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Abstract:

Catalytic hydrotreatment was performed to upgrade SRC-II Vacuum Flash Feed (VFF) and Light Ends
Column Feed (LECF) which were produced from the Pittsburg and Midway Coal Mining Company's
SRC-II pilot plant.

The liquid products were analyzed for sulfur and nitrogen content. The distillation yields were also
determined.

The statistical studies on the metal effects showed that Co, Mo, and W significantly increased the
catalyst activity for the denitrogenation of both SRC-II coal liquids. The adding of Ni appeared to be
ineffective. The effect of Co and Mo on the desulfurization of LECF was positive. The effect of Mo
and W on the desulfurization of VFF was also positive but Co was negative. The interaction between
Co and Mo gave a negative effect on the denitrogenation of both liquids and on the desulfurization of
LECEF. The interactive effects of Co-W and Mo-W were negative for the SRC-II VFF denitrogenation
and desulfurization, respectively.

The catalyst deactivation was observed and moderated by starting at a lower temperature and higher
space velocity. The catalyst was poisoned by the carbon laydown, whose mechanism appeared to be
pore mouth plug-up.

Catalyst C-49 with metal combination of 4% CoO, 8% MoO3, 1% NiO, and 8% WO3 proved to reduce
the nitrogen content to as low as 0.3 wt% for 104 hours with an average liquid product recovery of 91
wt%. The yield of 50-204°C boiling range gasoline was 40% of the liquid product, whose octane tests
gave an average octane number of (Research + Motor)/2 = 81.7.
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ABSTRACT

Catalytic hydrotreatment was performed to
upgrade SRC-II Vacuum Flash Feed(VFF) and Light
Ends Column Feed(LECF) which were produced from the
Pittsburg and Midway Coal Mining Company's SRC-II
pilot plant.

The liquid products were analyzed for sulfur and
nitrogen content. The distillation yields were also

determined.

The statistical studies on the metal effects
showed that Co, Mo,.and W significantly increased the
catalyst activity for the denitrogenation of both SRC-IT

'coal liquids. The adding of Ni appeared to be in-

effective. The effect of Co and Mo on the desulfuri-
zation of LECF was positive. The effect of Mo and W
on the desulfurization of VFF was  also positive but Co

- was negative. The interaction between Co and Mo gave a

negative effect on the denitrogenation of both liquids
and on the desulfurization of LECF. The interactive

effects of Co-W and Mo-W were negative for the SRC-II
VFF denitrogenation and desulfurization, respectively.

The catalyst deactivation was observed and moder-
ated by starting at a lower temperature and higher
space velocity. The catalyst was poisoned by the

"carbon laydown, whose mechanism appeared to be pore
mouth plug-up.

Catalyst C-49 with metal combination of 4% CoO, 8%
MoO3, 1% NiO, and 8% WO3 proved to reduce the nitrogen
content to as low as 0.3 wt% for 104 hours with an .
average liquid product recovery of 91 wt%. The yield
of 50-204°C boiling range gasoline was 40% of the liquid
product, whose octane tests gave an average octane
number of (Research + Motor)/2 = 81.7.




INT RODUCT ION

The United States is second in the world in estimated
total coal resources with 3,600 billion metric toné. Qf-

this vast amdunt, approximately 200 billion metric tons

‘are estimated to be currently economically recoverable

coal reserves(l). At the fprecaSted mining rate for 1980
of 695 million metric toﬁs, this represents a.287.yéar |
sﬁpplf(Z). With the supply of petroleum becdming 1imitéd;
and its priée increasing, coal has the'potentiai to be
converted to liquid and géseous fuels. )

Several processes have been developed for the~liéue—
faction of coal. They can be gfouped into three gene;al |

categories: pyrolysis,kextractioh-hydrogenaﬁion, and in- :J

_ direct liquefaétion. The Pittsburg and Midway Coal Mining

Company (P&M) , a wholly owned subsidary of Gulf 6il Corpo-
ration, has developed'the Solvent Refihed Coal(SRC-IIi .
process as one of tﬁe.extraction-hfdrogenatioﬁ processes
to an advanced stage(3).' It.gtherté high—sulfur coal to
distillate liquids, naphtha, and light hydrocarbons. Their
chemical composiﬁions and certain physical properties are
considerably different from petroleum products. Tﬁe
carbon to hydrogen ratios are considerably higher than

those for petroleum crudes and fuels. The .concentration |




of heteroatoms such as nitrogen -and sulfur are also much.

higher than petroleum. Coal liquids from the SRC-II

proceés need a secondary hyéfotreatment to upgrade thésé‘

liquids.
It is the objective of this research to develop a
catalyst to upgrade SRC-II products into clean distillate

fuels through the catalytic hydrotreatment. -




" BACKGROUND

- Coal Structure

Coal is composed principally of organic:substances,
subordlnately of minerals, and'containing water and
gaSes in submicroscopic pores. coal is not a. uniform
mikture of carbon, hydrogen,'sulfur, nitroden} and mindr
proportlons of other elements. Rather, it is an aggregate
of high—molecular compounds differing in seteral pro-
portions and in the structures. The ekaﬁination of ther
coal molecule has been hampered by the inabllitf to flnd.
techniques which characterize such .large complex strno-
ture. This is reflecoted in the diversiti of models
proposed for coal molecular arrangement(4 9).. Figure l
shows the coal structure proposed by Hlll and Lyon(8)

Mlneral coals contain hundreds and even thousands
of atoms in a single molecule with a multiple repetition“
of the basic structuraldgrouping of atoms. The basic
skeleton of coal can be visualized as a condensed.aro-
'matic carbon—atom'lattice, surrounded by a typical fringe
formed by molecules of the.side groups. The nucleus,
based on the benzene ring, possesses the hlghest bond
strength and the hlghest thermal stablllty, whereas the

surrounding side groups are hydrocarbons of dlfferent




Coal Structure

FIGURE 1.




degree of polymerization, of relatively low stabilities,:
'decrea51ng from the center of the macromolecules to 1ts
.periphery.\

The.organic,constituente ofucoal are usually"t
described in terms_of its elementary composition,'iLe;v: .
" the percentage dontents of carbon,‘hydrogen,;oxygen,
hitrogen, and.sulfur, ,Coals'WitheidentiCal;contentg
of carbon, hydrogen, and oXygen'in‘their organic |
fraction may still differ in their.properties.' Notwith4'
standing, the elementary comp051tion assists in- the ' |
evaluation of the chemical nature of coal. The average
elementary comp051tion of d1fferent fuels in Table I
"shows that the gradual tran51tions from wood to anthra—

cite occurlng in nature can be arranged in a definlte

'sequence according to the degree of carbonification.




Table I

Average elementary composition of différent fuels

Elementary composition of
. A A_organic"mass; g’
Fuel ~ : -
'c - . H S0+ N
WOOd + v e e e e e .44 6.0. 50.0 <
Peat . ... .. . . . . .59 6.0 - 35.0
CBrown Coal . . . . . . 70, - . 5.5 o245
Bituminous coal. . . . : 82 5.0 13.0 :
Anthracite . . < . . . . 95- Co2.00 . 3.0




Conversion of Coal to 0il and Gas

It is Vvery difficult to use coal directly to.supplahﬁ
oil and natural gas in most of their usages, coai must be
gasifiea oriiiqueéied to offef-the potential of substitut-
ing. The ﬁajof difference‘between coal apd petrpleﬁm is
the.ratio of hydrogen to carboﬁ apd the ash content. 'CoaI
has an atbmic hydrogen to carbon ratio of approxi-
mately 0.8, while the ratio for oil is of the order ofigs.
Coal has an ash content. that can be as high- as 153,
whereas oil seldom has over a few Eenths of a percent.
:The'problem in coal-convéréion'érécesseé is to increase
.the.hydrogen content of the matefial and to éliminafe tﬁ¢
'ash. .

The.concept'bf coal gasification is an old one. A
so-called gas producer was placed‘in.operation as eaﬁiy.
‘as 1840(4). Prior to the’discovery and widespread use of
. natural gas, manufactured or "town gas" was_madé‘from-éoal
by a number of differéht gasification processes. . Howéver/
most of these operated at atmospheric pressure, and recent
development work has been directed-foward high-preésurés
and more effiéient equipment. Coal gasificatioﬁ.ﬁéy be

_carried out with one -of three objectives: to make low—Btu




gas; medium-Btu gas; or hiqh—Btu'gas(iO). The 1ow—Btﬁ gas
" known as power. gas shows its great potential for use in
steam power piants and in gaé turbiﬁés{ The medium;Btu
gas known as induétrial gas or syngas is suitable for in-
dustrial use. Ohly the high-Btu gés is suitable. for trans-
mission in long pipelines so as to be called pipeline
gas. The overall efficiency of a pipeline gas gésifier
is low, the cost of pipeline Qas is expected to be maﬁé:f
ially higher than other types of gés produced frém coal
and very much higher .than the present cdst of natufal gas
and probably éven higher than tﬁe cost of‘natural ga$ a |
decade from now(ll). | | |
Liguid fuel from coal waé first prodﬁced in the-
eérly 1900s. Coal liquefaction processes can be classi-
fied as.pyrolysis, e#traction—hydrogenation, and indirect
liquefaction proceése§(12,13)flh fhe indirgct,liquefaction
procéss, the coal is first gasified and thé é;ses afe.then
converted to.quuids, It was first developed as the
Fischer-Tropsch process in Germany prior to‘World War II,
and has been éperated since 1955 in South Africa as the
”SASOL" proCeSS. The proéess is.someWhat less efficient

because it is two-step conversion. The pyrolysis method




is to heat the coal.in tﬁe absence of ai;; thgs dri?iﬁg
off the volatilé matter. The volatile mafter may be
cleaned, the sulfur'rémoved, and thgn-hyqrogénated'to
produce qoal‘liquid. The liqﬁid yield of pyrolysis
process is as low aé 25 percent. 1In ﬁhe extraction—l”
'hydrogenation.procésses, a hydrogen—fich liquid solvent
is added to the coal.. The solvént can act as hydrogen
-"dohors,"‘that is, it can absorb'hydrogen ana iﬁ turn -
donate the hydrogen to the coal. .Gsually-the use of
added catalyst speedé‘up the reaction and impfoves
procesé efficiency.

There are more than‘30,gasificétion processes and
mbre than 20 liquefactién.procesées that are currentiy
being developed. Seven differen£ extraction~hydroge-
nation processes are cufrently being carried out forward
to_the demonstration 'stage shown iﬁ Table IT(13). Twé
have already been,started up: the H-coal proﬁect'and
the Exxon'DonQr;Solveht(EDS) project._ A German plant,

. using Beréius-Piér Process, is.to be'étarted ﬁp.soon
(13). Other'fwd planfs that are somewhat further down
the road.are Supercritical GaéwExtraction(SGE) and

Liquid Solvent Extraction(LSE) by National Coal Board in




Table IT

Coal Liquefaction processes in the demonstration stage

_General_Type

Bottrop, West Germany

Coal Feed,
and Company Process “ton/d Status
Extraction-Hydrogenation -
International Coal Refining Co. Detailed Englneerlng
Newman, Kentucky . SRC-I 6,000 Stage.
Pittsburg and Midway SRC-IT 6,000 Started construction
Morgantown, West Vlrglnla
'_.l
National Coal Board, U.K. . . ©
- Designs Essentially
_ Point of Ayr, North.Wales, SGE 25 Completé; Decisions
National Coal Board, U.K. LSE 25 on Construction
Point of Ayr, North Wales Expected Soon.
ExXxon o ' Coal Started in
Baytown, Texas EDS 250 July, 1980.
Ashland Synthetic Fuels, Inc. H-Coal 600 Coal Started in
Catlettsburg, Kentucky , May, 1980.
‘Ruhrkohle-' Vega ' . : ' )
u e g Bergius-Pier- 200 To be started up soon
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the U.K. Two much larger deménstration-p;ants are
planned for SRC-I and SRC-II processes, the SRC-I by
Intefnational Coal Refininé in Newman, Kentucky; and the-‘
SRC-II Ey Pittsbﬁrg and Midway in Morgantowﬁ; West |
Virginia. However, current political and economic con-
ditions could rééult in significant chénges. |

SRC II Process

Of‘majo? concern to this research is the SRC-II
procéss operated By Pittsburg and Midway Coai Mining
Company. A fifty ton per day_pilét’plant is being .
operated at Fdr; Lewis, Wéshington. Pulverized raw coal
. ié dissolved in aipfoceés—derivéd"slﬁrry-producp‘in the
presence of hydrogén'éﬁ éievated temperature and pressure.'
The hydrogenafion and hydrocracking of coal are enhanced -
‘by the catalytic activity-of:the inorganic matter con-
tained in the recycle slurry'as well as the inorganic |
matter in the feed coal. A flow diagram of the SRC-II
process is'shown in'Figure.2(14);-The hydrocrécking |
reéctions occur priﬁériiy in Eheiréactor. Coal'is con-
verted to liquid.and géseous products; most'of:its ash
,and much of its éulfur séttle out and can be  removed by

filtration. The reactor effluent flows through a series
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of vapor-liquid separators, where i£ is ultimately sepa-
rated into process-gas, light hydrocarbon iiquids, and
slurry. The process gas is cbnvertéd and fractionatea to
proaﬁce pipeline gas, ethane, bropane, and butane streams.
All the light h&drbcérbon-liqﬁids collected from ‘the
‘various condensation steés are called Ligﬂt Ends Column
Feed(LECF). The LECF plus the overhead stream from fhé

- vacuum tower is sent to a fractionator. Part of recycle
0il slurry and bottqm'product of fractionator calléd
Vacuum Flash Feed(VFF) are fed into the'Vééuum Flash
Tower. All the liquid is separated into naphtha(CS—i93°C
normal boiling range), a middle distillate(193-316°C),
and a heavy distillate(3l6—482°C). The feed coai proper-
ties are'shown in Table'III(iS). The éverall yieldé and -

hydrogen conéumption are given in Table IV.

Coal Liquids from SRC;II Process

The raw cdai liquids from SRC-II process are not’
directly interchangable with comparable products derived
from petfoleum. Their composition is different, and their
acceptance in'place of conventional fuels will require
the_development of somewhat differént methods of ﬁse. The -

properties of SRC~II liquid products are .listed in Table V.
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TABLE III

SRC-II feed coal properties

Kentucky #9 Coal

wt%

Carbon - .. 71.35
Hydrogen C 5.07
Nitrogen 1.44
Sulfur 3.50

02 . ' 7.55
ASh ' : o ‘ - 10.12
Moisture ' 0.97
Sulfur Forms (wt% on Coal)

Pyritic sulfur . ‘ ‘ ‘ 1.63% .
Sulfate Sulfur , © 0.09%
Organic Sulfur L .1.76%
Total : 3.48%
Average Mineral Residue Analysis (wt%) .
Carbon o 27.61%
Hydrogen : ' ‘ 1.39%
~Nitrogen . . . 0.54%
Sulfur : ‘ - 7.29%
Ash : 63.17%-

Pyridine Insoluble , 96 .98%




15
Tabie Iv
' Yields from. SRC-IT process -
| wt$s . .
Moisture-free.’
Coal Charge.
- Methane 5.8
Ethane . : _ _ . - 4.4
Propane I [ T
Iso-Butane ' o : 0.2
n-Butane 2.0
C5-193°C Naphtha . .. 10i2
193- 316°c Middle .Distillate o S e 17.9
316 482°C Heavy Dlstlllate, Co 7.9
482° C.+ Res1due . e . 24,0
Pyridine- Insoluble Organlc Materlal - 4.6
(IOM) . , S '
- Ash o T ‘ 12.0
Residual S .' o : 1.1
' carbon Monoxide, 0.1
Carbon Dioxide . _ 1.0
Hydrogen Sulfide j o 2.5,
Ammonia i 0.4
Water : _ , 6.2
Total  * o .. 104:4
Hydrogen Consumption - ' R




Table V

Properties of SRC-II liguid producté

- Data not abailable

: Middle Heavy
‘Naphtha Distillate Distillate
Specific Gravity - 0.98 1.08
Viscosity, SUS . - 38@38°¢C " 200@4°C
> . . 40@93°¢C
Pour Point, max. - . -46°C 10°c
Flash Point - = 77%c 127°c
Nitrogen, wt.$% 4,500 ppm 0.8 1.1
Sulfur, wt.% 1,900 ppm 0.2 to 0.25 - 0.3 to 0.4
oxygen, wt.% . 3.5% - : -
" High Heating Value, '
Btu/1b . - 17,400 Approx. 17,000
" Hydrocarbon Analysis:
" vol.% .
Aromatics : 34 - -
Cycloparaffins 45 - -
Paraffins 21 - -
Distillation, - °C : .
IBP 38°¢ 188°c 304°¢.
109 66°C 1999 321%
50% - 1439 243°C 366°C
903 _ 177°c: 299% . 427°
End Point 193°c 316°C - . 482°c

9T
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The raw'naphtha(C5-193°C),-comprising about one-
third of the total liguid product, needs to be severly’
hydrotreated to meet the specification'for a naphtha

reforming chargestoék. Gulf is currently developing

the data base to design a naphtha hydrotreater'whithié';;_*ﬁwﬁfx

to be included in the SRC-II démonstration plant(l15).

SRC—II fuel Qil(193—482°C)'haé been sugges#ed forjl;“*

use in steam boilers and other industrial direcf hééti%é
applications. ‘A number of'pfograms are onéoing to‘assgss
the poﬁential problgms and to Seek solutioﬁs. ‘fhe SRCLII
fuel oils have a sUbstantially lower'hydroéen content and ‘
higher content’ of aromatiés than petroleum.fuél-oils.:¥;5”-
Fuels of high aromaticity 5urn with a more‘luminous_flame
ahd have a greater tendency to produce smoke. Also, con-
Qentiopal,combustion of SRC4iI fuel oil leads'to high‘NOX \
énd de ;missions which downot meet.EPA's regulaﬁions.]‘
Two possiblé‘efﬁorts should be made Eo'sol?é theygrébleﬁ}.
one is fp modify the'convehtional‘combﬁstor, tHe-othér_ p P
one, wﬁich ié ﬁore efficient, is'td upgrade thg'SRC—II |
fuel oils. | | |

The chemiqal constituents of SRC-II liquid:products_.“;

is complicated. Akhtar et al,(l6),identified.é number of
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sulfur contalnlng compounds llberated.from coal during
liguefaction. They are mercaptans, sulfides, poly— g
sulfides, thiophanes, thiophenes;'dihenzothiophenes,‘andf'ﬁ
.benZOnaphthothiophenes. Nitrogen is'usuallY.found-in'
fused—ring aromatic compounds such as quinolinesf acri—
dines, and phenanthridines(l7) which are very:unreactiuego

Upgrading SRC IT quuid Products

" Both theoretical and experimental studles conducted

' reflning technology. The upgradlng of coal liquld 1s
'normally effected'bf hydrotreatlng in the presence oﬁ
catalyst at elevated temperatures and pressures. The - 'iﬂ:;ffffﬁfi
principal catalytlc reactions are hydrogenation of un- ' ”

saturated‘hydrocarbons, hydrogenolys1s of heteromolecules

and hydrocracking.' A number of research programs are-‘K
ongoing to study the'basic'kinetics'~of hYdrotreatingﬁ'
single or. douhle compounds beinglfound in SRC—II:liguids.
Several 011 companles have evaluated commer01allv '
avallable catalysts for upgrading the raw liquid products.
Wentrcek and’ Wlse(18) dlscussed the hydrodesulfurl—

:zatlon of butyl mercaptan. Massoth(l9) 1nvest1gated the

hydrogenoly51s of thlophene. Gates and coworkers(20 21 22)
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made the kinetic studies on the'hydrodesulfuriéation of
'benzothiophenes,Adibénzothiophenes, and benzonaphthothio-
phenes. Shabtai(235 presentedfthe denitrogenainn

"of l,lOfphenénthroline. Kafzer et al. (24,25) studiéd the
denitrogenation of quinolines ana acridines. Abdou(26) and.
other reséarchers(27;28,29) showed that nitrogen removal
required hgdrogenation of aromatic rings prior to carbon-
nitrogen (C-N) bond sciséion. These studies were not
directly applicable to upgrading SRC-II liquids because
they eﬁéléyed model reactants which are not truly rebre—
Sentative'df coél-liéuefactidn products.

Most éf the work conducted on the .upgrading raw SRC
liquid products ére carried ‘out in the industry. |
Bendoraitis éf_al§(30) compared the activity'of cOmmercial
alumina—baéed catalysﬁs in a shaker bémb reactor for ué—
grading SRC fuel oil. Potts and hisVCOWOrkers(3l) evalu-
ated commercial Co-Mo; Ni-Mo, and Ni-W catalysts in an
expanded .bed reactor using a feed of 50% SRC blended with
50% creosofe oil. fChevfon-Reéearch(32) hydrdtreated,
SRC-II ‘in a trickle bed reactor at 2000—2500 psig
and.400°C.} Givens (33) cémpa;ed the commercial available.

‘Ni-Mo, C04Mo,‘and-Ni~W catalysts using SRC-I as feedstock.
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Befg, Mccéndless, and Hass (34) tested commercial cata-
;ysts and.showed the effect of the ?rocess'variables on
hyd;otfeating SRC-TII. Ramer (35) and'th(36) discusséd
thé:effect_of catalyst properties on hydrét;eatingﬁ
SRC-II.’ With regard to the alumina~based catalysts,
while'a good deal of. development work has been aoné,.no
systemétic'study'has'been published aﬁd it is hardly
possible to determine the most effective Catalyfic'com¥
positions for ﬁpgrading SRC-II liquid products.

If SRC-II liquid products are to be used as boiler
fuels, nitrogen and sulfur contents are to be lowef than
0.5 wt%(37). The sulfur level is détermined from the
Zcurrenﬁ.E?A-standards(38). Generally-speaking nitrogen
is more difficult to remove fhan sulfur. Liquid products
from the SRC-II process can eésilf meet the sulfur
mineral standard,'therefore thé major steps in upgrading
are to reduce nitrogen levels to iess than 0.5 wt% and to
.increase the hydrogen content 6f the fuel. If SRCFII
liquid pfoducﬁs are .to be ﬁéed as catalytié cracker feed-
stocks, the preferred nitrogen level for catalytié

" cracker feed is in thehrange_df 100-400 ppm(39j. There
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are some hydrocrackers that are able to tolerate

_nitrogen levels as high as 0.3 wt% in the feedstock.

Examples of these are the Standard 0il of Indiana Ultra
Cracking Process and the Union 0il Co. Unicracking
Process(40;4l), The nitrogen content of the feedstock

must'be'reduced to meet this requirement, otherwise it

will poison the catalyst of convéntiohal.hydrocracking

units.

Effect of-CatalySt

The primary effect of catalyst on a chemical réac&

tion is to increase its rate. Traditionally, hydro-

‘treating catalystS'éonsist of active components, usually:

metals, deposited on a high suffacé area porous Suppdrt.

It has been noted that the rate of a catélytic reaction

.should be proportional to the surface area of the cata-

lyst(42). The inCreaSed qatalytic activity with decreas-
ing particle,siié has_been:confi:mea by data  presented by -
Maiakoff(43). Rajégbpalén and LusS(44) reportéd that a
caﬁalyst Wiﬁh-largéf pore diameter tended to sustain é_,

longer catalyst life. . It is_believed.that the solvent

refined qodl has a high asphaltené content with an’
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averége size of 40-508% per‘molecdle.and émaller'pores of
the catalyst teﬁd to.plqg up. Berg, McCandless, and Yeh
(45) fbuhd_that the liquid product yield increased by
_increééing thé-pore volume'of catalyst support. Thére-
fore, a satisfactory caEalyst Should'possess a good‘
-combinaﬁion of hiéh sﬁrface areé[-large pore diameter,
and lar§e ppre-voiume..

The most common metais responsible for the hydro—
genation and:hydrbgenoiysis fuﬁcfiqns of é hydrotreaﬁing
cataiyst are molybdenum apd tungsten. The'metalé Ni, Co,
Fe, Zn, and C; are-usua11y dé$cribed as promoters. . Four
metals, Co, Mo, W, and Ni have been studied for their
capabilities of upgrading SRCfII liquid product in this
research. |
| _ One of ‘the best known:and'most annoying features of
_ cétalySts>is,théir ability to be inactivated:or poisoned.'
Metéliic catalysfs a;e pafticulatly sensitive to being
poisoned by'éohpounds of sulfur and'nitrdgen containing
lone pairs of electrons which fé#m strong donor bonds to
the metal sd;féce(42). Frequently catalysts ére élso
poisoned by sintering or the ébntaminatioﬁ.of organoﬁe—

‘tallic and carbonaceous materials in the feed. The cata-
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lyst poisoning can be -either - temporary or permanent
depending on the deactivation mechanisms. Polinski,

Stiegel,.and-Tischer(46) have proposed four possible .

deactlvatlon mechanlsms of catalyst used for coal lique-

factlon., Catalysts can be regenerated if the p01son1ng
1s temporary, while there is no value of: d01ng regene—
ration' if the.catalyst is p01soned permanently.._In
commerc1al practice of hydrotreating, the catalyst is
advantageously regenerated with air after a certain
period of time on. stream to regaln a 1arge fractlon of

the 1n1t1al catalyst activity.

The operatlng t1me between regeneratlons varles from

honrs to years. A publlcatlon 1n 1955 by Gulf. 011(47)
described a processnln which the catalyst on-stream time
befcre,regeneratlon was Qflthe crder of ' hours. Regenel
'ration:must be carried out to avoid sﬁrface area loss.:
Catalyst overheatlng.may occur inadvertently wlth per—
manent lcSS of activity.v It has been stated that the

, presence of small'quantitieszof silica in the supportA
tends to make the catalyst more stable'for regeneratiqn
(42). In order to reuse the actrve catalyst, the deve;

. lopment of a catalyst regeneration process is required.

-
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<Reactor SYstem and Operating'Conditions

To perform a catalytic reaction where the reactants
are caseous and liquid in a continuous manner is now
almost,inuariably effected by the so-called "trickleﬁ
process,,in.which the_liquid trickles down ouer the cata-
_lyst bed. Commercial'development of the trickle bed
,'reactor-can be traced as early'as in 1950s to the Shell
0il Company(48) The original "trickle" patent specifies
that L/D is to be 5/lﬁor greater (48). 1In the petroleum
1ndustry tr1ckle bed reactors have been used to hydro-"
process various petroleum materials. The hydrodesulfurl—
zation, hydrodenitrogenation, and hydrocracking of heavy
or residual oil‘have been economically tested using this
type of reactor (49). ‘

| In the trlckle bed reactor, the catalyst is fixed

and the flow pattern is close to plug flow and the llquld.
to catalyst ratio is low thus limiting side reactions.
The trickle bed reactor-is simple, yet it can be'operated
at high pressures and high temperatures w1th relatlvely
'low capltal 1nvestment(50) |

Operatlng condltlons for the reactors are a pressure

"range of 150 3, 000 pSlg, a temperature range of 345~ 450°C,
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a épacé velocity of 0.25-20 v/v/hr, and a“ hydrogen flpﬁ
faﬁe rénée éf 250rio;ooo ;cf/bbl. Runnion(51) and Hass(Sé)
concluded.ﬁhat the optimal process vériables were 425°c,
a space véibcity gf 1.0 V/v/hr, and a hydrdgén flow rate
of 10,000’s§f/bbl'ofeoi1. In most fixed bed'réactérs, as
the run progresses, ;t is neceésary to raise the temperé-
ture to compensate for the 1OSs:iﬁ catalyst activity in
order to increase reaction rate and maintain conversion
1eve1s, It was_found that higher temﬁeratures gave higher
conversions, however the converéiop of hydrocarbon to coke
also-incfeaséd; Thus there is no-good reason ﬁo dperate
L at a‘ﬁighér'réaétpf temperature. It is'undérstood tﬁat
most of the carbon is laid down'ih the initial running
period. Berg, McCandlgss, and Yeh(53) proved that caté—
lyst deaétivaﬁion‘wéé alleviated by starting at a 1§wer
tempe#ature: The study for the effect of pressure on the
Catalyst‘aqtivity reportéd that better résﬁlts could be
dbtained'by operating at a higher pressure. 1In thié
research 1,000 psig‘is tﬁe limiting working préssuré of

the equipmént.
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Research Objectivé

The objective of this research is to upgrade SRC-II
liquid products intéfclean distillate fuels or a feed-
stock suitable fér é cohventionél refinerf. |

The sﬁifuf aﬁdngitroggh contents of §hc—iI-liquid
produqfs were to’ be réduced to és_low as possible and
the amount of product recovered in the distillation tests
was to be.increased. A goal‘Was:set of 0.3 wt% nitrogen
and 0.5 wt$ sulfur.in.the upgraded_prodﬁct;

The reséérch pian was to systematically study the

, .
éffects of.métals and catalytically éctive components on
a si;ica—aiuﬁiﬁa catalyst carrier and to assure the re-
néwability of the promising'catéiyst through periodic

regenerations.




 MATERIALS, EQUIPMENT, AND PROCEDURES

Feedstock
The Plttsburg and Mldway Coal M1n1ng Company(P&M)
supplled the SRC II llquld products made by u51ng
:"Kentucky 49 Coal from the Colonlal'Mlne. Two SRC-II
'yproaucts, P&M's SRC—II'VacuumlFlash Feed(VFF)_and Light'
. EndsyColumn Eeed(LEef); were used as'feedstocks in this-
research. Table VI shOWS a representative analysis;_rhe,

.VFF'containing 1.17 wts N:and 0.72 wt% S is a slurry.at
room temperature and requires preheating prior to '

5 pumping. ‘However} the VFF tends to. coke up 1f 1t is

overheated The LECF contalnlng 0.88 wt% N and 1. 21 wts

ts is a mlxture of 15% SRC Naphtha, 40% SRC Mlddle Dls—“

tlllate,'and 45% SRC Heavy Dlstlllate.

Catalyst Preparation

All catalysts fabrlcated at Montana State Unlver51ty
were made by 1mpregnat1ng commer01al catalyst carrier .
w1th metal salts using the 1nc1p1ent wetness technlque.

The procedure used was:

" 1. Dry the.catalyst carrier in the oven at’ 110°C for .

'8 hours.

‘2. -Calcinie at 450°C for-8 hours.
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TABLE VI

. Properties of feedstocks

T N S T T S N S S T e S T T L T T S T I T L T T T L L N TN E T e

‘Light Ends .

Vacuum
~ Flash Feed Column Feed
% Carbon . . 87.43 =%
‘% Hydrogen - 7.15 B
% Nitrogen 1.17 0.88
% Sulfur 0.72 .21
$. Oxygen 3.72 -%
$:Ash - . 0.249 0.02 .
Sp. Gravity 60/60 F 1.08 0.983
ASTM D-86 Distillation, ©OF
IBP 408 122
- 5% . 217
10% 445 288
20% 485 381
30% - . h44 446
40% - 598 488
50% 642 541
60% 577
70% 611
- 80% 660
90% - 727
. 95% , 795
End Point 684 256

* Data hot available
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Cool to room temperature'in'a dessicator and
recordrthe‘weight,of catalyst carrier.
Impregnate the catalyst carrier.in a slowly
rotatihg jar with a specific metal solution,
the concentration of which is estimated by(54)&

wt? of metal oxide on the support -

'=:conc. of:solution X pgre'vol../
(l:+ (pore Vcl..x concl of solution))’x

The concentiation of solution is further
adjusted.by e#perienceb
Air dry at rcom temperatﬁre in aﬁ air stream of
3 p51g. |
Repeat the steps: from 1 to 3 for the air dried

catalyst and .record the weight 1ncreased'after

impregnation. -
The catalyst compositions were.reported as the weight
'percents of metal oxides whlch were the percent welght in-

creased after 1mpregnatlon of the welght of blank catalyst

This procedure was repeated as needed to obtain

the objective percentages of metal oxides.
.One catalyst carrier, Nalco-78-6008C~ -1/32" obtalned

from Nalco Company was. used in thls research. It is
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.composed of 98% A1203 and 2 8102, and possesses a‘

" surface area of 214.6'm /gram, an average pore dlameter'

of 156 52 a medlan pore dlameter of 161 R and a’ pore
_ Volume of 0. 84 ml/gram. Four metals _were loaded on the'
.support 1n the~order of Co, Mo, Nl, and W by u51ng the.
" water solution of co (N03)2-6H20, (NH4)6MO7024-4H20, |

'Nl(NO3)2°6H20, and,d(NH4)20-12W03~7H20, respectlvely."

'-Catalyst Pretreatment

. All catalysts were pretreated by sulfldlng. .This‘
procedure was used to act1vate the catalyst ‘and to'
‘prevent the, reductlon of catalyst act1v1ty by hot .
fihydrogenat10n(55 56) The catalyst was treated w1th a
.10% hydrogen sulflde in hydrogen mlxture for 12 hours

‘in order to sulflde the metal ox1des 1nto metalllc

hE sulfldes; The stream of hydrogen sulflde was passed

through the plpe reactor at approx1mately atmospher1c
pressure. Ex1t gases from the apparatus were. scrubbed
with 20% sodlum hydrox1de-water solutlon before ventlng
to the hood Temperature was malntalned at 325°C by

. use of a. powerstat to control an electrlc p1pe heater.

-Extreme=tcautlon.'should be taken whenever.handllng~
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-the extremely poisonous hydrogen sulfide because it can
cause coma and death within a few seconds after inspi-
ration. Hydrogen sulfide is extremely hazardous because

it fatlgues the sense of smell in high concentratlon,,

therefore it gives no warn1ng(57).

Continuous Trickle Bed Reactor

‘The,trickle_bed reactor was deslgned and'constructed
by - the Chemlcal Engineering Department at Montana State
University prior'to'this research._ The schematic diagram
of the trickle bed reactor and auxiliary equipment is
shown 'in Figure 3. | | |

‘The reactor was made'by‘a one-inch I;D, 40 inches
long schedule 80" Inconel plpe.‘ The top of the reactor
was fltted w1th a 1/4 -inch stainless steel cross. It
allowed the flttlng of a 36-inch stainless steel tubing
serv1ng as a thermowell, and the flttlng of two feed
~ ports, one for SRC-II feed and one for hydrogen. *

| .The reactor was placed into a l inch bore hole of
a 6-inch O.D. alumlnum block. Wthh was about three feet -
long. The reactor was.clamped 4-inch outs1de the top

of aluminum'block. The aluminum block was wrapped with
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thermowell Checi/valve
o| preheat
5| section
~
E _4£:> H2 flow
3 <§'”—' meter
g| catalyst NN
% section \D___“_QE>
Q LN
Ko I __1
—_“_j E support
aluminum _J/7 ﬁrk
pump block reactor
I B hydrogen — ]
back
pressure gas-liquid
regulator e separator

<N
Iicuid Saes H—W 2

catchpot

to vent S
é

liquid sample

Figure 3. Trickle Bed Reactor
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'three sets of Nlchrome w1re heatlng c01ls encased in .,.
‘ceramic beads. Each heatlng c01l was connected to a
.powerstat'variable-transformer whlch was manually '
controlled to adjust temperature. Two chromel-alumel
thermocouples were placed in the thermowell, one in the
_preheat sectlon and one 1n the catalyst sectlon. .The
thermocouple w1res were connected to Cole-Parmer Dlgltal
IThermocouple Thermometers(58) Startlng from the top,
the reactor was-. loaded w1th 175 ml of 1/4" Denstone .
~1nert support(59), followed by 25 ml. of 1l/8" Denstone
'.lnsert support to serve as the preheatlng sectlon. fhe
: .51xty mllllters of catalyst mlxed with 60 ml of 1/8"
1nert support was loaded 1nto the catalyst sectlon. The_
ﬁremalnlng space at the bottom of. the reactor.was- fllled
w1th 1/8" Denstone 1nert support. Then alcone of staln-.u
'less‘steel_screen'was-lnserted as a‘plug'support:above
the.l/é—inch.l.b..reactor.closure that”was'threaded into
_the plpe. .The.threaded.connection was sealed with Teflon
tape and Sllver Goop to. prevent leakage.: | ”
The SRC I1 llquld products were pumped 1nto the
top of the reactor by us1ng a Mllton Roy plston pump

through a l/8"'Sta1nleSSjSteel feedline.. The pump speed’




34

'wéé manually controlled by micrometer; All feedlines'
and reserv01rs.were wrapped with flex1ble heatlng cords
. The 11qu1d feed temperature was malnly adjusted by the
Powerstat connected to the heatlng cord for the feedllne
from the pump to reactor.' Technlcal grade hydrogen
“stored in ‘the cyllnder was fed through a pressure regu-
1ator, a Brooks Thermal Mass Flowmeter,‘and a mlcrometer
:to the top of the reactor(GO) |

Gases and lquldS passed through the reactor to.a
gas llquld separator. The gases passed through a '

condenser and through a Grove back pressure: regulator'

which was equipped with a corrosion-resistive Teflon dia-

.phram.'.Generallv,_the exit gases passed through_a-
‘- scrubber with 20% NaOH-water‘solution and then,were
_vented.-‘From Runs 7 to'22? the exit gases passed through

-a 30 ml concentrated sulfurlc ac1d Wthh was used for

'.collectlng nltrogen of the exlt gases, before reached

scrubber.' A wet test meter could be connected before,

the gas ‘was vented in order to callbrate .the Brooks
Thermal Mass Flowmeter. The llqulds passed from the gas-
llquld separator 1nto a pressurlzed catchpot. When.a -

'.llquld sample was taken, the valve between the- separator
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'andlcatchpot was closed. The catchpot was-depressurized
- . and.the sample‘was~drained from the bottom of the catch-
pot. The catchpot was repressurlzed with nltrogen and

the valve was reopened

~Operat10n of Contlnuous Trlckle Bed Reactor

‘The reactor loaded w1th the catalyst to be tested
* was placed in the alumlnum heat block. The llquld and - -
hydrogen feedllnes were connected at the top of the o
reactor .and the catchpot system was attached at the
'bottom.: The" thermocouple wires were 1nserted 1nto the
}thermowell - The whole system except the pUmp was .
' hpressurlzed to 1 000 ps1g w1th nltrogen and checked for
leaks us1ng Snoop Soap solutlon.' If no leaks wereﬁym
'found,.the system was-depressurlzed.. Three variable -
'PoWerstats'were then'turned on to heat the reactor.
When the reactor reached the des1red temperature,
all llquld feedllnes and reserv01rs were preheated. |
The reservoxr was fllled and SRC- II llquld product was
pumped through the feedllnes.. Hot SRC II products were
rec1rculated for a few minutes through the feed line

‘back into the.reservolr. During the'reclrculatlonn
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the 1iquid feed tenperature was measured at=the outlet;
_of“feedline by'the~thermocouple connected.to a digital
.'thermometer. Feedllnes should be - fllled flrst to av01d
the pump cav1tat;on. The reactor was pressurlzed w1th
hydrogen by 'means of a bypass valve attached
‘to the Brooks Flowmeter When the system approached .
!de31red pressure, the bypass valve was closed and the
m1crometer was adjusted to keep the des1red hydrogen
.flow rate, .The valve of the feedllne-was.then opened
| and'thefpump started. _The liquidzflow rates_were_ |
-;measured by.tlmlngfthe liquld level:drop in the buret.
) The'flow'rate vas'checked frequently to:naintain an-even
‘flow. and . the average flow rate - ‘was reported as llquld
hourly space veloc1ty(LHSV) | . B
The flrst product was taken in 30 minutes'after the
start—up and the remalnder of samples were collected
at 15 or 30 mlnutes 1nterva1s, unless otherw1se spec1f1ed
The overall welght ratlo of product to feed" was reported
as the y1eld of 011 Gaseous products and hold-up 1n”[

, the reactor were not part of the yleld. The,runninq time.‘:
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varied from 2 to 10 hours. After the last sample was
obtained, thejpumprwas.shut off. The liquid feed valve
at the top of tﬁe reactor was cleSed and the feedline

was disconnected. The exeess.SRC—ilvliquid products-

. were drained etd the‘reserveir‘washcleaned with‘acetone.
The'hydfogen fiow was cut-off and the reactor was de-
pressurize&. The hydrogen feedline was'di5conneqted and
heaters were shut off.'_The catchpot 3ystem was removed
.and\eleaned thoreughly with acetone."The'reactof was
then removed from the aluminuﬁ heating block. The entire
conteﬁts of the reeetor were emptied of cataiyst and
‘.iﬁert supports in order.to measure their proéerties. The
reactor was-cleaned unless the eatalyst was to be regene-
reted in plaee._:

‘Operation of Catalyst Regeneration

After a catalyst test was fihished, the reactor was -
placed in the other identical'aluminuﬁ.heating block for
regeneration, The premiﬁed nitrogen-oxygen gas'stefed-
in the cy;inder weslfed into the top of the reector.: fhe

utlet'gaees péssed through a wet test meter, which ﬁas
_ used for measurlng the flow rate, then to the vent. ' Tﬁe

catalyst might be sampled to examine the completeness
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of burn-off by measuring the pore vplume."After
. completing the bﬁrnfoff, catalyst was resulfided

prior to.reuse. .

Analyticél-Procedures

fhe'upgraded3iiquid products were énalyzed_for
sulfur and_nitrogep conténts. The nitrogen content of
sulfuric acid of Run 7 to 22 was ;lso analyzed td
_deterﬁipe.theiamounf of nitrogen exiting as'gas.-

The extent of hYdchracking_was, determined by

' distillatibn‘tééhﬁique and the extent .of carbon laydown
was found-b§ a poré volUme.determinatioﬁ,' Augef
'Eiectron.Spectroséopy(AES) was used to anaiyze  £he
qarbon.distributionlfor the-seiected samples.

The shlfuf énaiYsis was pe;formed on approxi-
matély'0.3 grams sémple bj-the guartz tube combustion
ﬁethqd using a.Bigd-Brown Sheli désign suifur-apparatus
(61,62). The reported accuracy_of‘thelinstrumept is 0.63%
error. Thé-ﬁeight percent desulfurization(%DS)'wag éaléu—

lated as follow:

$DS= (wt%-S?of-feed - wt%_S'of prodﬁct)/(wt% S of feed)
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Nltrogenlcontent was determlned by Macro- Kjeldahl
.method(63 64, 65) us1ng 0 5 grams of samples and 40 grams
of potassiun sulfate. The: accuracy is about 0. 3%. The
denitrogenationl%DN)was calculated similarly to thei
desulfurlzatlon(%DS) | ' |

© The extent of cracklng was determlned by ASTM D 86

“7uatmospher1c dlstlllatlon(65) ThlS technlque measured

the' cumulatlve amount of product Wthh boiled below 650 F
(434°C) or when decompos1tlon beglns, whlchever occurred
flrst The amount - of the sample used for the distillation
was. 50 ml whenever poss1b1e. » ' '
The_pore volume_of the catalyst'was estlmated by-the
Awater~saturationﬁmethod | It gave a. relatlve value rather )
than'absoIUte. The procedures are as follows- |
1., Dry 2- 5 grams catalyst at 100 o for two. hours.,'
'2.'Cool the catalyst to room temperature in a |
des1ccator, then weigh. the catalyst._
3. Immerse the catalyst 1nto the b0111ng water for
-5 mlnutes to get rld of the air in pores. |
4;fDecant the excess water and w1de1y spread catalyst

;on a sheet of paper.
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5. Leave 35 m1nutes for natural air dry, then weigh -

the saturated catalyst.

;The~pore volume was calculated by-the weight-gained after ’
- saturatlon of the welght of drled catalyst. The-weighth
:'of water absorbed by the catalyst was con51dered to be

:'.approx1mately equal to the pore volume assum;ng the
| specxflc grav1ty of water to be one. It should be noted"'

athat the unlt of pore volume measured is the m1111ters

per gram of catalyst and can be converted to mllllters

' per gram of blank catalyst carrler by multlplylng by a‘

factor of (1 + total wt% of metals loaded)
| The carbon dlstrlbutlon of the spent and regenerated

catalysts was determlned by Auger Electron Spectroscopy~”

- (66) . Samples were prepared by cuttlng the catalyst

cylinders.in half as shown in Figure 4. . The cross sec- ‘1

tions obtained from cutting were the-surface to be ‘ana-

| 'lyzed.sxfhe spectra were recorded at five spots with equal

length moving7from"center'to-the'outer surface on the

'cross sectlons. 'Samples should not be touched'by human

hands because the resultlng contamlnatlon causes dlffl—

'“;culty in malntalnlng the low Vacuum required in the system
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Figure 4. Sample preparation for the analysis of AES
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énd-leadé to an incorrect analysis. 'The-’extent of
- carbqﬂ laydown was.determined by the carbon to aluminum
atomic ratio measured from the peak-to peak amplitude

~ratio of élementé on the spectrum(67). The carbon

distribution was obtained by'plotting the carbon to

. aluminum atomic ratio from spot to spot..




RESULTS AND DISCUSSION

The optimum liquid feed temperature.waé determined;;

Two feedstocks; SRC—II Vacuum Flaéh Feeéd and Light Ends
Column Feed sho&ed different behaviors With catélytic
.hYdrqtreéting. rhe statistical sfudy was éeﬁfopmed.to
analyze the effeét of catalyst compésition. AnvatteMpt
was made to investigatefﬁhe material balance of'thé
_reactor syétem. Apbroximate;y‘46% of input nitrogen was
unaccounted for. Catalyst deactivation was observed and
..moderated by stafting af lower temperature ana higher
space velocity. Pore volume of.the speﬁt cataiyst was
reduced dye to ﬁhe carbon laydqwn.whiéh caused qatalYSt
deactivéfion. The mechénism of catalysﬁ dgactivatfon
appeared to be pQre mouth plug-up explained by'Augér
‘.spectrﬁm.  A cataiyst was tested for-a iong run through
'périoaic regénefétion and'fhe‘upgraded product was

‘further characterized.

fLiquid Feed Temperature

SRC-II Vacuum Flash Feed(VFF) is too viscous to
pump at ﬁoom température_but it also gives thermal
cracking and coke laydown when'heéted too high. Four

blank runs, Run 1 to 4, with.biank catalyst carrier .
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. as the catalyst were Carried out to determine the
optlmum condltlons for- feedlng the SRC~-II VFF. Their
operatlng condltlons were 1, OQO psig, - 425°C, space
. veloc1ty of 1. 0 V/V/hr, and hydrogen flow rate of
‘10, 000 scf/bbl of 011 . The temperature of feedlng
' SRC- 1T VFF varled from 85°C to- 200°C, 85°C for Run 1
‘and 2, 105°C for Run 3, and 200°cC for Run 4. ﬁun.-lf
Jto 3 were made two hours. The’first samples were
collected after 45 minutes because_no 1iduid~sample'
'was obtalned after 30 mlnutes.. All samples were
analyzed for nltrogen contents and samples collected
-fafter=90-and 120 mlnutes were analyzed for sulfur
'contents;' Table'VII”presente‘the results, 115 Run'l
the nltrogen content of SRC- -II VFF, 1.17 Wt. was’.
reduced" to ‘0. 42 wt9(659DN) after 45 mlnutes and to
"0.93 wt%(l9%DN) after.120 minutes. Run 3 reduced the'
nitrogen:content to O.3fwt%'after‘45 minutee‘and to
‘10.72 wt%'after_lzo mlnutes. _Figure 5 plots these data.
1Run_3'nith a higher liquid feed temperature cave a
: Elightly betterodenitrogenatioh,thandRuns'l-and 2.
'Runs 1'and.2 gaue oillproduct‘yields,of 45%‘Iwnicn were

lowerithan:63-wt%.obtained'from Run 3 dué to the lower:




fable VII |

‘Blank runs data

, Liquid -~

%DS -

wtg

* VFF contains 1.17 wt$% N and 0.72 wt% §; LECF contains 0.88

1.21 wte S

** Run -4 coked up after 45 minutes

wt%. N and'

5%

: _ Féedf' Feed. %DN - ‘Avg. . Time on"Avg,_Yie;d
.Run .Stock Temp.;’ _ Time on Stream, min’ %DN Stream, min %DS  of . .
© .- oc .30 45 60 75 90 105 120 180 90 120 150 Product

1 . VFF . 85 - 6540 36 27..27 19 =-.3L.2° 12 33 - 22.5 . 45 .
2°- VFF 85 - 40 28 26 27 24 24 .- 28.2 24 31 — 27.5 44
3 VFF  .105 .- 74 40 28 23 39 38 - 40.3 26 20 - 23 63
4** YFF -~ 200 - 78 ---- coked up ~-~—- - 56 - - - -
5 LECF 85 .56 -39 - - - 3330 39.5 76 - 69 72.5 77
6 'LECF - 85 56 =40 - - - 39 28 40.8 65 - 64 64.5 77
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Figure 5. Effect of liquid feed temperature* on the

*

denitrogenation.

SRC-II VFF was fed at 85°C for Runs 1 and 2,
105°C for Run 3, and 200°C for Run 4.
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liquid-feed temperature° The,désulfurization data for .

: these runs seemed s1m11ar. Their desulfurization.

averaged to be 24%. The dlstlllatlon yield of ASTM

' D-86 of_these three runs were also fa1rly close.' They

,were 66, 66, and 68 vol 3 for Runs 1, 2, and 3,_res— ﬂ

pectiyely. .Samples of Run 4 were collected up to 45

minutes because'the coke bulld—up ralsed the pressure

- to 1, 300 ps1g necess1tat1ng shut—down. There was no

011 product yleld recorded for thls run because of the

-unusual shut—down To avoid the pumplng problems and ©

coke bulld—up, an SRC II llquld feed: temperature of -

."85°C seemed to be reasonable.

© Feedstocks Comparison

SRC~-II nght Ends Column Feed(LECF) .was used as:

feedstock in Runs 5 and 6 Wthh were operated for 3

'.hours and used blank catalyst carrlers as the catalyst

Thelr operatlng condltlons were_the same as those of Run
1 and 2. In”these'runs, the first samples weré collected

after 30 minutes and the remalnders were sampled every 30

-mlnutes. Four samples collected from 30, 60, 90, and

180 mlnutes were analyzed for n1trogen contents and
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: samples-collédted after 90 and 150 minﬁtés Were"analyzed
for sulfur contents. The nitrogen analyéés of- Runs 5
aﬁd.G shoWed an effluent oil confaining an éverage;
nitrogenlcOntent of 0.38 wt%(56%DN) after:30 minutes
and O.GZ-Wt%(29%Dﬁ) after 180 minutes. The average
sulfur content of oil product was 0.38 wt%(GB,S%DS).'

.Tﬁeée data are listed in Table VII.® Comparing with the
results of upgrading SRC-II VFF in this table, sulfur
content of'SRC-iI LECF was removed more effectiveiy.
?he denitfogen data of both feedstocks was regressed on
the,rpnning time and'plﬁtted in Figure 6. The regress—:
ion equations » |

and : P
. DN = 55.2¢70-00387¢

for VFF

for LECF

~with R—sqﬁares of 0.70_and 0.80,'re§pec£iveiy, seemed
apprépriate to fit those data. ‘The constaﬁts; 70,5
and 55.2, could be explained as initial activitiés of |,
catalyéts and the exponential terms might'bérthé de-
activation rates. The time on étream, t, is pfegented
aé a unit of minute in the‘equafions. This indicateda

‘that the denitrogenation of VFF gave . a higher'initiél
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Figure 6. Feedstock comparison
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act1v1ty of catalyst but much hlgher deactlvatlon rate

.than the LECF d1d. It was . belleved that the - heav1er

carbonaceous materlals of VFF have caused the shorter

actlve llfe of the catalyst. The-01l product yleld of .-

“LECF 1n Runs 5 and 6, 77 wt%, was much: hlgher than that

of,VFF.ln Runs 1.and 2, whlch was: 45 wt%.

‘Catalytic Compositions

A, sixteen experiment 24 full two level metal-

zloadlng factorlal desrgn was developed to determlne the B

metal effects for each feedstock.' The catalysts

de51gnated from C -41 to C-56 comprlslng every comblna—

tlon of 2 and 4% CoO,.2 and 8%~M003; 1 and 4% Nio, and _i

-2 and 8% WO3 were tested in Rud - 7'to 22'using SRC-II

‘VFF as feedstock and in Run .23 to 38 us1ng SRC -II LECF.-

Runs 7 to 22 were made 2 5 hours, whlle Runs 23 to 38
were-made 3 hours;l The typlcal operatlng condltlons-"
were 1 000 p51g, 425°C,,space ve1001ty of 1 .0 v/v/hr, a
hydrogen flow rate of 10, 000 scf/bbl, and lquld feed
-temperature of 85°C..

In Run 7 to 22 samples were collected at flrst

45 mlnutes and then every 15. mlnutes., All.samples~ 7
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-'were analyzed for nitrogen.contents and the sanples
'collected at 90 and 150 minutes were analyzed for o
;sulfur contents.‘ Table VIII summarizes the denitro—”
genation data. ‘The blank runs data are- a1so 1ncluded
in the table for comparison. The average denitroge— :
nation data varied from 61. 96(0 46 wt% N of product)
to-81.1% (0. 22 wt% N of product) and was regressed -on
‘the weight percent of metal oxldes by u51ng the forward_,

stepw1se regreSSion,technique at a confidence level of

90%. . The regressed equation became -

. $DN = 31. g + 11 29CoO + 2 36MoO3 + 3. 26 wo3

- o. 589(CoO)(MoO3) - 0. 893(CoO)(WO3)

'3The intercept, 31 8 lS the average sDN for blank runs.

P jThe analys15 of Variance tables 1s shown in the Appen-_“

‘dix A. The result showed that three metals, Co,'Mo,'and.
W, Significantly 1ncreased the catalytic actiVity on
denitrogenation and the interactlve effects of Co—Mo}%
and Co—W were negative. Effect of Ni was found to be
insignificant. Figure 7 plots the denitrogenation data
for these runs Versus the running time The effect of

Co concentration 1s also shown in the plot.




Table VIII

Denitrogenation data of factorial

design for SRC-II VEF

. e _ $DN _ " Metai oxides on .
Run  Catalyst - : time, minutes $DN = the Catalyst,wt%s .
L 45. 60 75 90 105 120 150 Avg. CoO MoO3 NiO W03 .
1  carrier 64.4 39.735.9.27.4 26.6 18.8 - 35.6 0. 0. 0 0
2 carrier 40.2 27.8 25.6 27.4 23.5 23.5. - 28.0 .-0.. 0 0 'O
7 c-41 . 92:0 89:3 85.5 77.8.72.6 61:5°50.0 75.5 . 2 .8 1 8
. 8- C-42 85.5.92.8 69.2 61.5 48.7 44.0 35.9 62.5 2 8 1 2
9 c-43. - 97.0 96.2 91.0 80.3 65.4 56:4 51.7 76.8° 2 8. 4 8
.10  C-44 9816 92.2 80.8°68.8 51.3 42.7 43.6 68.3 2 8. 4 2
11 -c-a5"".  98.3 87.2 79.5 62.8 56.4 45.3 '30.3°65.7 2 2: 1§
12 . C-46 - 93.8 79.5 65.8 57.7°49.1 44.9 42.3 61.9 .2 - 2 1 . 2
13 c-47° . 95.5 89.7.81.6 66.7 58.5 52.1 35.9 68.6 2 2 - 4 8
14 .C-48° - 93.2°80.0 70.5'64.1 57.7 5413 48.7 67.0 - "2 2 4. 2 .
15 - C-49 98.6 93.8 88.9 80.3 66.7 60.7 56.8 77.9 4 8 1 . 8
16 . €-50 97.3 91.7- 84.6 78.6 69.7 60.3 57.3 77,1 4 "8 . .1 .2 .
.17 c-51 97.9 92.1 81.2 70.9-62.055.6 57.3 73.8 . 4 - 8 4 8
.18 . C-52. 89.7 87.2 82.0 72.2 68.4 66.7 50.8 73.8 4 8 4 2
19 - C€-53.- '95.1 88.9 79.1 70.157.7 52.6 57.3:-71.5 4 2 1 8
20 - C-54 92.3 99.1 97.4 73.5 71.8 70.1°63.2 81.1 .4 .2 .1 2
21, . C-55" . 97.4 88.6 70.1 75.2.72.6 68.4.57.3.75.6 4 2 4 -8
22 .C-56  94.9 91.4 79.5 58.1 91.4 47.0 28.2-70.1 ‘4 2 4 2

* Nitngen'¢Ontent of SRC-II VFF is 1.17 wts

2§
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- The.average desulfurizaticn, ASTﬁ;D—86"distilla;::.l
tion yield at 65b0F; and'oil product yield data'shown:':
in Table IX were -also regressed -on the catalyst |
comp051tlons u51ng a confldence coeff1c1ent of 0. 90.3;p

'f.The average’ desulfurlzatlon for: blank runs ‘were 24, 95%
“and the average desulfurlzatlon in Runs 7 to 22 varled
from~l4;9%(0.61'wt%.s).to,77.4%(0.16,wt%'S). The
regression equation for desulfurization of:VFF'was.'ﬂ:

#DS = 24.95 - 6. 43 Co0 + 6.66 Moo3 +4.8 Wo3
- 0. 556(M003)(WO3), | |

Wthh showed the maln effects .0of Mo and W to be pos1t1ve

©and Co-g1v1ng a negatlve effect.: The.1nteract1ve effect"
of Mo—W was found to be negatlve.- The“effect-of:Ni
.turned out to be 1n31gn1f1cant. Tungsten was found to
'effect the Oll product yleld negatlvely The effect of
metals. on the ASTM D 86 dlstlllatlon yleld was found to’
-be 1n51gn1f1cant.- The average ASTM D 86 d1st111atlon
yleld at 650°F of Run- 7 to 22 was 78.9 vol 3. The
average 01l product yleld for catalysts with" 2% and 8°“
‘W03 were 76.1 wt% and 70. 3 wt%, respectlvely. The “ft
analy81s of varlance tables are shown in Appendlx A.

In Run 23 to 38, 11qu1d samples were collected




Table IX

Desulfurization and yields data of factorial design for SRC—II.VFF

Run Catalyst

Metal Oxides on

Avg.@ ASTM D—86 vield? vield of oil Catalyst, wtsg

%DS
190,150 DS ~at 650 F vol.% Product,wt% CoO MoO3 NiO WOj3
min.
1 carrier - - 22 66 . 45 S0 0 0 0O
2 carrier - = 28" . 66 e 44 0 0 0 o
7 c-41 85 70. 77 ' 77 72 2 8 1 '8
8 c-42 60 68 64 k 75 77 2 8 1.2
9 - C-43 65 70 67. - 82 62 2" 8. .4 8
10 Cc-44 74 68 71. - 80 - 70 2 8 4 2
‘11 c-45 62 68 65 80 " 64 2 2 1 8
1.2 c-46 069 34 74 76 2 2 1 2
13 c-47 35 58 46 74 f 76 2 2 4 8
o .14 Cc-48 18 66 . 42 . 82 . 75 . 2 2 4 2
.15 - Cc-49 31 64 48 . 85 - 176 4 8 1 8
16  C-50 4244 43 . 80 . 74 4 8 1 2
17 c-51 46 66 56 83 : : 79 4 8 4 8
18 c-52 46 66 56 © -8l o 84 4 '8 4 2
19 c-53 17 65 41 76 : 75 4 2 -1 8.
.20 Cc-54 17 53 35 77 . . 76 4 2 12
21 ~ C-55 13 60 37 76 - 58 4 2 4 8
22 C-56 0 30 15 80 . 77 4 2 4 2

@ Sulfur content of 'SRC-II VFF is 0. 72 wtg, distillation yield at 650 F
for SRC-II VFF is 55 vol%. - )

1
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every 30 mihutes.. For each run two samples were
' analyzed'fbrtsulfur contents and remainders were
.analyzea for nitrogen contents; The denitrogenatioh
data is shown in Table X. The'nitrogen content of
LECF, 0;85 Wt%,'has heen reduced to an average of
0.07 wt% N(91.8%DN) in Run 33 and 0.28 wt%(67.6%DN) in
Run 36. The fitted equatlon for the average denltr0m |
‘genation- data became
| DN = 40 1 + 6 47 CoO + 5. 23 Moo3 + 1. 56 WO3

- 0. 86(C00)(M003)
Qith a eonfldence level of 90%. The intercept of the
'eqﬁation is the averaged %DN for Runs 5 and 6. The
ana1y51s of variance table is shown 1n the Appendix B.
It was found that the addlng of Co, Mo, and W signifi-
cantly 1ncreased the catalyst act1v1ty on denitrogeha-
tion and the interactive effect of Co-Mo was negative.
The denitrogenation data of LECF is plotted in Figure 8
as.a fuhctioh of time on stream. ' The effect oflceo
concentration'and the data for blank runs are also
plotted'fot cemparisoh. The data for desulfurizatioh,

and"oil_preduct vield is shown in Table XI. .These two




Table X

Denitrogenation-data of factorial design. for SRC-II LECF’

Run Catalyst

$DN

time on stream, min.

Catalyst
Composition, wt$

. 30 60 120 180 avg. Co0 MoO, NiO WOj
5 carrier 56 39 33 30 39.22 - -0 o 0 0
6 carrier 56 40 39 28 40.6 - 0 0 0 0
23 - C-41 98 98 86 80 90.3 2 8 1 8
24 C-42 98 89 73 67 8Ll.5 2 - 8 1 2
25 -~ C-43 86 93 80 77 8l.3 2 8 4 8
26 Cc-44 98 93 84 84 89.8 2 8 4 .2
27 C-45" 98 98 83 77 88.9 2 2 1 8
28 . C-46 88 74 61 55 69.3 2 2 1 2
29- c-47 93 93 80 75 85.2 2 2 4 8
30  c-48 92 89 59 58 74.4 2 2. 4 2
31 c-49 98 93 88 83 90.3 4 8. 1 8
32 C-50 98 98 85 80 90.0 4 8 1 2
33 C-51 98¢ 98 88 84 91.8 4 8 4 8
34 C-52 98 94 77 . 72 85.2 4 8 4 2
35 Cc-53 98 62 68 68 74.1 4 - 2 1 8
36 C-54 98 .70 50 52 67.6 4 2 1 2
37 . C-55 98 92 52 47 72.2 4 2 4 8
' 38 C-56" 97 75 57 56 71.0 4 2 4 2

LS
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.Téble XTI

Desulfurization and product yield data .for SRC-II LECF

, S $DS . o . . catalyst -
‘Run Catalyst on stream; min. - 0il Product.- = . Composition, wt$g
ST . 90.. 150 -avg. Yield, wt% CoO MoO3' NiO . WOy
"5 carrier -. 76 69 -72.5 . 77 0o o 0. o
"6 . carrier 65 64 64.5 77 -0 0 0. -0
23 c-41 82 87 .84.7 89 2 8 1. .8
24 C-42 90 -86 88.2 - - 100 2 8 12
25 C-43 ~ 90 . 84 87.0 : 96 - 2 8 4 8
26" . C-44 79 77- 78.1 - 98 .2 8 4 2
© 27 Cc-45 . 83 86 - 83.9 .. 88 2 2 1 8
28" C-46 . 80. 84 '82.0 89 2 2 12
29 . c-47.. 83 ' 82 82.4 . . 8g 2 . 2 4 - - 8
30 c-48 . .- 89 88..88.8 - - 100 20 -2 4 2
31" ¢-49 . .77° 83 80.0 o091 4 8 1 8
. 320 C-50..° 86 87 86.6 - 87 4 8 1 2
"33 c-51 . 80. .73 76.2 .94 - 4 8 4 K
.34 c-52 90 . 92 91.1 . 88 - "4 8 4 2
'35 - 'C-53 86. © 76 81,0 - 80" 4 2 i -8
3. C-54 . _ 73 - 81 ‘77.1 - 84 4 2 1 2
37 C-55 86-- 85 .85.7 . . 84 ‘4 2. 4 8
38 C-56 . ° 91- 80 85.5 - 100 4. 2 4 2

. 6§




60

variables were regressed on the,cataiiét composi£iohé“
at a coﬁfidenée'level'of 90%. The regressed equation
- for desulfurization was |
$DS = 63.5 + 4.175 CoO + 2.38_M603
- 0.63(Co0) (MoO3) -
The iﬁtercept, 68.5% S, was the averaéed activity of
Ruhs 5 and 6. The analysis of variance table is shown
in the Appendix B. - Co and Mo were found fo increase .
" the catalyst éctivity sigﬁificanfly on desulﬁurizétion
.of LECF. The interactive effect of Co-Mo was neéative.
The adding of Ni on the catalyst.appéarea to be in-
effecﬁiyg.u The,effecf 6f ﬁetals bn oil producé yield.
was foupa to.bé'insignificanf( |
Thé above féQression‘eqﬁations were used for analyé—.

ing the factbriai designs but were not appropfiate'to

use for prediction because the.experiments-were not,de—'
signed fof this. There were some.similaritiés‘of metal‘
effects for'bbth feedstbcks. Three metalé, Co, Mo,'and
WO3 affected the catalyst aétivity onﬁdenitrogenation‘
significantiy, while Ni did- not. IThé interactivel

effeété of ceﬁtain'metéls on'both denitrogenation and

"desulfurizatiOn'were negative. ' The effect _df Ni on
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":_desulfurization on both ‘feedstocks was . found to be’

insignificant.

‘ Materlal‘Balance‘

An'attempt'was‘made to study thefmaterial balance'
'of'nitrogen for the.reactor systen{ ‘The work'was:
.performed'on Run '7.to 22 by a. coworker. fhe amount
of nltrogen fed w1th SRC-T1I VFF, laid down in the’ o

reactor,- and collected from the outlet llquld and gases

- was recordedf -The spent,catalysts and 1nert,supports

Were analyzed for - nitrogen‘contents so .as to obtain

.the total welght of n1trogen laydown. ' The exit gases:

from the reactor were passed through a flask fllled
w1th 30 ml conc. HZSO4 before ventlng..At the end of B
runs the sulfurlc a01d solutlons were analyzed for

) nltrogen contents to determlne the amount of nltrogenv
ex1st1ng in a gas phase. Hs1eh(68) has reported in

Table XII the dlstrlbutlon of nltrogen in the products.

The ‘percent of the feed nltrogen 1a1d down on the cata-

lyst was correlated with Catalyst compdsition. This

correlation was found to be 1ns1gn1flcant The average

7percent of the feed nltrogen 1aydown on the catalyst.

" was 12.0 wt% . The unaccounted portlon of the feed




_ Table XIT .
‘.Material balance of .nitrogen from Run .7 to 22 °

wt.of C e 1 o .
S - Nitrogen -6“1a¥d9Wn, _ % %
. .space ~ in.the ~ 1Inert Catalyst -'in-the in.the :

. Run~ Velocity, feed*, . Supports ¢ . - - .exit . -liquid - unaccounted-
' “v/v/hr.  grams - o .- . gas : product wt.%
7 0.92 1.7, 24.7° - 14.4 0 T 1.7 .. 13.8 . 45.4

8 0.99 1.9 20.7 10.6 .. 0.5 13.3 54.8

9 1.00 1.9 18.9 - . 10.0 - 1.6 13.2 ‘ 56.3
10 1.10 2.0 19.2 - 11.1 - 2.6 20.2 - - 46.9
11 - 1.00 - 1.9 L 22.6 . 11.1 - 1.6 20.5 44.2
12 0.83 1.6 25.5 - 12.7 2.0 19.1 40.7
13 1.00 1.9 20.0 9.0 - 1.6 24.7 44.7
14 0.93 1.8 19.3 ¥ 12.5 1.7 . 18.8 47.7"
15 1.00 1.9 "21.0 12.1 1.6 14.2 . 51.1
16 0.88 1.7 24.0 11.4 2.4 - . 14.4 . 47.9
17 . 0.97 1.8 23.4 ‘10.9. 1.6 -15.8 48.4

.18 - 0.90 - C1.7 24.0 . 10.5 1.2 15.2 49.1
19. 0.91 1.7 25.6 - .12.8 ° 2.9 15.7 43.0
200 © 0.87 1.7 29.7 15.8 . - 2.2 11.2 41.2
21 0.96 1.8 26.9 14.3 1.0 15.9 - 41.9
22 0.96 1.8 26.4 - 13.2 1.0 22.0 37.5

- * Feedstock Was_SRC¥II VFF which contained 1.17 wt% N

29
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nitrogen was averaged to be 46.3% which was believed

-to be the uncollected nitrogen in the exit gases.

-Temperature‘and'Initial Space Velocity Observations

Four experiments, Runs 39 to 42,‘were made to
survey the effect of‘starting at a lower temperature.
“and a higher'sp5Ce veloéi£y. The blank catalyst carrier
Qas.ﬁsed in Runs;39,‘4b, and 41, while catalyst C-49 was
used in Run 42. SRC-II VFF served as ‘the feedstock for
‘these runs.

Runs 39, 40, and 41 were started at 425°C and space -
velocities of 5, 20, and 10 v/v/ﬁr,'réspectively, for
. the first five mihﬁtes, Then the temperature increésed
£o 475°C in two houfs and the space velocities reduced
to 1.0 hrfl. Run 39 coked'ﬁp after 6 hours due to the
.increased fémperatufe‘and low iﬁitial,space velocity.
Runs 40 and 4Ilwere made 8 and 10 hours, respectively,
without pressﬁre'bﬁild—up. Table XITI summarizes~the
nifrogen contents'Of liquid ?roduct.--The denitrogena-
tion of.thOSe runs using blank.catalyst carfier were
poor. The denitrogenation data for Runs 39 and 40 is

plotted in Figure 9. The data of Runs“l'ahd 2 is also’
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‘ Table XIII
Temperature and 1n1t1al space veloc1ty observatlons
Run No. , S 39 40 ©41 . ¢ 42
Catalyst R .Blank Catalyst Carrier -C-49
Temperature . : 475 475 - 475 475
‘Space Veloc1ty at o ' - oo .
‘first 5 min., hr- -1 N 5.0 - .20.0 110.0 . 10.0 ..
Space Veloc1ty . , :
. after 5 min., hr-1 .1'9_ .l.p - 170. 1.0
‘Time on Stream, . @ - . Nltrogen content of llquld
minutes . ’ ' a product ¥, wts ,
30 ' .46 .73 .45 - ;083
45 o= .56 ..52 .11
60 . .96 .63 "~ .55 - .20
75 ‘ «55. .59 , .54 . .22
90 o N ‘ .79 .57 © .22
- 105 ' L .70. .68 - .59, .32
+120 - o .63 . .67 37 S .29
. 135 » .64 - .78 . = .57 .31
‘1500 - .. .59 . .73 «61 .28 .
165 - - “66 .67 . .82 .25
180 .61 . 77T . 63 . L22
210 , 7 .6l . ...64. . - .63 " . 36.
240 o : .60 +69 . .60 .27
270 - _ .62 .64 . .69 .42
- 300 .66 .63 .66 | ..27
- 330 o .62 .69 .68 - .31
360 - .- : .73 . .69 . .65 . . .40
390 o coked - .61 - .57 . ,48
- 420 . : ' ouap . .69 . .64 .49
450 . ' ' . . .89 © .62 .42
480 ST ] . - .87 " .68 .42
. 510 - ' ‘ . . .76 .
540 . . - I _ .64 .
- 570 B . .. . ... .68 .
600 . . o . e T .87 T

* Temperature started at 425°C, then 1ncreased to 475°C
~ .in two hours' . -
wk Nltrogen content of feedstock, SRC II VFF, wasll.l7wt%
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FIGURE 9. Effect of temperature and initial space velocity on denitrogenation
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"plotted for comparlson. The act1v1t1es of Runs ‘39 and‘
'40 were. sllghtly lower at the beglnnlng but much less
deactlvated than those of Runs 1 and 2 whlch were made .
.a constant temperature of 425°¢ and a space veloc1ty of
1. 0 hr.l. Run 39 ~gave a better denltrogenatlon than ‘.
Run 40 due to 1ts lower 1n1t1al space veloc1ty._

Run 42 u51ng the same operatlno condltlons as Run
41 but dlfferent catalysts was made 8. hours.. The data
in Table XIII shows that Run 42 gave a better denltro—_
genatlon, in which the'nltrogen content-or SRCrlI VFF,
1.17 wt%, was reduced to 0.08 wtg after 30 minutes and K -'
. to 0. 42 wts after 8 hours rhe aVerage'nitroden
contents of llquld product for Run 41 and 42 were

0.62 wt2 and 0. 30 wts, respectlvely. The denltrogena-_”

" tion data for these two runs is plotted in Flgure lo. It

-showed that catalyst C 49 gave a better catalyst
act1v1ty than 1ts blank carrler and that the use of
startlng at hlgher space’ Veloc1ty decreased the catalyst

deactlvatlon rate.

Catalyst Deactivation

Catalyst ‘deactivation dué. to-the c¢arbon laydown on
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FIGURE 1lU. Comparison of catalyst C-49 and its carrier for
denitrogenation at 475°cC.
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the catalyst was studiea by the pore volume'reductiou
and Auger Electron Spectrum analy51s Wthh also
‘prov1ded the information for examlnlng the complete—
ness of catalyst regeneratlon.

Carbon laydown in‘the_reactor,frdm Run..7 to 22
_was determined bf a coworker. Speut catalysts ana
‘inert supports were burﬁed—cff in the oven'untii their
weights reached constant. Rameshwaran168) reported
the portlons of carbon laydown on the catalysts and

1nert supports shown in Table XIV in ‘'which the total

percent carbon laydown varied from 19.7‘wt% to 25.9wt% -

of.feed. The percent carbon laydown.on the cataiyst

section varying from 9.0 wt$ to 14.2 wt3 was correlated

with the catalyst composition. The result indicates
that catalysts with 4 wt% -Co0 give more carbon laydown

‘than those with 2 wt%. The,analysis of Variance'

‘table is shown in Appendix A. In the catalyst section,

carbon layddwh were recorded at three different
positions, top, middle, and bottom. It appeared that '
there was more carbon. laydown on the upstream than on

the downstream.




‘Table’ XIV.

Carbon laydown of .Run 7 to 22

Total

, Space wt.% -carbon laydown " Total wt.$ -
Run Velocity Feed® Catalyst " . Supports " carbon | -
. v/v/hr  .grams Top Middle Bottom . . -~laydown
- .7 - 0.92 149.0 3.76 - 3.36 - '3.27 . - 10.8 21.2
- 8 0.99 '160.4 3.33 '3.14  3.19 10.3 20.0 .
9 . 1.00 162.0 . " 3.51 3.98 .-3.71 - . 10.2 21.4 .
10 1.10 178.2 - .3.74 3.76 3.56 - 9.3 - 20.3
11 1.00  162.0 . 3.96 3.74 - 3.74° 10.5 21.9
12 0.83 134.5 4.08- 3.99 .3.78 11.7 23.6
13 1.00 162.0. 3.10 2.98 2.95 = 10.8 _ 19.8
14 0.93 ©150.7 3.56 3.34 3.70 10.4 . 21.0
15 1.00 162.0 4.31 4.22 - 4.03, -10.3 22.9
l6. . 0.88: 142.6 . 3.73. 3.66 3.47 . . 11l.4 22.2
17~ .0.97 157.1 3.64 3.44 3.42 10.8 - 21.3
18 0.90 145.8 3.92. 3.83 | 3.69 ~11.6 ' - 20.1
19 “0.91 147.4 4.89 4.81 - 4.51. 11.7 25.9
20 .0.87  '140.9  4.70 4.29 4.14 11.4 . 24,6
21 0.96 - 155.5 3.67 3:.72 . 3.99 10.6" 21.9
22 . 0.96 “155.5 . 4.03 4.07 3.73 11.2 - 23.1

*-Féedstock was SRC-II VEF'

69
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__The self-developed water saturéfion‘procédufé
was performed to measure the pofe Vo;ume of'biank
catalyst cafriér. A value éf 0.80 ml./gram was
~obtained to compare withlﬁhe reported data of
0.84 ml./gram. The séméfmeasuremeﬁt‘p;ocedures were
applied to measure the pore. volume of freéh catalysts
from C-41 to C-56. Table XV sh;ws'the data. it‘was
found that the pgré volumé decreased after the
impregnation and that tﬁere was a sErong cérreiation
between the pore volume and the tqtal metal loading.
Figure 11 plots the data and the regreééed line. It
is interesfing to note that the pore volumes of fresh
éatalyét shoWn in Figure llAbecome é constant'of 0.75
.when the ﬁl./gram catalyst is converted ﬁo milliters
pér gram of cataiyst'cérrier bf multiblying by the (1 +
total wts mefal loaded) conversion factor. The converted
déta is also presented in Table.XV,'whiqh}shows the
pore voluﬁelhas‘been reduced 6% affer the impreénation.
The spent catélysts of Run 7 to 22 using VFF and of
Run 23 to 38 usiﬁg-LECF'were measured fqr the pore
volume by £he same method. The ;ééults are iiéted in

Table XV. The pore.volume of catalysts being used for




" - Table XV °

Pore volume of catalysts measured.by water saturation .

" Total

. ' _ Pore Volume . :
.Fresh Catalyst - . Spent Catalyst . Metal
. _ " ml./gram .ml./gram - -Used for  Used for Loaded,
Catalyst . o0f- .. of © VFF,. . " LECF, wt.$
Catalyst Catalyst ~ ' ml./gram "ml./gram N
: " carrier- ' Catalyst = Catalyst
carrier 0.80 £ 3¢ - - _— 0
‘c-41 - 0.63 ~ .0.75 . 0.20 - . 0.49 . 19
- C-42. ‘0.64 0.72 ; .0 0.14 .0.54° 13 .
Cc-43 0.60 ~0.73 ’ 0.18 ’ 0.51 .22 .
c-44 '0.65 0.75 - 0.11 ° . 0.53° 16
C=45 " 0.68 - 0.77 . 0.13 - . 0.58 13
-C=-46 - 0.69 | S 0.74 - "0.18 . 0.56 7
Cc-47 - 0.65 0.75 - . 0.17 . 0.58 16 -
C-48 . 0.68 - -0:75 0.14 . 0.59 10
Cc-49 . 0.62 ©0.75 - 0.20 . ' 0.44 21
C-50 - 0.65 . 0.75 . .- 0.14 0.47 15
. C-51 . 0.60 . 0.74 . - 0.13 . 0.60 24
 C=52 0.64 0.76 ' 0.18 o 0.52 - .18
Cc-53 0.68 0.78 0.12 " 0.45 15
. C-=54 ‘0.68 - 0.7¢ . 0.12- 0.45 9 .
-C-55 - 0.64 . -0.76 0.09 ' .0.48 -18
C-56. 0.71 - OJSQ - 0.09 . 0.59 12

TL

T T

1 T i




pore volume, ml./gram catalyst

12
® fresh catalyst
0.801— A spent catalyst
for VFF
P
) it talyst
il \\\\\\\\\. & <>§g§nLE8? Wiy
Tee ® o
\
e 00_
oo,
0.60}— :
ki
O
© o
0.50f}— O O
O 8 -
1% 0
0.40—
0.30L*
0.20— & A A
A AA % 2
A A A, &
0.10— A A
| l A l |
0 5 10 15 20 25

total amount of metal loaded, wt%

Figure 11l. Correlation between pore volume and total
metal loading.
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upgrading SRé-II VFF was'largely reducedfbeéause of
carbon laydoWn. Their pore volume reductions ranged
from 79% to 87%. Catalysts being used for SRC-II
LECF had an average pore volume-reduction of 20%.

These data are plotted in Flgure 11 for comparlson.

' Carbon laydown on the catalyst could be burned-off . by
the alr_or oxygen tozrestore the catalyst act1v1ty.
However, if the organometalliC'coﬁpounds have laid
down with carbon; the catalyst would be poisoned
permanently;

The AugernElectron Spectroscopy was applied to

"analyze the selected samples for carbon dlstrlbutlon
on the 1nd1v1dual catalyst cylinder. Figure 12 shows
,Auger spectra for the spent catalyst C-49 of’ Run 42,

By referrlng to the standard spectra of the elements,
peaks at 2728V and 1396ev were 1dent1f1ed as carbon and

-aluminum, respectlvely. Spectra at dlfferent spots

' were obtalned from the same electron beam energy ‘and
current. Table XVI. shows the- peak- to-peak helghts of.
carhon and aluminum measured from;the spectra. The‘C/Al

 atomic ratio was approximately obtained by multiplying
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FIGURE 12. Auger spertra of the spent catalyst C-49 of Run 42.
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Table’ XVI

Carbon distribution data for the
spent catalyst C- 49 of 'Run 42

Distance . Peak-to peak height C/Al

FERNO e comter  Carbon Aluminum  ALOmig,
R* 12.0 - . 15.0
_ _ 3/4R 5.4 1. 0.9
42 - 0 172 . ak0 . 1.5 0.7
' - 1/4R 4.4 | 0.7
0 4.8 . 0.5

Cx Rf radlus of catalyst cyllnder, was . 1/64"

*ok C/Al atomlc ratlo C/IAl X IAl/Ic X KC/KAl

' f 0. 25‘x IC/ Al |
o IC and IAl are. peak- to peak heights of carbon and
"~ aluminum, respectlvely, measured from the spectrum

in Figure 12. Ee and K are amplltude helght and

scale ‘factors of elements, respectlvely, obtalned

from the handbook(67)._
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the peak-fo—peakvhéight rétid by a factor of 0.25 which
was calculated from the amplitude heights. and scale
factors shown in the'handboék(67)° The C/Al atomic
.ratio increased from 0.5 at the'centé;_of catalyst par;
- ticle to 15 at the outer surface. The carbon distfibu;
tion in_Figﬁre 13 shows'thét the mechanism. of céﬁalys£'
poiépning appeafs-to_be the pdre mouth plug—up.' Thé
'anrbqn laydown on thé outer surféée wés tremendously

higher than on the inner side.

Catalyst Regeneratién énd Reutilization

fo puréue the.feasibilitf of reusing a promising
catalyst, aiprocess_Wﬁich reacti§ates thé,spent cataiyst
vié peiiodié air-burn—off.ahd'resulfiding-is required.
'The completenééé‘of éatalyst burn—off Qas determinéd‘by
the_pore voiume réchery'and provedfby'the_Aﬁggr spectré.
Catalyst C-492 was tgsted for about- 100 héurs(by.reusiné
'thé'catalyét pé?iodically fhréugh;regénerations.

fresh cdtalyst C-49. was again tested in Run'43‘
for 3 hours using .SRC-II VFF as. feedstock. The opéfat—
ing conditions were 1,000. psig, 425°C, a hydrogen flow

rate of 10,000 scf/bbl,'a,spéce velocity of 1.0 hr'l,
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' andlliquid feed %emperéturé of'85°C; The results showed
that =~ the nitrogen content of SRC-II VFF, 1.17 wt%,'
. was reduqéd'to an average of 0.22 wt%. The sulfur
content wés'reduced éd an average of 0.25 wt% and oil
pfoducf yvield was 77 wt%. The spent catalyst wés
measured fﬁr the pore'volﬁme and.aﬁalyzed‘by the Auger
spectra. The pbre volume turned out to be 0.20 mi./gram
of catalyst. Thé Auger spectra are shown in Figﬁre 14..
'Thé-carbon toualuminum_étoﬁic_ratios from the center 
iof catalysflcy11ndér to the outer surface are.ploﬁted
in'Figuré 15. fhe carbon distribution observed was
similar tb the oﬁe obtained from -Run 42. The outer
éurface of the catalyst particle.waé almost fully:
covered with cafbon.

The spent catalet was burned-off undef atﬁospheric
pressure at 550°C .with 5% Oyin nitroéen, Catal&st.was-
sampled eVery.four Hqﬁps aﬁd aﬁaiyzed for pore
volume. Thé‘gas flow rate wés kept at 5 scf/hr for the
first 12 houfévand'no temperature.inérease was found.
The:pore volume was.increased'from O.é'to 0f33 ml./gram
in four hours but then leveled off. AFigure.lQ'piots

the pore volume recovery during burn-off. The gas flow
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e pore volume of the fresh catalyst
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rate was then increased to 50 scf/hr' for the follow~

ing 24 hours; The pore volume was increased more
rapidly to 0.59 mI./gram after 36 hours, which was a
pore volume recovery of”95% coméared with a pore
Volume of 0.62 ml./éram for the fresh-catalfst. The
catalyst-was'then analyzed for the Auger spectrum.
Figure 17 shows that the signal of carbon of Auger
Spectrum was undetectable. It agreed with the result
of pore.volume measurement. This catalyst was reacti-
vated by sulfiding and reused in Run 44.

The,average nitrogen content of the liquid product

'was agaln reduced to 0 21 wt% in Run 44, which indicated

that the catalyst act1v1ty for denltrogenatlon was fully
restored.  The data for denltrogenatlon is shown in
Table XVII1 and data for desulfurlzatlon and oil product
yleld is shown in Table XVIII. The spent catalyst of
Run 44 was burned-~ off for 8 hours with 40% 0,. in the
nltrogen at 550°C and a ~gas flow rate of 1,5 scf/hr.
The.temperature increased to 580°C in ten\minutes,'then

leveled—off to 565°C. The pore.volume of the catalyst

"has been recovered to 94% after 4 hours burn—off. The

Auger Spectrum in Flgure 17 shows that the amount of
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Table XVII

Nitrogen content of product from Run 43 to 76

- Nitrogen content of

. product, wt$

- 52

0.95

0.08

Run Temp. , LHSY, time on stream, minutes Avg.
' - Oc¢c.- . hr~ .30 45 60 120 180 wte. N .
43 427 1.10 . -0.06 0.39 .0.36 0.30 0.22
44 433 1.00 . 0.03 0.16 0.15 0.43 0.22
45 428 . 0.93 . 0.19 0.29 0.45 0.45 0.42
46 1423 . 1.10 . 0.04 0.10 0.52 0.57° 0.40
47 . 420 1.00 . 0.07 0.25 0.53 0.76 0.50
48 431 0.90 . 0.07 0.20 0.34 .0.60 0.36
49 434 1.10 0.06 . 0.16 0.28 0.31 0.19
50 423 0.94 0.12 . 0.23 0.22 0.33. 0.24 .
51 - . 425 1.10 0:09 - . 0.15 0.30 0.30 0.24
428 1.00 0.12 . 0.09 0.20 0.24 0.19
53 425 0.98 0.09. " 0.15 0.27 0.26 0.21
54 428 0.94 0.0¢ . 0.12 0.25 0.42. 0.27
55 426 1.10 0.09 . 0.22 0.29 0.38 0.27
56 427 1.00 0.02 . 0.09 0.22 0.44 0.21
57 417 1.00 0.09 . 0.23 0.34 0.32 -0.26
58 462 1.00 0.04 . 0.36 0.30 0.10 ©0.22
59 426 0.96 0.02 . 0.08 0.18 0.28 0.28
60. 455 0.02 . 0.04 0.12 0.13

¥8




fable XVIiI (continued)

Run -

A Nitrogen content of .
" product, wt%

Avg.

76

Temp., LHSV{‘ " time on stream, minﬁtes

°c hr-1 30 45 60 120 . 180 - wts N
61 420 0.98 0.63 © . 0.24 0.21 0.21 1 0.19
62 448 0.97 0.08 . 0.06 0.14 0.19 0.15
63 422 10.90 0.02 . 0.26 0.16° 0.19 0.19
64 449 0.95 0.02 . 0.10 0.16 0.19 0.13
65 425 0.96 0.07 . 0.09 0.20 0.24 0.18"
66 454 0.92 0.02 . 0.06 0.11 0.15 0.11
67 429 0.88 0.05 .  0.04 0.15 0.23 0.12
68 - 450 0.99 0.03 . 0.03 0.15 0.16 0.09
69 ' 425 0.97 0.10 . 0.11 .0.21 0.24 0.17
70 442 0.86 0.02 . 0.17 0.39 0.27 ©0.21.
71 424 0.89 0.33 . 0.26 0.37 0.43 0.35
72 446 0.92 0.20 . 0.27 '0.41 0.47 0.34
73 413 1.00 0.23 . 0.25 0:35 0.40 0.31
74 451 1.00 0.09 . 0.28 0.38 0.41 0.29
.75 423 0.86 0.15 . 0.28 0.43 0.44 0.33

455 0.98 0.25 . 0.15 0.24 0.26 0.23

S8




Table XVIII

Sulfur content of product and oil product yield from Run 43 to 76

Sulfur content of o 0il

Run Temp., LHSV. * product, wt% “Avg. - product

' . Y hr—1l time on stream,min. wtg S - yield

: 75 105 wtg

43 427 1.10° 0.26 ~ 0.24 0.25 C 77
44 433 1.00 ~ ~ 0.35 0.27 0.31 71
45 428 0.93 " 0.45  0.39 0.42 76
46 423 1.10 0.37 - 0.22 0.40 : 70 .
47 420 1.00 0.33 0.21 0.31 74
48 - 431 0.90 . 0.24 0.33 0.28 79
49 ‘434 . 1.10 ' 0.20 0.19 . 0.19 - 94
50 ° 423 0.94 0.23 0.17 0:20 : 97
51 425 1.10 0.29 0.23 0.26 88
52 428  1.00 0.21 - 0.24 . 0.22 89
53 425 0.98 0.21 . 0.27 0.24 - 89
54 - 428 - 0.94 0.29 0.28 0.29 86
55 426 1.10 0.13 0.35 0.24 _ 87
56 - 427 1.00 0.23 0.29 : 0.26 90
57 417 1.00 ©0.17 0.18 0.17 93
58 462 1.00 0.21 0.22 0.21 86
59 . 426 - 0.96 0.16 0.12 0.14 " 88

60 - 455 0.95 0.28 0.14 0.21 o 84

98




Table XVIII {continued)

76

©0.98

0.10

e _ L L _Suifur-cbntent.of S _ Oil---.,_“
Run -Temp.., LHSV. - product, wt% - . Avg. - product -
' 9% " nr-l - .time on stream,min. wtg S yield
' o 75 105 T
61 420 0.98 ~0,15° - 0.40 0.28 92
62 . - 448 ' 0.97 £ 0.22° ©,.0.29 0.25 88
.63, 422 0.90 0.17 - .0.12 0.14 89
64 449 0.95 . 0.28 .07 0.13 1 0.20 92
65 425 0.96 0012 - 0.11. 0.12 93"
66" - 454 . 0.92 0.14 - 0.11° - 0.13 97
67 - 429 1 0.88 . S 0.11. 0.08 0.09 92
. 68 450 - ".0.99 - 0.11 0.20 0.15 89
69 © . 425 - - 0.97 10.24 " 0.18 0.21 - 94
- .70 - 4427 . 0.86 0.15 0:10 0.13 84
ST 424 ' 0.89 0.13 . 0.16 .- 0.14 85
72 - 446 0.92 .70.12 1 0.13 0.13 93 -
73 413 " . 1.00. 0.11.  0.10 0.11" . 88
74 451 11.00 0.15 . "0.15 0.15 .98
75 423: -0.86 - -0.19° ' 0.19 0.19 " 92
455 - 0.12 97"

.L8". .
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carbon left on the catalyst was negllglble. The

. catalyst was then further reused for perlods of 3 hours

between regeneratlons via 4 hours burn-of f w1th 403 02

in the nitrogen at'the-gas flow.rate of 1.5 scf/hr.
’Figure~l8 plots'the denitrogenation data'froﬁ Runs 43_
to:48 The results show that the catalyst act1v1ty
has been restored through the regeneratlon process and
follows the same. pattern from perlod to perlod '
Startlng w1th Run 49 the feedstock was. changed to
.SRC-II nght Ends Column Feed because of the lack of
Vacuum,Flash Feed supply., The,perlodlc reuse of the
_catalyst was extended to 102 hours° Tables XVII and -
XVIII summarlze the results. The temperature rangedf
Efrom 417 to 462°C and the space veloc1ty kept about
.l 0 hr™ l;- ‘The results show that the average nltrogenA
content of the llquld product has been cons1stently
reduced to less than 0.3 wt9 and ‘that the llquld product
_yrelds approx1mately 90 wt§J‘ Flgure 19 plots the data'
for nitrogen content'of the‘liquid productr By observ-
ing the'relatlonship between the.reactorttemperature'
" and the nitrogen'content in the liguidlproduct,.it

seemed . that the higher’temperature gave.the better .
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,denftrogenation. The data for sulfur content of the .
-liquid product is plotted in Figure 20. -
. Catalyst C- 49 was agaln used for 104 hours

_through periods of 8. hour runs from Runs 77 to 89 .

"us1ng SRC I1 LECF as feedstock. The fresh catalyst

was used in Run 77 and the spent catalyst was burned—:}
‘off for the first 4 ‘hours w1th 59 O2 in nitrogen at a'
'l‘gas.flow rate of 5 scf/hr; and_for anothert4‘hours

' “w1th 40% 02‘inﬁthe'n£trogen atuthe gas flow rate of
‘_l 5 scf/hr. Table'XiX and XX sumnarise the data.:
Flgure'Zl plots.the-ayerage:nitrogen and;sulfur
contents of the llquld product as functlon of tlme;

' The average nltrogen and sulfur contents were reduced.‘;
to less than 0 25 wt - The llquld‘product recovered B

‘averaged 9l;wto.‘f

'Characterization of.Liquid*Product and Cost Estimation -
| quUld products collected from Runs 23 to 38 and °
lfrom Runs 43 to 76 were comblned to obtaln a gasollne
'sample for the octane tests. The yleld of 50 204 C
.'holllng range gasollne wasé40%_of,the liquid product,

whose octane tests ‘gave ‘an average octane number of
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Table XIX -

a8
89

0.20

0.23

Nitrogen contént of product from Run 77 to 89
. . Avgq. _ . Nitrogen Content,—;t%

Run Temp., LHSV - time on stream, hours Avg.
No. ©c - 1 2 3 4 5 6 7 8 wt. %
77 440 1.00  0.05 0.17 0.30'0.16 0.25 0.20 0.20 0.27- 0.23
78 433 1.00 0.02 0.15 0.28 0.25 0.28 0.31 0.29 0.35 0.24
79 433 0.84 0.11 0.15 0.19 0.24 0.27 0.24 0.28 0.22° 0.21
80 429 1.00 0.08 0.22 0.24 0.23.0.26 0.26 0.29 0.27  0.21
81 431  0.92 0.29 0.20 0.23 0.26 0.26 0.30 0.30 0.28  0.24
82 426 0.95 0.09 0.18 0.24 0.35 0.27 0.27 0.30 0.29  0.21
83 43¢ 0.97 0.11 0.21 0.24 0.25 0.26 0.29 0.28 0.30  0.22
84 456 0:97 0.11 0.19 0.21 0.23 0.27 0.29 0.27 0.31  0.24
85 424 0.94 0.13 0.23 0.26 0.33 0.26 0.26 0.32 0.27 . 0.22
86 428 1.00 0.15 0.16 0.16 0.28 0.29 0.22 .0.22 0.24 0.21
87 425 . 1.00. 0.09 0.20 0.23 0.30 0.25 0.25 0.24 - -  0.22
425 - 0.96 - 0.05 0.20 0.17 0.22 0.18 0.30 0.32 0.35 0.23

427 ~ 0.94 0.08 0.15 0.19 0.20 0.24 0.28  0.22

€6




Table XX

Sulfur content of product and o0il product yield from Run 77 to 89

427

: - ) wt$

: ‘Sulfur content, wt$% . 0il.

"Run _Tgmp., LHSV, time on stream, hours Avg. product -

°C : hr=1 1.5 3.5 5.5 7.5 wt% S yield

77 440 1.00 0.20 0.17 0.17 0.16 0.17 ‘ -~ 93
78 433 1.00 0.17 0.17 0.19 0.19° 0.18 95
79 433 0.84 0.17 0.18 0.18 0.19 0.18 - 89 -
80 429 1.00 0.22 -0.06. 0.10 0.22 0.15 93
81 431 0.92 0.24 0.22 0.15 0.08 0.17 91
82 426 0.95 0.24 0.22 0.16 0.20 0.21 85
83 - 434 0.97 0.28 0.15 0.28 0.27 -0.24 89
84 456 0.97 0.10 0.11 - 0.19 0.13 93
85 424 0.94 0.19 0.22 0.10 0.13 0.16 : 89
86 428 1.00 0.16 0.17 0.16 0.26 0.19 4 91
87 425 1.00 0.14 0.19 0.11 0.20 0.16 90
88 425 0.96 0.08 0.08 0.20 0.19 0.14- : 92
89 0.94 0.10 0.06 0.08 0.11 0.09 A 93

' V6
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.81.7.. The result:of octane:tests was provlded by.
'CENEX(69). - | |
Samples from Run 76 to.8§'were collected:together

:and sent*to-Gulf Research & Development Company-for ;
".the detailed characterlzatlon(70) ‘The results
1nd1cated that the spe01f1c grav1ty of SRC-IT LECF, -
0@983, was_reduced to 0.945,and that the.llquld product
| consisted of 27.1 wtg naphtha, 36.3% middle oil, and
36.6% bottoms; The distillation'yield of the liquid
. product.lslshonn ln.Table XXI. | |

Zhe.distillation fractions were'further analfzed
to determine'their-elemental and aromatic contents}..
Table XXII glves the ultlmate analys1s for each frac—

tlon and the llquld product.- The lquld product

o contalned an atomlc H/C ratlo of 1.28 whlle hav1ng a

sulfur content of 0 24 wtg,. n1trogen, 0 339 and oxygen,
yo.é%ﬁ' The H/C ratio of the naphtha fractlon was
increased to l 61, the sulfur content 0.20 wts, ‘was
'vabout the same as the lquld product and the nltrogen'
and oxygen contents were reduced to 0 09 and 0.12%
respectlvely.-.rhe middle oll fractlon had the srmllar_

elemental properties as-the liguid product had.
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Table XXI

Dlstlllatlon of product

. . . o Grav1ty
Cut Fraction Temp., °F . Yield, wt% ~©API - Spec1f1c

Naphtha . 1IBP-360 27.1 " 40.9 ‘0.8208

' Middle 0il  '360-550 - .  36.3°  17.2 10,9516
Bottoms. . ¢ 50+ .  36.6 2.7 1.0544
Upgraded . o ‘ ‘
Prodact . -= . 118.3 0.9446

o Dlstlllatlon was made at ATD w1th .a ‘mini- cal unit at

atmospherlc and reduced pressure of 100 mm Hg.




Table XXII

: AUltimate.énalysis of distilledﬂfraction@ 

} - L IR S . *
Fraction C H -~ H/C - N S 0 Ash
Upgraded PO ' o Al.:_ ‘" ‘
product 89.63  9.58 1.28 - 0.33 - 0.24 . 0.3 0.03

Naphtha = - 87.68 . 11.73 1.6l 0.09 0.20 0.12 —
Middle oil  -89.19 . -9.52  1.28°  0.39 = 0.16 -- 0.3 -
Bottoms . 91.38-. 7.90  1.04  0.57 - 0.19 0.5 0.04

@ Weight percent. -

% 'Qxygep.waé determined by,Gﬁlf Test 2610.

86




- However, most of the nltrogen compounds mere'accumulated
~in: the bottoms fractlons. A low H/C ratlo of 1 04 and

a. hlgh nltrogen content of 0 57 wts were observed in
thls heavy fractlon. | |

Analyses of group compounds in Table XXIII 1nd1cate-
dthat over 90 vol% of the bottoms fractlon is aromatlcs,
compared to 49 0% in the naphtha fractlon, 85,5% in the
mlddle oil, and 78 0% in the llquld product. 'A.slightlyif
higher'oietlns content,‘2f5 voI%, was:found'ln the‘«
”naphtha.fraction."The content of olefins in the Iiguid'
product was 6'5 vol%. The'naphtha fractibn gave a great
”potentlal to be a catalytlc reformlng feedstock Ihe‘
mlddle dlstlllate fractlon is very‘aromatlc and would
need aromatic’ saturatlon for use as home heatlng oil and
'Ifor dlesel appllcatlon.l The bottoms product would
-probably flnd ltS pr1nc1ple use as a fuel 011

The cost estlmates of . a. coal llquld hydrotreater in
Table XXIV was prov1ded by Dravo Englneers and Construc—

jtors(7l). The estlmated capltal costs for_a 1,000 p51g

-,reactor depend on the hydrogen consumptlon per barrel of -

-feedstock and the capac1ty . Interpolatlon between H,




‘100
Table XXIII =~
~ Group compound analysis

Eractibn ArométiCS' .Saturates ‘Olefins
'Upgraded' , I R SR
product 78.0 21.5° 0.5
Naphtha = - -49.0 . 48.5 2.5
Middle 0il’ 85.5 13.5 1.0
Bottoms 911 - 8.9, . he

*' Volume' percent

Table XXIV

CoStféstiﬁate-forga coal liquid hydrotreater

Hy consumption =~ Capital Cost-.$ Millipns
. scf/bbl. Feed_‘]' 1,000 psig Reaéfo;— 1981 costs .

1,000 - ;i 462 T . 7507 .

S S T S T T T T T T S S N S T S T I S T S T T e e L T T N T S S S T e e e
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ddnsumptioh Values-is.linearrfor H2.Ver§us.the log of
cépital. The bapacity(bbl./dayj expénént.factéf'at
fixed Ho génsuﬁption is 9.53.' The estimates have
included thé costs of hYdroéen.cémpressdrs, réactofé,
éataiyst haﬂdlihg/ and prqduct'flash-and;Stabilization,’

equipment.




'CONCLUSION

'Keeping.the_SRC-II Vacuum Flash Feed at 85°C for

feeding avoids: the pumping probiem.'

The SRC II VFF glves a hlgher initial catalyst

act1v1ty and a hlgher deactlvatlon rate than does
the SRC~-II LECF. N
The.catalyst activity onAthe denitrogenation of
SRC IT VFF and LECF was 51gn1f1cantly 1ncreased by
the addlng of Co, Mo, and W but decreased by the
1nteract1ve effect of Co-Mo. The interaction

between Co and W ‘-'- gave a negative effect on

'denltrogenatlon of VFF.

'The effect of: Co "and Mo on the desulfurlzatlon of'

. LECF was p051t1ve. The effect of Mo and W on the

desulfurlzatlon of VFF was ailso p051t1ve but Co

‘was negatlve.. The, 1nteractlon between Mo.and W

gave a negatlve effect on the desulfurlzatlon of

" VFF, whlle between Co and Mo gave a negatlve effect

on "the desulfurlzatlon of LECF

The addlng of N1 was 1neffect1ve.

. The study of n1trogen mater1a1 balance showed 46 wtg

belng unaccounted for, Wthh was. belleved to be the

‘nltrogen unabsorbed in the exit: gases.
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The'catalyst‘deactivation was moderated by starting
at a lower-temperature and higher space velocity.
The catalyst was poisoned bv the carbon laydown,"'
whoae-mechanism proved to be the'pore mouth plug—
. . - , , ‘, T
Catalyst C- 49 w1th a metal comblnatlon of 43 CoO,

85 MoO3, l% NlO, and 8% WO3 reduced the nltrogen.'

‘content to as low as 0 3 wtg for 104 hours with an

‘ average llquld product recovery of 91 wtg. The

yleld of 50- 204°C b0111ng range gasollne was’ 40% of

the ligquid product, with an average octane number

'was 81.7.




. RECOMMENDAT IONS -

The more severe operating conditions with a

reactor preSSure in the range 'of 1,500 to 3,000

'psig'should be tested to improve the hydrogenation

of SRC- II llquld products and to lengthen the

catalyst actlve llfe.

'The process variables such ‘as temperature and -

space veloc1ty should be studled on upgradlng

SRC -IT nght ‘Ends Column Feed for a long run

',cycle, for’example 50 to 100 hours

4 A multlstage reactor system could be used The

flrst reactor using an 1nexpens1ve cracklng

catalyst such as chromla alumlna to knock down

p01son1ng materlals in feedstock before they can
deposit on the actlve catalyst in. the second
reactor.._' | | |

Auger Electron Spectroscopy should be applled to
Idetermlne the metal concentratlon on the catalyst
more accurately, - -

Chromatographic analysis.of the exit gases.should

 be performed'so that the material balance and'the

estimation of hydrogen consumption might be made .

on the reactor.
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Analyses of carbon, hydrogen, and oxygen should
be carrled out for both feedstock and product to

determine the extent of hydrogenatlon and oxygen'

.removal

A trlckle bed reactor system could be modlfled to
collect the sample automatlcally to reduce the
operatlon cost. The suggested reactor system is

shOWn_in,the Appendlk C.
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APPENDIX ‘A.

_ANQVA TABLES FOR SRC-II VFF




ao
B

DEPENDENT VARIABLE

= 7

INDEPENDENT VARIABLES= 3,4,6,9,11

L

" . YAR R-PART -

SE(B) T

FIT: S
g -3 .9724 11.29 w8175 . 13.82
4 .80 - 2.358 - 8080 2.918
& .7723 . 3.258 . 8080 . 4.032
9 -.5589 -.5587 2847 @ =2.22
11" -.7130 -.8928 .2B47 - =3.373
INTERCEPT = 0.000
ANALYSIS OF VARIANCE: R , : o
SOURCE  DF  S§.8. M.S. . F-VALUE P-VALUE
‘REGRESS 5. .2578E+05 5153. 315.0 0.000 -
RESIDUAL 1t . 179.4 -16.31 :
TOTAL 16 JZS9BE+05 -
‘Variable 7 = $DN of catalyst - %DN of catalyst carrier
' '~ . 3 = wt$ CoO. : , -
4 = wt% MoO3
6 =.wt3 WO3 :
9 = (Co0) (MoO3). =
11= (Co0) (WO03)

| P-VALUE

L 0.000

«.1388E-01

. 1974E-02
. 480BE-01

«B224E-02

91T

ey

EANENRNCR I £ .~




DEPENDENT VARIABLE = 8

INDEPENDENT VARIABLES= 3,4,6,1i3

FIT: VAR R-PART B SE(B) - T P-VALUE

3 -.7581 -8.430 . 1.808 -4.002 .i753E-02
4 ,8859 5.657 . 9848 8.78¢C _ 0.000
8 .B133 4.8B03 .9848 4,877 0.000 .
13 -.B323 ~-.3336 . .18G4 -2.881" «.114BE-01
INTERCEPT = (Q.000
ANALYSIS OF VARIANCE: ' .
SOURCE DF .8, M.S. F-valL UE P-yvAal UE
REGRESS - 4 .1313E+05 3282. 48.73 0.000
RESIDUAL 12 808.0: 67.33 :
TCGTAL 16  .1384E+05
Variable 8 = 3DS of catalyst - %DS of catalyst carrier
: 3 = wtg% CoO :
4 = wt% MoO3
.6 = wts Wo3
13 = (MoO3) (WO3)

LTT




- DEPENDENT VARIABLE =1
INDEFENDENT VARTABLES= 3

CFIT! VAR R-PART B
o -3 -,4538 -,9792"
" INTERCEPT = f73.oa '
R-SQUARED = 2059 "
.ANHLYSIS OF - VARIANCE ! :
SOUR E DF -'SoS; : HQSO
REGRESS 1 135.1 138,1
- RESINUAL 14 532.4 38,032
CTOTAL 15 870.4 -

VARIABLE DESCRIPTION
-1 = oil product vield, wt%
3 = wt% WO, :

.o
woim
Pb
[23 8]
bt B

F=VALYUE
3

+631

.‘ T.
S =1,905

P-VALUE

T W7747E-01-

P-VALUE o
+7747E-01

81T




_DEPENIENT VARIAELE = 2
INDEPENDENT VARIABLES= 4 -

FITS . VA

&3

R-PART - B~ SE
C e 9413 + 6606 i +2

9,335 .
» 2930 T Co

ALYSIS OF -VARIANCE:
E F g

Y. T
3 2,409

-
-
i
m
b= .
[}
m
o
-
wn

VARIABLE ' DESCRIPT ION | .
2 wt% carbon laydown on the catalyst
4 wt% CoO '

6TT
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. DEPENDENT UARIABLE =7 .
INDEPENDENT UnRIABLES 39419;6, o

OFITE 'UA§ R- PART

B SE(R) | T P-VALUE
47162 6466 1,819 3,555 +3961E-02
A ,7386- 5,237 1.377 3,795 V2552E-02
9 -.4590 -,8600 +4805 1,790 V9872E-01 -
_ 6 5151 1.559 17488 2,082 +5943E-01
INTERCEFT = 0,000 , '
ANALYSIS OF ‘VARIANCE: - - . g s ‘
SOURCE " IF - S48, .. M.Se F-VALUE  P-VALUE
REGRESS . 4 27696405 €921, 179,85 0,000 -
RESIDUAL 12.1340 86,68 - :
TOTAL 16 . 2873E405 .
DEFENDENT VARIABLE == .8
INDEPENDENT VARIABLES= 314+9
FIT! VAR R-PART B SE(B) T P-VALUE
_ 3 ,8051 4,175 V8531 4,894 0,000
4 . 6589 2,377 . 17527 3,158 V7552E-02
9 <5443 -,4294 02691 -2,339 «3594E-01
INTERCEFT .= 0,000
ANALYSIS OF VARIANCE ¢ : S
SOURCE ~ IF 55, H.§» - F-UALUE . P-VALUE
REGRESS ~ 3 3494, = 1231, 39,95 0,000
RESIDUAL 13 400.7 30,82
©. TOTAL 16 4095, - -
' -~ : C 1he. = 8 Rk tion
i abl 3 = CoO varialbe 7 = % denitrogenatl
V.ér}al? € 1= Moo 8 = % desulfurization
6 = VO.° ‘9 =. (Co0) (Mo03)
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- Reactor System Rearrangement
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Tricklelbed reactor sysfem might be arranged to
collect the liquid ;ample automatically. The proposed
arrangement is shown in Figure 22. ‘The gases and
liqﬁid wquld pass through the.reactbr, a cdndenserf
and the back pressure regulator to a separator.
_ Gaées énd ligquid could be separated in the separator
: a£ atmospheric preésure when the liquid seal forms.
The valﬁe underneath the separafor might 5e closed
during the start-up and reopeﬁed until the liguid seal
forms. , Gases would go to the vent and 1iquid could
be sampled by the overflow of liquid seal. This“would
femoyé the frequeht.depressurizatibn and ﬁitrogen
repressurization of the catchpot. during sampling in

this rééearch and reduce the operation cost.
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1E§§____—-reactor

e ——— aluminum block

\i_ﬁto vent

for safety

SC N NNy
! I SR T |

condenser

cooling water

back pressure
regulator

gas-liquid
separator

sample =

liquid seal

Figure 22. Trickle bed reactor rearrangement
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