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Abstract:

Promoted alumina silica catalyst supports were studied for their hydrodesulfurization properties. Two
support classes were used in this investigation—molecular sieves with their uniform crystalline
structure and low pore diameter of 10 A and the noncrystalline silica alumina supports whose pore
diameters ranged from 50 A upward to 180 A.

Cobalt and molybdenum were deposited on the molecular sieves near two target figures: 3% Co 15%
Mo and 5% Co 10% Mo. An ammonium ion molecular sieve was used to ion exchange cobalt or nickel
onto the support with the deposited cobalt and molybdenum. Nickel and tungsten promoted molecular
sieves were near 3% Ni 15% W. The noncrystalline supports were promoted near 3% Co 15% Mo.

The influence of pore size, pore volume, alumina and silica content, surface area, and density were
noted for each promoted base material.

Gas oils near 31 °API gravity with 1.5 to 2.0 weight percent sulfur were used for the
hydrodesulfurization runs. Temperatures 650, 725, and 800 °F were checked and the liquid hourly
space velocities 1.5, 4.0, and 7.0 were run at each temperature. The plug flow reactor was pressurized
to 300 psig. Sulfur analyses were made on samples taken at each flow and temperature condition and a
ASTM distillation was made of the product from the LHSV 1.5, 800 °F condition.

An increase in pore volume brought increased desulfurization in similarly promoted molecular sieves.
The high surface area molecular sieves did not compete with the large pore diameter noncrystalline
supports, but gave 20 to 30 percent less desulfurization.

Promoted noncrystalline bases that had pore volumes between 0.30 and 0.48 cc./gm. gave the same
desulfurization as bases with pore volumes between 0.78 and 1.22 cc./gm. at LHSV 1.5, but the smaller
pore volume supports' performance dropped behind the larger pore volume bases at LHSV 4.0 and 7.0.

The promotion amount and support surface areas did not affect desulfurization results as did pore size
and pore volume.
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. " ABSTRACT

Promoted alumina silica catalyst supports were studied for their
hydrodesulfurization properties. Two support classes were used in this
investigation=--molecular sieves with their uniform crystalline struc-
ture and low pore diameter of 10 #, and the noncrystalline silica
aéumina supports whosa pore diameters ranged . .from 50 upward to
180

Cobalt and molybdenum were: dep051ted on the molecular sieves near
two target figures: 3% Co 15% Mo and 5% Co 10% Mo. An ammonium ion
molecular sieve was used to ion exchange cobalt or nickel onto the’
support with the deposited cobalt and molybdenum. Nickel and tungsten
promoted molecular sieves were near 3% Ni 15% W, The noncrystalline
- supports were promoted near 3% Co 15% Mo. - '

The influence of pore size, pore volﬁme, alumina and silieca
content, surface area, and density were noted for each promoted base
material.

Gas oils near 31 °API gravity with 1.5 to 2.0 weight percent
sulfur were used for the hydrodesulfurization runs., Temperatures 650,
725, and 800 °F were checked and the liquid hourly space velocities
1.5, 4.0, and 7.0 were run at each temperature. The plug flow reactor
was pressurized to 300 psig. Sulfur analyses were made on samples
taken at each flow and temperature condition and a ASTM distillation
was made of the product from the LHSV 1.5, 800 OF condltlon.

An increase in pore volume brought increased desulfurization in
similarly promoted molecular sieves. The high surface area molecular
sieves did not compete with the large pore diameter noncrystalline
supports, but gave 20 to 30 percent less desulfurization,

Promoted noncrystalline bases that had pore volumes between 0,30
and 0,48 cc./gm. gave the same desulfurization as bases with pore
volumes between 0.78 and 1.22 cc./gm. at LHSV 1,5, but the smaller pore
volume supports' performance dropped behind the larger pore volume
bases at LHSV 4.0 and 7.0,

The prpmotion amount and support surface areas did not affect
desulfurization results as did pore size and pore volume.,

.
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I. INTRODUCTION

Environmental control and ecology are terms used today.to arouse
the American public's interest in conserving resources, protecting.his
habitat, and providing a guarantee for the specie's survival; Atten-
tion is focused on all types of industry and what it does or should do
to limif the fouling of man®s world by the manufacturing processes or
the use of industry’s end production, Resvurces must be used and pro-
cessed efficiently and possible pollution sources must be eliminated.
These two goals do not follow each other, so there is a difficuit
optimization problem to find the best solution which is some§imes the
more costly alternétive. Mb;al,,pulitical, economic, and technolog-
jecal forces all play a part gnd these forces cannot be separéted for
anal&sis one by one, !

Hydrodesulfurization is a term used by industry to indicate the
sulfur removal from"petroleum fractions by hydrogen treatment of the
fraction.. The resulting desulfurized hydfocarbon and hydrogen sulfide
can be easily separated with the hydrocarbon sent on to some end
product use while the hydrogen sulfide is additionally treated to
cbt;in eiemental~sulfur which éan be safely stored with little pollu-
tion danger to.the environment until its subsequent use as a building
Block by industry is reQuifed. .

Pollution laws enacted during the latter 1960's provide the

stimulus to lower the sulfur content in heating and diesel fuéis,
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State and federal legislation set the upper sulfur limits and these
limits are being reduced as time passes. New York City has a target
of 0.5 weight percent sulfur in heatipg 0ils fbf Méy 1, 197i after
meeting the one percent sulfur target May 1970, The ultimafe
‘sulfur content goal is 0.3‘weight percentl. Most crude oils found
throughout‘the world contain sulfur in considerable amounts. The
existence of low or no sulfur content in crudes is the exception and
a premium price is paid for these crudes. Venezuela, Kuwait and the
Middle East, and most U.S. crude oils contain sulfur with figufes
ranging between threé and fivé peréenf.‘ 0il is available from other
sources too; but contaminants are present in fhem also., Tar sands
contain sulfur and éulfur.compounds, while 0il shales contain oxygen,
nitrogen; and sﬁlfur compounds. These elements must be removed to
provide an acceptable fuel for our society.

Some form of hydrotreating is needed to bring the sulfur down to
the legal limits and if possible redﬁce the sulfur content to trace
amounts, Extraction, chemical processing, and non-catalytic methods
have beén and are being'used_to remove some sulfur compounds, but the
on1y>way to reduce all sulfur compounds ih a crude o0il qr partially
refined fraction is to catalytically hydrodesulfurize the sulfur '

2

containing hydrocarbons®. .HWdrogenation is effective in simultane-

ously removing oxygen, sulfur, and nitrogen.
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Hydrogenation which forms the basis for ﬁydrodesulfurization is
not new, rather than being a product of the 50°s or the 60°s, its
history goes back 50 or 60 years to Bergius who recognized fhe poss=—
ibilities of non-cataiytic high pressure hydrogenationB,' Commercial
development was slow; the first patents issued were in the late
1920*s. The demand for lower sulfur confent in hydrocarbons was
spurred by the realization that corrosion damage occurred to egquip-
ment in which the fuel was burned. Not until a cheap hydrogen
source became available with hydroreforming just‘frior and during
World War IT did the commercial hydrodesulfurization processgé
develop. |

Catalytic hydrédesulfurization involves passing a hydrocarbon
and hydrogen stream dver a catalyst bed at elevated temperatureé and
pressures. The catalyst as described in some patents may be composed
of oxides or sulfides of Group II to VII in the chemical periodic |
table and in conjunction with Group VIII or Groups i and IIZ. This
covers a very wide range of chemical possibilities. Usually a
catalyst‘éarrier such as silica gel or alumina gel is employed for
the base upon which the Group metal is deﬁosited or admixed. The
broad pfomotion classifiéation can be narrowed down to several metal
compounds. The cobalt and molybqenum oxides and sulfides and the
nickel and tungsteﬁ oxides and sulfides are thé‘catalyst promoters

most employed. The role of the metal is thought to keep acidic sites

| T1 ™1 — ™
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active during hydrogenation while the metal crystallite size controls
the support area that can be kept free from coke and made available
for crackingu. ‘In cobalt molybdate catalyst, the cobalp is thought
to provide'hydregenation and isomerization of the olefinic pfoducts
from the desulfurization that the molybdenum eites provide5’6.

Elemental sulfu?, mercaptdns, hydrogen sulfide, open chain
sulfides, disulfides, saturated cyclic sulfides, and thiophenes are
all sulfur compounds found in crude oil. The following reactions
taken from McKinley2 are indicative of typical desulfurizatioﬁ
reactions:

"], Hydrogenation of various type compounds to yield
saturated hydrocarbons and hydrogen sulfide,

2, Decomposition of various type compounds to yield
unsaturated hydrocarbons and hydrogen sulfide,

3e Splltting of alkane sulfides to yield thiols and
alkanes.,

4, Condensation of thiols to yield alkane sulfides and
hydrogen sulfide. ‘ .

© 5, Hydrogenation of disulfides to yield thiols.“

Thermodynamics predicts these reactions will go essentiallj-to
completion at temperatures less than 900°f. Usually the maximum
desulfurlzatlon temperature condltion used is 800°F, The presence
of a catalyst of course does not change the possible equilibrium
conversion calculated by thermodynamlcs unless the catalyst is part

of the reaction, but the catalyst can change the time required for

)

|
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. equilibrium to be reached.

Sﬁme references> state ; 231 molybdenum to cobalt ratio is pre-
ferred for hydrodesulfurization catalyst promotion while others give

3

lower figures for the cobalt content such as 5317° Andrews” also says
cobalt and molybdenum content on a carrier may be built up to an
'amount where a maximum desulfurization is obtained, then additional
cobalt and molybdenum amounts will give little additional increase

in performance and possibly even a slight decrease. Nickel tungsten
catalysts have a 3:1 WOB to NiO weigh£ ratio.-

, The catalyst may be formed several different ways., The cobalt
and molybdenum (as possible promoting metals for hydrodesulfurization
catalysts) ﬁay be mixed with a slurry of the base material, then the
slurry compressed by extrusion and driedf the metals may be copre-
cipitated on the catalyst carrief; the metals may be added separately
to support. pellets or a fine support powder; or the metals may be
added to a aiumina slurry, then hot digested and the slurry spray
dried. The individual metai deposition is most satisfactory as with
other methods the support strength is sacrificed in comparison to the
preformed pellets which are promoted by séparate metal addition and
have exﬁellent mechanical properties. Research projects at MSU have

tended to favor the separate metal promotions on the prefbrméd
8,9,10 °

pellets

The catalyst support is vital to catalytic hydrodesulfurization

| - T1 ™7 ™ T L e
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“as it.holds-the active transition series metals in place. Ashley and
Mitch§115’6 published their findings on the possible coordination
structure of the metals in fresh, unused catalyst and-proposéa the
metals actiuially entered the support lattice when promdtéd. The
cobalt and molybdenum are closely associated @n the alumina surface
" of the Co-Mo-Al,03 samples. The cobalt IT donwill enter octahedral
cation vacancies ip>gamma alumina which contains random octahedral
and tetrahed¥a1 vacancies,

Support matefials contain alumina, silica, and some disodium
oxide, Each of these three chemical coﬁpounds influencés the catalyst
béhaviorg Crackiné catalyst contains 13 to 25 weight percent alumina,
with the ﬁajor coﬁbbnent be;ng silicail’lz. Hydrddesulfurization
catalysts usually contéin activatéd alumina as,their majdr componenﬁo
Silica in hydrodesulfuriiation catalyst improves.the stébility and the
disodium oxide is responsible for a negative effect--catalyst sinter-
ing during.the‘catalyst life. It is an impurity present during the
silica alumina support preparétion. The disodium oxide content is
kept below 0.2 weight percent because of the sintering effect. Also
it does not affect catalyst activity early in the catalyst use, but
over a long time may cause deactivation because of sintering., The
most active alumina is the'gamma variety and this is used in the
support materials rather-than bauxite.

Many commercial supports contain the silica and alumina in a

|
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"random, noncrystalline structure. .The silica.and alumina particles
are arranged so there are spaces between.them, but these spaces,
openings, or tunnels do not fit any orderly layout; Thgy are formed
by the uneven joining of the alumina and silica molecules. A pore
size distribution which tells the most probable pore size or spacing
between the particles can be obtained and the pore volume measured

by mercury or kerosene porosimetry methods.- The available surface
area for the supports which counts the surface of the passages and
cavities within the support may be measured by the Brunauer-Emﬁett-
Teller method,

| Crystalline materials that have definite crystalline lattices

are found in nature and may be made synthetically. These materials,
often called zeolites, are composed of "bﬁilding blocks". The

zevlite crystal is formed from four oxygen ions that surround the
smaller size silicon or aluminum jon. Since the ionic charge is not
balanced, each of these fundamental blocks combines with other silica
or(gluminum ions and extends the crys£a1 lattice in all directions.
Charge deficits for oxygen in_combination with the alumina lend the
structure the abiiity to accept positively charged ions to stabilize’
it, Thus exchangeable ions as sodium and potassium can make up the
charge deficit and are loosely connected to the oxygen tetraﬁedra that
surround the aluminum ion, The sodium of potassium ion ﬁay be ex~ |

changed for hydrogen or ammonium ion and then in turn exchanged for
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: other_ionsiB. If natural mordanite, a molecular sieve material, is

used for catalysts the sodium jon appears td_block the pore entrances,
The molecular sieve pore size is determined by the silicon-oxygen

and aluminum-~oxygen tetrahedra. Cavities are present behind.the

building blocks and their size depends on the zeolite variety.

A British patentiu‘stateS'that molecular sieves may be used for

catalysts. . These crystalline materials with their inherent uniform

- pore diameters and with the proper choice of the particular sieve size

and type may be»selective fo the molecules they admit to their.inner
cavities. This selective characteristic plus the large surface area
they possess lends them,fo catalyst applications. The series with the
largest pores allows benzene to enfer\it and this type should first
be considered for the hydrotreating of the compiex molecules found in
petroleum fractions.

Surface area is another ‘important consideration_in'support
selecfion._ Most silica alumina supports of the nonerystalline
variety have surface areas greater than 200“m2°/gm. Molecular sieves
that have relatively small pore diameters when compared to non=-
crysfalline materials (3 to 15 8 vs, 50 & and greater for the res-
pective molecular sieve and noncrystalline supports) have surface
areas exceeding 400 mz./gm; The surface area must be made a§ailable
for efficient catalyst use so the active sites provide the place for

the reaction to occur. Problems with film and pore diffusion can

A\
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- result from the wrong choice of reactor flow rate and catalyst size.

A 1/16 inch diameter catalyst pellet has 95 percent of its available
surface area on its exposed outside surface, while a 1/8 inch pellet

exposes 55 to 60 percent. Thus if different size pellets and pellet

‘shapes are available for a base with a given surfdce area per unit

weight, pore diameter, and pore volume the changes in desulfurization
can be attributed t& pore diffusion. Film diffusion effects can be
analyzed by taking different size samples and exposing them to feed
flow conditions that vary proportionally with catalyst charge,‘i.eo
maintain the same liquid fuel-solid cétélyst ratio as the catalyst
wéight is increased for successive runsl3, Also up to a point, the
smaller the catalyst pellet size, the greater the activity will be
without serious disadvantages arising from increased resistance to
flﬁid flow in the reactora.

The void volume is important in catalyst supports and the
accessibility of that void volume is the governing fac£or. As a
catalyst support porosity increases, as measured by pore volume, the
optimum metal amount for maximum catalyst activity inéreases7o The
increase in pore volume will increase the activity to a certain point,
but coupled with the increase a large amount of promoting material is
required to maintain the activity,

16

Van Zoonen in Journal of the Institute of Petroleum ~ states

there are three methods the internal catalyst surface areas may be

[ = T1 ™1 ™ T Tt
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"best qiilized. First the distance between pellet center and surface
is reduced. Second, the increasing of the diffusion coefficient of
the sulfuf bearing compounds in the o0il is‘another method. .Finally
peliets should have wide pore diameter structure. The,molecﬁles theﬁ
‘ have fewer collisions with ihe ﬁalls, but also ﬁossible less chance
for reaction as the reactions occur at active sites on the walls.

Desulfurization reactions with most he{erogeneous catalysts are
thought to be diffusion rate limited&'lé._ The reaction rate is so
‘swift that the sulfur containing molecules do not reach the peileted
catalyst center before the sulfur is removed. Thus reaction products
réach the inner volume of the support and possiblé additional reaction
takes place other than the completed desulfurization reactions, This
contention then opposes the need for a monomolecular film of metal
promotion throughout the entire catalyst support Spac93°

The diffusion-can be either molecular diffusion where.the
molecules influen;e their nearest neighbors and happens if the mean
free path of the molecules is less than the pellet pore size. A
second diffusion type is Knudsen diffﬁsion~which postulates the
moleéular mean free path is larggr than the pore diameter and the

molecule collides only with the pore walls. This oceurs at low

préssuresfand in the vapor phase. Hydrodgsulfu:ization‘catalyst

pores may be filled with liquid even af high 16

hydrogen to oil ratios™~.

Also in preparing a promoted catalyst the problem of depositing most
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of tﬁe promotion on the outside surface arises. For small sized
pellets, 1/16 inch diameter, this is where most of the active desulfur-
ization sites are, as this is the greatest area available. .Ih larger l
peliets, 1/4 inch diameter, more of the surface area is contained
within the pellet itself rather than ihe outside surface. A buildup
of promoted metal can obstruct diffusion froﬁ the surfgce to the
catalyst inner spaces.

Catalyst poisoning occurs from trace metals and ﬁitrogen
compounds found in crude oil fractions. :Nitrogeﬁ deactivation has
more effect on the catalyst such as cobalt molybdate when iow OaPT
gravity feeds containing nitrogen are used17o Another poisoning
source appears when the -high molecular weight hydroecarbon .compounds
adsorb and coat catalytic surfacesi8, Then high temperatures crack
the high molecular weight compounds and coke laydown and polymer
formation occur. The coke laydown on the active siteé reduces thé
catalysf activity. Catalysts may be regenerated by burning‘the coke
off the surface. Temperature must be monitored to prevent catalyst
sinteriné during the "decoking" step or else sintering occurs and
catalyst area and subsequent catalyst activify will be reduced.

Hydrodesulfurization operating conditions depend on the feed

used. Temperatures from 300 to 400°C, pressures from 50 to 2000 psig,

' 1iquid hourly space velocities 0.5 to 20, and hydrogen flow rates
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50 to 10,000 scf./bbl, are listed in one U.S, pateﬁt for a cobalt
molybdate catalystlge Other references list optimum temperatures
between 700 and 800°F, pressures 200 to 1000 psig, and hydrogen fiow

rates bélow 10,000 sef, /bbl, 6,20,21,22

Eesearch at MSU has settled
on hydrogen flow rate of 5000 scf./bbl. and pressure of 300 psig for
the 30 to 32 APT gravity gas oilsS.

The catalysts are most active when thé promoting metals are in
the sulfided form. Presulfided catalysts are available, but with a
HpS--Hp source, the catalyst may be sulfided in place. McKinley
reﬁorts that with just a fraction of one pefcent hydrogen sulfide in
a hydrogen stream the catalyst may be ade%uately sulfidedz. The
sulfided promotion metals are in the CogSg and MoSz or Ni3jSp and WSz

forms. Sulfiding may be successfully accomplished at temperatures

greater than 600°F and the only requirement is that adsorbed water

be removed from the catalyst pores prior to sulfidinézo. If the'
catalyst is to maintain its activity a hydrogen sulfide partial
pressure must be maintained. This requirement is met during hydro-
desulfurization by the formation of hydrogen sulfide from the

reactions,
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II. PROJECT OBJECTIVES

" Hydrodesulfurization of a No. 2 diesel fuel (30 CAPT gravity)
that contains between 1.5 and 2.0 weight percent sulfur is to be
attempted with transition metal promoted molecular sieves and with
promoted noncrystalline alumina silica. supports, The effectiveness
of the two suppqrt types is to be compafed.

The pore volume, pore size, surface areé, and silica to alumina
ratios of the molecular sieves and noncrystalline supports are to be
investigated for their desulfurization effects.

The catalyst support physical and chemical compositions are to
be ﬁsed to predict successful hyérodesulfurization results on gas oils,

The cracking ability of each catalyst preparation is to be noted.
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III. EQUIPMENT AND EXPERIMENTAL PROCEDURE

A. Equipment

Desulfurization is accomplished in a plug flow, heated reactor fed.

by a pulse feed pump., FIGURE 1 shows the equipment schematic for all
the appératus uséd for the hydrodesulfurization on this project, while
FIGURE 2 is a cutaway drawing of the reacior and ité associated
heating equipment. . |

The reactor was made ffom type 304 stainless steel and was from
one inch schedule 80 pipe with a total length of three feet;- This
reactor fitted into a hole drilled in a svlid aluminum block. Nichrome
resisfance wire in three series of coils was wrapped around the alum-
inum.block and served as the heating source, Péwer‘supply was
regulated by three variacs on 120 volts AC and curfents of 4.5 to 5.5
amperes were drawn for each of the heating elements over the temper- _
éture range studied. The fuel oil was metered from a large glass
reservoir and a smaller burette, The burette was used to obtaiﬁ
accurate liquid flow rates throughout equipment operation. A Lapp
pump éhich had a variable stroke providéd the desired 1iqﬁid flow
rate. |

A manifold for hydrogen, nitrogen, and hydrogen sulfide--
hydrogen combressed gas let a a rotameter. A precision.valve

allowed gas velocities to be varied through the rotameter and then

through the reactor. The rotameter was calibrated with a wet test

L
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meter and the flow rates were checked periodically during the rums.

* A condenser was built into the line just after the reactor tube
left the heating block, Water was used for cooling. Next downstream
from the condenser was a back pressure valve used to maintain the
required operating pressure,

'Sample collection was done following the back pressure valve. A

series of solenoid operated valves could be used to take samples at

"desired intervals if needed; however during actual operation these

solenoid valveé were susceptible to plugging and thus rarely used.

" The gas streams containing the unused hydrogen and the resulting
h&drogen sulfide from the hydrodesulfurization reactions were passed
through scrubbing solutions and thén vented to the atmosphere. There
was no recycle of the gas stream. |

A thermowell ran two~thirds the reactor length and contained
three -.chromel alumel therﬁocouples connected to a Leéds and Nortﬁrup
temperatufe recorder; one iron constantan thermocouple was also
present in the thermowell and its temperature indication was read
directly with a potentiometer,

The reactor was packed with inert alundum pellets one‘quarter
inch in diameter for 18 inches o£ the reactor length. Then three to
four inches of one eighth inch alundum pellets followed. The éctua}
catalyst bed contained 30 cc. of experimental cétalyst plus 30 cec.

of the one eighth inch alundum pellets. This 60 cc. total charge was

I O [
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well mixed so the alundum pellets wbuld'eliminate or reduce hot spots

during the exothermic hydrodesulfurization reaction. After the

catalyst bed, three more inches of one eighth inch alundum pellets

- were packed and the remaining reactor volume was filled with one quar-

ter inch pellets. A stainless steel screen was placed prior to the

. reactor exit.

*+

B. Experimental.Procedure

The reactor operating pressure was 300 psig; hydrogen flow rate
was 5000 scf,/bbl.; the temperatures checked were 650, 725, and 800
degrees Fahrenheit; liquid hourly space velocities (LHSV) of 1.5,

4.0, and 7.0 were run. The gas 0il obtained from the Husky 0il

Company, Cody, Wyoming was from the Oregon basin. The 31,1 OAPT

gravity feed contained 1.62 weight percent sulfur. This feed was
used for the early runs Qf'the test series (1 through-lé)-ana then a
feedstock of the same urigin, but having 30.4 Opp1 gravity and 1.82
weight percent sulfur was usea on the remaining runs (17 through 57).
Fuel properties including distillation data and sulfur contént of six
distiliatiun fractions of the feed afe contained in TABLE I, A run
recapifulation is given in TABLE IT.

A typical catalyst‘eﬁaluation run took four to.five days with
each of thé three flow rates checked at each of the three temper-

i

atures. One day was required for equipment startup and sulfiding;‘

W 7
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then on successive days one temperafure was checked per day,

" A run started with fhe equipment being brought up to the oper-
ating temperature with the hydrogen flow rate at 0,5 sef,/hr. After
650°F’had been reached ﬁhe‘system was purged with dry nitrogen for
several hours at 0.5 scf./hr. This step was necessary to remove
water from the catalyst and alundum pellets prior to sulfiding and
fuel injection, Operating pressure was set by the back pressure
valve and 50 psi pressure drop was allowed through the'catalyst bed,

The system was checked for leaks while on the nitrogen purge,
then sulfiding with a 20 percent hydrogen sulfide~-80 percent
hydfogen mixture took place at 650°F, gas flow rate 0.5 sef./hr. The
catalyst’for most runs was sulfided at 650°F and 300 psig; however
some catalysts were sulfided between 650 and 72§°F and from 100 to
300 psig with no changé in effectivenéss. Sulfiding lasted from five
to seven hours, |

The gas 0il and hydrogen feed were introduced to the reactor
after the catalyst had been sulfided. The lowest temperature 650°F
was checked first at the lowest flow rate of 1.5. The 4,0 and 7.0-
LHSVs were checked next in sequence. As stated before, one temper-
ature was checked per day, with the reactor being heaéed to the next
highest temperature the following night. At.800°F the sequence of
flow rates was changed during the catalyst evaluation. The highest

LHSV=~7,0 was checked first, then followed by 4.0 and finally LESV

(‘\
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1.5, the lowest liquid hourly flow ¥atea

' Liquid samples were of course taken at each flow rate for each
temperature., Actually three samples spread over a three hour period
were taken for each flow and temperature condition. Also the reactor
was allowed to stabilize from one to three hours prior to sample
collection, With three samples taken at each conQ}tion, a compaéison
between the three easily showed if ithe rqactor had stabilized and
steady state fiow and reaction conditions had been achieved.

Sulfur analysis was done by the 1aﬁp method (ASTM D-1266-647)24°
A known fuel sampie weight was burned, the combustion gases passed
through a hydrogen peroxide solution, then sodium hydrdxi§e'£itrétion
brovided data from which the percent sulfur was calculated,

A distillation of the sample taken at the most severe operating
conditions (800°F LHSV 1.5) was done according to ASTM D 86-IP 12325°
A second distillation was made on the same sampie with six separate
volume fractions collected at specifiéd temperatures, Sulfur
analyses of these fractions were compared with similar fractioné in
the feed. The specific gravity in terms of ®API was determined for
the sample taken at 800°F and LHSV 1.5,

TABLE II lists those deviations from the operating procedures
specified here. It also conﬁain; some reasons for making various

runs,
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IV, CATALYST SUPPORT MATERIALS

A. Molecular Sieves
Six different molecular sieve base materials, six commercially
avaiiable noncrystalline catalys£ suﬁports, and two'commercially
promoted catalysts were tested. Five molecular sieve supports were
supplied 5y-Norton Company and these wére mo}danite erystal structure
types. The mordanite has the chemical formulas |
Nap0:41203°10 Si0Oz+6 H20

Linde®s 13-X faujasite molecular sieve has the generalAfbrmula:
Nagg [(A102)86(Si.02)106] * 260 Hy0

and contained 20 percent natural clay as binder.

‘Norton°s molecular sieves ranged from pure.mordanite in sample
0081, 93.8 percent in 20072, 90 percent‘in 0255, to 60 percent in
sample 0256, Sample 4400i was a bonded high silica powder. Those
bases  containing less than pure moraanite had amorphous aluminum -
silicate as biﬁder. A sﬁmmary of the molecular sieves or crystalline
structure catalyst supports is found in TABLE III. The sieve pore
diameters were 10 & and smaller, while the pore volumes went from
0,67 cc./gm. for Linde 13-X to 0033‘cc./gme for the five Norton
samples., Surface areas were hiéh--above 450 m2./gm. Norton’s
personnel said the molecular sieve surface areas were diff;cult to

measure, So the data comes from the mercury.porosimetry readings'

rather than the BET methods used for the noncrystalline materials.

A1
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One of Norton's base materials was in the ammonium ion form and this
led to ion exchange with promoting metals plus the deposition of the
hydrodesulfurization catalyst promoters. All the crystalline bases
contained Si0, as the major chemical component, One of ﬁorton's
materials had a silica to alumina ratio of 4& to 1. Norton'’s other

materials contained silica to alumina ratios of 10 to 1.

B. Nonerystalline Supports

TABLE IV lists the noncrystalline support material compositions
and physical data. The six base materials went from the high silica
Nalcat 2910-A with the large pore diameter 180 %, pore volume 1,22
ccolém. to the high alumina Alcoa H-151 which possessed a pore
diameter of 50 %, pore volume 0,30 cc./gm. The pore volumes were

known for all the supports‘presented. but the minimum pore diameters

were unobtainable for the two samples Harshaw 1602 and 1802, In some

cases the Si0, or the A1203 contents were known, but not both f:Lgures9

then the known amount was reported and the difference could be

.assumed to be the missing figure., Disodium oxide content was low for

all the base materials studied.
Two commercially made catalysts were evaluated. These (Houdry C

and Harshaw 4401-E) were relatively low minimum bore diameter, non-

crystalliné supports, Alumina content of Houdry C exceeded 90 percent

before promotion while 4401-E contained 50 percent silica. The Houary

0, S IR
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C contained 3.2 weight percent Co0 and 14,6 weight percent MbOB. A1l

cataiysts made By this author were reported in weight percent cobalt
and weight percent molybdenun. Harshaw 4401-E was a presulfided 6.0
percent nickel 19,0 percent tungsten catalysf. These two catalysts

were used to test vperating procedures and to give data from which to

compare the performance of the catalysts made by the author.
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V. CATALYST PREPARATION

' Twelve distinct catalyst support materials were promoted with
various combinations of cobalt and molybdenum or nickel‘and tungsten.
These traﬁsition metal catalyst promoters were deposifed on the
supports by sovaking the support in solutions of the metal salts,

Some catalyst samples were made with ion exchanged cobalt and molyb-

denum in addition to the standard deposition type catalysts.

Two promotion—targets were set for the molecular sieve supports--
3,0 % Co 15.0 % Mo and 5.0% Co 10.0% Mo. The noncrystalline material
was targeted for the 3.0% Co 15.0% Mo promotion. At least three
cobalt molybdehum promotion combinations were made on each base
matefial with the exception of Nofton 0255 and 6256rwh§re only two
promoted catalysts were run in the reactor. All of the molecular
sieves énd one noncrystalline support were tested as hydrodesul fur-
ization catalysts without. any promoting metal. 'Their perfbrhance and
the promoted éatalyst peffbrmance will be discussed in a later
section.

A1l promotions of the crys%alline‘and the nonecrystalline base
materials are given in TABLES V?and VI. Their best performance and
the conditions where this was aéhieved along with the specific run
number are summarized there. FTGURES 3 and 4 give a graphical
representﬁtion of the same data with FIGURE 3 sﬁowing the Co Mo -

promotions of molecular sieves and FIGURE 4 the Co Mo promotions of
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noncrystalline supports. .
"The desired catalyst base material was calecined at 500 to 700°F

prior to initial weighing. Usually a 70 to 80 gram sample was used

~ for promotion. The cooled support was then immersed in a concentrated

solution of molybdenum trioxide in ammonia hydroxide. The molybdenum

- trioxide concentration was kept'around 0.2 gm./ml. N, 0H, The heat

of absorption was removed from the support and its surrounding
solution'by an ice or cold water Bath. Thejsupport ﬁas allowed to -
soak for 24 hours in the M003-~NH40H solution, A pressure tight seal
was maintained to prevent ammonia bfeakout and the possibie surface
deposition dn‘the support. ‘Then the remaining solution was drained
off and.the support was air dried. Subsequent drying was at 160°F in
a tray drier, followed by calcination with the maximum témpérature of
éOO°F reached after six hours, then temperature maintenance for twelve
hours., The Mb03 promoted-base was weighed and the whﬁle proceduré
could be repeated to bring tﬁéiMbOB content to the required amount.
Cobalt promotion was déne similarly to the molybdenum deposition.
CoClpe6Hp0 or Co(NO3)pe6 HpO was used in a 0.2 gm./ml. H,0 concentra-
tion., After several hours of catalyst support material soéking in the
cobalt solution, a vacuum was drawp on thg enclosure and air was with-
drawn from the catalyst suppor? so the cobalt could penetrate the

support easier. The maximum calcination temperature for the cobalt

promoted base was 500°F., The temperature was maintained for six to

[
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twelve hours after initial slow‘heafing to the 500°F temperature,

"Both molecular sieves and the noncrystalline materials were
promoted in this manner. Norton's molecular sieve series tended to
crumble after successive promotions so several attempts were made
on each distinct cobalt molybdenum promotion target to obtain a
useable catalyst. The Alcoa H~151 noncfystalline support was very
difficult to promote as thermal fracture from the absorption heat
resulted in "egg shells" breaking off thesphericalsﬁpport. The
nickel énd tunésten catalysts were prepafed with the same method
as the cobalt and molybdenum catalysts. Tungsten was promoted first
from-a tungstic acid -solution, then the nickel from a nickel nitrate
solution, After calcination the tungsten waé taken to be in the wo3
form and the nickel as NiO,

Both éobalt and nickel were ion exchanged onto Norton's Base_
20072, Support 20072 was in the NH,' form and 8,7 percent of its
weight could be ion exchanged. Either a cobalt or nickel salt
solution was made up'fbr the ion exchange. The.weighed crystalline
sample was added and aliowed to soak in the solution. The jon
exchanged sample was washed severai times ‘and dried. After washing
the ion exchanged support was calcined at 1100°F to remove residual
ammonia. Then cobalt and molybdenum were deposited on the samples

as described in prior paragraphs.

il =
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While commercially prepared cafalysté such as Houdry C reported
their cobalt as percent Co0 and molybdenum as percent MOOB, this
author gives all promotion amounts as percent cobalt (or nickel)
percent molybdenum (or tungsten). Jon exchanged cobalt or nickel is
reported just before the cobalt (nickel) and.molybdenﬁm (tungsten)
deposition figures.

One molecular sieve sample is promoted with nickel as the sole

_promoter and is in the promoted molecular sieve cataiyst class, A

comprehensive iisting of‘Co Mo, Ni W, and the ion exchanged catalysts
for both the crystalline aﬁd the noncrystalline supports is given in
TABLES V and VI and als& FIGURES 3 and bi

| Physical examination of the catalysts between promotion steps
and after the catalyst was finish;d showed the promotion appeared
uniform tﬁroughout the support for the noncrystalline materials
while for Norton's molecuiar sieves the very center of the supporf
received little of the promoting metals. The promotion then decreased
as the support center was approached in the crystalline materials.

After the catalysts had been evaluated in the reactor, the promoted

and sulfided support was examined, and for both the nonecrystalline

AN (%

and molecular sieve supports a uniform black color pervaded the entire

pellet cross section,

|
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"~ VI, DISCUSSION

A, Organization of Data and Interpretatipns

Two catalyst support types are studied in this project. The
erystalline, molecular sieve supporps and the nonerystalline materials
are promoted-with cobalt and molybdenum or nickel apd tﬁngsten and the
results compared., The body of this discussiﬁn is divided into two
distinet divisions: one section dealing with molecular sieves and
their desulfurization characte:isticS‘and the other secfion‘is ;on~
cerned with the nonerystalline supports and their promotions. In
these two divisions the supports-are listed by their sample number
(see_TABLES III and IV), For each sample‘supporf two, and usually
three or more, promotions with tha_transition metaig are given, '
Percent desulfurization is plotted versus the reciprocal liquid
hourly space velocity at a given temperaturg° Thus for each sample
and its promotions, three'teméerature plots are presented,

The molecular sieve$ and noncrystalline supports are compared
as desulfurization catalysts without any promﬁtion on three plots,
one for each temperature. Both support types are also compared at
the three percent cobalt fifteen percent molybdenum and five percent
cobalt and ten percent molybdenum targets, The best catalyst of

each sample class (examples: Norton 0081 with 3,5% Co 10.0% Mo,

-Norton 20072 with.5.1% Co 19,3% Mo, and Norton 0255 with 2,3% Co

12,3% Mo) are compared for each of the two support clgssifications.
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Distillation curves are found with a number of catalyst pro-
motions compared within a support family (example: Norton 0081 with
3,0% Co 14,3% Mo vs. 3.5% Co 10.0% Mo vs. 4.5% Co 9.3% Mo vs, 2.3% Co
18.9% Mo). Then sulfur analyses for each of the six distillation
fractions of a ASTM distillation are plotted for each support sample -
apd its promotions., A 9API gravity table gives the resul£s of hydro-

desulfurization on the specifie gravity change from the feed to the

' product. The highgr the API number, the lower the specific gravity.,

This table lists selected supports and their promotions with the
product obtained at the most severe operating conditions,

. Desul furization aata taken from the two commercial cafalyst made
by Houdry and Harshaw are plotted with Percent Desulfurization versus
1/LHSV at the three temperatures 650, 725, and 800°F, The products
ffom the hydrodesulfurization treatment with the Houdry C catalyst
are shown on a distillation curve. | |

In thé.noncrystalline support section three supports that have
similar pore volumes are compared on three Percent Desulfurization vs.
1/LHSV plots at the three operéting temperaturéso Other than these
exceptions, the desulfuriiation.data for npncrystallihe supborts

follows the molecular sieve data preéentation.

B, Q;ystélline or Molecular Sieve Supports

1, Desulfurization data for nonpromoted'supporf materials is

ALY 7y
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shown on FIGURES 5, 6, and 7, Six.molecular sieves plus one non-
crystalling»support are plotted for their desulfurization ability.,
Only one nogcrystalline support. is used as a désulfurization catalyst
without metal promotion so it is included with the crystalline
supports in this series of three-piots. |

Nonerystalline Norton 6473 with a 50 to 60 & pore diameter out-
performs Linde’s 13-X and the other Norton crystalline supports that
have pore diameters between 7 and 10 &, At 650°F 28 percent desulfur-
ization is Ecéomplished.at the low feed rate with Norton 6473, and
next in performaﬁce is the Linde’molecular sieve with 18 percent
removal at LHSV 1.5. The low LHSVs are at the right side of the plots
thus the LHSV increases as attention is shifted to the left, Data
fbrlthe 650°F temperature level is somewhat scattered indicating
that steady étate conditions within the catalyst system might not
have.been achieved, Higﬁer temperatures, as examination of the three
plots will indigate, favor more desulfurization at each of the three
flow rates and more cbntinuity to the data. At 650°F no general
trend of desulfurizatioh_for a specific chemical composition of
Norton®s molecular sieves is apparent. The high surface are, high
pore volume Linde 13-X molecular sieve gives the best results of the
molecular sieve materials.

The 725 and 800°F plots give similar concluéions for Linde 13-X

as compared to Norton molecular sieves, The Norton 6573 nonerystalline
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base is in a class by itself and its mdst distinguishing property is
its - large pore diameter in comparison to the molecular sieves and the.
resulting higher desulfurization. Linde 13-X removes 30 weight per-
cent sulfnr at 725°F LHSV 1.5 and this is Jjust three percent less
than Norton 6473°s performance. The bulk of the’molecular sieves
remove between 17 and 25 percent sulfhr at 725°E LHSV 1.5, The
Noéton samples have approximately the same pore diameter as Linde
13-X, but one half of Linde's pore volume and a surface area two
thirds as large. Base 20072 which is in the NHyt form gives the
lowest performance figures at 650 and 725°F. Release of ammonia from
the base material could have suppressed its desulfurization effective-
ness, |

. Relatively high desulfurization at tﬁé low feed rate for the
800°F plot is exhibited By the nonpromoted catalyst support materials.,
Each base retains its rank or hierarchy that was estéblished at fhe'
lower test temperatures. The noncrystalline Norton 6473 exhibits the
greater sulfur removal at the high feed rate (LHSV 7.0) but exhibits
a decrease at LHSV 4,0 and then a slight'increase at LHSV 1.5 with
the desulfurizatioﬁ at the low space velocity less than at.the high
feed rate. This can be ekplained‘by saying possible coke laydown
from cracking reduces the catal&st effectiveness. Base 0081 which is
erystalline also exhibits this behaviof. At this high temperature,

the highest space velocity is checked first, then the intermediate
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LHSV, aﬁd finally the lowest liquid'hourly feed rate,

" The results given fbr the six molecular siéves and the one non=-
erystalline support aré not shown with the intention of predicting :
which catalyst support would be best in the ﬁromuted state,

2. Specific‘éamples and their promoted familijes:

a. DNorton's pure mordanite saﬁpie 0081 is presented on three
desulfurization plots (FIGURES 8, 9, and 10), Three promotions are
given for the 7 to 9 & pore diameter molecular sieve; Cobalt pro-
motion varies from 3.0 to b4.5 pérceﬁt and molybdenum from 9.3 to 14.3
percent. Examination of the three plots ShQWS that the 3.5% Co 10.0%
Mo gives the best performance of the three promotions-at each of the
three temperatures studied. Those catalysts with the higher and the
lower mol&bdenum compositions straddling,the 10.0 percent molybdenum
figure gi%e comparable performance, but do not reach the desulfuriz-
ation high exhibited by ﬁhe 3,5% Co iO.Q% Mo promotién even at tﬁe
high temperature 800°f‘° This Norton molecular sieve gives. the best
perfbrménqe of any Norton qrystalline base iﬁ the promotion mentioned -
above. The 88.0 percent sulfur removal at 725°F LHSV 1.5 is obtained
aﬁd nét exceeded until the Linde 13-X.moiecﬁlar sieve is tested with
various cobalt and molybdenum promotions,

More: cobalt molybdate promotion levels would be needed to chart

L

the absolute local and overall optirium promotions for this sample and

the other base materials, This support leads the observer to suspect
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there is an optimal composition between the two cobalt and molybdenum
levéls and the 3.5% Co 10.0% Mo composition falls near this maximum
sulfur removal catalyst composition. |

Desulfurization with promoted 0081 runs from 18 percent at LHSV
7.0 650°F to the 88 percent figure at LHSV 1.5 725°F, Optimum
temperature for promoted 0081 falls near ?25QF as both the 650 ano
800°F plots exhibit decreases from the 725°F dota. The desulfuriza-
tion decrease is not so markod in the 75°F temperature change from 725
to B0O°F as from 725 to 650°F,

b. Norton sample 0255 possessing 90 perceot mordgnite is

shown with its two cobalt molybdate promotions on FIGURES 11, 12, and

13, Maximum desulfurization is given as 72 percent at LHSV 1.5 7250F

with the 2.3% Co 12.3% Mo promotion. The two promotions give similar

results over the 650 to 800°F temperature span. The 2;3% Co 12.3% Mo
promotion appears to be_fhe better catalyst composition as oll data
points oxcluding one give high desulfurization reading; than the
508% Co 10.6% Mo promotion. However, the two promotions give
identical data at two ﬁoints (LHSV 1.5 725°F and LHSV 7.0 800°F) and
the data points differ by five percent a several other conditions.
When the catalyst was médo. it was difficult to obtain a
required cobalt molybdenum promotion target”exactly, so with the
promoﬁions listed for Norton 0255_and :;tll“the other samples the exact

quantitative influence of increasing either the cobalt or the molyb-
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denum was hard to separate, |

" The low cobait, intermediate molybdenum amount appears to be the
best promotion for molecular sieve support 0255, High amounts of
cobalt appear to decrease catalyst activity slightly while the molyb-
denum amount differs by less than two percent for the two promotions

studied.

Co Norfon.0256 is a suppor? sample with 60 percent mordan=-
ite and identical pore‘volume, gurface area, and poré diameter with
tﬁe preceding Norton supports., Méximum desulfurization occurs at
725°F LHSV i.5 with 75 percent removal by 6,3% Co 11.1% Mo on this
support, FIGURES 14, 15, and 16 present the data.

The 3.9% Co 15.1% Mo promotion is the leader for the 650°F and

'725°F levels, then at 800°F the two promotions listed for this support

change position. At 800°F the two promotions are 10 to 15 percent
apart in performance as measured by desulfurization amounts, while

at. 650 and 725°F they are five to seven perceﬁt apart. Also at 800°F

the 3.9% Co 15.1% Mo promotion falls 10 to 15 percent from its high

desul furization at 725°F, The higher cobalt, lower molybdenun (6.3%
éo 11.1% Mo) promotioﬁ makes a five to ten percent gain.in sulfur
removal when going from 725 to 800°F, Both catalysts are temperature
dependent with one listing a net gain with temperature increases as

it progresses from 650 to 725 to 800°F (6.3% Co 11.1% Mo) while the

- other promotion with a higher molybdenum content shows a gain from
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650 to 725°F, then a loss in sulfur removal between 725 and 800°F,

,

d. Sample 44001 is discussed next with its five promotions.
Again this is a Norton base with the surface between 400 and 500
mzp/gm. as are all Norton®s crystalline supports. This material has
the highest silica.to alumina ratio which is_hh/i and the base is a
self bonded high silica support. "

Cobalt and molybdenum form three promotions while a nickel and
tungsten promotion is also tested. The testing of 44001 concludes
with a single promoted support where nickel is the métal added. One
cobalt molybdenum proﬁoticn is very similar in support loading to the

!

nickel tungsten promotion. These double promoted catalysts contain

-

3,14 Ni 12.6% W and 3.1% Co 14,6% Mo and give maximum sulfur removals

of 82 and 78 percent respectively at LHSV 1,5 725°F (FIGURES 17, 18,

“and 19).

The three cobalt molybdate promotions are clustered together at
the intermediate and high space velocities for 650°F along with the

single promoted nickel catalyst. Qné cobalt molybdate promoted

suppoft forms a straight line between the three flow rates for the

desulfurization dataj fhe other three promotions then diverge as they
decrease their slope between LHSV 4,0 and 1.5. The nickel tungsten
promotion leads the "pack" of four promotions by about-ten percent

more desulfurization at 650°F,
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At the next higher temperaturé in the study, 725°F, a good
separation bétween all fivé metal promotions for support 44001 is
apparent. The nickel tungsten promotion heads the list for perform-

ance while the 3.1% Co 14,9% Mo promotion-fbllows.‘ The singie pro-=

‘moted 9.4% Ni support leads the double promoted 6.9% Co 10.1% Mo

support by four percent at LHSV 7,0 and the gap widens to 18 percent
at LHSV 1,5, Notice too the straight line relationship between the
three space velocities for each of the five promotions., Often at

sulfur feﬁovals less than 90 percenf this occurs. At higher hydro-

 desulfurization levels a more pronounced curve is found.

When the 800°F plot, FIGURE 19, is examined the rank ordering
of the previous élof from 725°F is preserved,lbut the desulfurization
does not inerease as dramatiéally with the spéce velocity decrease.
Gains are posted for“LHSVs 7.0 and 4.0 while there is a decrease for
LHSV 1.5, This.decrease ﬁas mentioned eariier in thé discussion'
and was then attributed to coke laydown and possible catalyst deactiv--
ation at the low feed rate when the relatively high 800°F temperature
was run., The high feed-rates appear to have a scrﬁbbing effect plus
the residence time is less at the higher flow rates with resultant
less severe cracking conditions,

The optimum cobalt molybdate loading for support 44001 is 3.1% Co
14,9% Mo When Less cobalt or more cobalt is added with also a '

decline in molybdenum promotion, the desulfurization decreases,
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.The nickel tungsten and cobalt molybdenum promotions that are
similar in catalyst weight compositions are the two best promotions
for support 44001, The nickel tungsten promotion gives ten percent
more desulfurization for seven of the nine data points associated
with the three temperature and three liquid flow rates, For 650 and
800°F and LHSV 1.5 both catalyst prbmotions‘éive the samé results,

€o A wide variety of cobalt ﬁolybdaﬁe, nickel tungsten
(FIGURES 20, 21, and 22), nickel jon exchanged cobalt molybdate
(FIGURES 23, 24, and 25), and cobalt ion exchanged cobalt molybdéte
catalysts (FIGURES 26, 27, and 28) are presented for the ammonium
ion molecular sieve 20072, This Norton productrcontains 83.6
percent mordanite. ‘

Since support 44001 gave promising results with nickel tungsten
promotion, two promotions of this combinatibn and two cobalt molyb~
date.deposition catalysts were made and compared.

There are both high and low nickel tungsten content'catalysts
and a high and low content cobalt molybdenum set of catalysts., When
the 650 and 725°F plots are examined, both cobalt molybdate comﬂina—
tions fall below the nickel tungsten Rroﬁotions in desulfurization

performance, The 800°F plot finds the high nickel tungsten promotion

and the high cobalt molybdate catalyst giving parallel lines and less -

than five percent different sulfur removal capabilities at the three
N :

space velocities. The lower content nickel tungsten and cobalt

M o L
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molybdate catalyst are found to givé up to thirty percent less

desulfurization at 800°F depending on space velocity. These two last

catalyst compositions give almost exactly the same results .even
though the promoting metals are different,

When nickel is ion exchanged for ammpnia on the ammonium ion
base, the decreasing amounts of the ion exchanged nickel and depusited
cobalt and molybdenum give decreasing éulfur removal., Sulfur removal
increases from 650 to 725°F, then decreases between 725'and 800°F for
all éatalyst cémpositions with the éingle exception.of 0.7% Ni 2.0% Co
10.5% Mo on 20072 at 800°F, This nickel ioﬁ exchanged cobalt molyb-
date.catalyst experiences a five percent increase at LHSV 4.0 and tgn

percent increase at LHSV 1.5 for the 800°F plot (FIGURE 25) versus the

. 7259F graph (FIGURE 24).

The cobalt ion exchanged 20072 support give; less desulfurization
when the three promotions-are compa?ed to the nickel ion exchangea
cobalt molybdate catalysts, All three promotions are grouped with a
ten percent sulfur removal range for ail three temﬁeraturésa The
three curves parallel each other through the flow rate region invest-
igated. The cobalt ion exchahge effect is more difficult tﬁ obtain
than the effect of changing the nickel ion exchange amount as the
deposited cobalt increases on the promotions and the molybdenum

decreases while the ion exchange cobalt inéreaéesa A number of ion
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exchanged cobalt and cobalt molybdeﬁum promotions would be needed to
separate each influence. Since all three catalysts tested gave
desulfurization figures confined.to a rathér narrow_band, additional
promotions were not made.

| Nickel tungsten and cobalt molybdenum promotions for support
20072 gave desulfurization figures between 70 and 75 percent. Ion
exchanged nickel gave 60 to 70 percent, while ion exchanged cobalt
gave 40 to 60 percent. These figures or ranges were all for the low
feed rate LHSV 1.5,

f. Linde 13-X is tested with four cobalt molybdenum
deposifionse This data plus the results for 13-X useé as a catalyst
without any promotion are given oh FIGURES 29, 30, and 31. This base
maferial contains double the pore volume of Norton®s supports while
it retéiné the same'pore diameter., Surface area is estimaed at 750
square meters per gram, o | |

Desulfurization increases for each Linde 13-X promotion between
650 and 725°F then decrease slightly when the teﬁperature is raised
to 800°F, This effect is noted ir prior discussion on Norton®s
support materials, | |
éobalt promotion is in the narrow 1.7 to 3.9 percent range. The
molybdenum content éoes from 13.0 to 17.8 weight percent. The 2,9% Co ,

17.8% Mo promotion is the best performer thrdugﬁout the 150°F temper- -
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ature area studied. As molybdéﬁum éontent falls, the éesulfurization
for the ‘cata‘zlysts at a specific temperature also decreases. |

The sulfur removal changes less than 20 pe}cent for a specific.
sSpace veiocity for the entire cobalt molybdenum promotional range of
Linde 13-X. The 800°F data gives more separation between fhe four
double promoted catalysts. o

3. Comparisons

ao Comparisén of promoted molecular sieve §upports around
the 3% Co 15% Mb target:

One of the two promotion target areas for molecular sieves is
discussed in this section., All six molecular sieves have promotions
between 2,3 and 3.9 pefcent.cobalt and 12,3 and 17.8 percent molyb-
denum, While most'supports do not have promotions exactly at 3.0% Co
15,0% Mo, the promotion region is expanded to encompéss at least one
deposition near the tgrgef. Support 44001 has two depositions
samples wi;hin this arbitrafily selécted range. FIGURES 32, 33, and
34 present desulfurization Vs, réciprocal space velocity data for the
three temperatures. The legend for FIGURE 34 lists the promoted
supports in iheir order of decreééing desulfurization. This rank
order is interchanged for two supports at the lower 650 and 725°F
operating temperatures,

Linde 13-X with the 0,67 cco fgm. pore volune is the desulfuriz-

ation leader for all three temperatures. It is interesting to note
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the curved line Joining the three space velocities at 725°F for 13-X
as compared to the straight line relationship for the 650 and 800°F
temperature.plots.

Desulfurization increases between 650 and 725°F, then decreases
slightly f?r some promoted Linde 13-X supports at 800°F and slightly
increases for others., Linde's 2.9% Co 17.0% Mo removes 84 percent
of the sulfur at both 725 and 800°F while in contrast the 83.6 percent
ﬁordanite Norton 20072 removes jus£ 52 percent.

: b, Comparison for 5% Co 10% Mo on molecular siefess
Norton®s five samples have promotions néar tﬁe 5% Co 10% Mo
figure and are portrayed on FIGURES 35, 36, and 37. Cobalt promotion
ranges from 4.5 weight percent to 6.9 percent while thermolybdenum
amount ranges from 9.3 to 11.1 percent. One support, Norton 20072,
has 2.2 peréent cobalt ion exchanged in addition to the 5.1 percent
cobalt deposited. No data for 20072 is available for the 5% Co 10% Mo .
target, so the next closest sample is chosen and this ;; the ion
exchanged shown on the desulfurization plots. Linde 13-X is not
promoted near - enough to the target figure to Ee presented on these
graphs, ' .

The high silica 44001 base containing 6.9% Co 10.1% Mo gives the
lowest desulfurization points for the 725 and 800°F plots while the
leader is.base 0255 with 5.8% Co 10.6% Mo, This lead is‘fbrl650 and -

725°F and at 800°F promoted 0255 falls below two other supports, 0256
p
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and 0081. Desulfurization increases for the promoted supports between
650 and 800°F. The most sulfur removal is with 0256 promoted with
6.3% Co 11.1% Mo at B0OF., Sulfur removal is 70 percent,
Co Best promotioﬁs of molecular sieves:

The best molecular sieve cobalt molybdenum promotions are grouped
together‘on F;GURES 38, 39, and 40, Linde 13-X which has twice the
pore volume, but identical pore diameter with Norton.molecular sieves
in the nonpromoted state leads the 1i$t as it also d&es for the 3% Co
15% Mo plots aiready discussed,

Note the promotion amounts on the supporté. One, Norton 0081 has

3,5%-Co 10,0% Mo and exceeds Linde 13-X promoted with 2.9% Co 17.8% Mo"

for 650 and 725°F then drops down at 800°F where 13-X assumes the lead,
These molecular sievés cover a thiréy percent desulfurization
band as one looks at each tempgrature and follows the curves joining
the results for each space velocity; Linde 13-X with the high pore
volume and Norton 0081 with half of Linde’s pore volume are top per-
formers at 650 and 725°F. Then thé Linde 13~X is ten percsnt better

than any of Norton®s at 800°F, Four and sometimes all five of Norton®'s

bases with their varied promotions fall within a narrow ten percent

wide band.

L, Product Distillation

Six distillation curves are given on FIGURES 41 through 46 for
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the crystalline catalyst product analyses. The product is taken at

800°F LHSV 1.5 for each promoted catalyst support. The curve repre-
sents the original Husky gas oil feed while the symbols ‘are for the

products of the various catalyst samples. When more than two symbols
fall very near the same point, only the high and low data points are
shown.

Norton®s mordanite suppor£s all give distillation data that is
almost identical. The promotionramounfs do ﬁot significantly affect
the product distribution. A1l Norton supports were run on the 1.62
weight percent sulfur feed of 31.}°API gravity while the Linde mole=~
ecular sieve‘catélyst were tested on the 30.4°API gravity 1.82 weight
percent sulfur feed. Also the'initial boiling point is 50°F higher
for the feed used to test the Norton prumdted supports than the Linde
13-X feedstock., When a graph of Norton’s promotions is superimposed
on the Linde distillatiup:data, the Norton symbols féll directly ﬁpon
the feedstock used to test the Linde catalysts. The Norton supports
have their greatest effect on product distribution at tbe light end
between 450 and 525°F, ‘The initial boiling point is4decreased 100°F
and the five and ten'percent recovery points drop 70°F, Tﬁis dramatic
decrease is not repeated with the Linde 13-X as the IBP, five, and ten
percent points drop only 30°F from the original product distribution.
The Norton supports contain higher silica to alumina rations that the

Linde 13-X,
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Most data points for the basic.support materials are coincident
with one or more pruomoted supports, so the prémotioﬂ and the amounts
of metal deposition do not affect the final product distribﬁtion,
rather the base material itself with its attendant pore volume, sur;
face area, and pore diameters are determining factors. All these

molecular sieves have silica as their major component and since high

-alumina sieves were not used, the effect of changing the silica

_alumina ratio radically could not be observeds Linde 13-X contains
the most alﬁmiﬂa of the sieves studied.

5. Sulfur Removed. vs, Distillation Temperature

The sulfﬁr removal for six distinet distillation fractions is
presenfed for the promoted Norton bases 4400; gnd,20072 on FIGURES
47, 48, 49, and 50 while a similar plot for Linde 13-X and its pro-
motions is on FIGURE 51. |

The percént sulfur removal is expfeéSed as the‘reﬁaining sulfur

in the product distillation divided by the amount of sulfur contained

" in the same feed fraction, The ASTM distillation is from the 800°F

LHSV 1.5 pfoduct, and_oniy two of Norton®s supports are presented,
Insufficient product samples for Norton 0081, 0256, and 0255 remained
when the decision to obtain this data was made.

Nickel. tungsten, cobalt molybdenum,'and nickel promoted Norton
LhOO1 supports are compared, The nickel tungsten 44001 is the best

overall desulfurization catalyst for support 44001; and the FIGURE
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47 top curve shows'85 percent sulfur removed at the low boiling

i KN Y

fraction and that this removal slips to 65 percent at the high boiling'

end. The cobalt molybdate combination removes an even 66 to 68 per-
cent through the distillation range. The single metal promoted

44001 support removes 43 to 48 percent as the product temperature

scale is ascended.

Support 20072 with ion exchanged cobalt and the dgposited cobalt
and molybdenuq has .two parallel curves differing by four ﬁercent and
showing a gradn;l decrease in desulfurization as heavier weight;
higher boiling fractions are encountered (FIGURE 48), For nickellion
exchanged and deposited coEalt molyﬁdenum promotions the comparison
is on FIGURE 49, A gradual increase is apparent for the three lower
curves wﬁich all have lower metal loadings than the top curve depict-
ing the heavily promoted 20072 support. A decrease is noted between
the middle distillation fractions and the high boiling components;

"Linde 13-X with four'cobalt molybdenum promotions gives the same
shaped curves as do the Norton supports, As one progresses from the
light to the heavy fraction, the sulfur removal decreases.

6. 0API Gfavity Product from Molecular Sieve Treatment

Three mo;ecular sieve supports and their promotions have\their‘
800°F LHSV.1.5 product listed by CAPI gravity. This petroleum

standard measurement is an indication of specific gravity. The higher

‘the number, the lower the specific gravity. TABLE VII gives the

| (3l ™ e ™ - T - — - -

L




£

-

bt N W [ O e [

A oo W s WU o

1istings.

" The only support material with product specific gravity data for
a nonpromoted support test is Linde 13-X., The 30.7 °API figure is
close to the 30,4 CAPI feed, All the promoted Linde 13-X products
givé gravity figures greater than 31.0 and the average is 31.8 “API,
When the feedstock is hydrodesulfurized the heavy sulfur is replaced
with hydrogen plus some molecular cracking occurs. The added
hydrogen weight is not enough to make up the difference fbr‘the
sul fur removed;

. Norton 44001 and 20072 have "API data justlfor the proﬁoted
catalyst products. Support 44001 gives a 31.4 ®API reading for the
nickel promoted base while 200?2 gives CAPI readings in thé'31 to 32

range., The average OAPT figure for all 20072 promotions is 32,0

‘While the extreme values are 31.0 and 32,8,

C. Noncrystalline Supports
1. Support Family Promotions
a. Promoted Nalcat 2910-As
Nalcat's high silica, large poré volume, and large pore diameter
base is depicted with its cobalf and molybdenum'promotionsron FIGURES
52, 53, and 54. The 180 R pore size and 1.22 cc./gm. pore volume
support gi&es desulfurization results better than 90 percent for the

low flow rates and the 725 and 800°F tgmperatures. Catalyst perform-
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ance measured by percent hydrodesulfurization increases slightly

between 725 and 800°F. The top catalyst promotion composition is the

2,7% Co 16.,0% Mo with over 95 percent desulfurization for all three
temperatures and the LHSV 1.5, '

Performance decreases as the total prbmption weight increases,
The highest cobalt and lowest molybdenum promotion gives the best
results at all three flow rates and temperatures., Also response to
increasing flow rates is not as drastic for the 277% Co 16.0% Mo pro-
motion as for fhe‘other two with their heavier cobalt and molybdenum
loadings; |

This 75 percent silica support is easy to promote, Target-cobalt
and molybdenum promotions are 3 and 15 percent respectively, and the
only problem is the reﬁdy adsorbtion and deposition ofhéﬁe Mb03.

The sampling sequence is the same on 2910~-A as for the molecglar
sieve catalyst runs. At.650 and 725°F the flow rates are checked in
increasing prdepg at 800°F the flow rates and the sayples’collected
are checked in decreasing order. The 1.7% Co 19,4% Mo promotion was
checked in this manner, then the temperature was decrgased from 800 to
725°F and the desulfurization samples checked for ingcreasing LHSVs,
This rerun gives 12 to 18 percent less desulfurization at 725°F'thaﬁ
when the 725°F temperature level was originally checked, Catalyst
deactivation, probably by carbon laydown on the active sitesland/or

blocking the catalyst pore structure, was done at the low 1.5 LHSV
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feed.rate at 800°F,
| b, Nalcat 2910-B:

Nalcat high alumina support 2910-B contains a pore volume of 0,78
cc,/gﬁo and pore diameter of 125 #. The thrée cobalt molybdenum pro-
motions are portrayed on FIGURES 55, 56, and 57,‘ The 3.7% Co 17.4% Mo
promoted support performs bést at 650 and 725?F, then relinguishes the‘
lead to the 0.8% Co 13.9% Mo promotion a£ 800°F, A1l promotions

exceed 94 percent desulfurization for the three temperature levels

at LHSV 1.5,

Between LHSV 4,0 and 7.0 there is a dramatic change in slope for
the curve depicting a particular promotion., This effect appears for
all three temperatures. Desulfurization at LHSV 7.0 rises from the 80
to 87 percent band at 650°F to 87 and 94 percent at 800°F, The LHSV
4,0 flow rate does not have that large a change over the 150°F femper—
ature spread, while the three prombtions'give a desulfurization
change of one to two percent at LHSV 1.5 between 650 and 800°F,

c. Harshaw 1802: |

Harshaw 1802 is inQestigated for its desulfurization capability
with three éobalt molybdate promotions. FIGURES 58, 59, and 60 show
how the desulfurization capacity changes with temperature and flow
rate., A high alumina noncrystalline support witﬁ pore volume 0,91
cco/gms, this material in the promoted state gives increased desulfur-

ization as the temperature scale is ascended. A comparison for the

%
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two high flow rates and the temperaﬁures shows the 2.7% Co 20,4% Mo
promotion possesses the desulfurization lead. At LHSV 1.5 ihe other
two materials with lower overall:cobalt and molybdenum loading do two
to five percent better than the 2.7% Co 20,4% Mo prbmoted support.

At 725 .and 800°F a sharp break in the slope of the curve de-
picting percent desulfurization with flow rate change occurs between
LHSV 4.0 and 7.0. This change happens when the desulfurization at
LHSV 4,0 is greater than 90 percent. The 2.8% Co 16;5% Mo on 1802
has a decrease'in activity at 800°F for the high flow rates. Its
performance at éOO°F is comparable t& the 650°F data. The slope
change between LHSV 4.0 and 7.6 at 725°F does not occur at either
650 or 800CF with this specific promotion, This catalyst’s total
promotion weighf is between the two other promotions. . Over the
entire temperature range all but one of the data points falls below
the other two promoted suéportse | .
| d. Harshaw 1602:

Harshaw 1602 with 0,48 cc./gm. pore volume and high alumina
content is promoted with varying amounts of cobalt and molybdenum.

This support removes over 92 percent of the feed material’s total

' sulfur content at LHSV 1.5 and the temperatures 650 through 800°F

(FIGURES 61) 62, and 63)0
A low cobalt, low molybdenum promotioh is the best combination

for all three temperatures and space velocities used., At LHSV 1.5 the
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difference between the three promotions is three percent sulfur
removal, at LHSV 4,0 seven percent is the spread, while at LHSV‘7.0
the figure increaseg to twelve percent. At 725 and 800°F the sharp
change in slqpe for the promotions occurs again between the LHSV 4,0
and 7.0,

Both increases in cobalt and molybdenum over the sample contain;

ing 0,8% Co 10.3% Mo bring decreases in sulfur removal when compared

with the low cobalt, low molybdenum promotion. .The desulfurization
capability of each suppoft increases more between 650 and 725°F than
between 725 and 800°F,

| e. Alcoa H-151:

Alcoa’s 1/8 inch spherical pellets of high alumina are presented
on FIGURES &4, 65, and 66 with three interesting cobalt molybdenum
promotion amounts. This support with the 0,30 cc./gm. pore volume is
the lowest pore volume npncrystalline support tested.and also the.only
one not in tubular or cylindric form. Its sufface area is 390 mz,/gm,
and exceeds the other crystalline materials by 100 mzo/gm.

A1l three promotions of H~151 have about the same cobalt content,
however the molybdenum promotion changes from 6.6% Mo to 13.5%‘Moo
This support is the most difficult to promote as thermal fracture
occurring during the promotion and while drying limits the p;omotion
amoun£ applied. |

The 2.3% Co 6.6% Mo combination is the best of the three promo-

“
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tions testeds Desulfurization ineréases as the temperature increases

|

from 650 to 800°F. The highest sulfur removal is with the low molyb-

denum promotion at 800°F LHSV 1;5 and is 95 percent. The three pro-

“motions follow a three percent wide band at LHSV 1.5 and the temper-

atures 725 and 800°F; this increases to six percent at LHSV 4,0 and to
eleven percent at LHSV 7,0. No break or sharp change in slope.
appears between -LHSV 4,0 and 7.0 for tge respective promotion curves,

As the moiybdenum content incregses and the cobélt amounts
remain static, the desulfurization decreases for promoted H-151,

f. Norton 6473:

Norton 6473 contains practicaily pure alumina, possesses a low
pore volume of 0.45 cc./gm. and pore diameter around 60 %, Three
cobalt molybdate promotions are presented for the 225~250 mz./gm.
surface area support (FIGURES 67, 68, ;nd 69).

Desulfurization incréases with temperature to 860°F and the
maximum sulfur removal.of 97.5 percent is reached at LHSV 1,5 and
with thé 4,1% Co 9.4% Mo promotion.

Two supports, one with 4.1% Co 9.4% Mo and the other 2,9% Co

15,1% Mo lead the 2,3% Co 18.4% Mo promotion at 650°F substantially,

but at higher temperatures this lead decreases. Desulfurization de-

creases as high molybdenum loadings are reacheds The three promotions
span a five to six peéercent wide band from LHSV 1.5 to 4.0, then this

increases to 15 percent at LHSV 7,0 for both the 725 and 800°F

e
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temperatures. v
" The curves slowly flatten out as the reciprocal space velocity
increases., No sharp break is noted and at 725 and 800°F the curveé
for each promotion parallgl each other,
g, Houdry C and Harshaw.4401—E:

Houdry C, a cobalt molybdenﬁm catalyst, and Harshaw 4401-E, a
nickel tungsten presulfided cata;yst. have their performance charact-
eristies charted on FIGURES 70, 71, and 72, The supﬁort for Houdry C
has over 90 percent alumina content.while silica takes 50 pércent of
401 ~-E%s support weight. These commercially prepared catalysts have
pore volumes of 0,48 and 0.39 cc./gm, for Houdry C and Harshaw
4401-E respectively. |

Performance at 800°F for both LHSVs 1.5 and 4;0 results in better
than 90 percent sulfur removed; the LHSV 7.0 figure is 87 percent.
Both cataiyst give deéulfﬁrization daﬁa within one and two percent of
each other for all space velocities at 800°F, Desulfurization values

for the three LHSVs and two catalyst‘compositions are quite close, the

- only serious divergence is at 650°F-LHSV 7.0 where Houdry C gives 75

percent and 4401-E gives 90 percent desulfurization., Since 4401-E is

a presulfided catalyst and Houdry C is not and this temperature is

"~ first checked after sulfiding, the presulfided catalyst might possess

superior desulfurization activity to the Houdry C catalyst until the

Houdry C becomes adequately sulfided.

i
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The clése pe#fbrmance at all other data gathering points shows
the nickel tungsten and cobalt molybdenum catalyst give comparable
results on this specific feedstock. The nickel tungsten promotion’
curves do not~show the tendency to level out between the intermédiate
and low flow rates as do the Houdry C cobalp molybdate curves. The
Boudry C has a/slightly larger pore volume than 4401-E and this may
account for the curve shapes between the two higher space velocities,

2, Comparison

a. 3% Co 15% Mo

FIGURES 73, 74, and 75 contain data on the six promoted crystal-
line supports near the 3% Co 15% Mo target. One support, Ha?shaW'
1802, has.two promotions straddling the target figure and both compos-
itions are preséntéd, Since six supports and‘seven‘promotions are
near the targef, each graéh is. a mass of lines connecting points
representing the results at the“three flow rates,

‘A1l the noncrystalline supports give greater than 90 percent
desulfurization at 725 and 800°F for the LHSV 1.5 while there is only
one exception at 650°F, Seven percent separates the high and low
performers at this low flow rate at 725 and 800°F, The sepération
increases to 15 percent at LHSV 4,0 and 18 percent 'at LHSV 7.0 800°F,

é9iOfAvand 2910-B are supports ﬁith two of the largest pore

diameters. and pore volumes. These supports, when they are promoted,

1.4
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are the top two performérs of the six listed supports. Their perform-
ance over the flow rates checked is more uniform than those supports
with lower pore volumes and émaller pore diameters.- Norton 6&72 when
compared with Nalcat 2910-A and 2910-B illustrates this. The ch;nge
in desulfurization as one progresses from a high feed rate to a lower
feed rate for 6473 is more dramatic than for the larger pore diameter
2910-4.

b. 5% Co 10% Mo

Only two ﬁoncrystalline supports have cobalt and m&lybdenum near
the 5% Co 10% Mo figure. The two, Norton 6473 and Harshaw 1602,‘have
their desulfurization characteristics graphed on FIGURES 76, 77, and
78, Both have pore volumes close to 0.45 ce./gm. and while 6473 is
practically pure alumina, 1602 has six peréent silica with the
remainder alumina.

Promoted 6473 has oné percent more cobalt and one percent less
molybdenum than the promoted 1602, The Norton support provides the
best desulfurization resulis,‘97 pérceni sulfur removal occurs at
800°F LHSV 1.5, Desulfurization as measured at all three flow rates
jncreases from 650 to 800°F, The performance gap betﬁeen the two
similar supports is held to less than three percent for all flow rates
and temperatures.

This data shows that these two supports made by different manu-

facturers and having similar silica alumina compositions and physical

{
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measurements can give similar results when promoted with equal amounts
of the same transition metals, )

¢, DBest Noncrysfalline Promotions:

The best desulfurization results from promoted nonerystalline
bases are cataloged on FIGURES 79, 80, and 81, The six supports with
the one best promotion chosen for each éupport are graphed and com-
pared.

As temperature increases, catalyst performance increases, The
relative perfofmance_order for the promoted supports may change between
temperature levels, but with these noncrystalline supports the indiv-
idual performance levels are all very close, Note the wide cobalt
promotion range that produces the best performers for each support
matérial° The high alumina, low pore volume 6473 with 4.1% Co 9.4%

Mo gi&es 97 percent sulfur removal at LHSV 1,5 800°F while the high
silica, high pore volume, large pbre diameter 2910-A with 2.7% Co

16,0% Mo givéslone percent better at the same conditions. When the
800°F plot is examined (FIGURE 81) the six promoted supports are
grouped in a four percent band at LESV 1.5, five percent at LHSV 4.0,
andisii percént at LHSV 7.0, This narrow perfo;mance spread is also
apparent at 725°F and increases at 650°F, Individual support char- ’
acteristics cannot be readily identified within such a narrow region

as some supports change théir position relative to each other's per-

formarice while progressing from one temperature level to another.
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The low pore volume bases, H-151, 1602, and 6473, with lower
total'cobait and molybdenum loadings do give comparable performance
to the higher promoted ana larger pore volume supports such as 2910-A,
2910-B, and 1802 for the LHSVs 1.5 and 4.0, -

d. Equal Pore Volume Comparison:

Houdry C, Harshaw 1602 ana-Norton 6473 are all high alumina
supports that have pore volumes between 0.45 and 0.48 cc./gm. FIGURES
82, 83, and 84 cover the desulfurization ab111ty of these catalysts
over the 650 to 800°F temperature rahge. The three catalyst on these
three graphs have cobalt and molybdenum promotions close to the 3% Co
15% Mo target. The commercially prepared Houdry C has slightly less
cobalt and molybdenum composition thanliéoz and 6473. Three percent-
between the high end low performers occurs for the LHSVs 1.5 and 4.0

at all temperatures and this increases to six percent for the high

'flow rate LHSV 7.0,

1

Support 6473 performs better than the other two catalysts at LHSV
1.5 and 4,0 for all temperatures but falls behind Houdry C by one to
two percent at LHSV 7.0;' The Houdry .C tends to level off in desulfur-
ization ability between LHSV 4,0.and i.5; while fer 6473, tﬁe high
alumina support, there is a rapid slope change between LHSV 7.0 and
4,0, but desulfurization still appears to increase steadily as the
flow rate decreases.

These three catalyst combinations give almost identical results

'
L
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at both 725 and 800°F, There are several slight decreases in perform-
ance when the highest temperature 800°F is compared with the results
at 750°F. The Houdry C has the largest surface area, 330 mZ,/gn.,
wﬁile the 1602 support has 210-240 hz./gm., and 6473 contains 225-250
m?, [gm, All these materials are made in 1/8 inch cylindric pellets.
This series of plots shows the author is able to make catalysts'
comparable to a commercial égmple when equal promotion amounts and
similar characteristics for bases are compared.
3. Distiilation Curves for Products from Nonerystalline Supports:

Distillation data for the promoted nonecrystalline supports is

contained on FIGURES 85 through 91. Two or three promotions are listed

for each support and the product for these suppoft,promotions may be
compared with the Husky gas oil.feed. The feed with the 1.82 weight
percent sulfur is used with all the noncrystalline catal&sts except
Houdry C which is compared against the higher Specific gravity 1.62
weight percent sulfur feed that also has a higher initial boiling
point (IBP). |

Nalcat 2910-A on FIGURE 85 shows that as the catalyst loading
decreases, the product distribution increases at the low b&iling
fraction. This catalyst has the largest pore diameter and pore
volume, so possibly cracking is permitted more readily as less of
the pore volume is taken up by the metal ﬁromotions.

FIGURE 86 for Nalcat 2910-B presents a high alumina support, but

(2
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with less pore volume and smaller pore diameter than 2910-A, The
cracking results are the same as the two higher cobalt molybdenum
loadings of 2910-A, At the high boiling fraction very little separa-
tion between prdducts from either the high or low cobalt promotion of
2910-B is‘evidenced. ' |

Harshaw 1802 with 0.91 cc./gm. pore volume and slightly higher
cobalt molybdenum promotion than the 0.78 cc./gm. pore Qolume Nalcat
2910-B.gives slightly less cracking as shown on FIGURE 87 than the
Nalcat support.

1602°s promotions are slightly less thén 1802°s, but Harshaw
1602 also has a 0,48 cec./gm. pore volume., Its ﬁroduct,distribution
is different from 1802°'s and promoted 1602 shows a higher recovery
at the low boiling end plus a éhénged product distribution throughout
the whole recovery range while the previously discussed supports.do
not change the higher boiiing fractions much.

Houdry'C on FIGURE 89 gives the most radical product distribution
change of any catalyst studied. The initial boiling poinf of the feed
is higﬂer than the feed used with the other noncrystalline catalyst
tests, yet the product initial boiling point for Houdry C aﬂd the other
catalysts is the same. The Houdry C-surface area is larger than the
other catalysts:excepting H;151, but the pore volume is the same as .
Harshaw 1602 and Norton LA 6473. Cobalt and molybdenum promotions are |

comparable too,
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Alcoa H=151 possesses the largest surface area for noncrystalllne

supports, 390 n?, [eme, and the 1owest pore volume, 0.30 cc. /gm. Tts
cracking activity is practlcally.colncldent with Norton €473 support
that has 225~25C mz./gﬁ. surface area and pore volume 0.45 cc./gnm.

L, Sulfur Analyses of Distillations:

Six figures, FIGURES 92 through 97, give the sulfur analyses
data on six fractions taken from an ASTM distillation. The graphs
compare the sulfur content of a specific fraction with the same
fraction from fhe untreated feed, The product samples at LHSV 1.5
800°F are for the three promotions made on the nonerystalline
support materials. ’ |

A1l graphs indicate declining desulfurization as the higher
molecular weight and higher boiling constituents of the sample are

encountered. Some, such as Nalcat 2910-A and Harshaw 1602, experience

~a small increase in desulfurization between the low boiling fraction

and fhe intermediate., This increase is usually close to two percent.
A1l these noncrystalline supports are in the high desulfurization

range when compared to the molecular. sieve supperts. Ovefall sulfur

removal is greater than 90 percent for all promotions, 2910-A with

1,7% Co 19.,4% Mo on FIGURE 92 has the greatest removal range with

93 percent_removed a£ the low bqiling end; then decreases to 80

percent at the high boiling end. A definife slope is apparent for the

samples taken from this promotion. All other samples and their

L T
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promotions exhibit a trend to lower'desulfurization in the high
bbiling range and the percent desulfurization may change drastically
for the two samples taken at the highest boiling temperatures (FIGURE
96), H-151 is one catalyst where the iargest cobalt and molybdenum
content gives the least desulfurization ;p the higher distillation'
range wﬁen compared with other promotioﬁs on the same base that
represent lower cobalt and molybdenum loadings on.this low pore
volume support. ngshaw 1802 with its high metal 1o§ding on FIGURE
94.15 in Opposition to this claim, bﬁt all three promotions represent
more than 18 percent of the catalyst weight. So the desulfurization
activity for low metal content on the large pore volume bases cannot
be predictéd.

At the high boiling range all supports except 2910~A‘give results
within a seven to eight percent range for all three promotions, Nalecat
2910-A has a 13 percent cﬁange between the high and low performing
promotions for the high boiling fraction. »

5., 9APTI Gravity Discussions

TABLE VIIT lists tﬁe OAPT gravity for the promoted base materials
operating on the 30.4°API gravity Husky gas oil., All the promoted
noncrystalline suppofts'change the specific gravity of the o0il to 32
and 33 °API. Oply one nonpromoted support, 6473, is listed and there

is little change in'specific gravity between the feed and the product.
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The desulfurization ability of this support is in the 30 percent area.
The high desplfurization abilities of the promoted noncrystalline
bases change the specific gﬁﬁjity reading of the feed to the product
2,5°4PI, In contrast the promoted molecular sieves with their
less desulfurization activity change the OAPI reading about 1.5°APT
(TABLE VII). Desulfurization by molecular sieves is 20 to 30 percent

less than for the noncrystalline promoted supports.
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VII,. CONCLUSIONS

A, Molecular Sieves as Catalyst Supporfs:

1, Increased pore volume, é one to two angstrom greater pore
diameter, and different crysﬁalline structure give better desulfur-
ization withibromoted molecular sieves when Linde 13-X is compared
to Norton sﬁpportsa

2. The aﬁount.of metal loading on the sieve does not appreciably
affect pro?nct distribution as shown on the distillation curves. The
product distribution is a function of the pore volume, crystalline
structure, and surface area rather than metal deposition amount.

‘3.- Molecular sieve performance reaches a peak at 725°F and
decreases at 800°F, High silica content present in molécular sieves
could influence cracking and coke laydown at 800°F,

4, TJon exhange cobalt and nickel on the deposited cobalt molyb-
date catalysts do not give an increase in desulfu?ization over the

deposited cobalt molybdaté catalysts.

B. DNoncrystalline Supportss‘

i. Low pore volume supports with a low cobalt and molybdenum
content compete favorably with high metal loadings on larger pore
volume bases at the low feed flow rates. Those bases with low pore
volumes and pore diameters near 50 X)exhibjt less desulfurization

abili%y than the larger pore volume, larger pore size supports at high
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liquid space velocities.

"2, A high pore volume, high silica support gives similar desul-~ |
furization results to a slightly lower pore volume, high alumina base
when both arejpfomdfed.with equal cobalt and moiybdenum amounts.,

3. A high pore volume, high silica base shifts the distillation
product distribution toward the lower boiling region as the metal
loading of the cataiyst base decreases,

L, Bases that have equal pore volumes, the same cobalt and moly~
bdenum promotidns and sﬁan a o0 mz./gm.'surface area range give

identical desulfurization results,

Co Comparison between Molecular Sieves and Nondrystalline Supports:

i, Nonerystalline supports with larger pore diameters than the
molecular sieves perform better at #11 temperatures £ested in spite of
the larger surface areas molecular sieves posseéso

2. The PAPI gravity change is greater for the hyarodesulfuriza;
tion products obtained with néncrystalline promoted supports than
promoted molecular sieves, This is expeéted as the noncrystalline
supports with larger pore sizes deéuifufize the gas o0il feedstock more
than the promoted molecular sieves, ’

3 Hydrodesﬁlfurization decreases as the higher bdiling fractions

of the gas'oil are encountered.




FER TR AV s

[

L L Lid

tdh)

VIITI. RECOMMENDATIONS

A, Two crystalline molecular sieve structures, faujasite and
mordanite, are tested} other molecular sieve structures'ghould be
tested to determine crystalline structure effects on hydrodesulfuria-
ation,. \

B; 10 £ is close to the upper limit for molecular sieve pore
sizé. :Obtain molecular sieves with smaller pore sizes and see if the
desulfurization results are the same or less than the 10 £ pore
diameter sieves,

C. Sieve supports that have equal pore dimensions but double
the pore volume give 10 to 20 percent more desulfurization than
supports with the smaller pore volumes, Try to obtain sieves with the
same pore size and other pore volume figures,

D, Obtain nonecrystalline support samples with equal pore
diameters and different pore volumes, promote them, and evaluate

their desulfurization chéracteristicso

ULy
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TABLE I
Fuel Properties
Feed Runs 1-16

API 31,1 @ 60°F

Distillation

IBP . 459°F |
104 506

50% 564

90% 625

EP 672

Sulfur wt, 4 1,62

Data 641 mm Hg ,
corrected to 760 mm Hg

7

Feed Runs 17-57

APT 30.4 @ 60°F

Distillation
I8P 398°F
10f 4

- 50% 54£
90% 667

CEP 664

Flash Pt, 188°F
Sulfur wt. % 1.82
Data 640 mm Hg

" corrected to 760 nm Hg

Sulfur Contained in Given Boiling Fraction

No Sample IBP too high 362-453°F

1.12 wt. % B 5h-51
1,48 515-575
1.73 . 576600
1.99 601625
2,08 626-EP

1.22 wto %
1.50
1.85
1,85
1,98
2,28
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Run

1-16
17-57

1+2

9-14
15
16-19
20
21-32

33-57

67
TABLE II
Synopsis of Hydrodesulfuriiation Runs
Purpose

Made on fuel #1 1,62 wt. % Sulfur 31.1 OAPT @ 60°F
Made on fuel #2 1.82 wt. % Sulfur 30.4 °APT @ 60°F
Houdry C'catalyst used to establish operating précedures
and check equipment, howsver temperature problems caused

run termination,

Harshaw 4401~E presulfided nickel tungsten catalyst
used to check operating procedures.

Norton base materials used as catalysts;

Hbudry C catalyst used to examine operating procedures
with known catalyst and establish catalyst performance
standards,

Norton base as catalyst

First promoted Norton base material tested.

Promoted Norton base materials evaluated.

Norton base as catalyst

Norton promoted base materials tested.

Norton base material only used as catélyst.

Co Mo, Ni W, and ion exchange promotions on Norton

bases 44001 and 20072

Tests of promoted nonérystaliiné materials as hydrode-
sulfurization catalysts

R AR D
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Run

45

55
56

35=57
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TABLE II (Continued)
Purpose
Support 2910-A with 1.7% Co 19.4% Mo rerun at 725°F to
check activity decrease from most severe operating
conditions (LHSY 1.5 800°F),
LA 6473 base material only used as catalyst.
Linde 13-X base material only used as catalyst. |
Sulfiding done at 250 psig and lower to economize on

HpS-Hy cylinders. - No effect noted due to sulfiding
pressures. ‘

A1l runs made as described in operating procedure.

!
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Material

Density (1b/ft3) -
CaAtion

Nay0 (%)

510,/41505

_Surface Area (m?/gm)
Pore Volume (cc/gm)
Pore Diameter (8) |
Physical Appearance

Manufacturer

TABLE III

Molecular Sieve Properties

13-X

0081 0255. 0256 44001 20072
40 BO-45  LO-45 40 4o-45 b2
gt ol i g ng, "
0,067 - 0.13 0,74 . 0,02 0.13
10/1 10/1 10/1 © 44/1 . 10/1 1.2/1
400 to 500 - 750
0:33 - 7'0.6?
7 to 9- 10
— 1/16 inch tubular extrudates .
Norton Company Linde

...69...
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-TABLE IV

Properties of Cormercially
_ Available Noncrystalline Base Materials

Material 2910-A 2910-B 1802 1602

Density (g/ce) 0,36 0.50 0,53  0.83

Surface Area . . 270 250 270 225
(m2/gm)

$10 (%) O THa7 0024 6.0 6.0

K205 (%) 23.0 979

‘Nago (%) 0.05 * 0.02 0,03

Pore Volume 1,22 0.78 0,91 0.48
(cc/gm) ‘ '

Pore Diameter () 180 125

Physical " 1/8 inch tubular pellets—
Appearance

Manufacturer ' Nalco=~—f——-- Harshaw -

Houdry C H-151 6473 LA401-E

0.85
330

91.0

0.45

55

Houdry

0.86

390 250 212

50,0
90.0 99.5
0.2

0f30 0.45 | 0.39

50 55

1/8 in, 1/8 in,
spheres pellets

Alcoa Norton Harshaw

T
"l

T

Y AR & I

T




£

[an)

Oy

)

— L VR LI

Support

0081

0255
0256

44001

20072
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FABLE V

Listing of Molecular Sieve

Supports, Promotions, and Best Results

Co
Ni
Ni
Co
Co

Ni

At LHSV 1.5

Promotion . Run Sulfur Removal Temp.
3.5% Co 10,06 Mo 9 88.0% . 725
3.0 14,3 8 75.4 . 800
7.3 18.9 16 72.4 725
405 9.3 1"" 67.’4‘ 800
Base Material L 27 .4 800
2.3% Co 12.3% Mo 10 71.0 725
5.8 10.6 i1 70.5 800
Base Material .5 30.0 .800
3.9% Co 15.1% Mo 13 73.5 725
6.3 11.1 12 - 68,5 800
Base Material . 7 . 26,0 800
3.1% Ni 12,65 W 32 82.8 725
3.1 Co 14,9 Mo 19 74,5 800
2,3 Co 13.8 Mo 18 61.0 725
9.4 Ni 35 - 57.5 - - 725

6.9 Co 10,1 Mo 17 . 46,3 800
Base Material 15 37.3 - 800
5.,1% N1 19.3% W 31 75.8 800
3.5 Ni17.5 W 30 72,8 725
L4 Co 19.8 Mo 23 72.5 . 800
2.7 Co 13.5 Mo 24 65.6 800
2,7 Co 13.4 My 27 64,0 725
2.8 Co 13.7 Mo 26 . 63,0 725
2,2 Co 11.1 Mo 25 60.5 800
2.5 Co 13,0 Mo 22 55.6 800
2,0 Co 10.5 Mo 28 L47.5 725
Base Material 20 25.2 800
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TABLE V (Continued)

Listing of Molecular Sieve

Supports, Promotions, and Best Results

At LHSV 1.5

Support Promotion
13-X 2,9

1.7 16-3
3-9 1300
1.8 13.7
B

ase Material

.9% Co 17.8% Mo

L

Run

.43

52
48
L6

56

.85.0
83.5
81.5
36.5

" Sulfur Removal Temp.
86.2%

725
725
725
725
800

S
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1602
1802
H-151

6473

2910-A
2910-B

"Houdry C
Lh01-E
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TABLE VI

Nonerystalline Supports, Promotions,
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TABLE VII

Molecular Sieve Base Materials
OAPI Gravity Product

Base : Promotion

one-Base Material
9% Co 13.0% Mo
8 13.7
o7 16.3
9 17.8

13-X

44001 : 9.4% Ni

13.0% Mo
Co 19.8 Mo
Ni 17.5 W
Ni 19.3 W
Co 10.5 Mo
Co 13.4 Mo
.Co 17.6 Mo
Co 11.1 Mo
Co 13.5 Mo

o
R
o
(<]

20072

% Ni
Ni
Ni
“Co
Co

OFHroO
AWLW NN
NNUNE\)U\\»PN

ANV O RR

Feed 130.4 CAPI @ 60°F

Samples taken at LHSV 1.5 800°F

OAPT

30.7
31.4
31.3
32.1
32.5

31.4

31.1
32.4
31.0
32.3
31.9
32.8
32.3
31.6
3L.5
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FIGURE 53

"Percent Desulfurization vs. 1/LHSV at T25°F
for Nalcat 2910-A
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FIGURE 54
" Percent Desulfurization vs. 1/LHSV at 800°F
for Nalcat 2910-A
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FIGURE 55
Percent Desulfurization vs. 1/LHSV at 650°F

for Promoted Nalcat 2910-B
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FIGURE 56

Percent Desulfurization vs. 1/LHSV at T250F
for Promoted Nalcat 2910-B
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FIGURE 57
Percent Desulfurization vs. 1/LHSV at 800°F
for Promoted Nalcat 2910-B
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Percent Desulfurization vs. 1/LHSV at 6500F
for Harshaw 1802
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FIGURE 59
Percent Desulfurization vs. 1/LHSY at T25C0F

for Harshaw 1802
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Percent Desulfurization ys. 1/LHSY at 800°F
for Harshaw 1802
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. Percent Desulfurization vs. 1/LHSV at 650°F
for Harshaw 1602
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" Percent Desulfurization vs. 1/LHSY at T25°F
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Percent Desulfurization vs. 1/LHSV at 800°F
for Harshaw 1602
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FIGURE 64 ¥
Percent Desulfurization vs. 1/LHSV at 650 F

for ALCOA H-151
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FIGURE 65
~ Percent Desulfurization vs. 1/LHSV at T25C°F
for Alcoa H-151




-138..
100
8
pt. 90 L <+
o
N
)
H
G4
—
fa |
0
()]
(=
2
o
Q
O
~
()]
Ay
80 kS &l R i
Catalyst Promotion
@ 2.3% Co 6.6% Mo
A 2.3 13.1
4= 2.8 13.5
70 t + t +
0.2 0.4 ; 0.6 Q.8 150
1/LHSY

FIGURE 66
Percent Desulfurization vs. 1/LHSV at 800°F
for Alcoa H-151
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FIGURE 67
Percent Desulfurization vs. 1/LHSV at 650°F
for Norton 6473
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Percent Desulfurization vs. 1/LHSV at T25°F

for Norton 6473
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FIGURE 69

Percent Desulfurization vs. 1/LHSV at 800°F

for Norton 6473
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Percent Desulfurization vs. 1/LHSV at 650°F
for Houdry C and Harshaw Commercial Catalysts
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Percent Desulfurization vs. 1/LHSV at T25°F
for Houdry C and Harshaw Commercial Catalysts
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Percent Desulfurization vs. 1/LHSV at 800°F
for Houdry C and Harshaw Commercial Catalysts
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Percent Desulfurization vs. 1/LHSV at 6500F Noncrystalline
Bases with Co Mo Promotion in 3% Co 15%. Mo Range
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Percent Desulfurization vs. 1/LHSV at 725°F Noncrystalline
Bases with Co Mo Promotion in 3% Co 15% Mo Range
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Percent Desulfurization vs. 1/LHSV at 800CF Noncrystalline

Bases with Co Mo Promotion in 3% Co 15% Mo Range
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Percent Desulfurization vs. 1/LHSV at 650°F
for Noncrystalline Bases 5% Co 10% Mo Range
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Percent Desulfurization vs. 1/LHSV at T25°F
for Noncrystalline Bases 5% Co 10% Mo Range
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" Percent Desulfurization vs. 1/LHSV at 800°F

for Noncrystalline Bases 5% Co 10% Mo Range
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Percent Desulfurization vs. 1/LHSV at 650°F
for Best Catalyst Promotions
Noncrystalline Materials
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FIGURE 82
Percent Desulfurization vs. 1/LHSV at 650°F
Pore Volume 0.45-0.L48 cc./gm.
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Percent Recovered vs. Distillation Temperature

for Nalcat 2910-A
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FIGURE 86
Distillation Temperature vs. Percent Recovered
for Nalcat 2910-B
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Distillation Temperature vs. Percent Recovered
for Harshaw 1802
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Distillation Temperature vs. Percent Recovered
for Alcoa H-151
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Distillation Temperature vs. Percent Recovered

for Norton 6473
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13.0% Mo
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17.4

6.6% Mo
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13.5

10.3% Mo
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15.3°

14,6% Mo
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one-~Base Material

901"’% Mo
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Feed 30,4 CAPI @ 60°F

Samples taken at LHSV 1.5 800°F
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