst

at the center point of the design (xl = 7.00; x, = 16.00). and the mean

2
conversion for fhe design center point catalyst (90.89 percent) was
quite near the predicfed Optimum. For thgse reasons and the fact that
this "Central Composite Rotatable Deéign" center point catalyst had been
used to obtain data on the effect of the process variables, temperature -
and pressure, on the activity of the catalyst, a catalyst with optimum
catalyst composition was not pfepared and tested. This did not seem to.
be necessary in view of the fact that the design center point‘catalysf'

was..nearly identical to the predicted optimum catalyst composition and

its activify was also near that of the predicted optimum.

Using the Si value obtained from an analysis of the design's .re-

sults, Sa-= 0.958, it is noted that we can not even be 50 percent con-

. fident that the predicted optimum conversion at x, = 6.78 and X, = 17.92

1

is significantly different from the design center point mean conversion

: A
(s 0.71). For any point within the y = 90.36 = 91.07. - 0.T1

ito.5,4 =
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contour, Figure 164, we are not more than 50 percent confident that the
conversion obtained will be different from the ‘conversion obtained with
the predicted optimum composition cafalyst; Therefore, as noted pre-
viously, it is felt that'the design center.point catalyst conversion is
guite representative of the conversion that could be obtained with the
predicted optimum catalyst. In essence, these results simply mean that
the response<surface is fairly flat around the predicted "optimum"

composition.

Catalyst Evaluation (Comparison) Tests

Considering the results obtained from this analysis of the "Central
éomposite Rotatable Design" data, it was felt that the data obtainéd
utilizing the center point of the designs catalyst was simiiar to what
would be obtained with the "optimized" catalyst céﬁposition. .Therefore,

a few tests were conducted in order to facilitate an adequate comparison
of the developed catalyét‘s activity with the commercilal catalysts tested
earlier. The results of this catalyst comparison study are summarized

in Figures 17A and 18A. TFigures 19A and 20A present the results of

tests conducted in order to determine the effect 5f the process variables,
temperature aﬁd L.H.S.V., on the developed catalyst activity. These

Figures are discussed in detall below.

The catalyst comparison test results presented in Figures 1TA and
r
18A clearly indicate the superiority of the nickel tungsten type catalyst:

on a silica-alumina support over the commercially available cobalt/nickel
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molybdate hydrotreating cafalysts fof the hydrodenitrogenation of
petroleum gas oils. %Houdry "en cafalyst was the most active of the
cobalt/nicﬁel molybdate catalysfs tested. It is also noted that the
nickel tungsten type caﬁalyst on an alumina support is not.as active
for hy@rodenitrogenation as a similar catalyst on a silica-alumina sup-
port. The results presented in these figures also indicate that the
developed "optimum" nickel tungsten sulfide catalyst is as active as
Harshaw's hydrocracking , Ni-44O01-E nickel in the reduced form, tungsten
as the sulfide, catalyst. Harshaw‘; catalyst contains 6 percent nickel
and 19 percent tungsten on a silica-alumina support which contains
approximétely 50 percent silica (SiOE). Thé developed nickel tungsten
sulfide catalysts contain approximately T percent nickel and 18 percent
tungsten on a silica-alumina support which contalins between 5 and 7

percent gsilica. This catalyst requires presulfiding to convert the metal

oxiaes to the sulfide form, for a catalyst of maximum activity.

Figures 1TA and 18A both indicate the ingreased catalyst activity.
resulting from the use of a silica alumina support instead of an alumina
support. The increase in catalyst activity resulting from using nickel

v

as a proﬁoter on the tungsten catalyst is also noted in TFigure 18A.

Effect of L.H.S.V. and Temperature on the Developed Catalyst Activity
The results presented in Figure 19A show the effect of temperature’
~on the developed cabtalyst activity for hydrotreating petroleunm éas oils.

Over the 700 to 800°F range, at the 0.5 L.H.85.V. employed, the sulfur
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removal was always greater than 95 percent. As expected, the sulfur con-
vérsion incireased wifh increasing tempersture at the constant L.H.S.V,
émployed. The heavy gas oil employed contained 0.824 weight pércent
sulfur; Over this éame range of temperature,ai 0.5 L.H.8.V., the nitro-
gen copversion decreased from 91 percent at 800°F to approximately 5k
percent at TOO°F. The results indicate that for a high degrée of de~-
nitrogenafiqn of ﬁigh nitrogen c&ntent gas oils, temperatures‘greatef
than T50°F would probably be required even when employing the highly
active nickel tungsten sulfide on a silica-alumina support catélyst at

0.5 L.H.S.V. and 1000 psig.

in Figure 20A the effect of L.H.S.V. on the developed catalyst hy-
drotreating activity is shown. The L.H.S.V. was varied from 0.25 to
2.0 and the tempergture was held constant at 800°F. It is noted that
the sulfur conversion was greater than 97 percent over th;’range of
L.H.S;V. employed; As expected, the sulfur conversion decreased with in-
creasing'L.H.S.V. The nitrogen conversion decreased from 97.5 pércent
at the L.H.8.V. of 0.25 to 52.5 percent at a L.H.S.V. of 2.0.. The re-
sults indicate that a L.H.3.V. of near 0.5 or less is needed in conjunc-
tion with the 806°F temperature to insure a high degree of nitrogen re-
moval from high nitrogen content petroleum gas oil even when ﬁtilizing
the highly active nickel tungsten type catalyst. As noted previously, all
- tests were conducted at 1000. psig and increasing the pressure would in-

crease the nitrogen conversion.
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As noted in Table VI-A, the effect of acid washing the product
samples prior to anaiysis to remove nitrogen was investigated. This
was doné, primarily, duriné the Experimental Design portion of the
research effort. It was noted that a dilute acid (3% HCL) wash éould
remove some of the nitrogen from'the product sample;. The higher the
nitrogen content of the product, the more effective at removing the
nitrogen was the dilute acid wash; i.e., a greater amount of nitrogen '

was removed from the product samples with the highest nitrogen content. .

In general, the samples were not acid washed prior to'analysis,




SUMMARY AND CONCLUSIONS

In summary, the"major conclusions obtained froﬁ tye research work
presentéd herein We}e:
(1) That a properly prepared nickel tungsten catalyst .
o on a silica-alumina support is more effective at
removing nitrogén from high nitrogen content petro-

leum gas oils than the presént commercially used

cobalt/nickel molybdate catalysts.

(2) Use of a silica-alumina catalyst support contain-
ing 5 to T percent silica (Si02) by weight results
in a more active catalyst than a similar catalyst

on an alumina support.

(3), Proper sulfiding of the catalyst prior to use can
result in a more effective (active) catalyst; i.e.,
thé catalyst is more active when the metals are in
their sulfide form rather than the oxide form.
Catalyét‘presulfiding is recommended for maximum

catalyst activity.

(L) For maximum catalyst hydrodenitrogenation activity,
a catalyst containing approximately T percent by
welght nickel and 18 percent by Weight'fungsten is
‘required. It was noted; however, that the response
surfacé ig relatively flat near the point of " optimum”

Y

catalyst é@mpositionr
\




(5)

(6)

(8)
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That of the conventional hydrotreating catalyst
promoters'(nickel, cobalt, and molybdenum), nickel
is by far the most effective promoter for the tung—'

sten type hydrodesulfurization catalyst.

The developed nickel tungsten catalyst is a very
active hydrodenitrogenation catalyst. Sulfur is

removed much easier than nitrogen even though it

~is present in a much higher concentration.

. Although a complete analysis of the product was not

made at all test conditions, hydrocrécking can be
kept below a level Which will result in "excessive"
coking of the catalyst; i.e., high nitrogen removal
can be obtained without causing "excessive" catalyst
deactivation due to catalyst coking during hydro-

treating.

As expected, the developéd catalyst's h&drodenitro—
genation activity decreased with increasing L.H.S.V.
and decreasing temperature. Whep hydrotreating the
éanta'Maria high nitrogen content gas o;l at 1000

psig and 5000 SCF H, per bbl, a temperature of T50°F

2
or greater was required for high (#80%) nitrogen re-.

moval at a L.H.S.V. of 0.5 and a 0.7 or less L.H.S.V.

was requifed at the B800°F temperature level.

\

|
!




—90-

(9) That the developed catalyst is superior to cur-.

(10)

rently available, commercially used hydrodenitro-

_'genation.catalysts. Tt is rugged, long-lived, and

operated at temperatures and'pressures'that are

moderate and economical to obtain.

In view of the above results, the research objec-

tives were realized.




RECOMMENDATIONS . FOR FURTHER WORK

The results of the research work presented herein and thaf pre-

sented in Reference 20 indicate that improved catalytic processes can .

be developed for more effective removal of nitrogen from petroleum gas

oils. Although many possibilities exist for furthur work on the re-

moval of nitrogeh from petroleum fractions or their potential substitute

oils, it is-believed that the most fruitful would be the following:

(1) Investigations -into the possible use of other
metals as catalysts of greater dctiVity than those

presently used.

(2) Investigations into other possible methods (pro-
cesses) by which the ni%rogen méy be removed from
the oil; i.e., investigations.of methods for the
removal of the nitrogen by means other than hydro-
t;eating the oil to obtain a hydrocarbon and

Qmmonia as the products.

'(3) Investigations into other possible catalyst supports. -
and'preparation'techniques for the metal catalysts;’
.i.e., 'evaluate other catalyst supﬁorts such as
molecular sieves, unsupported, etc., or other catalyst”
preparation-ﬁariables in order to increase the cat-.

alyst activity.

As noted in the INTRODUCTION section of this thesis, the results

of




92—

this research should be gf considerable practical value since ﬁhe nitro-
gen compounds in pefréleum and its potential oil substitutés are similar
in nature. Possibly the catalyst de%eloped herein should be evaluatéd

for hydrdtreating;the various potential petroleum substitute oils such -

as shale oil, products from coal hydrogenation, or oil from the tar

sands in Canada.

An investigation into the effect of feedstock variables on the
nickel tungsten catalyst's hydrodenitrogenation activity also seems’
justified, Such a study should include a complete analysis of both the

feedstock and the product streams, nitrogen analysis, sulfur analysis,

ASTM distillation, etec.
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Feedstock
Identification
Number

Supplier of
Feedstock

Weight Percent
Nitrogen (Total)

Weight Percent
Sulfur (Total)

%Gravityg CAPT

¥Boiling Range
IBP
10%
50%
90%

<

California
Research
Corporation

0.238
0, Th*
21.9

543°F
651 -
71k

793

TABLE I-A. FEEDSTOCK PROPERTIES

2

California
Research
Corporation

0.181

0.58

23.5

540°F
612
675
750

¥Properties supplied by supblier of feedstock.
lation D=1160, with temperatures corrected to

California
Research .
. Corporation

0.319

0.82h

(Boiling range

760 mm.) - ‘

4 , 5
Richfield Shell
0il Development
Corporation Company
0.256 0.335
1.0 1.18%
21.0 _ 22.9 .
Losor ———
633 6Lo°F
Tho - T70
870 . . 920

determined by ASTM Distil-

_1.(6_ '




TABLE IT-A.

Weight

COMMERCIAL CATALYST PROPERTIES*

¥Properties obtained from the manufacturer.

Catalys®h Weight Weight Surface  Pore Apparent Ave. Support
Manufacturer Percent  Percent  Percent Ares Vol. Bulk Pore  Type
and Identifi- Ni or Co or Primaxry (Mg/g) (co/e) Density  Dia. and
cation Symbol . NiO Co0 Metal; Mo, & (#/et3)  (a0) Size
MoO39 or W X
Peter Spence —_—— 2.5 1k.0 1/8" x
& Sons, Ltd. (Co0) (MoOB) —_— ——— 1/8" al-
(P.s.) umina,
pellets
Houdry Pro- —— 3.0 15.0 310 to 0.h45 53 55 "
cess & Chem. Co. (Co0) (MOOB) 340 ‘ l/§ al-
(Houdry "c") wming ex-
trusions
American Cyanamid 3.1 ———— 15.0 200 0.60 35 ———— 1/8" al-
Co. (Aero HDS-3) (NiO) (MOO3) umina ex—
trusions
American Cyanamid —-——-— 3.0 15.0 260 0.55 43 ——— 1/8" g1-
Co. (Aero HDS-2) (Co0) (MoOB) umina ex-
trusions
Filtrol Corp. 2.25 1.25 11.0 >300 0.4k L6 50 1/8" g1-
(PG 500-8) , (Wi) (Co) (Mo) umina ex-
trusions
© Filtrol Corp. —_— 2.8 15.0 >300 0.43 - 45 50 1/8" al-
(FG 475-8) (Co0) (¥00.,) : umina ex-
. trusions
Girdler Catalysts -- 3.5 10.0 210 0.27 60 55 3/16" x
(G-35B) (Co0) (MoO3) 1/8" a1-
~umina
tablets

....g6....




TABLE TI-A (continued) ¥

Weight

Catalyst Weight  Weight Surface . Pore

Manufacturer Percent Percent Percent Area Vol.

and Identifi- Ni or Co or Primary 2

cabion Symbol NiO - CoO0 Metal; Mo. /&) (cc/e)

MoO3, or W

Davison Chem. 0.3 1.9 10.0 (Mo) 200 0.35
(Nicomo 12) (i) (Co)

Nalco Chem. Co. =——- 3.5 12.5
(Nalcomo L71) (Co0) (MOOB) 270 0.48

Harshaw Chem. 6.0 ——— 19.0 (w) 212 0.39
(Ni-4401-E) (i)

Harshaw Chem. 6.0 _—— 19.0 (W) 140 0.48
(Ni-4L03-E) (Ni)

¥Properties obtained from the manufacturer.

Apparent Ave. Support
Bulk Pore Type
Density Dia. and
(#/ft3) ’ (Ao) Size
L1 ———— 1/8" g1~
' umina ex-
trusions
40 7L 1/8" al-
umina ex-
trusions
59 ——— 1/8" silica O
. . N
alumina ex- 1
trusions
50 ———— 1/8" g1~
umina ex-—
trusions




CATATYST SUPPORT PROPERTIESl

TABLE ITI-A.
Manufacturer Tdentification Support Type Surface Pore Apparent Pore
Number and Size2 Ares Volume : Bu}k Dia.
M2/g ce/g Density °A3
#/5t3

Harshaw Chem. A1-010k4-T 1/8" alumina 80 to .28 to L to 58 ———
tablets 100 .33

Harshaw Chem. Al-1LoL-7 1/8" aluminsa 180 to L2 to LT to 55 ——
tablets 200 .51 .

¥*Harshaw Chem. A1-1602-T 1/8" silica- 210 to 18 52 —

: alumina 2L0o

tablets

¥Harshaw Chem. A1-1T06-E 1/8" alumina 207 .82 35 ———
extrusions

¥Harshaw Chem. A1-1802-E 1/8" silica- 277 .91 33 ——
alumina
extrusions

Harshaw Chem. A1-1906-E 1/8" alumina 181 .56 Ive) ——
extrusions

%Chemical Pro- T-126 1/8" by 3/16" 200 to .30 —— ———

ducts Division alumina 250

Chemetron Corp. tablets

Girdler Catalysts

Properties supplied by manufacturer.

Supports that were tested.
°A = Angstroms.

W %k MK

The silica-alumina supports contained approximately six percent silica (SiOE).‘

_L6...




TABLE TII-A (continu_ed)l

Manufacturer Identification Support Type Surface Pore
Number . . 2 Area Volume
and Size 5 cc/
M /g &
*Nalco Chem. 6h-2542 1/16" alumina 250 0.60
extrusions’
Aluminum Co. H-51 8 to 14 mesh 350 0.50
of America silica-
(Alcoa) alumins,
Aluminum Co. F~110 1/8" alumina 180 to 0.38
of America balls 280
(Alcoa)
Aluminum Co. H-151 1/8" silica- 350 0.30
of America - aluming
(Alcoa) balls
Kaiser Chem. " KA-101 1/8" glumina 360 0.57

w %M H

tablets

. Properties supplied by manufacturer.
The silica-alumina supports contained approximately six percent silica (8iO
Supports that were tested.

°A = Angstroms.

Apparent Pore
Bulk Dia.
Density °A3
33 _96
52 to 59 60
25 50
52 to 55 50
L5 6L

2)'

_86_




Catalyst

TABLE IV-A.

TIdentification

Symbol

ED-1
ED-2
ED-3
ED-L
ED-5
ED-6
ED-T
ED-8
ED-9

-99=

PROPERTIES OF THE PREPARED CATALYSTS

AANONONO OO O N U O

g
D OoOWW.o O3
U1 O O 00T\ Co O T

| d

O\ o U Ul

Weight
Percent
Promoter

OCOFHIOWVWTIWU O

o w1\

n

(Cobalt)
(Molyb-
denum)

Welght
Percent

Tungsten

1k,
13.
1k,

0.
- 20.
17.
1T7.
18.
1k,
i5.

V10O O N O = ol

15.
12.
16.
15.

—~ =u

17.

\

15.

l_l

15.
23.

9.

9.
23.
25.
15.
- 6.
16.

OO0OWWOOOHHH

Catalyst
Support

Used2

T-126
T-126
T-126
T-126
L2542
L2542
6h-25L2
64-2542
L2542
L2542

A1-1802-E
A1-1602-T
A1-1602-T
Al-1T06-E

62540
A1-1602-T

A1-1802-E
A1-1802-E
A1-1802-E
A1-1802=F
A1-1802-E
A1-1802-E
A1-1802-E
A1-1802-E
A1-1802-E

Unless otherwise noted, the promoter was nickel.

"See Table ITI-A on the previous pages.

Nickel impregnated first.
the tungsten was impregnated first.)

(For all other.catalysts.




I TABULAR SUMMARY OF RUN NUMBERS, OPERATING CONDITIONS, AND RUN OBJECTIVE(S)

TABLE V-A.
. ' 1 ' 2 .
Run Catalyst Used Feedstock Operating
Number  (Identification (Identification Conditions Run Objective(s)
Symbol) Number) : -
) 1 Houdry "C" 1 Hydrogen flow rate = - Exploratory test. To deter-
8,000 SCF/bbl. Cat- mine run length necessary to
"alyst not presulfided. ensure complete lineout. To -
determine reasonable operat-
ing conditions for catalyst
comparison tests.
) Houdry "C" 1 Same as Run 1. To determine experimenfal error
(precision).
3 Houdry "C" 1 Same as Run 1. To determine experimental error
(precision).

1 See Table II-A or IV-A for identification of the catalysts from the symbols given below.

See Table I-A for feedstock properties.

Only conditions other than the standard operating conditions will be noted below.
The standard operating conditions were:

(a)

Operating pressure = 1000 psig.

Operating temperature = 800°F.

Liquid Hourly Space Velocity = L.H.S.V. = 0.5 ml of oil/hr-ml of catalyst.
Hydrogen flow rate = 5000 SCF/bbl of oil.

120 ml catalyst charge -

Catalyst presulfided by passing a 20 percent hydrogen sulfide ~ 80 percent
nydrogen (by volume) gaseous mixture over the catalyst, at 650°F, at the
rate of 2 standard cubic feet of gaseous mixture per hour. Sulfur equal:x
to one-~half of the welght of the catalyst was passed over the catalyst.
(The catalyst was allowed to cool to room.temperaiure before starting the
test run.)

=001~




TABLE V-A (continued)

=0T~

Run Catalyst Usedl Feedstock2 Operating’
Number (Identification (Identification Conditions Run Objective(s)
Symbol) Number )
L Houdry "C" 1 Hydrogen flow rate  To determine the effect that
8,000 SCF/bbl. sulfiding the catalyst has on
~ its hydrodenitrogenation act-
ivity. .
5 Houdry "C" 1 Same as Run L. To determine experimental error
(precision).
6 Houdry "C" 1 Hydrogen flow rate = Used with Run U4 to determine
16,000 SCF/bbl. the hydrogen flow rate nec-
essary to assure that the hy-
T Houdry "C" 1 Hydrogen flow rate = drogen flow rate does not limit
2,500 SCF/bbl. the nitrogen-removing ability
. of the catalyst.
8 Houdry "C" 1 Hydrogen flow rate =
i 1,000 SCF/bbl. "
9 Houdry "'cC" 1 Hydrogen flow rate =
: 5,000 SCF/bbl. "
10 Houdry "C" 1 90 ml catalyst charge Used with Run 9 to determine
that film diffusion was not
11 Houdry "C" 1 60 ml catalyst charge controlling the reaction rate,
and thereby the nitrogen con-
12 Houdry "C" 1 L.H.8.V. = 1.0 version, at the test condi-
. tions being employed.
"13 Houdry "C" 1 60 ml catalyst charge
L.H.8.V. = 1.0 "
ik Houdry "C" 1 30 ml catalyst charge

L.H.8.V. = 1.0




TABLE V-A (continued)

L.H.8.V. = 2.0

Run Latalyst Useéil ;Feedstock2 Operating
Number (Identification  (Identification Conditions Run Objective(s)
Symbol) Number )
15 P.S. 1 "Standard"
16 Houdry "C" 1 Temperature = T50°F
17 P.S. 1 Same as Run 16. CATATYST
18 FG 500-8 1 Same as Run 16
19 FG 475-8 1 Same as Run 16. ACTIVITY
20 Wicomo 12 1 Same as Run 16.
21 _ ._.—Aero HDS-3 1 Same as Run 16. COMPARISON
22 Aero HDS-2 1 Same as Run 16.
.23 Nalcomo 471 1 Same as Run 16. TESTS
2k G-35B 1 Same as Run 16.
25 FG 500-8 1 "Standard" "
26 Aero HDS-3 1 "Standard" "
27 FG L475-8 V1 "Standard" "
#28-A FG 500-8 1 L.H.8.V. = 1.0 To determine the effect of
#08_B FG 500-8 L.H.3.V. = 2.0 space velocity and tempera-
ture on the nitrogen re-
*20-A FG 500-8 1 Temperature = T50°F moving capability of com-
L.H.8.V. = 1.0 mercial nickel/cobalt
. ' molybdate hydrotreating -
#29-B FG 500-8 1 Temperature = T50°F  catalysts.
' L.H.S.V. = 2.0
30 FG 500-8 1 Temperature = TOO°F n
*¥31-A FG 500-8 1 Temperature = TOO°F "
SR ' L.HE.S.V. = 1.0
%31-B PG 500-8 1 Temperature = TOO°F "

=201~




Feedstock2

TABLE V-A (continued)

—€0T~

Run Catalyst Usedl Operating )
Number (Identification (Identification Conditions Run Objective(s)
Symbol) Number ) ' e S
¥30-A FG 500-8 1 60 ml cat. charge To determine the effect of
. L.H.5.V. = 5,0 space velocity and tempera-
: ture on the nitrogen-removing
¥30.1 FG 500-8 1 60 ml cat. charge capability of commercial
Temp. = T50°F nickel/cobalt molybdate
L.H.S.V. = 5.0 hydrotreating catalysts.
1"
33 FG 500-8 1 60 ml cat. charge
: Temp. = TOO°F
L.H.8.V. = 5.0
34 Houdry "C". 1 Temperature = T50°F "
' L.H.S.V. = 1.0
35 P.S. 1 Temperature = T50°F "
L.H.S.V. = 1.0
36 P.S. 1 Temperature = 800°F "

L.H.S.V. = 1.0

Note that some runs hawve more than one seb of operating conditions per run.




TABLE V-A (continued)

_1_(0-[._

. 1 2 .
Run Catalyst Used Feedstock Operating . .
Number (Identzfication (Identification Conditions Run Objective(s)
Symbol) Number )
~x~x~37)'L .
Ni-4Lh01-E 2, 4, and 5 Catalyst not To evaluate Nickel Tungsten
(Feedstocks 4 & presulfided. type catalysts for hydro-
5 were used for Recéived in sul- dJdenitrogenation. "To demon-
only approx. fided form. strate catalyst life capability
2 days each) Temp. 800°F of the tungsten type catalysts
for first 62.5 for hydrodenitrogenation of
days except for  high nitrogen content petro-
brief 12-hr per- leum feedstocks.
iod at T50°F.
Temp. 820°F for
last 27.5 days.

'38)'L Ni-4h0l-E - 2 ~ "Standard" To determine experimental
error (precision). To ob-
tain an analysis of the
effluent gas from the re-
actor.

394 Ni-Lhoi-E 2 f'_Stanélard" "

*% Txtended 90-day test run.

¥ A "P" after a run number indicates that the run was a preliminary catalyst
preparation test run. That is, it was used. to obtain information on the.

best method of preparing a tungsten hydrotreating catalyst.

The "best method"

being the method that yields the most active catalyst.

required.) : .

Catalyst received in sulfided form from manufacturer. (Presulfiding not







































































































































































































