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Abstract:

The use of nickel oxide in the presence of hydrogen for the desulfurization. of a fuel oil and the
regeneration of spent nickel catalyst was investigated. The effects of temperature, space velocity,
physical condition of catalyst, recycle, and hydrogen rate were studied. Spent catalyst was treated by
various methods and the materials produced tested for activity as desulfurization catalyst.

The desulfurization unit consisted of an adjustable rate oil feed pump, a combination preheater and
reactor, a condenser system, an exhaust system, and an arrangement for collecting and recycling the oil.
A fluid regenerator for the oxidation of spent catalyst with air was also constructed The nickel oxide
acted as a chemical reagent to combine with the sulfur in the oil to produce nickel sulfide©
Temperature proved not to be an important variable for this process© Less than 50 per cent of the
nickel oxide present in any of the catalyst tested was converted to nickel sulfide before the
desulfurization reaction ceased# This cessation of activity was not due to mechanical blocking of the
catalyst pores as the conversion to nickel sulfide was no greater for powdered nixkel oxide than for
nickel oxide pellets# The amount of desulfurization depended on the contact time and seemed to be
independent of whether this contact time was obtained by one pass at a low space velocity or several
recycles at a higher space velocity© The hydrogen rate was not an important variable although high
hydrogent rates reduced the amount of desulfurization.

The hydrogen reduced some of the nickel oxide to free nickel.

Free nickel is an active desulfurization agent under the conditions used and may have been the
desulfurization agent for this process© The oxidation of nickel sulfide with air produced nickel sulfate
which had no activity as a desulfurization agent. Nickel oxide prepared by decomposition of nickel
hydroxide and nickel carbonate precipitated from solutions could not be activated with air or hydrogen
to produce an active desulfurization catalyst.



T e T

— | -, 1101 1t L LU

USE AND REGENERATION OF WICKEL OXIDE FOR DESULFURIZATION OF FUEL OIL

by

Paul A. Haas

A THESIS ‘
Submitted to the Graduate Faculty
, in .
partial fulfﬁllment of the requirements
for ﬁhé degree of
Master of Sciemce in Chemical Engineering
at

Montana State College

Approﬁedg

Tesd, Major Department

Chairman, Examinieg}@omﬁi%f@e

n, Greduate %}#ision

gy

) /:,‘l b )
f.l//~/l,,v(/;] M Ve

' Bogeman, Montana

June, 1951

borgg

1 '4,. ,,1

.




hli??

y iz u -2 .

Table of Contents

Page No
ADSTIACT i 3
INTrOdUCTION i C h
Equipment, Methods, and M aterials
The Comparison U Nt 7
The Fluid Reactor System . . 9
Procedure for Comparison Unit . ..., 12
Procedure for Fluid Regeneration........... ),
Analytical M ethodsS ..o 15
Procedure for Chemical Regeneration ... 16
M ATETTALS oo 18
Methods for Calculations . . . . . . . e 19
Thermodynamic Calculations ... 21
R €SUILS oo P
SUMIMANY ettt nn e n e nnenne s 31
Acknowledgment.......cccoeoviinenns 33
Literature Cited . 3b
Appendix e 35

100Su0



e L ol 7 Ll

AL

ABSTRACT

The use of nickel oxide in the presence of hydrogen for the de=~
sulfurlzatlcn of & fuel oil and the regeneration of spent nickel cat=
alyst was investigated. The effects of" temperature, space velcclty,
phys1ca1 condition of catalyst, recycle, and hydrogen rate were stud-
ied, Spent catalyst was treated by various methods and the materlals
produced tested fcr act1V1ty as desulfurigation catalyst,

The desulfurlzatlon unit consisted of an adgustable rete oil feed
pump, & combination preheater and reactor, & condenser system, an
exhaust system, and an arrengement for collecting and recycling the
oil. A fluid regemerator for the oxidation of spent catalyst with
air was also constructed

The nickel oxide acted as a chemical reagent to -combine with
the sulfur in the oil to produce nickel sulfide. Temperature proved
not to be an important varieble for this process. Less than 50 per
cent of the nickel oxide present .in amy of the catalyst tested was
converted to nickel sulfide before the desulfurization reaction ceased.
This cessation of activity was not due to mechanical bloc¢king of the
catalyst pores as the conversion to nickel sulfide was no greaster for
powdered nixkel oxide than for nickel oxide pellets,

The amount of desulfurizetion depended on the contact time and
seemed to be independent of whether this contact time was obbteined by
one pass at a low space velocity or several recycles at a higher space
velocity, The hydrogen rate was not an important veriable although
high hydrogent retes reduced the amount of desulfurization.

The hydrogen reduced some of the nickel oxide to free nickel,
Free nickel is an active desulfurization agent under the conditions
used and may have been the desulfurlzatlon agent for this process,

The oxidetion of nlckel,sulflde'with air produced nickel sulfate
which had no asctivity as a desulfurization agent, Nickel oxide pre-
pared by decomposition of nickel hydroxide and nickel carbonate pre-
cipitated from solutions could not be ectiveted with air or hydrogen
to produce an sctive desulfurlzatlon cabalyst, ‘
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Introduction

The presense of sulfur in fuel oil‘i; objectionable and the
gmounﬁ of sulfur may have an importent effect ;n the-valué‘of the
0il. A high sulfur oil tends to be corrosiv;‘to the equépmeﬁt in
which it is handled and used; and when the oil is burﬁed, the suifur
dioxide pfoduced may form sulfurous acid with the water of combusion..
The sulfﬁroﬁs acid may be further oxidized to sulfuric acid.

Ihcreasing demand for 0il has lead to the increased production
and use of high sqlfur‘crudes_such as those praduced in the West
Texas, Rocky Mountain, and California. areas. A fuel 0il produced from
these c;udes may be of very good quality exéept for ité sulfur content,
An econopicai method of feducing ‘the aﬁounf of sulfur in-such oil -
without adversely affecting the .other qualities would be valusble.

The sulfur in oil may be present as free smlfur, hydrogen sul«
fide, mercaptens, thioethers; disulfides, thiophanes; or thiophenss,
The ?fee sulfur or hydrogen sulfide can be removed by Histillation
er'washinésg The exac¢t nsture of the other sulfur compounds present
in any gi%gn sample of oil is usually hard to determine, Mebery. (7)
carried out some of the earliest investigetioms in this field; When '
a crude is Practionated, the sulfur generally appears in greater
coneentration in the higher boiling fractions. Thus, a straight run
fuel oil or gas oil will contain = higher peréegtage Bf’sulfur than a
strgighf run gasoline or naphtha from the seme crude., Also, the sula

fur compounds in the higher boiling fractions are generally more stable

R




Y I "

-5 a

and harder to remove, The largest part of the sulfur in the fractions
Eoiling above the gasoline renge from e high sulfur crude seems to be
"present in eyclic compounds. MeKittrick (8) found that the sulfur in e

naphtha from e cracked Célifornia Midwey crude wes mostly tﬁiophenieo‘

There are many processes for removing sulfur from gesoline, Vari.

ations of aeid or alkeli washing and verious catalytie desulfurization
processes ere the most commonly used., ‘However, most of these processes
are not satisfactory for }émoving sulfur from fuel oil. The use of sule
furic acid for removing sulfur from fuel oil obtained from a high sulfur
crude is impractical because of high agid consumption and high oil loss,
The processes involving caustio washing are effective on méroaptans, but
have little effect on eyclic sulfur cbmpouhdsa Destruckiﬁe hydrogenge
tion is effective in femoving the sulfur coﬂpdunds, but is an expénsive
process, Catalytic desulfurization would seem to be the moét promising
p;ocess for commercial use. Catalytic methods usuaelly remove the sulfur
by converting it to hydrogén sulfide. The addition of hydrogen mey
maké 8 catelytic -desulfurizaetion 'process more effective and may reduce
.the émouﬁt of unseturstion of the producf; | |

Nickel compounds or freé nickel are active cetalysts for many re«
actions. M. H. Gwynn (3) (L) has patents on the preparetion and use of
catalysts for the hydrofining of oils. These concern the use of- black
oxides, particularly nickel oxide, With'hydrogen fof the desulfurize-
tion of hydfoeérbon distillates. ‘The hickel or-nickel compounds may be
catalysts acting to remove the sulfur as hydrogen sulfidse, or may be

reagents according to the following reaction:
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Wig0), + 3RSH + LHp —% LHp0 + 3Mis + 3pH

Hereafter; the desulfuriéation'agents containing nickel will be re=
ferred to as catalyst withoﬁt:the implication thet they do not chenge
chamicgliy during'tﬁe'procéss, i.€o, the %érm "nickel catalyst" will
refér_%b a meterial which may act as a true catalyst or as a chemical
reagenP;_

| This inyesﬁigatién we.s concerned.with the use and regeneration of
nickél_catalysfﬁo_ The effects of temperature, space velociéy;-phys-
icé} conditioﬁ of the éatalyst, recyc¢le, and hydrbgen rate were ihp
vestigatedo .Further investigation of vafiable'was discéntihued
wher it was felt the resulés indicated that unbtested values of the
variable would not give better desulfuriz‘ation° |

Nickel compounds are not cheap and the.deéulfﬁrization of a

fuel oil with nickelycatalyst would be p;actiéal only if the wéight |
of oil desulfurized pér weight of catalyst were high. As part of
this investigation, spent catalyst was treated Ey verious methods and
‘the products_tested,tb determine théir activity as desulfurizetion |

catalysts.
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The Comparison -Unit

Figure 1 is a drewing of the apparatﬁs called the Comparison
Unit. The comparison unit wes designed so that various catalysts
coﬁid be tested under specifigd conditions of temperafure, space
velocity, hydrogen rate, and quantity of oil. The o0il was recycled
and samples could be taken when desired. - |

Tbe reactor bﬁdy was & piecé of 25 mm glass tubing with the
female section of a 29/2 ground glass taper joint on the top and
the male. section of a 35/25 ball joint on the bottom. The total
i?ngth including joints was about 17 inches. A glass thermowell
stuck up into the réaetor with its opening about I%Jinches‘aboﬁe the
bottom joint. An iron-constantan thermocouple was used with a
leeds and Northrup potentiometer calibrated directly‘in degrees
éentigradgf fhe reactoé body was mounted in an 11 ineh lenghf of
_%-inch sténdard steel fipeo UThe'pipe we.s wrap?ed with asbestos
ta?e'and then.with a heaﬁing c¢oil thet had e meximum outpubt of 750 -
watts at 130 volts, A'Variac ﬁas used to‘éontrol the voltége input
'@q_?he‘coil end thus conbtrol the temperature of the reactor. The
unit was insuleted with another layer of asbestos tépé.and‘asbestos
mud. With the method of assembly used, the glass réacﬁo; could be
replaced when damaged without distufbing the heating.coila

The mele section of & 29/&2 glas; taper joint was necked down
for the h&&rogen foed line and provided with a side arm inlet for the

0il feed, The hydrogen supply weas a‘cyiinder provided with a preséure
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%gguigtgfnand needle valve. Thé hydrogen rete was measured with a
" ‘celibrated glass orifice and mgnometer,

The lower joint of the reactor was clamped to a glass water cooled
coﬁdenser abbut 15 inches iong; This condenser weas connected‘to.an
~ice cooled finger condenser by means‘gf a ballljoinfo A stopeock
was provided to take off samples or to femoﬁé wgter that condensed with
the”oil; The condgnsed 0il flowed out a side arm through another
stopeock into a graduateq'SOO ml separatory'fpnhel used as an oil res«
ervoir; A tube wifh its lower end near the bottom of the sepératory
funnel was proﬁidéd'for blowing in air for mixing the oil. The bot=
tom of the o0il reservoir w?s connected to the oil pump through e
three-way sﬁopcock.used'to take semples. A Merkle-Korff'type bel-
lows pump was used, Stainless steel tUbiné of 1/8 inch outside diem-
eter was used for the oil feed line.

The uncondensed gases passed through the ice cooled condenser
to the exhaust 1iheo. A cadmium chloride bubbler was used for some
_ runms to_trap the HES giirén'off° A wet test gas metér wes used in
the exheust line. A smell séparatbry funnel, not shown in Figure 1,
wes put in the exhaust line to trgp entreined licuids not removed by
the ice cooled condenser. The material collected was returned to the

‘01l reservoir through a line connected from the bottom of the separa-

tory funnel.
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The Fluid Reactor System

'AA_upit we.s éonstructed to investigate the prSibilit& of regen-
-erating the niékei cetalyst by oxidetion with eir in e fluid regen-
erator, Two glass fluid reactors were obtained and one of them set
up, in the system shownia Figure 2, When the élaéa reactor failed
from thermel strains, a metal reactor was constructed from stendard
pipe nipples end reducing couélings and used with the same air pre-
heater and catalyst feed systems.

~ The £luid reactors wéré constructed according to de#igns‘modi-_
fied from plans obteined from the Phillips Petroleum Compan§;' The
_ reactors had eylindrical upper sections’lé to 15 inches long and 2%
to 3 inches in diameter. The center sectiéns were 20 to 25 inches
long and tepered to the eylindrical lower sections which were 6
inches. long and less than ome inch in diametefo The reactors were
ﬁound in turn with asbestos tape, the heeting coils, and a sé;ond
leyer of asbestoé tape. A coii~with.a resistance of 22 ohms ané &
meximum 6utpq% of 750 wetts ab 1§O'§01ts was used-for heating the
glass regctér,' The metal reactér.used 8 §imilar heating coil on the
tape#ed.part of the resetor and a 110 oﬁm, 230 volt, 600 watt coil _
on thgtugper pért of the unit, These heating coils were used with
Variacs to control the heat input to the reactor. Single thermo-
wells éxtehding into the middle of the reactor with their openiﬁgs
near the tops of'the reactors~w§re'uséd? The glass neactog was in-
sulated with pipe insuletiong the metal reactor with megnesia slabs

- and asbestos muds The exit et the top of the fluid remctor wes con-
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nected to an.exhauét line.

. The feeding of catalyst into the reactor was done in batches by
an air injector. The catalyst ﬁopper-waé a. piece of 1 inch. standard
pipe connected o the_side arm of a sméll tee with a reducing coupling.
Air, contyolled by a needle valve, flowed straight through the tee~inp
to the resctor, The cetalyst hopper was'capped to prevent the loss of
air and proviéed with a bybass to equaiize the air pressure ebove and
below the catalyst,

The bobttom of'the reaétor'was connected to a tee with the come
bustion air 1ine oonnécted to one arm of the tee and a thermowell
installed.in the othéro The air line was wrapped with asbestos tape -
and a 22 ohm, 750 watt, 130 volt hesting coil, and then covered with
asbestés mud insulstion. The air rate was control}ed with a needle
-valve and measured with a calibrahed'glass orifice and manometer.

The metal to glass connections were made with glyserin and litherge
joints wherever the temperétures were too high for rubber hose.

The'air preheater was an old reactor filled with steel scrap
and bail bearings. The reactor body was & 2l inch length of 3 inch
standard pipe with a cap welded on the lower end end half of a flange -
fitting. on the upper endos The other helf of the flenge fitting had a
nipple and a cap tapped for the air inlet. The cap welded on the 1ow; -
er end was tapped for the exit line, The reactor was wound with as-
bestos tape and heating coils; end covered with magnésis slab and

ssbestos mud insuletiom., Two 750 wett, 130 volt, 22 ohm heating coils
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and one 110 ohm; 600 ﬁatt, 260 volt heating coil were used with Var=
iacs to control the heat input %o the.air p;eheafefc Thermowells of
1/l1 inch standard pipe %ere welded in the'reactof at positions L, éw
and 12 inches from the bottom. |

| Iron and constantan fhermocouples were used with a Leeds and
Northrup potentiometér to measuré temperatures. The potentiometer

was calibrated directly in degrees Centigrade.
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Procedure for Comparison Unit

A. Generasl Procedure for Runs

The stainless steel screen used as a faeking.support i£~the ?Q:
actor was inserted in the resctor from the bottom. A two inch'layér
of 1/8 inch diameter fish spimes was used in the reactor below the
catalyst, Twenty grams of cataelyst were used for each ruﬁy The spéee
above the catalyst to the top joint was filled with fish spines. The
reactor ;ystem weas assembled as showﬁ in Figure 1, the glass joints
lubriceted with stopcock grease‘and ¢lemped, ana the Variae'turned o
The desired emount of oil was weighed out end put in the oillrese‘r’voixf°
The pump was set at gpproximately the desired rate and primed by pump-
ing the bellgws by hand, The water to the condenser was turned on and
the finger‘condenser filled with ice., After the reactor had reasched
the operating tempefature,“the oil pump and = stop watch were starte
ed. The hydrogen pressure regulétqr and - needlé velve were set to give"
the manometer reading corresponding to the desired ﬁydrdgen rate,

The temperature and hydrogen rate were checked Ffrequently during
runs and kept at the desired values, The finger condenser was kept full
of ice and excess 1liquid waker'siphoned out.. The 0il was kept mixed by
bubbling air through a tube extending inmto the oil reservoir. Samples
were ‘taken from'the three-way stopeock in th; line between the oil
reservoir and the pump. The weights of the samples were recorded
along with the temperatures and volumes i;dicated by the gas meter for

runs where the gas meter was used,




e I )

LLL L

T

- 13 =

At the end of e run, the o0il was drained tﬁroﬁgh éhe thréefWay.
stopeock end weighed, -After the resctor hed cooled, it'waé‘disaé»
sembled from the system and emptied., ‘The catelyst ﬁas séparated from
ﬁhe'packing materiel, weighed,.and stored in a samﬁle bottle. The
space velocity was determined by weighing the amount of oil pumped in
a measured 1enéth of time by the pump at the setting used for the

ril,.

Bs Details:g£'Procedures for Individuel Runs -

The reactor was prépafed for Run 3 by pouring the powdered cate
-alyst over 1/8 inqh diemeter fish spihes £illing half of the reactor,
A éiug of gless wool was used iﬁ the bottom of the reactor. The
‘pressure drop waé ﬁpo large using this arrangement and repegtedly
blew loose thé ground glés; t;per'jéint at the top of the reaétqro
The charge for Run li was prepared by wetting LO grems of 1/16 inch
diametér fish séines with oil end mixing them with 20 grems of powd-
ered cafalysto This method of catalyst support was successful a%d was
used for the other runs with powdered catalyst,

| The high hydfogen rate used in Run 6 blew part of the catal&st
into the condenser. Run 7.wa§ attempted using a plug of glass wool
to. prevent the loss of catalyst, but the préssure drop through the
reactor was too grest, - Ruﬁ'B wes sucdessfully'made at the conditions

of Run 7, using glass helices in plagse of the glass wool plug.
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Procedure for Fluid Regeneration

Fluidization was studied in the unjadketed gléss reactor atb
foom.temperatureo Particles larger than 60 mesh did not fluidizé
well while catalyst losses in the exhaust gases bedaﬁe serious with
catalyst passing a 200 mesh screen, A'wiﬁe range of air velocities
gave good fluidiz;tion'without large losses with 60‘to 100 mesh cabe
aelyst partigle§e |

Before starting a run, the feed was put in the catalyst feed
‘hopper. The air to the preheater was turnéé on end edjusted to the
desired rate, The Variacs were turned on and adjusted until the
fluid_reactér end the air entering the fluid reactor were at the
operating témperatufea Tﬁe satalyst wes fed into the reactor with .
.airo The air rete and temperature were kept at éonstant values for
the duration of the run. Then the air end Varises were shut off,
After the fluid reactor had cooled, the bottom connection was 1opsenu
'gd,and the product of the run removed, The feed hopper wés checfed
to insure %hat all the catalyst haed been fed into the reéctor at tﬁe

start of the run.

LN
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Analytical Methods

The sulfur contents of the sémples of 0il were determined by
the lemp sulfur method as described in tﬁe ASTM menual of standards.
(2) TFour sets of appé?atus were used with water gspiraﬁors to provide
suction forihir for combustion, The air supply was obtained from oute
doors to prevent errors from NH?,'HCl, HpS, or other gases which might
be present in the laboratory air. Approximately twb millieéuiﬁalents
of sodium carbonate solution were uséd for each determination. . Modi
fied methyl orange indicator wes used. Ail.of the samples for the
Jamp sulfur'determinaﬁions were dried with calcium chloride'and £il-
tered, |

~ Stenderd gquantitative methods were used for analyses of the cat--

alysts. Nickel was determined by the‘volumetric cyanide method,
The sulfates were deterﬁined by the stendard gravemetric precipite-
tion as barium sulfate, The volumetrlc ben21d1ne method for sulfate
wes found to be satisfactory for the soluble sulfate extracted with
e water leach, Sulfides were oxidized to sulfates and determined grave
smetrically.,

The ASTM distillation procedure for light hydrocarbbh fractions
(1) wes applied to samples of 0il to obtain the distillation dete
tebulated in Table Vo The specific gravities of these samples were

determined with a Wéstphal balance,

I O TR T A U W
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' Procedure for Chemicel Regeneration -

i The chemical regeneration of_nickel catalyst was'carried out by
two similar methods. One method involved the production of nickel
hydroxide end the other involved nickel carbonate.

Thefinitigl step'wﬁé the diésolving of spent nickel”caéalyst in
acid. When nitric acid was uséd, foaming was bad and brown oxides of
nitrogen were given off, Hydrochloric acid gave a more moderate re-
-action with less fuming, Part of the catalyst was ground up, but it
. was found that this was not necessary for solution. The solutions
of nickel chloride and nickel nitrate were filtered to remove carbon
silica and other imsoluble material.

A solution of.nickel nitraté and nickel chloride wes mede alke~
line with sodium hydroxide to precipitate nickel hydfoxidgo AAsélg-
tion of nickel nitrate was made alkaline with potassium'earbonate‘tof
precipitate nipkel carbonate, Both precipitates were volumihous end
seemed to contain large percentagés of water. The precipitatqs were
filtered end weshed with:watera Tﬁe filter cakes were mixed with water
to form uniform slurries which were .allowed to stand 12 hours. These
slurries were filtered and the filter §akeé.washed w&th water. The
nickel hydroxide was dried 2} hours in an oven et 11,0-160°C. The
dried material wes partly black and pertly green;'vThe hydroxide was

formed into 1/8 inch diameter pellets by the Harshew Chemical Company.

The nickel. carbonate was dried 2 hours at 105-110°C, The nickel
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hydroxide pellets and the dried nickel carbonate filter cake were

activated and tested in the comparison unit as described in Table IT,
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Materisls

The-o?l_used_for all the desulfurizatioﬁ runs ﬁas a straight run
fgél 0il which was refined from a'Wyoming4crude.at the Husky 0il
Company refinery in Cody, Wyoming, Inspection deta for this oil are
included in Teble V. The oil.was light bol9red with a sulfur content
of slightly over two percent and an’ average molecular weight of about
200, Work done at the Husky 0il Company leboratories. indicated that
the sulfur in tbis 0il was nearly all in'the forﬁ of the homoloéueé

of thiophene and thiophapéo Removal of 30 per cent of the oil by ex-

trgction'with.sulfurkdioxide‘removed 75 per cent of the sulfur. _Abput ‘

0.7 per cent sulfur seemed to be the minimum obtainable by this method.
~Reégén‘b‘ grade chemicals were used for the aﬁaiytical work end for
the chemical regeneration of the nickel catalyst. Hyafogén wes obe
tained in cylinders from the National Cylinder Ges C ompany .
Most of the fresh catalyst was menufectured by the Harshew Chem-
" ical Cqmpany;"Some‘sampies were prepared by M. H. Gwynn (35 M)
Spent catalyst end éome'sémples of regenerated catalyst were obtained
from tﬁe Husky 0il Compeny, All of the catalyst was in the form of

1/% inch dismeter pellets when received,
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Methods for Caleuletions .

The cetalyst eand oil losses were celculated on the basis of the
inputs to the runs., A negative catalyst loss indicated an increase

in weight by the catelyst., The hydrogen rates ére given in stendard

cubic feet per hour. The volumes indicated by the wet test meter dure

ing calibrations were corrected for pressﬁre, temperature, and the
vapor pressure of water, The smounts of catalyst end oil were meas-
ured by wéighto A11 space velocities were therefore expressed és
grams of'oil per grem of eaﬁalyst per hour,

. éulfur belances were made for the runs on the comparison unit
'tp correct fér the effects of losses and for the oiivremoved for
semples. The oil losses were distributed as equally as possible
over the time intervals for a run., A correetéd‘weight of oiltfor
the end of each time inbterval was obtained by subtracting the weight
of the semple and the distribu%ed loss. The difference between the
weights‘of sulfur et the béginning and the end of a time interval
(besed on the seme weight of oil) was:considgfed to be the amount of
sulfur remo§ed auring thet interval., The total emount of sulfur
removed during e run was tabulated in Table III as grams of sulfur
removed per gram of ‘catelyst.

The quantitativé caloulations were of the type ordinafiiy used

for the methods of snalysis employed. The calculations for the lanp

sulfur déterminations were -of the following forms - ‘
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(m1 of Na2C03)(N of Nagcoa) 2. (meqo of NaéCOB)
(meq. of HC1)

1]

(ml of HC1) (N of HC1)

Difference (meqo of S)

(meq, of S) (1.60) _ : L
WE. of oil burned Percent S in oil

"M stands for mormelity, "ml" for milliliters, and "meqoﬁ for milli-

equivalents,
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Thermodynemic Calseulations .

The dete in Table I were collected end used to make thermodynsmic
- caleulations for various reactions involving: niekel compounds. Most
of the values of AH are from Lange.(é)o' Meny of the velues of S sre

from H{)ug;en and Watson (5),- The Buresu of Mines Buile'&in No. L3l (9)

was .used for some velues, particularly for the velues for nickel come

po;indéo The velues of AH end AS for the'reaetions listed were cal-

cﬁla’ced. _The caicﬁla‘cions were made 'to‘siee whether these'reac"bions

were ’chermodynamlcally possible at: various temperaturesa The accuracy

desn'ed d:.d not ‘require calculatlo;qs to compensate for variations in

S ancl AH Wlth temperatureo The values for AS at 298°K and AH

at 291°K were used in the fomulas« | .
AF = AT = TAS

T = AH
NE.- &S

Ao NiO(s) * HZ(g) — Wi(g) + Hgo(g)
ABp  -58L O 0 - -57:8 AE & 0.6
5 . 9.0 31.25 7.2 153 AS = 11,82
= ' = OF = o000 .-
Foge © - ~2:900 Tyg © 51K = -220%
Bo . Nis(s) +, 2 02(g) g Ni SOh( s)
AHp =200k 0 © 21640 AH =195.6
S 18,0  98.06 . 23,2 . - AS = 92.86
Foon & =168,000 T. = 2100°K .= -1800°%

298 NE
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Do
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- 22 .

A -20d 0 - 584 -70.92 AR = 108.92
S 18,0 73455 9.20 59.2) AS's 23,11
| '5'}?298 = ..-102,000 Ty = L7000k & lifoo°c

Imsoh(sy—fw WOy SOB(g)
AH, =216,0 © =58,L =10l,2 "AH 3 53,4
S 23,2 - 9,20 6%.8 As = 19,8
Fogg = 38,700 Tyg * 1070°€ 2 Sqooc.,
WSy HQ(g)——#- Wiy o+ H2§<$)
- AHF ="200L]. 0 ' O =L'-08 &H = 1506
S . 18,0 31;25 © 7412 L9.15 As = 7,04
a - - = On .
Fogg = 135500 T 2200°K = 1900°C.
N{S:(s)," +, HOgpy —» N?O(S)- + HS(g)
A, =20 57,80 58l 4.8 AH = 415,00
S 18.0 15,13 9,20 1915 AS == 1,78

F z 16,100 T ~ negstive °K
208 - B
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Ni (QH)2<S) —t— Niots) + B0,
AH,  =129.8 =58l 57,80 AH = 13,6
s 15 ' ' 9:20  L5.13 AS = 39,33

. @ i \ ' - [s] = O
Fogg, =-1,900 T © 3h6 K. 700¢
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‘Results

For the first runs, charges éf 1120 érams of oil and 20 grams of
catekyet'were selected, This ambuﬁt of.oil was epproximately the cap-
acity of the oil reservoir and contained approxiﬁhtely'the amoﬁnt of
eulfur thet would be required for complete conversion of éO gramsvef
nickel oxideé to nickel sulfide by a'quantifetive reaction, With the
eﬁaée velocity of 20;99 the.oil was cycled ever‘the catalyst aboub
once per hour. ' o | |

The effects of temperaﬁure were 1nmestlgated by Runs 1 end 2,

: The temperature of 675°F used for Run 2 was close to the meximum thet
:
could be used W1thout excessive cracklng, 'Whlte fumes due to cracking
were observed at 625 ¥ for Runs 10, 11, and 18, The ASTM,disfil}aa
tion for Runm 10 (see Table V) did not.éhcw the low first drop %emp»_
erature that would indicete the presemce of lights from'craékingo The
desulfurization seemed to be independent of ﬁemperature-at 625°F and
above. Simee the process does not take placeé at room temperatureg
there is some temperature range below 625 F where the desulfurization
does depend on temperaturea A temperature of 625°F was selectéd for
the operating temperature for the investigation of o:ther'varia'bles°

.Effective desulfurization seemed to have almost ceased &t aboub
1053 per cent sulfur in the oil at the end of six hours for Runs 1 and
2, 'Ruhs 5 and é, mede with smaller smounts of oil, showed thaet the

nickel catelyst could lower the sulfur content of the oil below this
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value, Persomnel et %he ﬁuskyuqﬁl_Company'1aboratorieS'w§re'able to
obtain oil with as low e 0ol per cent‘suifur from large quantities
of nickel éa%aiyst.and the fuel oil'usgd for this inﬁestigatipnoL The
use of & cadmium chioride bubbler in the exheust lire showed that
very littie of the sulfur remﬁv?d from the oil was given off as hydfof
gen sulfide. Exemination of the spent cetalyst from runs showed that
the ‘ﬁickbl oxide was converted to nickel sulfide, The nickel oxide was
a chemicalgreageﬂt rescting almost quantitatively with the sulfur come
pounds in the oile As a chemiceal reagént,one grem of nickel oxide
wpuld\requi?e (32)/(58°é9#16) or 0.43 grams of sulfur for comyleté
conversion to nickel sulfideo Ondﬁuns.lland 2, made with pelleted
pure nickel oxide, the catalyst removed less than 30 percent of this
theoreticel amount of sulfur before_effectiﬁe desulfurization stopped.
The catelyst used in Run 17 was approximate1y170 per.cent ‘nickel
oxide. It removed sulfur equivalent to thper cent conversion. of
the nickel oxide presqnt t6 nickel sulfide before the run wes ended.
" Nickel sulfide hes a larger moleeulér volume then nickel oxide,
Tt might have been Possible for the niqkél sulfide mechanieal}y to
block the pores of the catalyst end thus prevent the nickel oxide in
the center of the pellets from coming in contact with the oil, Tﬁis
was checked in Runs 3.and L by using %6 £o 200 mesh éatalyst; This
material was prepared by grinding pufé nickel oxide pellets with a.
morter end pestle. The final results were almost identical for

pelleted and powdered catalyst. The powdered cabtalyst exposed.no more
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active mgteriai to the o0il than the pelle#so
Run 9 was made with a space velocity of approximately half of

the velue used for previoﬁs’runs, The results indicated that the\
actual total conﬁact time determihed the gmoﬁnt of desulfurizetion,
For Runs 5 and 9, ap?roximately the same res&lts were obhained by
'pﬁﬁting the o0il through onse at one space velocity or by putting it
-through twice in the seme length of time at doubie the space velocity,
The maximm space vélbcity thet coulé be investipgated was limited by
the preheater section of_ﬁhe reactor, Th; minimum emount of heating
and cooling would be required if a space velocity low enough to give
the desireg'desulfurization in one pass were used. The space yeloqity
of:2059 used for the first runs was also used for Run 10 and there-
‘after, so the ran‘woﬁld hﬁve the ssme basis for compafiéon@ ‘With _
tpié space velocity, the oil was cycled over\the catalyst at least
once perﬂhoure At the Husky 0il Company laboratories, a space velocity
of 0,2 was used with the feed o0il used for this'inmestigation'to
obtain nine volumes of oil per volume of cetalyst with the.sulfur con~
tent_of the oil below 0.5 per cenmt, This aﬁount of desulfurizétio#
corr?sponds'tb fhe removel of less than 0,1 éram of sulfur pef gram
of catalys,"co

The air bgbﬁler used toimix‘the oi}nin ?hé oi# reservoir was
not igsﬁalled’unfil Run 3, Theréﬁor?, wﬁeg the samples were taken
'for Runs 1 and 2{ they mgy mnot have been truly representative of the

0il, Semples tskéen without mixing might have had higher sulfur contents
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than the true avérages beceuse the desulfurized oil from thénreactor
tended to form layers on top of the,pil already in the reservoir,
The largest emounts of sulfur were removed~durihg the first two time
periodsAfor all runs, Part of the sulfur in the oil was easy to-rea‘
move and it would be removed first, The activity of the nickel caﬁa
alyst dropped off as it was pertially converﬁed'to nickel sulfide,
The combination qf high.catalyst aetivity and easy %o remove sulfur
compounds ceused the high initial rates of desulfurization. The grams
of sulfur removed per gram of catalyst was lower for runs made wi#h .
smgllgr‘amqgnts qf‘oil as_sh§Wn by comparison of'Runs 5 through 9,
with Runs 1, 2, end L., Apperently part of the catélyst was sctive
enough to desulfurize some of the sulfur compounﬁs,'but could not
remove the sulfur from the more fefractory compouﬂdg left after par=
tial desulfurization. Tt would seem thet e scheme of counter=
current desulfurization using partially spent cetalyst on fresh oil
and fresh catalyst on partially desulfﬁ?ized 0il would have advant.
ages, -

The high hydrogen rates used in Runs é and 8 seemed to reduce
the‘amoup# of desulfurizetion. Since ﬁhe nickel oxides are not ace

tive unless -they are treeted with hydrogen, there should be en opt=

imum rate between no hydrogen and the higﬂ rate used for Runs -6 and 8o -

The disadvantage of the high hydrogen rate was probebly that it care '

ried the oil through faster and reduced the actual contact time.. The

hydrogen rate of sbout 2.5 SCF of hydfogeﬁ perlhbur'used for most of
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the runs wag'lo to 15 #imes the quantitative amount of'hydrogeﬁ that
.would be required for complete desulfurization according to the fola
lowing reaction: . | |
Ni0 + RSH + Hp ;—xamﬂgo + RH + NiS
‘;It waé'np#iced,that catalyst removed from a cold reactor after

8 run"bécame hot when first exposed to air., Tt was also noticed that
all used'catglys?'wgs attract?& by a magﬁetou None of the: fresh cete~ -
lysts had this property. Further investigatioﬁé'showed that a magnet
attracted fresh catalyst heated with ﬁ;éé&ée;i ﬁéﬁ ﬁﬁﬁ ﬁonsgfédt on
fresh catalyst heated in air. -The strength of this attraction’ de-
creased after thé'oatalyst hed been out of the'feactoé fOT'é¢%€%Ld€YSa
These observations led to the_conélusion %hat soﬁe of ‘the niékpl
oxide was reduced to free niekel by the hydrogeno Such a reactioﬁ is
thermodynamically possible. (See thermodynemic calculatibné), ‘Run
12, made with UOP Hydrogenstion Catalyst, indicated that free nickel
was an active desulfurization egent under the conditions used. Hydro-
gen alone was mnot effedtive-in‘removing sulfur under the same condie
tions. The:nickel catelyst was not an #étive deéﬁlfufization agent
until it had been trested with hydrogen,. The removel of 0.10 gram
.of sulfur per gram of catalyst by the UDP Hydrogenatlon catalyst
compares favorably'thh the 0,112 and 0o 113 grams of sulfur per gram
of catalyst removed by the pure nickel oxide in Runs 1 end 2. From
this, it would seem that free. nlckel produced by the reducing astion

of hydrogen mey be the actlve desulfurlzatlon agent when nickel oxide
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catalyst is used.

Thermodyhaﬁic calcuiations weré mede for various reactions-whi@h
might be used to corivert nickel sulfide to nickei oxide or free niekglo'
The treatment of nickel éu}?ide with hydrogeﬁ_or stesm %o produée_hya
d?ogén sﬁlfide and free,niékél or nickel oxide are both thermodynem.
- ically unfavorable. Caiculatioﬁs also show thet theloXidation of nickel
sulfide with oxygen could‘produce either nickel gﬁlfate or sulfur
Adioxide'and nickel oxide, The nickel sulfate is stable afte¥ it is
forméd end could not be decomposed py heet except at'teméeratures that
wo{lld' 'sinte{r the catalyst. Runs-lé, 1&, 19, 20, end 21 showed that
nickel sulfate had no ectivity as a desulfurizetion catelyst, Runs
‘159‘19, 20 and 21 are essentially duplicates of Run 15, In the cate
alysts %es?ed, the nickel sulfide hed been con&erted t6 nickel sule
. fate by oxidetion with oxygen diluted with nitrogen, steeam, end/or
sglfur dioﬁideo Some active material shoqlthave been left in %ﬁe ’
:§Qent cetalyst befors dxiéatién; but the regenerated pellets showed no
signs of gétivﬁt& for removing sulfurs

Nickei oxide égn bé:prepared b& thermel decomposition of'niékgl
hydroxide, nickel carbonate, or nickel nitrate. Both hickelghﬁdrbxide
'agd.nigke} carbonate are insoluble in w@ter; Nickel sﬁifidé cen bé
put into solution by digestion with acids or By oxidation to nickel
sulfate ﬁhieh is water soluble, As part of this investigation, spesnt
catalyst was put ig.éélutién with hydréchloric‘and nitric acids.

Nickel hydfoxide end nickel carbonate were precipitated from these

Ll
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solutions, filte;ed, wdshed, and.dried., The precipitates were decome
posed to nickel oxide by heat. Activation wes carried out at high and
low tem@eratures in streems of air-or hydrogeﬁo None of the materials
produced_ﬁe;e active desulfurization catalysts,

A run wes made in the fluid regenerstor at 3&600 for one hour wiéﬁ
eir as the flui@izing gas. The feed was éo to 100 mesh spent catalyst,.
No odor of sulfur dioxide was noticeable in the exif gase When samples
of the product were dissolved in hydrochlorie acid, the odor gf hydro
gen sulfide cpuld be detecﬁed; but the amount given off was small,

The sulfete extracted from the product with a hot ﬁater'leach was
called soluble sulfate and the sulfate requiring digestion with éqid

. for soliution wes called insoluble sulfate, The product of the run

was 7020 per cent soluble sulfate and 7.83 per cent ihsolublefsulfate;
This would correspond o 2102 per éentinickél sulfate if.ali the sul~
fate were in the form of nickel sulfate, The total sulfate‘content

of the spent catalyst used as feed was urider ome per cent. The prode

uct of the run on the fluid regenerstor was 53.l per cent nickel and

19.l; per cent materisl insoluble in 1-1 hydrochloric sacide
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Summary

There is & considerable renge of temperature, 600 to 675°F,
where the desuifurizétioﬁ is independent of tempersture. The mexis-
mum temperature thet cen be used is 1imited by crackings

The nickel oxide desulfurizes by acting &s a chemical réagent
combining with the sulfur in the 0il %o ‘produce nickel sulfide. L
A1l qf'the éamples of catalyst tested became inactive when less then 50
per cent of the nickel oxide preSent'was converted to nickel sulfide.
This cessation_of activity was got due to mechanical blocking of-the
catalyst pores, but must heve been due.to part of the mickel oxide
'Eéing in an inactive forme The existence of inactive forms of nickel
oxide wes demﬁnsﬁrétéd'Whén'nickel oxide prepared by chemical methods -
wes found ineffective as e desulfurizetion catglyst,

The desulfurization depends directly on the totel contect time
end seems to be indéﬁendenb of whether this contact time was obteined
by one pass at a'given space velccity or several recycles at a higher
space velocity. The combination of high initiél catalyst activity and
easy to remove sulfur compoﬁﬁds'caused & high fate of desulfurization
at the'étart'of a run which rapidly dropped off until the remaining
nickel oxide wss inefPective in removing the refractory sulfur come
' _bounds which were left in the oil,

The hydroger rate did not seem to be a eritical factor except that

high hydrogen retes carried the oil through faster and thus redueed the
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Qpptagt timeo ' The hydrbgen reaéted with nickel oxide .to préduce some
free nickel, Free nickel was an active desulfgrization‘aggnﬁ under
the conditions used and mey have been the active desulfurization agent
for this procésso | |

The oxidation of nickel sulfide with air produced nickel sulfate
which had no activity as a desulfuriszation egent., WNickel oxide pre- -
fare@ by decomposition of nickei hydfoxide end nickel carbonate pre-
'cipitated from solutions could not be aetivatéd with air or hydrogen

to produce active desulfurization catalyst,
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TABLE T

THERMODYNAMIC DATA

Flemént or  State tsed He. o
Compound as Basis - 29]1“K _ 8298'%"3':'
: : kilo-cal,
gm-mol
Hy, . fg) - o 31.23
T o (s) - 0 . 7.12
05 . () 0 . 49,03 .
H50 (a) ~57,80 45,13
HoS (g) =48 ' 49,15
Ni (0H) o (s) -129.8 .15
Ni0 (s} -58.4 - 9420
NiS (s) <20.4 18,0
Ni50, - _(s) | ~2i%;o 23.2
50, (g) - =70,92 59,24

'S0, (e) ~104.2 | 63.8




TABLE II - TYPE .OF CATALYST USED FOR RUNS,

_Runs Used GCetalyst
1,2,9 Pure Ni0

3 thru 8 Pure Ni0

10 ‘Hi(0H)p

i1 vE(0H);

12 | UOP Hydrogena~

tion Catalyst

13 Ni(OH), .

)5 Wi (0H),

18 ¥i(0H)p

15,16 Regenérated
19,20,21 Catalyst

17 ¥i0 and Filier
20 .

, "Phyéieal

Condihon
1/8" pellets

60 to 200 mesh

1/8" pellets

U/8% peliets

3 /8"pellets

" 1/8% pellets

1/8" pellets
1/8" .pell"e{:s

1/8" pellets

1/8" pellets

irreguiar Iumps

-

"Activeted with B

R‘ei_ﬁarks

‘Obtained from Harshew Chemical Co.

Pfellets“ obtairied from the Harshew Chemicel Co.
were ground up.

Aotivated with Hp'at 625°F,
5 ok 820°F,
Obteined from Universel 0il Products Compeny
Diried at 750°C, then activeted with Hy at-
2900F . |

Acbiveted with Hy at 550°F.

Activeted with air for I} hours at 825° 7,

‘The WiS in spent. ca'balyst had been ‘oxidized t0

WiSO, . These samples were obtained from the
Husk%} 011 Company .

A fresh cataiyst prepared by Mo He Gwynn and
activated with Hoo

'Actxva'&ed with eir for I hours st 825° 7. The.
.green lumps of” l\hCOé were converted to a

friable black powdef by activetion,

6%

L )
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- . TABLE IIT - QOperating Conditions for.Runs on the Comparison.Unit.

S , | Gm of .S
Cataljst °~ . 0il"Fesd~ . Hydrogen “ Refio¥ed -
Run W¥. in Percent Wt, in Percent Rate in Space pér gm of

No, grams Logss grams Loss fts/hour - Velocity Catalyst

1 20 8,70 420 4,35 2.4l 20,9 . 0,115
2 20 9.58 420 2,45  2.51 20,9 0,1185
4 20 15.65 40  5.48  2.47 20.4 ' 0.1185
5 20 1400 167  0.81  2.69 20,9 0.0725

,—;i-'ao 25,0 167 210 11,8 20,9 0.0470
B, 20 165 167 197 124, 20,9 0,0640
9 20 150 167 283 1.8 9.14 0, 0590

10 20  12.0 420  27.2 2.63 20,9 - 0,0150

11 20 14,5 420 5,32 2.58 20,9 0,0145

12 20 -4.0 420 9.87 258 20,9 0,1000

13 20 90 430 1.07 245 20,9 0.0280

14 20 13.0 420 ,6,32 2,5 . 20,9 0,0105

15. 20 7,00 420 2,57 2.5 20,9 0,0205

16 20  -0.45. 430 2,62 2,78 20,9 0.0165

17 80  -9.25 420 . 3.89 25 20,9 . 0,1375

18 20, 1640 420  11.05 2,51 20,9 0.0145

19° 20 10,0 420 2,26 2.5 20,9 oeoosé

20 20 12,0 420 3,35 . 2,57 20,9, 0.0080

21 20 10,0 - 420 6,95 2,47 20,9 0.0265

22 20 - 11.0 420 3,32 2,5 20,9 0,0105 .




Wto in grems  Corrections

TABLE

IV - SULFUR. BALANCES

Sulfur

 Average Time Wto in grams
Run Reacbor in Percent Before _ After Removed
No. Temp, Hours. Sulfur Correction Wt. of : Correction  During Time
21T T4n o’ ‘ 0il Sulfur Sample Losses 0il Sulfur TInterval
1 625 0 2,09 L20 8,78 == = 1120 YR - T—
: 1 1,92 420 8,06 .32 3 385 70 0,72
2 .90 385 6,840 12 3 - 370 6,29 0,86
3 163 370 6,03 12 3 355 5eTh 0026
L 153 355 | 5.L43 12 3 240 5420 ° 0036
5 1.55 2L0  5.20 11 3 326 11699  weme
6 1,525 %26  L.97 12 - 3 31 Loy 0,02
Teils 152 311 LT3 12 - 299 Lol 0,01
' ' 2,23
2 675 0 2,09 Leo 8,78 - - . heo 8,78  sw=e
' i 1,91 k2o 8,03 11 ‘1 . Los 7:80° 0.75
-2 1,68 0B 6.85. 7 2 399 6.70 0,95
3. " 1.6L 399 6.5 9 ‘1 280" . 6,38  0.16
Iy 1,60 389 6,22 7 2 380 6,08 0,16
5 1,59 - 380- 6.0L 10 1 2369 5487 0.0L
6 1,55 369 5,71 9 2 358 5,55 0,16
Tails 1,536. 358 5.50 10 - 31,8 5.35 0,05
2627
Iy 625 - 0 2,09 Lo 9,20 - = Lo 9020 = cwm=
1 1,725 hho 7,59 -9 6  Los 7033 160
2 1,70 Lh25  7.22 10 .6 109 6,95 0,11
3 162 1109 6.2 9 6 Z0l 6,39 0033
o 1.595 39 6.29 10 6 378 6,03 0610
Teils 1,57 © 378 5094 7 - 371 5.82 0,09

'2623

'“.tﬂf

Hmi

.
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TABLE IV = SULFUR BALANCES (Conmbinued)

Average Woo in grems Corrections Wt, in grams Sulfur
Run TResctor in  Percent = Before After Removed
No.  Tempo Hours Sulfur Correection Wt. of Correction During Time
L in %% . 7. 77 011l  'Sulfur Semple Losses 0il Sulfur TInterval
"5 . 625 0 2,09 167 3.9 - = 167 349  ece-
. 0.5 1.6h5 - 167 2,75 6 0 161 2.65 0.7h
1 1,59 161 ~ 2.56 6 0 155 247 0,09
2 1.y 155 2,23 8. 0 7 2,13 0.2,
3 1,27 147 1.88 7 -0 140 1.78 0,25
L 123 o 172 6. 1 133 1.6l 0.06
5 1,20 133  1.60 . 8 0 125 1.50 0.04
6 1.175 125 147 7 0 118" 1.329 0,03
1.L5
6 625 . 0 2,00 167 3.9 - - 167 319 cues
o 0.5 L.6h5. 167 2.75 7 i 159 - 2462 0,74
1 1,58 159 . 2,52 . 7 1 is51 2,38 0610 -
1.2 1,51 151  2.28 7 1 143 . 2,16 0.10
0,94
625 (6 2,09 167 3.Lh9 o - 167 319 aeae-
0.5 1.76 167 2,94 8 3 156 2.7 0.55
1 1.65 156 2,57 7 3 16 211 0,17
2 1.52 1 2,22 8 5 133 2,02. 0019
3 1.ho 133 1.86 9 5 119 1.67 0,16
L - 1.33 119  1.58° 9 5 105 1.0 0.09 -
5. 1426 105. 1,33 10 6 89 - 1l.12 0,07
6 T.22 89 1.07 - 7 6 76 0,93 - “0,05

1,28

11

In




TABLE IV - SULFUR BALANCES. (Continued).

Wte in grems Sulfur

- 379

‘Average - Time Wt, in grams Corrections
Run Reactér in Percent Before , _ After Removed
o Tem]ga Hours Sulfur  Correction Wt. of Correction During Time
in “F 0il Sulfur Semple Losses 0il Sulfur Inberval
9 625 0 2,09 167 3.i9 == = - 167 319 emes
1 1.67 167 2,79 10 [ 151 2.52 0,70
2! 1.565 151 2,36 7 6 - 138 2,16  0.16
3 1,51, 138 2,08 9 6 123 1,86 0,08
L 125 123 1,75 8 6 109 1,55. 0.1l
5 1,37 109 1o 13 ) 90 1.23 0,06
6 1,29 90 1.16 7 6 77 0,99 0,07
' 1,18
16 625 0 2,09 Lo 8,78 == - 420 BoT8  wmsw
1 2,045  L20 8,60 12 18 390 7.98 0,18
2 2,015 39 7086 9 19 362 7.31 0.12
.3 2,02 362 T.31 9 18 335 6.77 ————
L 2,02 335 6,77 9 19 307 6.2l  oeea
5 2,02 307 6.21 9 18 © 280 5665 | e-sin
6 2,02 280 5.65. - 10 19 251 507 ciae
_ , 0,30
11 625 0 . 2,09 L2o 8,78 o= - Leo 8,78  cmas
1 2,045 k20 8.60 10 11 399 8,16 0.18
2 2,02 399 8,05 9 11 T65. 0611

0,29

.




TABLE-IV - SULFUR BALANCES (Continued)

Average Time Wk, in grams . Corrections Wi, in grems Sulfur
Run Reactor in Percent = Before ) After ‘Removed
No. Temp. Hours Sulfur Correction Wte of _ Correction  During Time
in °F, " . 0il . Sulfur Semple Losses 0il Sulfur Interval '
12 625 0 2,09  L2o 8078 == - ly20 8oT8  ewm=
i 1.8  L2o 7.7 10 7 - L03 T2 1.0
2 1.725  Lo3 6,95 = 8 y u 6669 0.7
3 1,65 388 610 11 7 370 (6.1l 0,29
L. 1.5 370 6,11 T 7 356 587 = omes
5 1,61 356 5.73 10 7 359 . 5.5 6.1}
6 1.59 339 5.39 11 6 321 5,10- 0,06
2,00
13 527 0 2,09 420 8,78 - - Li20 878  amms
- 1 2,00 Li20 8.110 9 1 Lio 8.20 0038
2 1,975 Llo ~ 8,10 . 8 1 Loi 792 0,10
3. 1.955 Lol 7.8L 8 -1 392 Tob6 0,08
0,56
1 527 0 2,09 L20 8.78 -- - 20 8,78 P
1 o0, h20 8,57 9 L 1107, 8.31 0,21
2 2.0k Lot 8.31 10 L 393 8,02 eoeee
3 250&» 393 8°Q2' 10 Ll— 379 ToT3 ceos
Iy 2.0h 379 7.71 10 5 36l Tl amee
5 2.0y %L 703 8 L 352 7ol emem
6 2.0l L 333 6,80 . ew--

350 7.19 15
' 0.21

[ ) Ty meTrIm

— 7T




TABLE IV ~ SULFUR BALANCES (Continued)

Wt. in grams

Corrections

Weo in grems

Sulfur

L 17

Average Time
Run Resctor in Percent Before After Removed |
Wo.  Temp. Hours Sulfur Correction  Wt. of Correction  During Time
"7 in % 0il - Sulfur Semple Losses 0il Sulfur Interval

15 . 625 0 . 2,09 L2o 8,78  -- N 120 8,78  weeo
1 2&03 ’ hEO ‘8053 ) IO 2 . h08 8029 0025
2 2,03 Lo8 8029 10 2 396 8o0l; = wee=

3. 2,02 366 8,00 10 1 385 T79 +* 0.0k -
L 2,02 385 7.79 9 2. 3 756 emee
5 2,015 37h  T5h 9 1 36l T3l 0,02
6 1,99  36h To2h 12 2 350 6,97 -0.10
Oshi1
16 625 0 2,09  L20 8,78 o= - Li20 8,78 PR,
1 2,035 Lh20 = 8455 9 2 Loo ~ 8.3k 0.23
2 2,05 109 8.32 9 o2 398 8,09 . 0,02

3 2,02 398 8,05 10 .2 386 7.80 050k
L 2,02 386 7480 9 2 375 A1 J—
-5 2,01 375 7,54 10 2 263 7.30  0.04

| ' 0233 -
625 0 2,09 _ hL2o 8,78 e e h2o 8.78 o
i 1.7  L20 731 13 3 Lok 7.03 117
2 . 1,69 hoy  6.85 10 3 301 6.60 0,20
3. 1,605 391 6,27 10 2 379 . 6,09  0.33
b 155 379 5088 9 3. 367 5.69 0,21
5 1.h8 367 50143 8 2 357. 5428 0,26
6" 1.Lh 357 5.1h 10 3 3l Le9s 0.1
Teils 1.0 3L .81 i2 - 332 L.65 0.1l

2,75

. a‘g"'{ -

) r'{iEn) T T Tn
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TABLE IV - SULFUR BALANCES (Continued)
Average Time . W‘b., in grams Cc;rrec’ci_ons Whe in grams Sulfur
" Run Reactor 4in  Percent Before ' "After Removed
No. Temp, ‘Hours Sulfur Correetion . Wt. of _ Correctiocn During Time
- in."F. ' 0i1 ' Sulfur Sample Tosses 0il, Sulfur Inberval

18 625 0 2,09 hEO 8.78. o e 11_20 8,78 coms
1 2,02 k2o 8.L9 9 9 Lo2 - 8,12 0.29

2 2,02 Loz 8,12 8 9 385 ToT8" wmeme

3 2,02 385 7,78 9 9 367 Tl eee
I 2,02 367 T.h1 10 9 2h8 7603  cweo-

5 2,02 348 7.0% 8 9 331 669  sees

' 0.29

19 625 0 2.0h Leo 8,57 “- o 1200 857 ceew
1 2,015 L20 8.h6 9 3 Lo8 8.22. 0,1l

2 2&015 hOB 8@22 7 2 . 399 ’ BQOLI. = ooy

3 2,015 399 8,0h 8 %3 388 7682  cone

k 2,01 388 7,80 10 2 . 376 7.56 0,02

0.13

20 625 0 2.0k h20 8,57 . e - 1120 B 8.57 o
1 2.0y L20 8.57 9 3 Lo 833,  ewus

2 2,03  L08 829 10 3 395 §.02 0,04

3 2,015 . 395 7.96 - 8 3 38ly ToTh 006

L 2,005, 38  7.70. 9 3 372 T.h6  0.0h

5 2,00 372 o 9 3 360 Te20 0,02

“’917"

TTrn

1Y

00 KT




TABLE IV - SULFUR BALANCES (Conbinued)

Average Time- Wto in grams Corrections Wt., in grams Sulfur
Run Reactor in  Perecent  Before - After Removed
No.,- Temp, Hours Sulfur  Correction Wto of Correction  During Time
. in °F, ' 011 Sulfur Semple lLosses 0il Sulfur Interval
21 625 0 2,0y 420 8,57 - - hoo 857  ewe-
1 2,02 120 8.19 8 7 ho5 8,18 0,08
2" 2,00 Los 8,10" 8 8 389 7.8 0,08
3 2,00 389 778 L9 T 373 T cee
L 2,00 373 7116 10 7 356 Tol2 awem
0,16
22 625 0 . 2.,0h heo 8.57 - ==  h20 B8e57  c=m=
1 1,97 k2o 8028 1y 2 holy 7,96, 0,29
2 1,92 Lok 776 9 2 393 7,55 0,20
3 1,92 393 7455 - é 3 38 .38 ewew
. L 1.9v 38k 7.3L 9 2. 373 T.13 0.0k
5 191 373 7013 9 3 361 600 emea
6 1,91 361 6,90 9 2 350 6.69 e

053

L o=

e
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TABLE V - INSPECTION DATA FOR SAMPLES OF OIL

Origin of Feed " Run 2 . Run 10 Run 17
Sample 0il .

ASTM Distillations - Temperatures in °F.

FPirst Drop Lé06 Li58 - L4606 450
- 5% 500 ol 1,98 Loo
107 518 510 520 508
20% 531y 530 5%2 | 528
30% 5h6 542 Shly 540’
‘ h07 556 553 556 552-.
566 563 566 562
- 607 576 573 576 ' 572
7% 586 .- 5el, 586 583
80% - 600 - 600 602 598
90% 620 618 - 622 620
fnd Point 660 - . 661 658 658
% Recovery - - 98 98 ' 98 98
Barometric
Pressure ‘in- T _ - :
mm of Hg. 638 éh1 . éh1 - 638
Specific Grevity . 0,868 0,868 0,873 0,86l
% S in semple 2,05 - 1.5 - 2,02 1,10

: " Frequent checks on the sulfur content of the feed oil were
made., The values varied frem 2,10 to 2,07 for runs 1 through 18, 4
valie of 2,00 was used for all the sulfur balances for these ruus..
Values of 2,04 to 2,06 were obtained for ‘the:feed oil used for runs
19 through 22, The sulfur balences for 'hhese runs were made using
2,001 as the sulfur content of the feed oile

p /”’/V/
///r//
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