MONTANA

STATE UNIVERSITY

Catalysts for hydrotreating solvent refined lignite
by Nam Kyun Kim

A thesis submitted in partial fulfillment of the requirements for the degree of MASTER OF SCIENCE
in Chemical Engineering

Montana State University

© Copyright by Nam Kyun Kim (1981)

Abstract:

Catalytic hydrogenation of the solvent refined lignite (SRL) made by the University of North Dakota's
Process Development Unit was carried out using thirty MSU-fabricated catalysts. The solid SRL was
dissolved in tetralin to use as the feed for the trickle bed continuous reactor. A total of 42 tests were
performed including three commercial catalysts and four blank carriers.

The liquid products from the reactor were analyzed for nitrogen content. Sulfur content and distillate
yield were also analyzed for the selected composite samples.

MSU KN CS catalyst with 12.08% MoO3 impregnated on Nalco C base showed the best performance
in denitrogen-ation. The base comprised of 2%Si02 and 98% Al203 has a pore volume of 0.84 cc/gm
base and a surface area of 215 m”2/gm base.

The effect of MoO3 concentration and additional active metal concentration on denitrogenation were
studied. Increased M0O3 concentration of up to 12% by weight improved nitrogen removal. This
optimum amount of metal impregnation was also explained by the covalent bond radius and by the
visual aid of electron photomicrographs .

The two consecutive thermal regenerations of the best catalyst was completed. The results showed that
the catalytic performance can be fully restored.
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ABSTRACT

Catalytic hydrogenation of the solvent refined
lignite (SRL,) made by the University of North Dakota's
Process Development Unit.was carried out using thirty
MSU-fabricated catalysts. The solid SRL was dissolved
in tetralin to use as the feed for the trickle bed
continuocus reactor, A total of 42 tests were performed
1nclud1ng three commercval catalysts and four blank
carriers. :

“The liquid products from the reactor were analyzed
for nitrogen content. Sulfur content and distillate
yield were also analyzed for the selected composite
samples.

MSU KN C5 catalyst w1th 12 08° MoO3 1mpregnated on
Nalco C base showed the best performance in denitrogen-
ation. The base comprised of 2%5i0, and 98% Al303 has
a pore volume of 0.84 cc/gm base and a surface area of
215-m2/gm base. '

The effect of MoO3 concentration and additional
active metal concentration on denitrogenation were
studied. Increased MoO3 concentration of up to 12% by
weight improved nitrogen removal. This optimum amount
of metal impregnation was also explained by the covalent
bond ‘radius and by the visual aid of electron photo-

mlcrographs.

The two consecutive thermal regenerations of the
best catalyst was completed. The results showed that

the catalytic performance can be fully restored.




* INT RODUCT ION

Nationél‘recégnition éf dwindling petroleum
resources and increasing dependency of our energy needs
on foreign o0il accelerated our effort to find alter-
native energy sources. Although the United-States has
more energy available in the form of coal than in the
combined sources of petroleum, natural gas, oil shale
and tar sands, the primary use of this solid fuel has
been limited to the electric power generation where
coai was pulverized and burned ‘in solid.form in boilers.

bur abundant coal feserve is.immediately available
for commefcial production of synthetic fuél,"synfuel,"
from coal to meet our national demand for clean energy.
President Carter has signed the Synthetic Fuel Corp.
legislation, a mandate to prodﬁce the egquivalent of
500,000 barrels per aay (bbl/d) of synfuel by 1987 and
2 million bbl/d by 2000 (1,2). The $20-billion synfuel
program, the largest federal energy-assistance effort
in history, is designed to encourage the developmént of
" 0il shale and coal technologies as well as biomass
conversion, alcohol fuels production and recovery of
heavy oil, tar sands, and gas ffom unconveﬁtioﬂal

sources.




The coal must be processed into. the desirable
products that can substitute for those derived from oil
and natural gas. These substitute fuels 'include crude
oils, fuel o0il, and distillate; chemical feedstocks;
pipeline quality and fuel gas; and other'solid products
such as char and SRL that may be useful in enerxgy
production(3).

Numbers of cocal conversion processes and technolo-

" gies have.been developed, applied to wvarious domeétic

coals,'and proved to be ‘potential for the coOmmercial
production. These conversion processes can be divided
into three major'categories:
(1) solid clean fuel (SRL, SRC~I, and char)
(2) liguid fuel (direct:SRC-II, EDS, H-coal and etc.;
indirect:Fischer-Tropsch, methanol,
M-gasoline, and-etc.)
(3) gas fuel (Co2 accepter, Hygas, Synthane, Bigas,

Lurgi process, flash pyrolysis, and
etc.) (4)

. At present there are many processes that can be put

into.a commercial demonstration based upon the abundant.

technological data but the manufacturing cost appears

to be yet greater than those for convehtional.petroleum'

" fuel.




The current war in the Gulf and steadily
increasing_trend of the oil érices forced us to.secure’
commercial mass production of synfuel from coal today.
But the technology is available and all of these coal
conversion pfocesses could be viable as the cost of

imported crude oil continues to rise.




BACKGROUND

Coal is readily combustible-rock-containing more
than 50% by weight and more than 70%.by volume of carb—:
6naceous material including inherent moisture, formed
from.compaction and indufation of variously altered
plant.remains similar to those in peét. Thé fermentation
of vegetable matter under conditions of no air and
_abﬁndant moisture where volatiles are retained,
resulting in formation of bituminous, such as peat and
coal, is known as bituminous fermentation.

The peat-to—anthracifé theory of'coal formation isA
desc?ibed as a process in which the proéreésive ranks
of coal are indicative(4).

According to the most recent estimates by the U.S.
Qeological Survey, the lignite shares a 6%. of the
.demonstrated resefve base (437 billion tons) which is
approximately 25% of the identified resources.

The lignite in the Northern Great Plains occurrs in
. relatively thick seams ranging from 5 ft to more than
100 £t and typically with overburden from 50 to 200 ft
(5) (Figure 1). |
Significant sulfur and nitrogen reduction is

obtained and the mineral substances are .removed from
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£he liguid phase Eo a low concentration by the SRC-I
process.' '
Project Lignite, equivalent to the SRC-I, was‘
awarded to the University of North Dakota in 1972 for
the purpose of determining the appropfiate technological
approach to the conversion of lignite to clean fuel.’
The é?oject was expected to extend the two stage
conversion of lignite to liquid fuel kequivalent ﬁo the
SRé—Ii) with the SRL as an intermediate solid fuel.
The first stage to convert lignite to .the SRL has been
successfully accomplished bgt the second stage that
catalytically hydrotreat the SRL to the distillate fuel

was not implemented(6).

Ligniﬁe

The classification system adopted by the American

‘Society for Testing and Materials (ASTM) indicates that

the lignite is the lowest rank of coals in terms of

calorific value and carbonaceous content. These

‘criteria are presented in Figure 2 (7). Lignite coal is

dark brown substance that is intermediate in coalifi-
cation between peat and subbituminous cocal. It is

consolidated coal with a- calorific value less than




8,300 Btu per pound, on a moist, mineral-matter-free

basis.

The U.S. Geological Survey established a coal

- resource base of 3.2 trillion tons, about half of which

is considered as recoverable. Of this 1.6 trillion
recoverable tons, approximately half (780'billien tens)
was determined from aetnai mapping-and explbration to
depths of 3,000 ft below ground surface. Approximately
200 billion tons are progected as occurrlng in bltumln—
ous coal and anthrac1te beds 42m1ncheg or more in
thickness and in subbituminous coal and lignite beds of
10 £t or more in thickness. They are generally less
than 1000 ft below the surface. Approximately one-half

of the 200 billion tons is based on a relative

abundance of information(8). A summary of recoverable

coal reserves is shown in Table I by rank.
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Summary of Recoveréble Coal Reserves by Rank

Table I

(million tons)
% of Total
Rank Strippable Deep Total Resource
Anthracite 68 2166 2334 10
Bituminous 13,597 54,596 68,340 10
Subbituminous 24,318 32,320 Ser 227 13
Lignite 8895 8895 2
Total 56,878 89,082 135,696 8
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Coal Conversion Processes

Coal conversion processes have been known for nearly
two centuries. Gas manufactured from coal was first
produced during the late eighteenth century-by heating
coal in the absence of air. "City gas," a mixture of
coke-oven gas, coal, and water gas was a common source
of fuel for residential and municipal uses in metro-

politan centers for 150 years until replaced by natural

~gas and electricity{(9).

Ligquid from coal was first produced iﬁ'the early
1900s. The most extensive effort in producfion of coal-
derived liquid fuels was that of Germany in World War II.
The twelve Gefman plants produced 4.2 million metric
tons of liquid fuel from coal during the year 1943-

1944 (10).

The methods of coél liquefaction being applied
today evolved generally from the major processes: the
Bergius process, in which coal was directly hfdrogen-

ated to liquid fuels, and the Fischer-Tropsch process,

. in which hydrogen and carbon monoxide produced from coal

were synthesized into liquid fuels. The hydrogenation

process was developed more slowly but provided to yield
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é much higher grade motor fuel than. the gas synthesis
process, and by the middle of World War II the German
fuel industry'wag rgpidly convertipg to this‘type of
operation(11,12,13).
Coal conversion plan#s can be mainly of two

différenf_typés,_gasification and liguefaction.
The synthetic gas fuél must Héve three eséential
ingredients; carbon frﬁﬁ coal, hydrogen from steam, énd
oxygeh from air. Heaﬁ for thg proégss may‘be'supblied.
by combustion of coal. These ébmbustioh gases are -
produced by coal-gasificati@n processes; hydrogen,
parboé monoxide,'and_methané. The gas products.are
determined By the methods éf intrédqcing hydrogen,
oxygen, and heat into the reaét6£ vessei} Coal gasifi~
" cation process will give one of thelthree produét
qualities depending upon the selectiontof options
(Figure 3) (14).

| The synthetic ‘liquid fuel from coal requires hydr-
ogen to increase the hydrogen—to—cafbon ratio. Thefe
ére four major approaches to ligquefaction. . A summary

of these approaches is shown in Figure 3(15).
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Solvent Refined Lignite

The Project Lignite process development unit (PDU)
at the University of North Dakota had a nominal design
capacity of 50 pounds of lignite feed per hour.

It produced appfoximately 15 pounds per hour of solvent
’ refined lignite (SRL), solid in the atmosperié condi-
tions (5,6).

Pulverized lignite of full moisfure content was
slurried with solvent. The Gulf FS-120, a carbon black
feedstock, was used as-a étart—up solveng, . The slurry
was preheated (around 7500F) and reacted‘at a selected
temperature (normally at-BiZOF) and pressure (2500 psig)
in a réducing.gas étmosphere. The pfodu¢£s were then
separated as gases, liquids, and SRL from the unreacted
coal and mineral matters_(Figufe 4).

The PDU was typically operated on the continuous
basis for a'5—day period and data gathered for a number
_of 12-hour yield periods for material balance purpose;
For example, in one run (Run No. M-17AB) 41 pounds per
'hour‘(ib/hr) of 31.5% moiéture‘lignite'was processed
with 536 standard cubic ft per hour (scfh) of gas

containing 75% Hz and 25% CO, 81 1lb/hr of process
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derived recycle solvent, and 107 1lb/hr of toluene re-
cycle in the liquid gqlid separation system. The yield
structure is shown in Figure 5 as é bar graph. On the
basis of 100 1lb of moisture, mineral-matter-free lignite
féd, 65.8 1b of SRL and light organic liquid were
produced, and 15.6 1b of .CO, 1.0 lb of H, and 5.4 1b of
 water were consumed. Conversion efficiency was over 903
on the moisture, mineral—mattef—free lignite basis.

The composition and chafacteristiés of the feed 1ignite

and products are shown in Tabie-II(S).

TR Wi
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TABLE II

COMPOSITION AND CHARACTERISTICS OF FEED AND PRODUCTS

Feed Gas
Vol. % Wt. %
co 24.7 81.9
Ho 7552 7.8

Material Balance for Gas Components
Volg In Vol% Out 1lb/hr In 1lb/hr Out

Hjp 152 66.2 2,13 1.87%
Cco 247 14.4 9.78 581
CO2 - . 13.2 - 9.91
H2S - 0.2 - 0.18
CHy - 4.5 - i A 1)
CoHg - A - 0.58
C3Hg - 0.3 - 0.33
NH3 - 0.1 - 0.04
Ultimate Analysis of Materials
Lignite Starting Recycle Vacuum Deashed
Charged Solvent Solvent Bottoms SRL
e 45.22 89.03 83.60 80.20 87.42
H 6.43 8.41 9.14 520 5.7
N 0.64 O.12 0.20 0.98 1.0%
S 0.45 2443 1.09 0.90 0.98
o* 41.45 0.5) 597 4.46 4.86
Ash 5.81 0.0 Ol 8.26 0.0

“* By difference

Properties of Product SRL
Measured* Calculated

Gradient Bar Melting Point, F 327 -
Pyridine Solubles, wt% ash-free 83.5 100
Specific Gravity : 1286 2D
Heat of Combustion, Btu/lb 145330 15,990

* F-1 vacuum bottoms

Lignite: North American Coal Co., Zap, N.D.
Screen size 90%-200 mesh, 100%-60 mesh
Moisture 31.5%
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Chemical Structure of Coal

Coals are comprised of carbon, hydrpgen,.oxygen,
sulfur and nitrogen. Structurally coals are made
chiefly of condensed, aromatic rings of high molecular
weight. Once coals were thbught to be a chicken-wire
of.50 to 60 of these ring structures. tied together but
the nuclear magnetic resonance (NMR) spectra allowed
estimates of the distribution of hydrogen atoms between
aromatic and non-aromatic. structures. About 70% of the .
carbon atoms are estimated'ﬁo be'in aromatic rings, but
only about 23% of hydrogen atoms are attached to aroma-
tic carbon atoms. Hill and Lyon pointed out that it is
more légical to aséume that only around lb or less
nuclear rings combine for each:aggregate(lG,i7,18).
These compounds have molecular weights ih the order of.

10,000.

An example of the coal molecular structure that can

be found in the typical cross-bonded structure of highly-

volatile coal is shown in Figure 6(16) and a represent-
- ‘ative of bituminous coal based on the structure given
by .Hill and Lyon is shown in Figure 7(19). As can be

seen from these figures, oxygen, sulfur, and nitrogen

e e L Tk )
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RON=Alicyclic rings of N carbons
RN =Alkyl side chain of N carbon
R'N =Unsaturated alkyl side chain of N carbons
CB=Cross bonding by O or S to new heterocyclic
groups with side chains
T=Tetrahedral 3 dimensional C-C bonds and
C-S bonds.

FIGURE 6. MOLECULAR STRUCTURE OF HIGHLY VOLATILE COAL
(HILL AND LYON)
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A REPRESENTATIVE OF BITUMINOUS COAL

FIGURE 7.
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are combined in chemically functional groups, such\aé
OH, CO, COOH, NHy, CN, S, SH etc.;, which occurs as an
ﬂihtegral pért of the original molecules. They also’
indicate that coal consists of large heterocyclic nuclei
monoﬁers'with alkyl side chains held togéther by three
dimensional C~C groups,‘and ether bonds. - Sulfﬁr is
intérchangeable Witﬁ.oxygen in some structures.’
Nitrogen occuré»mainly in the heterocyclic ring' struct-
ure. The strucﬁures‘tying together. the componeénts
(aliphatic groups and polynucleaf condénséd arqmatiCsf
constituting éoal are considered to be principally
aliphatic (methylene)' bridges.

- Liquefied Coal

Such a complex, heterocyclic structure of coal must
be broken down in the reducing atmosphere to obtain
desirable products. The ﬁajor differehce between coal
and petroleum crudes are shown in Table.III(20).

A coal with around 0.69 to 0.82 hYdrogen atoms per
carbon atom must Be hydrogenated to'produce something
.richer.in hyergén. The hydrogen/cérbon ratio on an
atémic basis must be raised.to 1.8 to cbnvert coal into

syncrude or to 1.94 for distillate type of fuel.




TABLE III

CHEMICAL COMPOSITION OF SOME COALS AND PET ROLEUM

Medium High High Petro-

Anthra- volat. volat. volat. leum

cite bit: Atbhit.. B bilt.s “Tignite ¢rude Gasol. Toluene
e 93.7 88.4 84.5 80.3 vént 83-87 86 91.3
H 2.4 5.0 540 5.5 4.2 11-14 14 Bt
0 il o 4.1 7.0 1.3 el i3~ - - -
N 0.9 j I8 1.6 I ¥.2 0.2 - -
S 0.6 0.8 b R Y2 0.6 1.0 - -
H/C 0.3% 0.67 0.79 0.82 0.69 1.76 1.94 .4

atom ratio

Remark: Coal analysis on moisture, mineral-matter-free basis
Ash content of coal 3 to 15%

c-fraction aromatic=0.7. Aromatic rings per cluster-not over 3

H(arom) /H(aliph)=0.23

H/C atom ratio of petroleum residua: asphaltenes 1.18, resin 1.47,

oil 1.67

Zc
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The liquid fuel can be made via liquefaction tech-
nologies categorized as direct énd indirect. The indirect
liquefaction process has a severe disadvantage in .terms.,
of théfmodynamic efficiency (defined as total output
energy divided by total. input energy) as well as‘product
efficiency(2l). - The coal structu;e does not héve to be
broken down asiis done in fhe indireét ligquefaction
process as mucﬂ of the carbon strucfure of the coal can
be retained in the-liquid product‘at lower energy
éonspmption(ZZ). “ “

The ligquefaction procéSS‘will break many of the
bonds ‘as dppeared in Figure 6 and Figure 7.

Thiophenes, phenols, ethers, methyi pyridines, quinolines,
hydroxynaphthalene and pyroles are only a few_of the
compounds which can be ekpeCted £o be produced.

Catalytic Hydrotreating for Upgrading .

Sqlfur, nitrogen, and 6xygen contents of coal  are.
often greater than 1% and the oxygen content of lignite
- is sometimes over 20%. Such heteroatoms are the source
of the coal conversion and upgfading problemé.

Hydrogenation of liquefied coal is slower than that of

petroleum érudes because of the ébundance of the poly-
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nuclear aromatic structure.

Catalytic cleaviné of hbnﬁydrgcarbon bondé,'such-as
_'those of nitrogen, oxygen, and sulfur by hydrotreating
has been well established in the petroleum refining
industrieé. Some of the commercially éroven'catalytic-
hydrécracking methéd are the Gulf HDS Process, the Union
0il Unicracking Prqéess, énd thé Standard 0il of
California -Isocracking Process. Most of these processes
prefer the feedstock which céﬁtaihs nitrogen
. as iow as 100 to 400 ppm lével(23).but éome hydrocrack-
ing process (£he Standard 0il of Indiana Ultracracking--
: Proéess and Union Oil.Uhicracking Process) can tolerate
feedstock with a nitrogen content of as high és 0.3%
(24,25). o -

Most of the nitrogen atoms present in syncrude is
in heterocyclic compounds which are mére'resisfant to
hydrodenitrogenation (HDN) than nonheterocyclic nitro-
:gen—containing compounds(aliphatic amines and nitriles)
as can be:explained by Table IV (26). .-

Quader-ét al. indicéted that the principal hetero-
cyclic nitrogen containing compounds_p;eseﬁt in low-

temperature coal tars were pyridines, quinolines,
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TABLE IV

BOND ENERGIES BETWEEN CARBON .
AND HETEROATOMS IN POLYATOMIC MOLECULES

Bond - Energy (Kcal/mol)
C-H : 99 - ' e
c-c N - 83
c=c. 146
" c=c. 200 |
N-H . . 93 - T,
" C-N o 73 o o
c=N - - 147

C=N - 213 ’
c-8 o 65

Cc=s . 128

S-H L 83

c-0 A

Cc=0
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pyrroles, indoles, and carbazoles(27).
Generally, the nitrogen-containing ¢compounds are

common in both petroleum and syncrude feedstocks(28),

the hydrodenitrogenation (HDN) technigques used for
petroleum liquid can be aiso applied for‘the coal -derived
‘liquid but due to highér concentrations of nitrogen and
éromaticity, it is harder to hydrotreat. the syncrude oil
(29,30). Hydrodenitrégeﬁafiqn of heterocyclic nitrogen
compounds involves saturation of the heterocyclic ring,
followed by ring. fracture fréeinghthe nitrogen as : . T
ammonia. Hydrodesulfurization (HDS) of the heterocyclic V
ring takes place in the'similar fashion to~fre¢ sulfur

as hydrogen sulfide.

Furinsky (31l) reported that the relative rates always
'follow the same trend; that is, the BDS ié'the fastest,
followed by HDN and hydrodeoxygenation (HDO). This can
be also explained by the bond energieé'as‘shown in
.Table'IV.  The basic routes for HDS, HDN, and HDO of-

such molecules are suggested as shown in Figure 8.




Y¥Y=8, 0O, or NH

FIGURE 8. APPROXIMATE REACTION NETWORK FOR THE REMOVAL
OF S, N, AND O FROM FIVE MEMBERED HET ERORINGS
IN THE PRESENCE OF CATALYST AND HYDROGEN.
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‘Under trickle bed catalytic hydrotreating donditions
the denitrogenation is.always accpmpanied by other
reactions such as hydrogenation, hfdrocracking, desulfu-
‘rization, deoxygenation, coking, and demetallizationﬁ
Thermodynamic analysis bf the prindibal steps in reaction
- of representative heterocyclic nitrogen compounds has
been published by Cocchetto et al(32).

_Catalysés ‘

Nitrogen conten£ must be reduced to minimize the
harmful effect of the, subsequent product; Sulfur and
oxygen must .also be removed to avoid corrosion due to
their acidic nature.. An apbropriate catalyst plays a
kéy role in removing these compounds simultaneously
as gaseous ammonia, hydrogen sulfide, and water from
the syncrude oil.

Supported molybdate/tungstaté catalysts, promoted
by either or both cobalt or/and nickel, are most frequ- -
ently‘used; The catalytic carrier, quite often alumina,
refers to a major catalyst constituent that serves as a
“base or binder for the aétive metals'and promoteré.

A carrier may be catalytiéally active or ineft. The

major function of .a carrier is to give '‘a larger exposed.

W
o~

PRy
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surface area of active agents for greater catalytic

activity than that by themselves in a given amount.

It also favorably modifies the catalytic activify or:

selectivity of the active constituent via catalytic

L ity L,

sintering and metal suppo;t ineraction(33).

| Molybdena and tungstate are both well knoﬁn acti&e.
agents for their characteristic activities of HDN, HDS,
and HDO(34,35,31). . ;
‘ In order to maintain the catalytic activity, there
are two key factors to:be considered. The first is the
-inhibition'of coke accumulation bj the'polymerizafion of
aéetylenic residue, the formation of which is thought to
require at least three contiguoﬁs metal sitésﬂ

The second ié a balance of hydrogenation and hydrpgeno—
lysis actiVit?; The latter promotes cracking of surface
residues, and the former-facile hydrogenation of the
‘cracked species,~ and therefore inhibits polymerization_
of carbon species to coke(36).

The ratio ofihydr¢genation to-hydrogeno%ysis
'factivity and selectivity of a catalyst can be -controlled
.by.the appropriate combination of metals and method of
catélyst preparation. | |

Beuther et al. reported that in most commercial appli-
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cation the cobalt-molybdenum in atomic ratios varies

. from 0.1:1.0 to 1.0:1.0 but the best activity was

observed for ratios around 0.3:1.0, while a ratio of
0.6:1.0 was best for Ni-Mo catalyst(37).
Ahuja et al. and Kujawa(38,39) concluded that nickel-

promoted catalysts are better for HDN than cobalt-

" promoted catalyst since nickel promotes hydrogenation.

Trickle Bed Reactor

The trickle bed reator is a unit in which a liquid
phase énd a gas phase flo& concurrently downward through
a‘fixed bed of catélyst material to promote desired
reaétion. Commércial.dévelopment of the tfiékle bed

reactor can be traced as early as in 1950s to the Shell

"Company and the Britiéh Petroleum Company (40) .

Use of trickle bed reactor in the petroleun

”industry involves the processing with hydrogen of various

petroleum matérialé. The HDS, HDN, and hydrocracking of
heavy or residual .0il stock to upéfade the quality have
been econsmicélly te§£ed using this type of reactor(4lj.
'The flow pattern through the fixed beé of ca£alyst
within the reéctor is close tp'plug'flow, thch is favor-

able for a high conversion reaction 'such as HDN at low .
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liquid-ga's.ra'tio° .The trickle bed reactor is simple,

yet it can_handie a high operating pressure and temper-

ature with relatively low capital‘investment(42).
Operating conditions for HDN and HDS of petroleum
feédstocks and Montana State University researgh Tuns
are shown in Table V. Runnion concluded thaiﬁthe over-
all best cohditidns,were 445°C, 1000 psig, and.a space
velocity of 1.0/hr with a H2/liquid feed ratio of 10,000
séfh(46); Yeh(47):used ﬁhe same Qperating conditions
'éxcept that a temperature of 425°C was used instead.
This résearch adopted operating conditions.of.4éS°C,
'lood.péig; l.O'for'spécé velocity, and 10,000 scf Hy

per barrel of feed.




Table V

OPERAT IONG CONDIT IONS FOR HYDROTREAT ING
PETROLEUM AND SYNTHETIC FEEDSTOCKS

Heavy
Light petrol. COED H-coal Runnion
Petrol. residu. Liquid distill. Synthoil
Temp., C 300- 400 340- 420 343- 454 356- 414 400- 450
Press., psig 500-1000 800-2500 2000-4500 800-2500 800-1000
Space Vel., hr~t 2- 10 0.2- 1 0.3- 3 0.44-4.09 1-5
H2, scf/bbl 300-2000 2000-10000 = = 5000-17,000

References (43) (43) (44) (45) (46)
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Research Objective
The objective of this research is to-cétalytically
. upgrade solvent refihed lignite (solid SRL) to liquid-

‘ fuel for immediate industrial use or to ‘clean distillate

~suitable for convén£ional_refinery~feedstock.'

Upgréding included reduction of nitrogen and sﬁlfurv
content éf the'feedstock‘éﬁd increése in.cieaﬁ'producf
recovered in the ASTM D-86 distilléti&nl o C ;: 1;.'¢*:f

. Tﬁe research pian consisted:Qf preparing the SRL to ' |
" a manageable liquid phase feed and testing'MSU-fabriéate&- :f.
hydrotreaﬁing cétalysts.in;continuous_tridklefbed reactor.
The'plan élso includea feqeneratiOnuof the best performéd
ﬁhcatalet to exblore the reﬁéwabiiity in the long-run
~hydrotreating praqess, Efforts were made to determine

whyrthe catalysts performed well as they aid.




MATERIALS, EQUIPMENT, AND PROCEDURES

The SRL was dissolﬁéd in a sglvent to convert into
a liquid form. This prétreatment fécilitated use of
the existing equipment for éatalytic hydrotreating.
The catalysts were made and tested in the continuous
tfickle bed reactor to evalﬁate the performances.
The methods of catalyst fabrication and of analyses. of
the reaﬁtor products were described.
Feedstock . |

The Universitf of North Dakota supplied two gallons
of SRIL, méde éf zZap lignite énd.five'gallons of SRL'made
by using Gascoyne lignite. A representa#ive anélsis of |
these two feed stocks are listed in Table VI along with
-the.ligniteé.of two different origins(48,49).

' The SRL came in hard-brittle‘solia of &hich
incipient melting point was observed at approximately
90°C under the Bozeman barometric pressure of 26.5 in.
Hg. The first product(Run M-39 .of the PDU) of SRL was
made usiﬁg-pure hydrogeﬁ as compéred to 50—50 hydrogen-—
carbon monoxide syngas uéed fo;Fhe'second ﬁroduct(Run
M—33). Both runs were made at a reactor pressure of
250Q psig and a maximum dissolﬁer temperature of 820~

830°F. : ' S .




Quantitative
Analysis

Elem.
Anal.

Table VI

ANALYSES OF SRL, AND NORTH DAKOCTA LIGNITES

Solvent
SRL
Coal
Ash
Water
Total

Pyridine Solubles

Carbon

Hydrogen
Nitrogen

Sulfur
Oxygen(by diff.)
Ash

Potal

Asphal- Wt% ash
tene - Wt% unconverted coal
Test Wt% preasphaltenes
Wt% asphaltenes

Wt% maltenes & dist.

Total

orl

SRL from , SRL from
Zap F-1 bot. Gascoyne F-1 bot.
Lignite (M-39) Lignite (M-33)
6.4 245
92.3 97.32
64.70 0:28 54.84
6.56 1.02 8.48 0.18
28.74 36.68
100.00 100.00 100.00 100.00
99.72 100.0
46.29 87.74 38.28 85.73
5.83 6.15 6.83 5.98
0.48 0.87 0.51 0.80
0.29 0.67 071 0.94
40.55 3.55 45.19 65.37
6.56 1.02 8.48 0.18
100.00 100.00 100.00 100.00
1:02 0.18
0.28 -
2788 21.20
38.34 36.46
32.48 42.16
100.00 100.00

SE
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The X-ray fluorescence analysis of ash is shown in
Table VII. It is worth noting that any of these
constituents may play a key role in deactivating of the

catalyst(48,49).

Table VII

ANALYSIS OF ASH

Origin Zap Gascoyne
Loss on ignition (808°C) 0.4

Si02 20.2 37.6
Al,03 10.5 12.9
Fe03 10.0 5.6
TiO2 0.5 0.8
P,05 ‘ 0.6 0.5
cao ; 26.7 20.5
MgO 6.8 6.9
Na0 6.7 4.1
K50 0.4 0.3
so, 05t 2 10.8

Total 100.0 100.0




Catalyst Preparation.

All MSU-fabricated catalysts tested in this research
were made by impregnatiﬁg active metal components on-
commérdial base, Nalco extrudates. Four metal salts were
selected for their solubilities in water needed in the '
incipient wetness method. They are: -

(1) Ammonium.molybdate,

(NH4) gMo7024-4H20 of F. W 1 1235.9 with 81.4% essay
-in MoO3 of M.W. 143.94

(2) Nickelous Nitrate, Ni(NOj),-6H20 of F.W. 290.822
with 99.5% purlty, M.W. of NiOo=74. 71

(3) Cobalt Nltrate, Co (NO3) 2- 6H20 of F.W. 291.05
M.W. of COO—94 7326 ' '

' (4) Ammonium metatungstate, 5(NHy)20.12WO3-7Hp0 of F.W.
3168.67 with 99% purity, M.W. of WO3=231.8482

" The physical property of Nalco support p;ior to metal
impreghation is presented in each data sheet(SO).
The sequence of metal loading on the Nalco.support was
-consistent throﬁghout the research in the order of Mo,
Ni, Co, and W when more'than bne_metal>was loaded.
| Thé:following steps served as a general guide for
catalyst preparation(51):

(1) Evacuatiﬁg the support'
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(2) Contacting the support with -the impregnating
solution
(3) Removing the exceés solution
(4)'Drying
(5) Calcination and activation
The support was dried in oven at 110°C and calcined at
450°C for 8 hours to be sure that the net support, should
be weighed correctly. Thezvoluﬁe of the impregnating
metal solution was determined in such a way thét the
excess solution coﬁld‘be.minimized.,- | |
Thg final metal oxide concentrétion of a given
catalyst by a single imp;egnation may be calculated from
the pore volume and the concentration of solution‘
neglecting selective adsorption(51). For example,
fhe approximate percent MoO3 is 12

(0.8X0.17)
(1+0.8 X 0.17)

if pore volume = 0.8 cubic centimeter/gram (cc/gm) and

X100 = 12

Mo solution concentration = 17%
The wét catalyst was‘dried by applying.a.gentle air
stream into a rotating jar of 3/4 or 1 gallon size at
approximately 7 to é revolution per minute (rpm).

Following oven-drying for about 8 hours the catalyst was

Csspttngn
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calcined at 450°C for 8 hours. The calcined catalyst
was wéighed for final metal composition after cooling
to room température in a desiccator.

inrgeneral the calcined catalyst made for hydro-
treating purpose is to be activated in the reduéing

atmosphere at temperatures as high as those used in the

reaction (usually 300 to 500°C) (51). A batch of the

v

catalyst was charged in a l-in. dia. sulfiding tube with °

a conéentric thermowell for temperature measurement.

The tube was heated to 325°C by an electric furnace
while a stream of 16% H,S in hyarpgen was passed through
the catalyst fqr at least 12 hoﬁrs at 2 to 3 cc per
second rate (Figure.9).

" Nickel and cobalt oxides were reduced to the

_corresponding sulfides but the non-reducing oxides of the

transition metals (molybdenum and tungsten oxides) were

activated, fesulting in a reduction of the valence of

" the metal ion(51). The sulfided catalyst was stored in

. a sealed container.

The exit gas from the sulfiding tube was chemically

scrubbed by a series of impingers with a 20%. NaOH

solution. Extreme caution has been exercised in dealing
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with hydrogen sulfide. The low concentration (20 to 150
ppm) can be identified by an odor similar to rotten egg.‘
: Exposures of 800 to 1000 ppm may be fatal in 30 minutes,
and hiéher concentrations are instanfly fatal. H,S does
not combine with the hemoglobin of the blood; its

asphyxiant action is due to paralysis of the respiratory

center(52,53).
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Continuous Trickle Bed Reactor

The bench scale trickle bed reactor used for this

- reseatqh was previously fabricated by.the Chemical.
Engineering Department at Montana'State University.

A schematic diagram of the trickle bed reéctor'and auxil-
jary equipment is shown -in Figufe 10.

| 'The reactor consisted of a 1-in. I.D. schedﬁle—80
inconel pipe 35 in. long. The top of the reactor was
welded with a %-in. stainless steel cross which allowed
thé fitting of a 33-in. piece of stainless steel tubing,
which served as a thermowell, and the fitting of two

feed ports, one for the SRL feed and one for the hydrogen.
The reactor was fitted into the bore of a 6-in. 0.D.
aluminum block which was about 3 ft long. The aluminum
glock-was wrapped with three sets of NiChrome wire
heating coils encased in‘ceramic beads. Each heating
coil was connected to a Powerstat variable au£otransformer
which allowed manuai temperature control. An'iron—const—
antan thermocouple wire was placed in the %-in. stainless
steel thermowell at the centér of the catalyst section.

. The thermocquple wire was conhected.to a Legds and

. Northrup continuous stripchart recorder.:

P Ty
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-For loading the'empty reactor was secured upside-
down by a vise. The top of the reactor was loaded with
160 cc of %—in;:Norton denstone(54) and followéd by 25 cc
of 1/8-in. denstone (inert ceramic pellets) -to serve as
the preheating and even-distributing section. .Sixty cc
oflqatalyst diluted with 60 cc of 1/8-in. denstone were
loaded as the catalyst section(55). Additional 50 cc of
1/8-in. denstone filled the bottom section of the
réa¢tor. Finall& a stainless steel séreen, acted as a
plug-support, waS'placea in the bottom of'the reactor
before the %¥-in. I.D. reactor closure was threaded into

. the pipe. | A |
| The preheated SRL.feed was‘metered into theltop of
the reactor‘by use of a Miltop Roy Model A (MR-1-23-49SM)
simplex piston puﬁp through a 1/8-=in. stainless steel
.tube. The pump speéd was manually controlled by a micro-
meter. All fegd lines and the resér&oir were wrapped
with flexible heating cords (56) so that the feed
" temperature was around 130°¢ by usé of Powerstats.

Technical grade hydrogen stéred in cylinder was ™

metered-through a pressure regdlator, a Brooks thermal

mass flowmetér, and a micrometer (57).
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Gases and liquids were passed through the pressur-

ized reactor (1000 psig) by‘gravity'to-a.gas—iiquid

separator. The gases passed through a condenser (air-

. cooled) and through a Grove back—pressure regulator

- equipped with a corrosion—résistive Teflon diaphragm.

The exit géses were scrubbed by a 20% NaOH solution prior
to beiné veﬁted. The .1liquids passed from the gas-liquid
separator into a catchpot. When a liquid sample(produét)
was desired, the.valve between the separator ‘and catchpot
was closed to release the pressuré from the catchpot.

The catchpot was repressurized with nitrogen and the valve
between the separator'and the catchpot was.reopened‘_'
connecting the isolated catchpét back on stream.

Operation of Continuous Trickle Bed Reactor

The reactor loaded with the catalyst to be. tested
was placed in the aluminum heating block. The liquid -
feed and hydrogen lines were connected af_thé,top of the
reactor and the catchéot system was attached at the
" bottom. The thermocouple wire was inser;ed into the
.thérmowell. All pipe fittings were sealed using Teflon .
~tape and/or Silver_éoop-paste,-when neqessary..

~ The entire system excluding the pump was pressurized to
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é normal operating préssure of 1000 psig and checked for
leaks using Snoop soap solution. If no leak was detected, -
the sys£em was depreésurized. Three Powerstats were
turned on to heat reactor to 425°C..

When the reactor reached.aesired reaction tempera-
+ure, the SRL feed, all feed lines,-resérvoir with a
‘..ybé burrett, check valves, and piston housing of the pump were
| preheated with flexible NiChrome wires controiled by

Powerétats. Hot SRI feed was recirculated for a few
minutes fhrdugh the SRL feed line back inté'the reservoir
?rior to connecting to the top of the reaétor for run.
The reactor was pressurized with hydrogen by wide-opening
of the bypass valve attached to the Brooks flowmeter.

" When the system approached desired pressure, the bypass
Valvé was cloéed and the micrometer was adjusted to keep
the hydrogen flow at a rate of 10,000 scf/bbl. -

The.liquid feed valve‘located at ‘the top .of the

-reactor'wés then féopened. The pump started and the time
was logged. The'feed rates were measured by timing the
.liquid~level drop in the burre%t. The'liquid-feed rate
Qas.adjusted by use-of pump micrometer- to a.liquid hoﬁrly

A space velocity(LHSV) of 1.and frequehtly checked to
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ensure a steady flow. The first product was taken in 30°
_minutes after the start—up‘and_the remainder”of samples
were collected at 15 min. intervals, unless otherwise
specified.

After the last sample was obtained, the pump was

shut off and the liquid feed valve at the top of the

reactor was closed. The liquid feed line was disconnected

and inserted to the top of the reservoir for cleaning
éolvent recirculatioﬁ. The  excess of the SRL feed was
.dréined. The hydrogen supply was .cut off and the
hydrogen line was disconnected..Thé Powerstats were shut
off. and the catchpot éyStem was removed following reactor
depressurization. The reactor was removed from -the
aluminum heating block, while -hot, and the entire content
of the reactor was drained in an érderly manner on the
plywood for further inspection. .

The reactor was brushed usihg acetone to remove
any aeposit. Another reactor (No. 0) was especially
reserved for Run 30, in which one bf'the best MSU-
-fabricated catalyst was tested to eﬁaluate its long-run
performance.  In this case, thé tolueﬁevwaé used to -

rinse much of the excessive feed from the reactor and

o
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reservoir.

Analytical Procedures

Ligquid products from all runs weré analyzed for
nitrogen and selected odd numbefed samples were analyzed
for sulfur. If possible, the extent of hydrocraéking
was measured. |

The'ﬁacro—Kjeldahl method was used to determine
nitrogen content using 0.5 gm bf'proddct samé;e and 40 gm
of potassium sulfate(58,59,605. ”

| Sulfur concentration was determihed by the quartz .
_tubé combustion method using a Bico Brown Shell design
sulfur apparatus(6l,62).

.'Weight percent denitrpgenétion(%DN)'and weightléer—
cént desulfufization(%DS) were-calculated as follows;

. Pns - Pns
Fns

X 100" = 2DN or %DS

nitrogen or sulfur wt% in the feed

..where Fns

Pns nitiogen or sulfur wt% in the products
The extent of hydrocracking was determined'by ASTM

-D-86 atmospheric distillétion. ‘Fifty cc of-cémpoéite

saméle repfeséntiﬁg fof éach run were used as a standard

. tést volume,'if possible. This method meésures the

éumulative amount of distilled product which boils below




7000F'(oi 370°C) or when decomposiﬁion begins,>whichever

occurs first(63).
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"RESULTS AND DISCUSSIONS

A total of fbrty two runs havé been Cafr{ea out
w1th the trickle bed contlnuous reactor u51ng the
solvent reflned llgnlte(SRL) dlssolved in an organlc
solvent, 1,2,3,4- tetrahydronaphthalene(tetralln), as
the feed.

Thirty MSU-fabricated catalysts wefe tested to
evaluate their performances particularly in denitrogen-

- ation along with four blank supports and‘three-commercial
catalysts. The.remainder.of'the runs were made for
regeneration of the best catalyst.’ |

Preparation of Feed Solution

Chunks of SRL were heated beyond the ﬁelfing péint
(approximately 900C)-to 200°¢ using an electric hot plate
‘but the existing reactor feed éystem was not\equipped
to maintain this temperature. Attempté to directly feed
the moiten.SRL to the reactor were unsuccessful due to
solidification in the feed line.

The solid SRIL was then crushed- in a mortar and
dissolved in tetralin, while heating and agitating with
a magnetic stirrer and heater. The initial ratio of
SRI. to tetralin was 1:1 for the first and sécond run.

“Problems were encountered ‘with pumpiné of the resulting

L ns
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feed solution into the reactor due to the insolubles.
In an effort to improve the dissoiution.the ratio of SRL
to tetralin was reduced from 1:1 to 1:1.5 for the third
and fourth run. However,.the»additional sol&ent dia not
. alleviate the pumpiné difficﬁlties.
Efforts were then made to fiiter the raw solution through .
a 200-mesh screen but the_excessive,insqluble particles
blinded the scﬁeen.

Finally, the raw solution was centrifuged ét 2200
rbm for about 30 seconds. The'supernatant whidh
compriéed apéroximately 62%'by vélume was used as“feed
for the fourth and fifth run. This almost‘eliminated
" the pumping prdblem.

The SRI, to tetralin ratio was further reduced to 1:2
for the use of the fifth run. At this time,‘tﬁe heating
period was extended‘to 72 hours, as-comparéd to a normal
one hour. However, the extended heating and additional
solvent could not eliminate the need of centrifuge
treatment. -Theréfore, the raw feed solution was
centrifuged for the remainder of the runms.:

The bottom portion of the céntrifuged solﬁtion was
wéshed-wifh acetone and dried, for ash analyéis.

-
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The loss on ignition at 7OOOC averaged 92% by weight.
The remainder of 8% appeared to be aéh..

'Calibration’of‘Temperature

The temperature recorder with a type "J" thermo-
couple was calibrated using two typical éubétance;;
ffeezing and boiling pdint of water and_boiling'point of

" glycerol. 1In additiaﬂ to these a pure zinc metal was
introduced having a‘melting-point of 4190C-which is close
to the desired reactor‘operating temperature of 425°¢C.
Later, a Digi~Sense thermometerA(Cole—Palmer'Model 8520—
50) was added for a quick calibration purpdsé.

Testing of Catalysts

The data sheet for iﬁdiviaual run is attached in the
appendices in a chronological order. Each daﬁa sheet
includes a summary of operafing conaitions, analytical
results, characteristics of catalyst and éuppqrt, and
arrahgement of the reactor content. The results of Runs
1 tﬁrough 18, Run 23, Run 41 and Run 42 are shown in
.Table VIII. |

The first run was made using the MSU‘C30b:catalyst.
The peréent denitngenation and desulfurization plotted

against time on stream are shown in Figure 11.°




Table VIII

COMPOSITION AND PERFORMANCE OF VARIOUS CATALYSTS

Run Catalyst

No. No. (Base) .Mo03 NiOo Co0 W03 % DN $ DS Yield

) 4 MSU C30D Nalco D 10T 726 3.06 8.48 100.0 44 .4 STl

2-5 MSU C33B Nalco B 1234 270 70 10.08° 8l.6 20.6 47.0

6 MSU KN Dl Nalco D 6.54 2022 7.06 9.48 48.6 527 72.0

7 MSU KN Al Nalco A 8.42 129 4.00 10.04 41.0 70.9 76.4

8 MSU KN Bl Nalco B 8.91 2.28 4.28 9.93 6%l TE:3 71.3

9 MSU KN El1 Nalco E 6.09 2:.26 4.00 10232 58.3 60.5 89.2 :
10 MSU KN A2 Nalco A 1170 2410 4.84 10.20 a3 68.7 wn
11-12 Blank Nalco C 0. 0. 0. 0. 61.6 59.2 w
13 MSU KN D2 Nalco D 11.48 2.84 5.10 10.19 44.4 5Tl

14 Blank Nalco E 0. 0. £} 0 58.6 64.2

35 Blank Nalco C s 0 0. 0. 80.0 57.0

16 Blank (%")Denstone 0. 0. 0. O 31:.8 80.8

17 MSU KN B2 Nalco B e C 2.62 4.86 10.47 5.3 19.0 67.5
18 MSU KN E2 Nalco E 10.18 2.84 4.88 10.68 - 68.2 38.8 70.4
23 Mobil TCC Dura Bead 0. 0. 0. 0. 83.9 54.2
41 Cyanamid HDS-20A 6.2 0. 5.0 0. 93.9 86.3 58.2

42 Shell 324 33..0 3.0 0. 0. 95.9 89.2 61.8)

— S
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FIGURE 11. DENITROGEN AND SULFUR REMOVAL
USING MSU C30D CATALYST (RUN 1)
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The nitrogen was virtually eliminated for the,first two
hours, although the sulfur remdvai was not as gdod-as
the nitrogen removal. 'The.first run Qas terminated in
two and a half hours due to a large fluctuation of
pressure (;050 psig to Zlob psig) . Unfortunateiy, the
‘éatalyst was discarded without attemptihg tofregenerate.
It was believed that the high pressure had been caused

by the inconsistent feed rate attributable to the lack

" of experience.

Thé'MSU C33B catalyst wés used next for-the second
through fifth run; thé second ana third run‘were made
with tHe new catalyst, the fourth run with tﬁe’samé
catalyst which had been thermally'reéenerated for the
first time and the fifth run with the second~-regenerated
catalyst. Run 2 lasted only an hour when the reactor
pressure’increaééd to 1300 psig. Following a flush with
téluene, Run 3 was made for almost 7 hours, completing
the laét part of catalyﬁic performance. The percent de-
nitrogenation of the products obtained from Run 2 through
Run 5 was plotted against time on stream in Figurel2..

In contrast to the first catalyst the percent

denitrogenation deteriorated at a faster rate to 50%

T
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-'ievel in two hours. Howevef, the two consecutive thermal .
regeneration demonstrated £hat‘that the denitroéeﬁation
and desulfurization capaéities could be restored.

It must be pointed out that the.thefmal_rggené:étion-
§r0cedure was not’refiﬁed at,this:timé and feﬁ'inqidénts
of sharp temperatufe increases up to 900°C weré'- N
experienced with air. |

In view of:the-results of Ruﬁ 2 through Run’'5 the
catalyst was faifly'activé_within.the.fifst‘tWO'hours,;f
reactioﬁ, a peribdfof two hours waS‘in'geheral set as é.
‘cutoff point. The‘;esults~offRun 6 through Rﬁn 10;

Rﬁn 13, " Run 17, and Run 18 were.obtéined with eight newly
fabricated catalysfs.‘ These runs weré made to evaluate:

~ the éffect of differen£ Naicé bases on the catélytic |
performance. ‘

Run 11, Rﬁn 12, and Run 15 were made wiéh Nalco
blank bases to sée if the-bases-alone could'contribute.
to the catalytic perfOrmaﬁce. 'Figure 13 and Figure 14
-éhowed_that the baées had some cépacity to remove the
nitrbéen from the feed sb}utioﬁ.f The average denitrogen-
atidn obtained with the MSU KN El catalyst for thé first

-two hours of Run 9‘was much - the same;asfthat of Run 14
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obtained with Nalco base E, although the nature of the
percent denitrogenation curve were quite different from

each other. The catalyst showed a consistent performance,
. .

while the blank base deteriorated faStyas shown in Figure
14 and Figﬁre 15. Finally, the entire reactor was'filled
with %¥-inch benstone for Rﬁn 16; The results of the.
nitrogen analysis showed.the poorest nitrogen removal of
~all runs. |

_Occasionallf the firs£ few samples of the runs such
as. Run 10, Run 11, and Run 12, shéwed poor removal of
nitrogen or sulfur. This is ?robably due to incomplete
cleaning of the reactor and to the trace of hydrogen
éulfide trapped in the pores of the catalyst during the
sulfiding process. This was reduced by fhorough cleaning
and by purging the reactor with hydrogen'ﬁor 10 minutes
prior to each run. .

Run 10, Run'l3, Run 17, Run 18, and Run 27 were
sélected to evaluate the effecttéf base on'nitrbgen
‘removal, assuming that the composi£ion'of metal oxides

jas about the same. Figure 16 showed %hat the percenﬁfv

‘denitrogenation was affected by the pore volume. The

.point D outlied from the curve was probably due to a
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PORE VOLUME OF NALCO BASES

FIGURE 16. EFFECT OF PORE VOLUME ON THE DENIT ROGENAT ION

Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /gm  ml/gm Ly KX
A (1/32'") 78-6008 4%SiO: :96%A1203 323.2 0.7183 90.2 88.9
B (1/16") 78-6008 100%A120s 232.4 0:7215 ¥37.3 124.2
C (1/32") 78-6008 2%5i0=z;98%A1202 214.6 0.8397 161.0 156.5
D (1/16") 78-6008 9%P20:;91%A1203 211.4 0.7943 190.0 31503
E (1/16") 78-6008 1 %P20s; 83%A120> 147.0 0.6841 420.2 186.2

*Average Pore Diameter (A) = 40,060 (pore volume/surface area)

»
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different way of catalyst loading.in the reactor as shown
in the Run 13 data sheet. The catalyst for Run 13 was
loaded all in one section instead of diluting with 1/8—.
inch Denstone. The percent aenitrdgenation was shown
as a function of surface area of the CétélyskaFigure'i7),.
as a fuhction of median pore diameter (Figuré 18), and
as a function of average pore diameter (figue 19).
Figure 20 showed a correlation between the product
yield and pore~v01ume.
In general it appeared that the percent deﬁitrogenation.
improved as thejpore volume increased, .while the surface
area of tﬁe éatalyst having approximately 200 m? per gm
'was-thelbest. |

Run 15 differred from Run 11 in that the LHSV was
reduced from 1 to 0.18 by £illing 330 cc of Nalco base C
instead of a normal volume of 60 cc. | |

The MSU KN B2 catélyst used for Run 17 averaged
75% deﬁitrpgenation as. compared to 61% obtained with the
MSU KN Bl cétalyst; Better nitrogen removal was contrib-
‘uted by an increased amount of MoO3 (113 vs. 9%).
The MSU KN -E2 catalyst with 10% Moo3 also displayed a

slight improvement in nitngeh removal over the MSU KN El1

Yooao.
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FIGURE 17. EFFECT OF SURFACE AREA ON THE
DENIT ROGENAT ION
Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /gm ml/gm A B
A (1/32") 78-6008 %Si02 ;96%A120s 323.2 0.7183 90.2 88.9
B (1/16") 78-6008 100%A120s 232.4 0.7215 137.3 124.2
C (1/32") 78-6008 2%Si0=;98%A1202 214.6 0.8397 161.0 156.95
D (1/16") 78-6008 %P20s;91%A1203 211.4 0.7943 1920.0 150.3
E (1/16") 78-6008 17%P20s;83%A120> 147.0 0.6841 420.2 186.2

*Average Pore Diameter (A) = 40,000 (pore volume/surface area)
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FIGURE 18. EFFECT OF MEDIAN PORE DIAMETER
ON THE DENIT ROGENAT ION
Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /gm ml/gm A Al
A (1/32") 78-6008 4%Si02;96%A1203 323.2 0:7183 90.2 88.9
B (1/16") 78-6008 100%A1l20s 232.4 0.7215 137.3 124.2
C (1/32") 78-6008 2%Si0=2;98%A1202 214.6 0.8397 161.0 156.5
D (1/16") 78-6008 9%P20s5;91%A1202 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 17%P20s, 83%A1202 147.0 0.6841 420.2 186.2

*Average Pore Diameter (A) = 40,000 (pore volume/surface area)




66
100 T T T T T T T T T T
o _
% 90 - C
H
& 80 | 3
Z ©) Q,
= A
3 70 F -
2 €
E 60 I E
=
(=]
E SOt o
<3l
2 40 - y
=
[aW
B 30 |- o
jae]
9
- 20 |- 7
=
10 |- =1
0 1 1 ] ] 1 ] 1 1 1 1
80 100 120 140 160 180
o
AVERAGE PORE DIAMETER OF NALCO BASES, A
FIGURE 19. EFFECT OF AVERAGE PORE DIAMETER
ON THE DENIT ROGENAT ION
Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /gm ml/gm A’ A e
A (1/32") 78-6008 %5102 ;96%A120s 323.2 0.7183 90.2 88.9
B (1/16") 78-6008 100%A120s 232:.4 0.7215 137:3 124.2
C (1/32") 78-6008 %S1i0=z ;98%A1203 214.6 0.8397 161.0 156.5
D (1/16") 78-6008 9%P20s5;91%A120> 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 17%P20s;83%A120> 147.0 0.6841 420.2 186.2

*Average Pore Di

ameter (A) = 40,000 (pore volume/surface area)
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FIGURE 20. EFFECT OF PORE VOLUME ON THE DENITROGENAT ION

Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /gm ml/gm A’ L
A (1/32") 78-6008 4%Si02;96%A1l=20s 323.2 0.7183 90.2 £8.9
B (1/16") 78-6008 100%A120s 232.4 0.7215 137.3 124.2

C (1/32") 78-6008 %Si0= ; 98%A120a 214.6 0.8397 161.0 156.5
D (1/16") 78-6008 9%P20s;91%A1=0= 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 17%P20s;83%A120> 147.0 0.6841 420.2 186.2

*Average Pore Diameter (A) = 40,000 (pore volume/surface ares)
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with 6% MoO3. In_géneral, the Nalco B based or Nalco E
based catalyst was not as good as the Nalco- C based
catalyst with the éame amount of MoO3

Thejnext tWenty ﬁataiysts were fabricated':ﬁsing
Nélco C base to evaluate thé effect éf ﬁetéi coﬁéentra—
tionlon the catélytic performance (Table IX).- .
The first four catalysts in the table containéd the same

amount of MoO., (0.04906 gm per gm base). The percentage

3
varied depending'upoﬁ the additional metals impregnated..
It was originally intended to_maké the second four:
,éatalysts contain approximgtely twige the amount of MoQ3
as the first group. In a similar fashion efforts were
made to make the third four catalysfs have three times
‘as much Moo3 as the firét group and so on. |

Run 9, Run 19, Run 24, Run 37.and Run 33 a;ong with
Run 12 used Nalco.C'based catalysts. The avefage percent
denitrogenations obtained for the first two hours of
‘each £un were plotted against the MoO3 concentration in

-Figure 21.. The maximum denitrogenation was realized at

a MoO, concentration of around 12%.

Although . each catalyst used for Run 29, Run-20,_Run-25,_

Run 38, énd Run 34 contained a slightly different amoun£




Table IX

COMPOSITION AND PERFORMANCE OF MSU KN C SERIES CATALYST -

MoO3 NiO Co0 WO3
Cat Run gm/gm gm/gm gm/gm gm/gm
jo. NO. % base % base % ‘base % base $ DN s DS vield
€9 .28 4.68(0:04906) 0. (0. B (0= ) 0 = {0 ) 86.8 - 61:7
€10 . 29 4.76210:04906) " 1.32(0.03406).:05 (0= ) i ={0= ) 92+9° 16,1 68.7
okt b e 4.26(0.04906) 1.22(0.01406) 7.76(0.08948) s Tl 0. ) 87.7 - 57.9
cl2 ~32 3.78(0.04906) 1.08(0.01406) 6.90(0.08948) 11.16(0.14480) 93.2 ¥36.:5 €9.3
el 319 8.32(0.09080) - 0+ (0 : SN T RS £ b ) 0. 0. ) 86.5 - 63.8
c2 20 7.99(0.09080) 3.98(0.04520) 0. (O. ) 0 {05 ) 86.2 66.5 76.3 f’g
C3" 2L 7.40(0.09080) 3.69(0.04520) 7.42(0.09110) 0. A 105 ) 82,0 650> €7.1
cq - 22 6.45(0.09080) 3.22(0.04520) 6.46(0.09110) 12.89(0.18160) 88.3 - 67:1
CHea24 12.08(0503744)Y 02 - £0. Yy 10 ) O~ 0. Yy 200.0%38.3 5409
C6 . 25 11,9201 3744). 51:3410.015470= 0. (0 ) 2 T o £ ) 2 A Ry - e S R Sy |
cl 26 11.24(0.13744) ‘Fa27{0.0154%) 5:74(0,07020) P {0 ) 88.3 "61L. 1% 63.12
C8s 27° 10:02(0.13744) 1.13(0,01547) " 5.12(0.072020) : 10.82(0.14836) DL 3. 4848 Y11, 2
SO 37 15, 3610-1814%) .04 (0. ) T ¢ R 51 ) 0 {0 ) 92.0 - 63.8
C18 -~ 38=25.11{0.18147), 1.66{0.01998) * 0. (0. ) D (0. ) 94.4 86.7 696
cl9 39 14.16(0.18147) 1.56(0.01994) 6.23(0.07985) D 10 ) 94 .8 7505750
c20° 40 12.72(0.18147) 1.40(0.01994) 5.60(0.07985) 10.20(0.14560) 92.8 89.0 60.5
C13.: 33 17:-7P@0.2161k6) —Bs. " (03 Y= 00 W0 ) Drees - 105 ) 94.7: 65385 525
Cl4 34  17:-66(0:21626) - 0:64(0.00777) 0+ (0« ) 0: (0. ) 86.6 - 56.3
cls 35 16.88(0.21616) 0.61(0.00777) 4.42(0.05653) O {05 ) 86.6°-36.7- '60.0
€16 36 15.30(0m21616) ..0-55(0.'00771) 4.0010.05653) 9.39(0.12376) 90,7 .76.0%.52.:9
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of NiO, Figure 22 was prepared to see - if this small
addition of NiO could enhance the catalytic performance

at different Moo3 concentrations. The percent denitro-

~genation remained almost the same.

The effect_of the CoO presence in the previoué grqup'of'
catalysts on the pércent denitrogenation was shéwp in
Figure 23 baséd.bn the results obtained from Run 31,
Run 21, Run 26, Run 39, and Run‘35.' Again, no -signifi-
caﬂt change was ﬁoticed. The third additianal metal,
WO3, however, displayed a tendencj to level the differ;
ence in denitrogenation as ghown in Figure 24 based on
the results of Run 32, Run 22, Run 27, Run 40, and Run 36.
The product yields obtained from Run 28, Run 19, |

Run 24, Run 37, Run 33, and Run 15 were plotted against

the MoO, concentrations in Figure 25. No significant

3 .
correlation was found.

The linear regression analysis indicated that there

was no significant correlation between the percent

;aenitrogenation and product yield (R%=0.1) .

Regeneration of The Best Catalyst
.The MSU KN C5 catalyst which was previously tested

in Run 24 and proven best amoné the catalysts made by the
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author was chosen for a 1ong—ruh evaluation of its
durability and regeneration pofentialitf. A summary of
operating conditions:and_analytical"reSults is shéwn'in
the data sheet of Ruh 30.

The first part of Ruh 30 was carried‘out fbr 6 hours.

The reactor was cooled folloWing a brief»washing with-

toluene. The percent nitrogen removal from the products -

was plotted against- time on stream in Figure 26.
Performance of the virgin cataiyst was excellent at an
averdge denitrogénatiqn of:95% for the first .6 hours.
An additional 4-hour run was made and washed with the
toluene again. Subsequent.nitrpgen and sulfur removél\
were added to Figure 26. fThe.peréent denitrogenation
curve did not follow the predicted cufve A bpt improved
significantly, creating a new curve B. This is primaéily
due to intermediate soivent Qashing.l A part of the
carbonaceous deposit must‘have-been removed, reopening
the pdres.' Thé third part of Run. 30 was carried out for
6 more hoﬁrs to make a totél of 16 hours. .The results.
of ‘the nitrogen analyses showed énofher jump in Figure 26
as previoﬂsly experienced (curve C). If the experimént

-

had been carried out without ‘interruptions, a curve A

L R e
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would have been obtained;, Figure 26 also showed the
percent desulfurization. The sulfur removal was good
at 80% for the first 6 hours. The second part of the
desulfurization cur&e seemed erratic but the third part
of the desulfurization curve showed algood'pattern.

' The first thermal regeneration for this catalyst
was.méde by heating the in situ catalyst in tﬂe reactor.
Three different gas mixtures‘werejuséd in sequence; (1)

1.5%0 —95%N2 gas mixture,

2 2
and (3)air. A regeneration tempefature of GOOOC was

--98.5%N2 gas mixture, (2)5%0

adopted as a standard after a number of trials
starting from 500°C at SOOC'intervals.(Figure 9).
The'regeneration, actually burnoff of carBonaceous
deposit, was carried out using 1.5%02~98.5%ﬁ2 gas mixt=
ure at high temperature for‘two hours and followed by

%0,~95%N, gas mixture for another two hours. Then the

2 2
air waS‘connected.to complete tﬁe bﬁrnoff'for a 24-hour
-period. Tﬁe temperature remained almost constant at
600°C throughout -the burnoff.process.‘ Nd incidents of
shérp temperature inéreése.aé éreviously expe;ienced_

occurred. A minor teﬁperature fluctuation in the magn-

itude of #20°C was mostly.attribﬁted to the electric |
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furnace controller cycle rather than to the combustion.

The catalyst was inspected under the microscope
- to confirm the completeness of burnoff. When no trace
of carbon was observed, the catalyst was preéulﬁided-for
Run 30R1.

‘Run 30R1 was carried out for 14 hours Withdﬁt inter-
ruptioﬁ using the first regenerated éatalyst. fhe oper-
ating conditions and analyﬁical_results'are presented in .
the data sheet of Run 30R1l. Performance in nitrogen
removal was satisfactpry but was not as'good’as the
virgin. The exhausted'cétalyst'was regeneratea for the
second time in the similar fashion and used for the next
16-hour run (Run 30R2). |

The overall performance of the MSU KN.C5 catalyst
is presented in Figure 27 for denitrogenation and Figure
28 for desulfurization. The second-regenerated cétalyst
performed better than the first-regenerated but was not
as_godd as'the virgin. A mathematical model was devel-
oped to predict the percent denitrpéenation as a function
of time on stream. The best fit appeared to take a
form of the Logistic growth law({66) as follows;

e 100.
(®DN = 100. = {3~ AwpEeT)
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where A and B = constants

T_=,time in hour
A coméuter program‘was Qritten to minimize the objective
function (the sum of the square of the differences
between the experimental values and calcuiated'values
obtained using fhe above model) using the complék
method of Box. The computer'calculated constants for
each run are presented bélow and shown as éolid'liﬁes

in Figure 27.

Constants
Catalyst A B
Virgin 3670. 0.53

lst~Regenerated 41.6 © 0.57

' 2nd-Regenerated  34.9 . 0.66 )

The ASTM D-86 atmospheric distillation was conduct-
ed on ﬁhe selected composite sample of the products.
A typical characteristic of the SRL, raw feed solution,
compoéite product sample(Run 18) is shown in Figure 29
along with the boiling point of tetralin under the
Bozeman barometric pfessure of 640 mm Hg.
- The solid SRL showed some distillate (approximately 30%)

at 6650F. The raw feed solution showed some dissolution,

oo
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while the product dlsplajed dlssolutlon and hydrocracklng

of the SRL to some extent.

Inspection of the Reactor Content

A former fellow researcher experienced plugﬁps

. £frequently after about 2 hours of run but the author has

‘never experiencedthiéf although the préssure increased

up to 2100 psig during Run 1. In an effort td-see what is
happening within the reactor, the entire content of the

reactor was drained on the countertop in an orderly

‘manner immediately after each ruh. This was a departure

from the previous practice which called for-fluShing of

the reactor with motor oil and cooling prior to drain.

The immediate dump while the reactor was hot gave an

opportunity to better understand the liquid feed'distri-

bution and to analyze the exhausted catalyst for nitrogen

content. Some of the significant observations weref

- (1) The 4—1nch Denstone support of the preheatlng zone

(top of the reactor) was well coated with the conce-

ntrated feed, indicating.a possibility of plugups.
(2)'Visual inspection of the entire spectrum indicated

that the feed solution might have been partially

vaporized.
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(3) The heavy layers of carbonaceous deposit penetrated
.deeper down'into.the reactor, as the operating hours
inéreased.
(4) A sign of short-circuiting within the reacéor was.
noticed but it was considered to be insignificant.
The exhausted catalyst and suppdrts.were separated into
several sections for nitrogen analysis (Run iO).A

The analytical results were summarized as follows;

Sections - Wt & N
%~inch Denstone : | - 1 0.94
1/32-inch catalyst, top 0.54
1/8-inch Denstone, top . 1.35
l/?;Z—inch cataiyst, bottom . 'o .30
1/8-inch Denstone, bottom . - . 0.45

Carbqnaceous deposit, feactor.wall 0.75

The reactor'holdup, defined és the difference in the
fotal weight of the reactor before.and,after a run,
varied from 15 gm to 25 gm. Based én the 2-hcur run,
fhey were approximately equivalent to 12.5% (Run 12) to
20.8% (Run 14) of the total feed solution. This is
commbnly referred to as the residual holdup. The free

draining holdup varied from 8 gm (Run.38) to 18.gm.

Rree Lo o
e S
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(Run 41).

" Structure of Nalco Base Catalysts

An effort was made to predict the optimum metal
oxides and the subsequent pore diameter. Calculations
indicated that metal impregnation on the Nalco base may
reduce'the original average pore diameter by 16% to 38%,
depending upon the type of base used.

The key aséﬁmptioqs that fhe calculations were based on

are as follows (64); | |

(1) fhe surface area Qas’covered with a monolayer of
.molecules fér each metal compound impregnéted;

(2) The.constituént_mélecule assumedlfhé.covalent bond
radius. | |

(3) The ammonium molybdate hexahydréte assumed a struct-

. ure of paramolybdate ion'(octahydra) during the

incipient wet stage. The molybdenum.oxide is formed
by calcining tHe ammonium molfbdaté, creating holes
on.the monolayer due to escaping ammonia and combined
water.

(4) Tﬁe ammonium metatungstate assumed a l2-tungstoheter-
opoly anion,(Mo7024)6_, in solution.

(5) The pore assumed a cylindrical shape.

.
P
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'The maximum metal loading for a monolayer coverage has
been calculated and summarized in Table X. For example,
one of the best MSU catalysts (46 ,47) had an approximate

MoO

3 content of 12%. . This is eqﬁivalent to 0.176 gm of

MoO., per gm base (Nalco C) which is sufficient to cover

3

as a monolayer 6ver the reported surface area of 214 m2,*
Further additioh of Moo3 wili theoreticélly not increase
. any effective.sﬁrface area but rather redﬁce the pore.'
diameter. Although it is highly conceptual, it agreed
well with the experimental results and was a facilita- -
tion in predicting the 6ptimum metél loading.-

Some Nalco-based cétalysts were inépected'pnder the
.-electron microscope (MSU Veterinary Research Léboratory);

The Nalco C base prior to any metal impregnation is shown

in Figure 30-A as compared with the MSU KN C8 catal-
" yst with 10.02% MoO,, 1.13% Nio, 5.12% CoO, and 10.82%

WO, in Figqg. 30—B- All pictures were taken with a'magnif~

3
ication of 30,000 times so that one millimeter on the
pictures is equivalent to 320 A (lA=one ten-billionth of
a meter). The pictures clearly showed that the basic

.:grahules constituting the Nalco base assumed a spherical

shape, which characterized the hydrodyﬁamic-behévior of

e




Table ¥

CALCULATED MAXIMUM IMPREGNATION OF METAL OXIDES AND AVERAGE PORE DIAMETER

Nalco A Nalco B Nalco C** Nalco D Nalco E

Base, gm 120 3.0 10 3.0 140
MoO3 . gm 0.268 0.193 0.178 0.175 0.122
NiO . gm : 0.167 0.12 0.111 0.109 0.076
CoO . gm 0.212 0.152 0.141 0.138 0.0965
WOs . gm - 0.553 0.397 0.366 0.361 0.252
Avg Pore Dia.,%A (1) 89 124 - 156 150 186

‘ (2) 56 - 90 122 116 152

* (1) Average pore diameter of the original base
(2) Average pore diameter after impregnating 4 metal oxides. This is
calculated based upon an assumption of monolayer coverage.

** One of the.best MSU catalyst has an approximate composition as follows;

Percent Weight, gm

Base, Nalco C 68.0 12D
MoOz 12.0 0.176
NiO 30 . 0.044

CoO 7.0 0.103
WOs 10.0 0.147
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FIGURE 3(0. SCANNING ELECT RON PHOT OMICROGRAPHS :
(A) NALCO BASE C, 2%5105;98%A1203 (B) MSU KN C8 CATALYST WITH 10.02%
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(C) MSU KN C5 CATALYST WITH 12.08%MoO3 ON NALCO BASE C
(D) MSU KN C5 CATALYST AFTER SECOND REGENERAT ION
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the flﬁids within the catalyst;

If the sphereslﬁere étacked'tpgefhér eitﬁér in
"hexagonal closest-packing" or in "cubic closest-packing",
the maximum diameter of a ball for a surface area of
215 m2 was calculated to be approximately 100 A.
Therefore, a lump of 1 millimeter in diameter as measu-
red on the picture contains about 24 balls.. Figure
30-C & D shoﬁed the MSU KN C5 catalyst(new) in contfast
. to the second—regene;ated; The granules of‘£he second-
' regenerated catalyst appeared ‘to be larger, indicatiné
a possible sintering. 'Otherwise,it could be-a‘sampling
error.

Rough Nitrogen Balance

A roﬁgh balance was made on nitrogen using the data.
partially collectéd from Run.lo_énd Run 26. A summary
of the calculations Was presented in Table XI; ‘
It apéeared that the majority of nitfogen (68.5%) was

:gasified and trapped in the impingers with concentrated-

_sulfuric acid. Approximately 20% of the total nitrogen

remained within the reactor.




Table XI

ROUGH NITROGEN BALANCE

(1) Input

Total feed volume: 120 ml

Total feed weight: 120 ml1(0.9gm/ml)=108gm
Nitrogen(N) concentration: 0.27%

N: 108 gm (0.0027)=

(2) Output

(a) Total product (Run 26) volume: 76 ml
Total product weight: 76 ml (0.98gm/ml)=74.48 gm
N concentration: O0.34%
N: 74.48 gm (0.0034)=

(b) Reactor holdup weight: 15 gm

N concentration: 15 gm (0.003967)=
(c) Impinger Catch

Total sulfuriec acid: 113 ml

N concentration: 0.096%

N: 113 ml (1.841 gm/ml)0.00096=

(d) N unexplained (difference)
Total

0.2916

0.0253

0.0595

0.1997

'0.0071

0.2916

gm

gm

gm

gm
gm

gm

8.7%

20.4%

68.5%
. 2.4%
100.0%

Z6




" CONCLUSION

1. The ratio of SRL Eo.tefralin of 1:2 and pretreatment
with a centrifuge were neceésary to reduce’ the pumping
problem due to suspended partcles..

2.'Inc£eased MoO, cbncentration of up'to 12% by weight
on Nalco C base favofed better denitrogénation.

This amount of Moo3-was also théoreticglly proved .
enough to cover a surface .area of 215 m2‘per gm basé

as .a monolayer. Excessive MoO, would not increase any

3
- effective surface aréa but only reduce the pore diaf
meter.
3. The effect of édditional metal promoters, NiO and CoO,
. on nitrpgen removal was not-significanﬁ when the
‘metal impregnation was in the order of MoO 4, Nib, Coo0,

and W03. If the sequence of metal impregnation was
- altered, the presence of these promoters could have
,giVen a'synergistic effect.

4. Presence of tungsten trioxide is favorable for

nitrogen removal until a total. of Moo3_and WO3 reached

5. The Nalco blank carriers, either in pure Al,0, oOr in

a combination of Si02+A1203/_also”demonstrated the




_samples, MSU KN Al with 8.42% MoO

94

capacity of denitrogenation ana desulfurization to
some extent. An optimum combination of pore volume .
and surface area made a good catalyst carrier.

MSU RN C5 with 12.08% MoO; on Nalco C base (2% sio,+
28% Alzoj) demonstrated that the catalytic performance
couid be fully restored in two-consecutive thermal
regeneration.

Among the distillation data of few selected composite

1.29% NiO, 4.00

oe

3!

Co0, and 10.04% WO, gave a most desirable pattern.

3
The effect of additional metals on the hydrocracking
appears to be significant.

Rough nitrogen balance showed that the majority of

- nitrogen compound (68.5%) was gésified and approxima-

tely 20.4% remained in the carbonaceous deposit

" within the reactor after the two-hour operation.

The best catalyst for desulfurization was MSU KN

C20 having 12.72% MoO 1.40% NiO, 5.60% CoO, and

3’

10.20% WO3.
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1.

RECOMMENDAT ION FOR FUTURE RESEARCH

\

The existing pump should be modified so that the raw
feed solution can be pumped without any centrifuge
pretreatment.

The more severe operating‘conditions, a reactor
pressure in the range.of 1500 to 3000 psig and.

a reaction temperature in the range of 500 to 8400F,

. should be tested: to improve the hydrogenation of SRL

dissolved in tetralin.

Further study should be carried out in establishing

‘mathematical and geometrical models to explore the

catalytic'reaction_with the aids of electronic

microscope and X-ray deflection analysis.
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THERMOMETER READING IN FAHRENHEIT
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Run No.: _

APPENDIX B

DATA SHEET FOR RUNS

1

Feed Material: Solvent Refined Lignite (SRL)
Solvent

Catalyst No.:_ MSU C30D (A. Yeh's)

Metal, wt%: MoOsz= 10.7
NiO =___7.16__

Run Condition

Temp. ,

Presg i npsig:
Yield of*01l, Vol.%: 57.0

Time vs.

105
120

C

Tetralin

SRL to Tetralin ratio=

o as8 10 -
1050 - 2100

LHSV

Base: Nalco D

CoO
WOs

i &

0 0.2

3.06_
__8.48"

Hz:Feed: 10,000 scf/bbl

Nitrogen-Sulfur Content

S Min. N S

.02 135 [0 SN R,
J0.166 150 05066 0 25
0.23 165 e B L T
L2 180
0. 35"
0.155. Cross-sectional View
-8“&25- of Reactor

ASTM Distillation
Volume of Charge, ml: .

Vol.

IBP

S
10
15
20
25
30
35
40
45
50

Characteristics of
Nalco Catalyst Bases

Hz

Surface

e

e

Q] 76 39 |8 [h

=

Eced

16ami Yo" Support

25ml of /8" Support
Mixture of

€& ml of cotoluct
oml of 8" supprt

soml of 8" Sugport

Pore Median Average
-Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /gm ml/gm A Bl ®
A (1/32") 78-6008 4%Si0:;96%A120s 323.2 0.7183 90.2 £8.9
B (1/16") 78-6008 100%Ala0s 232.4 0.7215 137.3 124.2
C (1/32") 78-6008 2%S5i0:;98%A1203 214.6 0.8397 161.0 156.5
D (1/16") 78-6008 9%P20:;91%A120s 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 17%P.0s, 83%Ala0> 147.0 0.6841 420.2 186.2

¢Avorage Pore Diameter (A) = 40,000 (pore volume/surface arca)

siganl

1710 Incorel (Sech. 20)
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Run No.: 2

Feed Material: Solvent Refined Lignite (SRL)

Solvent : Tetralin SRL to Tetralin ratio=1:1
Catalyst No.:_MSU C33B (A. Yeh's) Base: _Nalco B
Metal, wt%: MoOsz= .12.4. __ CoO .= T 07

NiO =__2.7 . WOs =_10.08 _

Run Condition :
Temp., C . 1440 LHSV 43 e BRI o T

Press., psig: 1100, - 1300 Hz2:Feed: 10, O_OO__qcf/bbl
Yield of Dil, Vol.%::47.0. . .~ ;
Time vs. Nitrogen-Sulfur Content

" Min. N S Min. N S
Feed Q81D D326 5 DL TINOR  T  al
30 “0.015 0.225 150 ok geea TE]
45 0.085  0.23 165 S ke LS SRt
60 10,045 0.32 180
75 0. 1585 0.26 195 o R NS SN
90 Q60 0 L 210 YN, LT RN, S
105 Y. 225 g P s
120 ; e L e 240 Al . g, v
ASTM Distillation - Cross-sectional View
Volume of Charge, ml: _ . of Reactor
Vol. IBP Trharmew el
5 a5 ) o . A ".!’———J"— Ai“d
10 L e ||| 4
g e “EN ks 4 T’ 1\ % le— %10 Inconel (Sch.30)
20 | /s ] §. 1% 14" Support
25 ‘ gt h /éomi g g
30 A 2 Ve
35 o B [|[E| 25mi of va® support
40 e AT o i AR ! =
45 5 __' L o 4 mixture of
50 3 w1 i 1 eoml of catolyst
. g 4 Q Goml of Y8" support
i o] som of Yo" suport
R Ay
Characteristics of
Nalco Catalyst Bases
5 Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /gm . ml/gm A il
A (1/32") 78-6008 4%5i0:;96%A120s 323.2  0.7183 90.2 88.9
B (1/16") 78-6008 100%Al20s o8s 4% 10,7215 +187.3 1243
c (1/32") 78-6008 2%S10z;98%A1203 214.6 0.8397 161.0 156.5
D (1/16") 78-6008 9%P20s;91%Al20> 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 17%P.0s;83%A120s 147.0 0.6841 420.2 186.2

®Average Pore Diameter (A) = 40,000 (pore volume/surface ares)




Run No.: '3
Feed Material: Solvent Refined Lignite (SRL)
Solvent : Tetralin SRL to Tetralin ratio=1:1.95
Catalyst No.:_MSU_C33B Base:Nalco B
Metal, wt%: MoOsz= _12.4_ CoO = 7.07 _
NiO =__2t7 ! WOs =10.08
Run Condition
Temp., C :_425 (") & R e T«
Press., psig: 1070 - 1300 Hz:Feed: 10,000 scf/bbl
Yield of 0il, Val.%:66.0

Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
Feed 0:-375 . .0L326 135 et B
30 20:365 S 150 02289 dhiy et
45 OR2A Y e e 165 Wy
60 Q. 2200 0388 180 {6 e 500
75 0..33500. 27 195 -
20 o e O 210 L 5
105 0L33s ot sl 225 Yo )0 W s i frids i
120 0.34. B 240 Q.34 rat s el

ASTM Distillation
Volume of Charge,
Vol. IBP
5
10
i5 A
20
25 : 3
\ ¢ 30 oL
1 35 %
‘ 40 i s
45 o
50

ml:

- Characteristics of
Nalco Catalyst Bases

Cross-sectional View
of Reactor
Thermauell

'T"’ 1“’ - Lo 1710 Incorel (Sch.80)
‘ ! J6o mi Ya* Support
R 777
] I ’: || 25ml of ¥8* Support
| l
* 40' ‘,30' % 3] mixture of
b N €0 mi of calolyst
& 3. o] Goml of /8" Support
T i Sl
Ei ANl somt of Vo support
p, R

Surface Pore

Median Average
Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /gm ml/gm A’ 5 0.
A (1/32") 78-6008 4%Si0: ;96%A120a 323.2 0.7183 90.2 88.9
B (1/16") 78-6008 100%Ala0Os 232.4 0.7215 137.3 124.2
.C (1/32") 78-6008 2%S5i0= 1 98%7A1203 214.6 0.8397 161.0 156.56
D (1/16") 78-6008 9%P202;91%A120 211.4 0.7943 150.0 150.3
E (1/16") 78-6008 17%Pa0s; 83%5A1a 0>  147.0 0.6841 420.2 186.2

¢Average Pore Diameter (A) = 40,

000 (pore volume/surface area)
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Run No.: 3 continue
Feed Material: Solvent Refined Lignite (SRL)

Solvent : Tetralin SRL to Tetralin ratio=1:1.5
Catalyst No.: MSU C33B Base: Nalco B
Metal, wt%: MoOz= 12.4 __ CoDils 700W: |
Nio =__2.7 WOs =10.08

‘Run Condition ; .
Temp., C s A20 JETY ey LASV : 1.0 a
Press., psig: 1070 - 1300 H2:Feed: 10,000__scf/bbl

Yield of 0il, Vol.%: 66.0
Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
255 0.29 < by SR R (-
.270 - -0.32- - = 390 & 0.34- —-——
ooy e e R B R B 405 iy YRR
300 -—r+r —mm - 420
315 0.3- ——— 435 —-—
330 ! B RS S 450 LN
345 C— o — 465 S S e ot
360 : o T e SR 480 L e i
ASTM Distillation Cross-sectional View
-Volume of Charge, ml: _ . of Reactor
Vol. IBP : T e
N 3 W el Sreddl
= , 5
10 : . g |
15 Gy T’ 1 Lo /0 Incarel (Sch.80)
gg i ray ) ' !ir 160 ml 4" Sypport
Edvpres : 777
30 LA !
35 . o & Lq .
40 Fae ki : R L ||Z] 2smi of 8 Sapport
A ; k) '
45 By . . ‘opt . b || mixture of
B0 =i e " T e o mi ot cotalyst
. x 8 Lol Goml of /8" supplt
S o
E:é A Bl somt of Vo suport
JL_:_.__“

Characteristics of

Nalco Catalyst Bases .
Surface Pore Median Average

Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /gm  ml/gm A’ p.2
A (1/32") 78-6008 4%Si0:;9G%A120s 323.2 0.7183 90.2 88.9
B (1/1G6") 78-6008 100%A1a20s 232.4 0.7215 237.3 124.2
C (1/32") 78-6008 2%Si0=;98%A1203 214.6 0.8397 161.0 156.5
D (1/16") 78-6008 9%P20s;91%A120s 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 17%P10s; 83%A1a 0>  147.0 0.6841 420.2 186.2

®Average Pore Diamcter (A) = 40,000 (pore volume/surface area)
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Run No.: 4 A
Feed Material: Solvent Refined Lignite (SRL)

Solvent : Tetralin SRL to Tetralin ratio=1:1.5
Catalyst No.:_MSU C33B (1st Regenera- Base:Nalco B
Metal, wt%: MoOs=__ . ._tion)CoO = -. i
NiO = A LB L Sk S ORI
Run Condition ;
Temp., C o 420Wine LHSVY 300

Press., psig: 1000 Ha:Feed; 10,000 “scf/bbl
Yield of 011, Vol.%: 65.7 - :
Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
Feed. 0.580 . :70.29 =180 Q.40 -~
30 Q:1691 . 0:-109. 150 % OJHE- T2 651 SRR T (e
45 LY | s O e 165 D480ty s nt,
60 QB L 1033 : 180 0.441 _0.275
75 P 100 5 R 195 il R Y
20 0,405 1.0:184 210 AT R
105 Qs 8G8 08 2100 225
120 0371 " 240 B el
ASTM Distillation Cross-sectional View
Volume of Charge, ml: _50.. of Reactor
Vol. IBRP(220) .+ Trarmewell
ATEE <4 L0000 - & !&- — Eeed
10 J A
18 . ggi 77‘1—_% L‘»‘-z_ 1710 Inconel (Sch.80)
20 2 45884 . j& 14" &,
25 386 (g O Lok epiy 1
30 387 ; ;i : éi
35 .- —388 b A 1 y » t
~40 : . 304 X \ A ! A Zi 25mi of V8 Sappo
5 .4.2 .8 . 419 {/' 3.9' ; | Mmixture of
50 s . )3 e ; i E ’ éo m| of catolyst
: 3 9 Lo Goml of 8" suppolt
Final Volume, ml:_43 2 24 |l
. é L |l somt of Yot sypert
y, ASRRISET :
Characteristics of
Nalco Catalyst Bases
Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
‘Base No. Composition m /gm - ml/gm A A
A (1/32") 78-6008 4%510>;96%A120s 323.2 <7183 90.2 88.9
B (1/16") 78-6008 100%A1.0s 232.4 27235 187.3 | 124.2

)
. € (1/32") 78-6008 27S5i0z2;98%A120> 214.6
D (1/16") 78-6008 9%P20s;91%A120> 211.4 . 7943 190.0 150.3
E (1/16") 78-G008 17%Pi0s 83%A120> 147.0 .6841 420.2 186.2

¢Average Pore Diameter (A) = 40,000 (pore volume/surface area)

. 8397 161.0 156.5

[eNeleR=le)
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Run No.: 5
Feed Material: Solvent Refined Lignite (SRL)
Solvent Tetralin SRL to Tetralin ratio=1:2
Catalyst No. MSU C33B_(2nd Regenerat- Base:Nalco B
Metal, wt%: MoOsz= _ _ _.ion) CoO = B

e NEO "=y i me s WOs =__ . Wi

Run Condition '
Temp., C ¢ 428050 TUAEREY T e 3, 0010, 1

Press., psig: 1000 _

Yield of Oil, Vol.%: _78.1

Hz :Feed: 10,000 “scf/bbl

Time vs. Nitrogen-Sulfur Content
Min. N S Min. N S
Feed 0.604 0.348 135 e
30 T 0. 0B W0, 390 150 A
45 OIS 5 ea A 165 R B
60 0 1) 180
75 o I e R R R 185 =L
S0 05386 7L 45y 210 -
105 0.346 . 225 el SR e A T 3
120 022 240 i S o Ry s
ASTM Distillation Cross-sectional View
Volume of Charge, ml: _ __. of Reactor
Vol. IBP Thermoa e\l
e A s | S0
10 !
15 " ’]FT‘"t- "O h 110 Inconel (Sch.80)
gg A *‘;,’1", Jboml V4" Support
30 1 L ’ L7 I.'{
35 e 9 ! i th 25ml of Y¥/8" S4pport
40 ol s ; SEWE ar
45 ipue w20t 4 ||C] mixture of
50 s i 2 E: § 60 m| of catolyst
4 8 S Goml of Yg" syport
Y é b A (ol somi of Ve support
' A
" Characteristics of
Nalco Catalyst Bases
Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /gm_ ml/gm A’ e
A (1/32") 78-6008 47510 ;96%A120s 323.2  0.7183 90.2 88.9
B (1/16") 78-6008 100%Ala0s 2324014 0.7215 ' 137.3 1124.8
.C (1/32") 78-6008 29S10:;98%A1203 214.6 0.8397 161.0 156.5
D (1/16") 78-6008 9%Pa0=;91%A120s 211.4 0.7943 190.0  150.3
E (1/16") 78-6008 17%Pi0583%A1a0> 147.0 0.6841 420.2 186.2

sAverage Pore Diameter (A) = 40,000 (pore volume/surface area)
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Run No.: 6

Feed Material: Solvent Refined Lignite (SRL)
Solvent : Tetralin SRL to Tetralin ratio=_1:2
Catalyst No.: _MSUKND1 Base: Nalco D
Metal, wt%: MoOz= 6.54 _ __ Co0 = 7.06 _
NiO =_2.22 WOs =9.48 _
Run Condition ) "
Temp., C : 420 to 4283 °C LHSV : 1.0, .
Press., psig: 1000 Hz:Feed: _10,000scf/bbl
Yield of 0il, Vol.%: 71.0%
Time vs. Nitrogen-Sulfur Content
Min. N S Min. N S
Feed 0.42. 0.28 31385
30 Q20 N S 150 g
45 o Tt o S Nl 1 165 R LI X s
60 D298 120 10 . 180
75 U e 195
90 ORET T B 2 230 BB
105 el 5 1 R L TS 225 :
120 0235 L0.099. 240 Sl M TSI ol
ASTM Distillation Cross-sectional View
Volume of Charge, ml: _ ___. of Reactor
Vol. IBP ; ’ Trarmonail
5 T ’ . e Il Feed
ol e ST N I T
TR e p 5 1‘ (’C \a—s /D Incarel (Sch.80)
30 L o T ’T/; I/'?
gg i i 1 I t-’:?_:‘ 25ml of V8" Support
- — Ak ! /
45 e e 20" o ¢ Ol mirtore of
50 sl 5 E._ e 60 m| of catolyst (Viu")
3 8 (o] Goml of Y8" Supplt
S0 B
Z i /—" =1
By ¢ o soml of Y& support
LY .
Characteristics of
Nalco Catalyst Bases
Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /em ml/gm A r ¢
A (1/32") 78-6008 47%Si0>;96%A120a 323.2 0.7183 90.2 88.
B (1/16") 78-6008 100%A)aOs B30 40 0, 1215013088 . 1124

C (1/32") 78-6008 2%Si0z;98%A120> 214.6 0.8397 161.0 156.
D (1/16") 78-6008 9%P20s;91%A1=0s 211.4 0.7943 190.0 150.
E (1/71G") 78-6008 17%P.0s;83%A1a0> 147.0 0.6841 420.2 186.

sAverage Pore Diamcter (A) = 40,000 (pore volume/surface area)

NN

7
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Run No.: 7
Feed Material: Solvent Refined Lignite (SRL)
Solvent : Tetralin SRL to Tetralin ratio=_1:2
Catalyst No.: _MSUKN Al Base: Nalco A
Metal, wt%: MoOz= _8§.42_ __ Co0: = 4,00
NiO = 1.29 ___ WOs =10.04 __
Run Condition o' d
Temp., C i b ol Gl T | LISV W A0 e 8 1751 B
Press. s psigr 1000 " Lues Hz:Feed: 10, 000 c:cf/bbl
Yielad of 01l Voli%s: 104 “if
Time vs. Nitrogen-Sulfur Content
Min. N S Min. N S
Feed . 0.47.. 0.275 136 ik
30 0126 0,098 150 202285 0C0RS.
45 0815 . 0,005 165 R e N
..60 {0 Jh e L B L T . 180 L0528
75 0 3358 - au o 195 -t e
90 0.30....0,089>. 210 2010510 SO
105 U825 3 225
120 s et 240 e 5
ASTM Distillation Cross-sectional View
Volume of Charg g2, mls 531 8 of Reactor
Vol. IBP (142 C) or 288 F © Trermonell
5 o 483 361 2=l e
%0 - ST 308, 385 oy e |
15 201 394 ik 1 % Ya—a. 171D Incorel (Sch.80)
20 % gl D00 396 o 4omi V4" Suppert
25 SRAL2203 397 A.T",,, . T
30 - .204 399 | g
35 DLaki 2205 401 A ik PRI S
406 D Vacdig A R ™ T et
45 o L 1 2 594 ’ 5.30' A i f mixture of
50 e ¥ 7 T : B 60 ml of catolyst (/’9 ),
: 21 o |lol  comt of Yan syprt
~ Final Vol. ,ml: 45,2 Ay J
- i "t . ! S
A llol somt of Ve support
ot oS TR S 7
Characteristics of
Nalco Catalyst Bases f
Surface Pore Median Average
Nalco : Areca Vol. Pore D. Pore D.
Base No. Composition m /gm ml/gm A’ A
A (1/32") 78-6008 4%Si0:;96%A120s 323.2 0.7183 90.2 88.9
B (1/16") 78-6008 100%A1a0s 232.4% 10 7216 ITT. 3 01243
C (1/32") 78-6008 2%Si0:;98%A120s 214.6 0.8397 161.0 156.5
D (1/16") 78-6008 9%P20:;91%A1-Cs 211.4 0.7943 190.0 150.3
E (1/16") 78-6G008 17%P.0s;83%A120> 147.0 0.6841 420.2  186.2

¢Average Pore Diameter (A) = 40,000 (pore volume/surface area)
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Run No.: 8
Fecd Material: Solvent Refined Lignite (SRL) :
Solvent : Tetralin SRL to Tetralin ratios g =05
Catalyst No.:_MSU_KN Bl Base: Nalco B
Metal, wt%: MoOs= _8.91_.__ Coli = 4 98 .
NiO =_2.28 WOali=m 9593«
Run Condition 4 :
Temp., C St 4 Y o LHSV p-afieis T B o [Ny
wPress. . psigs 11000 o 2 Hz:Feed: 10,000 scf/bbl
Yield of 041, Vol.%: 71.3" . ‘&
Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
Feed ) 081 300, 275" 135 g
30 {0 15 v 4B 1o [ I{ o R 150 . 3
45 OOR Ei0. 006 165 ol IR oy S RN
60 D20 N - 180
75 D220+ 0085 195 ¥
90 6519 .. 0,045 210 Al

105 Oranin "ol Ehe 225
120 020 . 0,063 = 240 SR L e R
.ASTM Distillation Cross-sectional View
Volume of Chargg, ml: 50.0 of Reactor
VYol. IBP (321 F) Thermewrell
3 AR ; o W il [ fe
16 1+ GE TS 968 W, SR ey
15 R D 7 ¢ 1 (C‘ le— /71D Incone] (Sch.20)
20 R i L : S Y
25 N 25 ' }”, ibom! Vo Syport
80 A 383 . i _

) ig : X ggg . 1 i ,: 1= 25ml of Y8* Support
45 __,__408 b ‘32' R g mixture of
16,7 411 8 €0 mi of cotolyst (V15")

. RS S Goml of Yg" rt
. Final Vol., ml: 47.0 ool F M
il .éi‘ Aol somt of Yo" sypport
= st il
Characteristics of
Nalco Catalyst Bases
, Surface Pore Median Average
Nalco Arca Vol. Pore D. Pore D.
Base No. Composition m /gm ml/gm A” N *
A (1/32") 78-G008 4%S10:;96%Al20s 323.2  0.7183 90.2 88.9
B (1/16") 78-6008 100%Ala0s a9 4" 047015 187, 3 10408
C (1/32") 78-6008 27Si0=;98%A120s 214.6 0.8397 161.0 156.5

D (1/16") 78-G008 9%Pa0s=;91%A120s 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 17%Pi0s; 83%A120> 147.0 0.6841 420.2 186.2

¢Average Pore Diameter (A) = 40,000 (pore volume/surface arca)
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Run No.: 9
Feed Material: Solvent Refined Lignite (SRL)

Solvent : Tetralin SRL to Tetralin ratio=1:2 _
Catalyst No.: _MSU KN _E1 Base: Nalco E
Metal, wt%: MoO3= .. G 035 W oD B 4.0 .
NiOs 12.26 00 WOs =10.32 _

Run Condition

.0

Temp., C :_4_2_439_11_50 €' RSV 32205 0, U )
Press,, psig:. .1000. . Hz:Feed: 10,000 cf/bhl
L . Yield of 0il, Vol.%: 89.17
| Time vs. Nitrogen-Sulfur Content
Min. N S Min. N S
Feed 0.43_ .0.275 135
30 6, Aa52050 820 150
45 0,202 ,0.065.. 165 IIRE M, 0 b ¥
60 OETR . "ol - 180
75 o T8 15 2 i 195
90 Q20 . TOLQFES. . 210
105 )20 o el T 225
. 120 0516 008 240
ASTM Distillation "  Cross-sectional View
Volume of Charbe, MY 35 e of Reactor
Vol. IBP Q253 F) - > . 'ﬂe-w.ame\\
5 st 360 . . L Fed
10 SRR e 5 2l
N 7 % ' tj‘o Yo 1D Incanel (Sch.80)
20 LA : FRTIY IR
98 i 399 _ 'A il -
30 __-_394 "4 |la
35 LSRR L2 p
| 25ml g t
40 o 399 ‘! HE 25ml of /8" Sappor
45 e Y0 20" i / fi mixtore of
2495 e b 48D 8. i anwofahqn(ﬁe)
; 'g S 2 Goml of 8" sypprt
- Final Vol., ml: 48.1 S
' 3 Aol com of V" spport
& SUSINCERREL
Characteristics of ]
Nalco Catalyst Bases A o 3
uriac ore e an verage
Nalco - Area Vol. Pore D. Pore D.
Rasc No. Composition m /gm  ml/gm A Vog e
A (1/32") 78-6008 4%SinN>;96%A120s 323.2  0.7183 90.2 88.9
B (1/1G6") 7S-6008 100%Ala0s 292.4 0072150 9 1378, 12472
C (1/32") 78-6008 2%Si02;98%A1203 214.6 0.8397 ' 161.0 156.5
D (1/16") 78-6008 9%P20:;91%A1-0s 211.4 0.7943 190.0 150.3
E (3/16") 78-6008 17%P:0s;83%A1a0s 147.0 0.6841 420.2  186.2

¢Average Pore Diameter (A) = 40,000 (pore volume/surface aresa)




Run No.:
Feed
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Solvent

Tetralin

Material: Solvent Refined Lignite (SRL)

SRL to Tetralin ratio=_1:2

Catalyst No.:__MSU KN A2 Base: Nalco A

Metal, wt%: MoOz=_11.00_  CoO = 4.84 _
NiO =___2_._70_ WOs =.lQ.- 20_.
Run Condition &
2 Temp.' | ] :_4_2_5 M. & LHSV . __«1.'0 —_—

Press s lipsig: 22000 I € 0

Hz:Feed: 10,000 scf/bbl
Yield of OiY, Vol.%:068.7

Time vs. Nitrogen-Sulfur Content
Min. N S Min. N S
Feed 0.49_ 135
30 ()2 G it R T 350 503040 e oo m R
45 (g6 T TP N 165 e
60 o b2 Yo Ts Sdes TOEH FL (9 180
75 (o JET0 Y 45 TR 195
90 917 05 TRl S | AT 210
105 [0t e I, S 225
120 07078 Pl 240 Al e it

ASTM Distillation
Volume of Charge, ml:
Vol. IBP !

Cross-sectional View
of Reactor

) " Tharmow il
: b I | W Feed
3o B - O ||
g i
15 X 1‘ % Pi 110 Jncone] (5517.(90)
gg . ee— y : | I 160 mi 4" Support
e ; : ;.,/x//.,v
30 Sl wticah ’ l [_O
35 T | LNE| 28ml of va* Support
40 e et W R Y
45 s . 20" A 1Pl mixture of
50 1 B ST eomtof eotalyst (V27
zi 9 D Goml of /8" suypll
ARV IS
2 4 Y
4 (4 comes | yag
Bi > oml of YB" Sypport
.‘ ¥
"Characteristics of
Nalco Catalyst Bases
. Surface Pore Median Average
Nalco \ Area Vol. Pore D. Pore D,
Base No. Composition m /gm_ ml/gm A’ /.
A (1/32") 78-G008 49Si02 ;96%A1203 323.2 0.7183 90.2 88.9
B (1/16") 78-6008 100%A1a203 232.4 0.7215 237.3 124.2
C (1/32") 78-G008 2725102 ;98%A1203 214.6 0.8397 161.0 156.5
D (1/16") 78-6008 9%P202;91%A120s 211.4 0.7943 190.0 150.3
E (1/16") 78-G008 17%Pa0s; 83%A1a 0> 147.0 0.6841 420.2 186.2

sAverage Pore Diameter (A) = 40,000 (pore volumc/surface area)




135

Run"No.: ~-14
Feed Material: Sclvent Refined ngnite (SRL)

Solvent : Tetralin SRL to Tetralin ratio= _1_._2_
Catalyst No.:__Blank Base: Nalco C
Metal ; wth: MoOs=.._ " o< CoO = oLl
NiO'=_ . % . & WOS = S 80
Run Condition $ :
Temp., C LA 20 &0 1L st LHSV ¢ 1,0
Press., psigi 1000 . .= Hz:Feed: 10 QOO qcf/bbl

Yield of 0il, Vol.%:_45.0
Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
Feed 0.60_ . ) 135
30 [ A I IO S 150 e
45 EAET - Lo 165 F SR R T
60 0.07 ; 180
o, & 195
90 S S b OETE 210
105 225
120 NI ] 240 LB Son g
ASTM Distillation Cross-sectional View
Volume of Charge, mls 0 . of Reactor
Vol. IBP i . g Thermaxaell
it ke =
+ 10 e ; eGSR SN e
15 IR S x ‘ 1 (C b /710 Incanel (Sch. 30)
20 o a8 : i | Yo" Sypport
Y T . ' o gul WA
30 baes 95 i
35 L ’——52 1han
40 / ;_Jg] 25ml of Ye* Support
0 G R ot 4 ||O] mixtare of
50 md gLy éoml of Z.ink cose -
- 2 | 9. o) coml of Y8" Supplt
gt =4 II®
el ]
2L A o soml of YB" syport
E B
Characteristics of
Nalco Catalyst Bases »
. Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
Basc No. Composition m /egm  ml/gm A’ i
A (1/32") 78-G008 4%Si0s;96%Ala0s 323.2  0.7183 90.2 88.9
B (1/16") 78-6008 100%A120s S32.4 079218 " 4137.3 . 124.2

C (1/32") 78-6008 2%Si02;98%A120> 214.6 0.8397 161.0 156.5
P (1/16") 78-6008 9%P20s;91%A120s 211.4 0.7943 190.0 150.3
E (1/16'") 78-6008 17%Pa0s;83%A1a0= 147.0 0.6841 420.2 186.2

#Average Pore Diameter (A) = 40,000 (pore volume/surface area)
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Run No.: wod2
Feed Matcrial: Solvent Refined Lignite (SRL)

Solvent Tetralin SRI, to Tetralin ratio=_1:2"
Catalyst No.: Blank Base: Nalco C

Metal, wt%: MoDs= v < CoOasute 1" .
NG e Ble WOz = B, i
Run Condition o
Temp., C 2408 bl LHSV s R0

Pressi... psigy 10007 " .. 0

Hz :Feed: 10,000 scf/bbl
Yield of 0il, Vol.%:_59.17 :

Time vs. Nitrogen-Sulfur Content
Min. N S Min. N S
Feed' “0.58...". i 135
30 D265 Gt 150
45 S W, 0 165
60 05 180
75 = 195
90 QU299 210
105 225
120 O 28w B a o 240 sl Bl Beoie
ASTM Distillation Cross-sectional View
Volume of Charge, ml: of Reactor
Vol. IBP : 7 " Tramenell
i <D 2 ol Feed
R e A
15 peaiiin X f b lem. /1D Inconel (Sch.20)
20 i ; ] 1Lt
. — ml V4" Support
RN feg? ' vz & "
© 30 i ',' 4 e
2‘:‘)‘ QI | : E 25ml of Y8* Sapport
45 AN ',a'g' % f Mmixture of
- 50 SYSL T A1 60 ml of tlank tase
2 S |of eomt of varuprt
AR B | e
é! : ol soml of V" Sugport
b, Ao
Characteristics of
Nalco Catalyst Bases
Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /gm ml/gm A’ g *
A (1/32") 78-6008 4%Si0>;96%Al20s 323.2 0.7183 90.2 88.9
B (1/16") 78-G6008 100%AlaOs 233.4 | 0.72150 137,37 124.2
C (1/32") 78-6008 2%51i02;98%A120> 214.6 0.8397 161.0 156.5
D (1/16") 76-6008 9%P20:;91%A120s 211.4 0.7943 190.0  150.3
E (1/16") 78-6008 17%P.0s;83%Ala0Os 147.0 0.6841 420.2  186.2

sAverage Pore Diamcter (A) = 40,000 (pore volume/surface area)
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Run No.: 13
Feed Material: Solvent Refined Lignite (SRL)

Solvent : Tetralin SRL to Tetralin ratio= 1.2
Catalyst No.: _MSU KN D2 Base: Nalco D
Metal, wt%: MoOz= 11.48 ___ CoO =_5.10_
NiO =2 84 WOz =_10.19_ _
Run Condition
Temp., C :_325 to . 400 C LHSV )
Press., psig:_ 1000 Ha:Feed: 10,000 qcf/bbl

Yield of 0il, Vol.%:_57.08

Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
Feed 0.34. . _.. . 135, T e
30 £l el 150
45 05060 . ST 165
60 QH0G S L L . 180
75 OS2DR N 195
90 QeZaie 2u L 210
105 D26 s b T 225
120 0 s DSl a1 240
ASTM Distillation Cross-sectional View
-Volume of Charge, ml: ____ of Reactor
Vol. IBP . f “Thermeell
. o i ' . . A.&*"—_*"iﬁd
90T, I g |||
15 - : X 1‘ (O bz 710 Incone] (Sch.0)
gg el i BB s6oml Yo" Support
30 —____ : . )I Ve !
2 ; . ST1E 28ml of ve* support
80 %0 Bt 7N 4 3 o
gg 5 Sk £t S :!*\ao I of ¢a%a!
. g m] of Ca=alazt
. } -§' 25{5/'6aﬂﬂ of /8" support
} R gElT
A =
é ¢ 5[_:9 soml of YB" Support
5, AMESINE

Characteristics of
Nalco Catalyst Bases

. Surface Pore Median Average
Nzlco : Areca Vol. Pore D. Pore D,
Base No. Composition m /gm ml/gm X A
A (1/32") 78-6G008 4%Si0a;96%A120s 323.2 0.7183 90.2 88.9
B (1/16") 78-6008 100%A120s 232.4 0.7215 137.3 124.2
C (1/32") 78-6008 2%Si0:;98%A1203 214.6 0.8397 161.0 156.5
D (1/16") 78-6008 9%P20:;91%A120> 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 17~PzOs.83 AhO.s 147.0 0.6841 420.2 186.2

tAverage Pore Dimmeter (A) = 40,000 (pore volumc/surface area)
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Run: No& usila
Feed Material: Solvent Refined Lignite (SRL)
Solvent Tetralin SRL to Tetralin ratio=_1:2
Catalyst No.:___ Blank Base: Nalco E
Metal, wt%: MoOz=__ _.___. Col) " mf Lttt "
NIO = boaal o o8 WOn &l c
Run Condition o
Temp., C : 425 LHSV sl ot
Press., psig: _1999___ Hz :Feed: 10,000_ qcf/bbl

Yield of 0il, Vol.%:

Time vs. Nitrogen-Sulfur Content
Min. N S Min. N S
Feed 0.50_ 1 135
30 05045 el b A 150
45 o e (017 LA il T 165
60 Dedd r “p o st [ 180
5 b 195 Ly
g0 0 f 2 O Ol S 210
105 : 225
120 ()6 1 0 SN, Rl 240 o [
ASTM Distillation Cross-sectional View
Volume of Charge, ml: of Reactor
Vol. IBP 3 Troreonell =
. 5 O o =
LS00 T T
15 - , X 1 (O le—. 170 Incarel (Sch.80)
20 | St | f s6omi Yg* Support
25 P Cosl bl Y 77
30 ———— | 1 o
gg e ] .I 1::2{ 25ml of Y3* Support
N WL aa e B ISR
, 20
50 Ce. N P S IT) eoml of blank base
—! S Q &oml of Ygn supprt
| %4 1
/| S
_é! 4 |° soml of YB8" Support
. L, SRl
Characteristics of %
Nalco Catalyst Bases
) Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /em ml/em A’ K.
A (1/32") 78-6G008 4%Si0:;96%Al20s 323.2 0.7183 90.2 88.9
B (1/16") 78-6008 100%A120s3 232.4° 0.7215,,. -137.3"" 124.2
C (1/32") 78-6008 2%Si0=;98%A120s 214.6 0.8397 161.0 156.5
D (3/16") 76-G008 9%P20s;91%A1-0s 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 17%P:0s: 83%A12 0> 147.0 0.6841  420.2  186.2

¢Average Porc Diameter (A) = 40,

000 (pore volume/surface area)
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Run No.: 15 -
Feed Material: Solvent Refined Lignite (SRL)

Solvent : Tetralin SRL to. Tetralin ratio=7"1:2
Catalyst No.: Blank . AL Base: Nalco C
Metal, wt%: MoOs3= CoO =
NiO =, WOs =
Run Condition - :
Temp., C : 410 4 ! LHSV +10518 £
Press., psig: 1000 ] Hz :Feed: 10,000 scf/bbl

Yield of 0il, Vol.%:"57
Time vs. Nitrogen-Sulfur Content

Min. N S Min, N S
Feed 0.815 0.27 135 ) B
30 0,075 Q3088 150 0.005
45 0078 165
60 0.072 0.086 . 180
75 L0078 g1 195
90 0.086 0.08 210
105 0.035 225
120 0.027 0.081 240
ASTM Distillation Cross-sectional View
Volume of Charge, ml: 31 of Reactor
Yol. : IBP- ¢ 380°R i Traaae
5 382 _i,___—,l__._ < Toss
10 384 1N Ry
15 385 A 1 ;W:}';M—L 1%0 rear2i SEes. 22
20 386 2 | CAE ”Lor’ " S
36 = 388 .. ylb PMIEINEE e
29 404 Vi 140
. o
. 35 ee : i 1 o ml of V8" Support
40 o P
45 A 2" ia| mirtue of
50 g ] 330mi of catilust caca
¥ s} |l | o mlof VgSupprt
t B X Isis
o Hi
l Ey éi: O ol ok
Characteristics of
Nalco Catalyst Bases »
Surface Pore Mecdian Average
Nalco Y Arca Vol. Pore D. Pore D.
Basc No. Composition * m /gm ml/gm A R
A (1/32") 78-G008 4%Si0:;96%Al20s 323.2  0.7183 90.2 £3.9
B (1/16") 78-G008 100%A1.0s 9983.4 ' .0 72150813:3 (12422
C (1/32") 78-G008 275i0:;98%TA120s 214.6 0.8397 161.0 156.5
D (1/16") 76-6008 O%P20:;91%A120s 211.4 0.7943 190.0  150.3
E (1/16") 78-6008 17%P20583%A120> 147.0 0.6841 420.2  186.2

tAverage Pore Diameter (A) ='40,000 (pore volume/surface areca)

%,
Hita
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Run iNo. f'16. ! )
Feed Material: Solvent Refined Lignite (SRL)
Solvent : Tetralin SRL to Tetralin ratio= 1:2
Catalyst No.: Blank ot = Base: Norton 1"
Metal, wt%: MoOsz= CoO = Denstone
NiO = : WOs =

Run Condition ;

Temp., C : 425 = LHSV 2 O -,

Press., psig: 1000 H2:Feed: 10,000 scf/bbl

Yield of 0il, Vol.%: 80.8

Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
Faed o315+ 027 135 5 "
30 0.13 0:31 150
45 165
60 02148 " - o 180
75 0. 285" 0,245 195
920 O 0 210
105 0.2 75F | ged 225
120 0.'2756 - 240
ASTM Distillation Cross-sectional View
- Volume of Charge, ml: 26 of Reactor
Vol. IBP (330 °§H d raons's
S5 384 2y e LTS
10 385 SRR P i
15 387 4 1 t (\‘.""- 1°10 Inzonel [S£2n.22)
gg ROB57T - e, . A szomief 14" Suppert
e A w0 iERT T g
35 i AR {9 9” yer s ¢
40 ¢ L1 Al B mE OF T SR
45 0 55 o ,’j;'f' mixture of
50 } | S b4 |1 & il of Cotalyst
' Q ;g!j O ml of /2" Suppars
AR
1 L‘Ig 5
1 _.rju?l 0 ml ot Yo" Suport
:
Characteristics of
Nalco Catalyst Bases L
Surface Pore Median Average
Nalco { Area Vol. Pore D. Pore D.
Base No. Composition m /gm ml/gm A’ (.
A (1/32") 78-G00S 4%Si0.;96%A1z0s 323.2 0.7183 90.2 88.9
B (1/16") 78-G008 100%A1.0s 2394 0.9216 LwlsT. 3. 12452
C (1/32") 78-6008 2%Si0=;98%A1:0» 214.6 0.8397 161.0 156.5
D (1/1G") 78-G008 9%P.0:;91%A120s 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 17%P:0s;83%A120s 147.0 0.6841 420.2 186.2

tAverage Porc Diameter (A) = 40,000 (pore volume/surface area)

PO
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Run No.: 17 bt b
Feed Material: Solvent Refined Lignite (SRL)

Solvent : Tetralin SRL to Tetralin ratio=1:2
Catalyst No. apMSU KN B20t: s S5 2 Base: Nalco B
Metal, wt%: MoOz= 11.1 CoO = 4.86
NiQ = 2.62 . WOos = 10.47
Run Condition ;
Temp.; C T 440 4y LHSV s LT
Press., psig: 1000 Hz:Feed: 10000 scf/bbl

Yield ofu0il, Vol:%: 67:55w .
Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
Feed 0.22 0. 23 135 i B 0
30 0sQQ1 0 1T 150 ;
45 0.075 165
60 005" 0.2201. 180
75 0.04. Ll 195
90 0.04 0.195 210
105 0045 F ¥ L. 225
120 0.04 0.22 240
ASTM Distillation Cross-sectional View
Volume of Charge, ml: 26 of Reactor
Vol. IBP (368 °F) PR
; S 376 : Eg,*_Jir_ < Fead
10 380 g okl 2 K
15 384 A $ TR f 1o trearel (5229
N~
30 AN A L
3‘3 -—"—'-— 4 » / ‘_:}2 28 ml o Ve Suzport
45 S : . i@ mixtrs of
50 Lo ! 3’ 5 21 o ml of catalyst
' 8 e 20l of V8" Support
Ak M
oy trf’ Eomi of Yo" Siypert
R e

Characteristics of
Nalco Catalyst Bases

Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /gm_  ml/gm A A X
A (1/32") 78-6008 4%Si0:;96%A120s 323.2 0.7183 90.2 £8.9
B (1/16") 78-6008 100%A).0s 232.4 0.7215 13703 124.2
C (1/32") 78-6008 2%Si0-;987A1203 214.6 0.8397 161.0 1566.5
D (1/16") 78-6008 9%P202:;91%A120> 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 17%P20; 83%7A120- 147.0 0.6841 420.2 186.2

*Average Pore Diameter (A) = 40,000 (pore volume/surface arca)
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Run No.: 18 2 :
Feed Material: Solvent Refined Lignite (SRL)
Solvent Tetralin SRL to Tetralin ratio=1:2
Catalyst 'Nol: MSURKN E2i S las ! Base: Nalco E
Metal, wt%: MoOsz= 10.18 CoO = 4.88
NiO =, 2.84 WOz = 10.68
Run Condition . :
Temp., C 425 LHSV ol o) w
Press., psig: 1000 H2:Feed: 10,000 scf/bbl
Yieldiof . 011 . Vol.%: 1 70,48
Time vs. Nitrogen-Sulfur Content
Min. N S Min. N S
Feed 0.22 Q.25 335 il
30 0.075" '0.15 150
45 0.05 165
60 0.0668 0. X791 180
75 007 Rl 195
90 0,085 0.13 210
105 0.015. 225
120 0.07, 240

ASTM Distillation
Volume of Charge, ml: 31
IBP (358 °F)

Vol.

5 368
10 372
15 375
20 380
29 a9l
28 403
35 YL M

. 40 g
45 o
50

Characteristics of
Nalco Catalyst Bases

Nalco
Base

No.

A (1/32") 78-G008
B (1/16") 78-G008
C (1/32") 78-6008
D (1/16") 78-6008
E (1/1G6") 78-6008

tAvernge Pore Diamecter (A) = 40,000 (pore volumc/surface areq)

Composition ~
475102 ;96%A1203
100%A1.03

257510z ;98%A120a
O%1'202 ;01%A120a
17%P20s; 83TA12 0>

Cross-scctional View
of Reactor

a2

Treyemal'

il it Toes
ol 7 By
A t ij (r.: bem /10 'reoref Sz-.220
! 1 é /60 ml Zj. :—-:,,o:':
o e
1 e
| : :12.35n.¥i@‘5¥75
’ 20 . ig mixbsre >
' < g &ori 97 €2°3 12
2 i 4 ey i en R lisln o L ER
4 G S eomi 20 78" s
t £ 21 i~
% Pl 1 A
H ’ -~ 1 o2 Lo - ,o
i 2 ] “i)l SO mi o7 /? - IS
Surface Pore Median Average
Area Vol. Pore D. Pore D.
m /egm ml/gm A o Er
323.:2 0.7183 90.2 £8.9
232.4 0.7215 137.3 124.2
214.6 0.8397 161.0 15G.5
231.4 0.7943 190.0 150.3
147.0 0.6841 420.2 186.2
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Run Nos: 1493 & g
Feed Material: Solvent Refined Lignite (SRL)

Sclvent : Tetralin SRL to Tetralin ratio=1:2.
Catalyst No.: BSU BN IC10 R Base: Nalco C
Metal, wt%: MoOsz= 8.32(.0908¢00 = 0.00
N1O ‘=2t 0r00" . WOs = 0.00
Ran Sahdithan ‘ ) metal in gm per gm base
Temp., C £ 425 £ LHSV £ 140 =
Press., psig: 1000 Hz:Feed: 10,000 scf/bbl

Yield of 011, Voli %! 63.8. . -
Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
Feed. 0.255 0.25 135 1 =
30 0.033 150
45 0.035 165
60 0:033 QU175 1 180
15 0.04 . sy 195
90 0.083, Q.66 (2) 210
105 0.039. B 225
120 0.029 0.521(7) 240
ASTM Distillation Cross-sectional View
- YVolume of Chargek)mlz of Reactor
VOl . IBP j ) Traywysl
5 g N i >
08 s Sl ;
15 A 'f Cli fe 1710 ircore] Csen 20
20 y ) 1 '
- 1 160 m! 14" Zapot
25 N it l 44
30 2 ; 'Eg
35 Ty (2] 25mt of Vet Eipprre
40 { i
45 ) 20" ;g mixture o
50 L e & 9 6o rml of €275 12
Q 14 Goml o5 YY" Ziurts
24 [~
, |
‘Y r—— 9; 5oml of i/s'" .9:,*,--':'5
. % -
Characteristics of
Nalco Catalyst Bases
Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /egm ml/gm A’ Y,
A (1/32") 78-6003 4%Si0:;9G%A120s 323.2 0.7183 90.2 £8.9
B (1/1G") 78-6008 100%A1.0z 232.4 0.7215 187, 3 124.2
C (1/32") 78-6008 2%95i0= ;96%A1205 214.6 0.8397 161.0 166.5
D (1/1G6") 78-6008 9%P20z;91%A120> 211.4 0.7943 190.0 150.3
E (1/16") 78-06008 17%P.0s; 83%A120> 147.0 0.6841 420.2 186.2

*Average Porc Diamecter (A) ='40,000 (pore volume/surface area)
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RunyNo.: 200 d o
Feed Material: Solvent Refined Lignite (SRL)

Solvent : Tetralin SRL to Tetralin ratio= 1:2
Catalyst No.: MSU KN C2 _ _ =~ Base: Nalco C
Metal, wt%: Mo03=7.99 (.0908)Co0 = 0.00
NiO =3.98 (.0452)WO0s = 0.00

Run Condition ( ) metal in gram per i gram base

Temp., C s 425 i LHSV $ 150 it
Press., psig: 1000 Hz:Feed: 10,000 scf/bbl

Yield of 01l1,. Vol.%H: 76.3
Time vs. Nitrogen-Sulfur Content

| Min. N S Min. N S
| Feed ©0.22 0.26 385+ %
30 0.026 150 0.058
45 0,033 165
60 0.044/ . il 180
75 Q. 08% e 195
20 0.023 0.094 210
105 0.039 P i | 225
120 0,020 0708 240
ASTM Distillation Cross-sectional View
Volume of Charge, ml: of Reactor
Yoi: . IBP ¢ g6 1) Tesrenzae’
5 L. o Bl el
10 = .:i]] i d
15 e ),. f % e 1700 Irngare] (Sen. 22,
20 - ! I i /60 ml Zgn fn;‘p:.‘:
20 R =Y |
30 g\ G Yo
zg ———— = e :6?_'; 28m, oF o Soppert
A0 AL ikl 0t pividre 22
3 oy 20 i1 X or
50 = | E :('_ 6o mi o< C2%alyst
T ¥ 8 .QI Gomi ’/'e"Sufp}’t
Wt 8l
é L |2l somi of Ve faweart
| ! ~ {2
5 b
' Characteristics of
Nalco Catalyst Basecs :
Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /g ml/gm A’ K..*
A (1/32") 78-G008 4%Si0» ;96%A120s 323.2 0.7183 90.2 £88.9
B (1/16") 78-6008 100%A1,0s 2382.4  0.7218 1323 21242
C (1/32") 78-G008 2%51{02;98%A120s 214.6 0.8397 161.0 156.5
D (1/16") 78-6008 97%P.0s;91%A1=0s 211.4 0.7943 190.0 150.3
E (3/16") 78-G00S 17%P20s;83%A120> 147.0 0.6811  420.2 186.2

tAverange Pore Diamctier (A) = 40,000 (pore volume/surface arca)
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Run No.: 21

Feed Material: Solvent Refined Lignite (SRL)
Solvent : Tetralin SRL to Tetralin ratio=1:2

Catalyst No, i “MSULKN' O8: 1% Seceait . Base: Nalco C
Metal, wt%: ‘Mo03=7.4 (.0908) CoO = 7.42 (.0911)

NiO =3.69(.0453) WOs = 0.00

( ) metal in gram per 1 gram base

Run Condition
Temp., C : 425 e LHSV s il 00 s
Press., psig: 1000 H2 :Feed: 10,000 scf/bbl

Yield of 011, Vol .%: "67.1. "
Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
FPeed 0.265 0 0.275 135 . 2
30 0.049 150
45 0.057 165
60 0.040 .. S 180
25 ' 0,08% et 195
90 0.050 . 0,12 210
105 0.059. £ 225
120 0.05 0072 240
ASTM Distillation Cross-sectional View
Volume of Charge, ml: of Reactor
Vol. IBP ¢ %¢) s mnat
5 e | O SAE £
5 74 — r—n =
10 (. T | R st g
15 o A 1« i = 27D Ireare] [Ser. 22
20 ’ ‘ | 4 ml Y° . .;-‘-
25 gt ‘ { /69 - %
30 T ) |
35 e :[59 2Eml F l/e* Svgport
40 « il '
45 5 .33' 2 lf' ﬂ?/rﬁur? of
50 I ! S ] &0 m. of Cotalyst
A S Q! soml of Y2 Supat
H E x '\l
2 BE Soml > Y8" Support
g < T | 7
Characteristics of
Nalco Catalyst Bases
Surface Pore Mecdian Average
Nalco Area Vol. Pore D. Pore D.
Base No. : Composition m /gm  ml/gm A g g
A (1/32") 78-6008 47810, ;96%A120a 323.2 0.7183 90.2 £88.9
B (1/1G") 78-G008 100%A1.2 05 2324 0.7215 137.3 124.2
C (1/32") 78-6008 25510:;98%A1202 214.6 0.8397 161.0 3569
D (1/1G6") 78-6008 9%P20:;91%A120> 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 17%P.0s; 83%1A120> 147.0 0.6841 420.2 186.2

*Average Pore Diameter (A) = 40,000 (porc volume/surface area)
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Run No.: 22 ! ;
.Feed Material: Solvent Refined Lignite (SRL)
Solvent : Tetralin SRL to Tetralin ratio=1:2
Catalyst No.: MSU KN C4 _ __ Base: Nalco C

Metal, wt%: MoO3=6.45(.0908) CoO =6.46 (0.0911)
NiO =3.22(.0453) WOs =12.89 (0.1816)

Run Condition .
Temp., C 420 s LHSV i e &
Press., psig: 1000 Hz:Feed: 10,000 scf/bbl

Yielaiof Ot .o Voli,; %" 66.7 =
Time vs. Nitrogen-Sulfur Content

Min. NS S Min. N S
Feed 0.255 .0.275 135 : . e
30 0.23 0.18 150 .
45 0.05 165
60 OB - il Wi 8 180
75 0. 034 e 195
20 0.03 e : 210
105 0, 03%. T 225
120 0.019 0.29 240
ASTM Distillation Cross-sectional View
Volume of Charge, ml: of Reactor
Vol. 1BP { ‘OC ) Trarrsaz’y
1?) 3 A &,ﬁ'—; ~.Tecd
' T l— L I /< b
15 A/ A § Tl e irzare] (Ser.22)
20 : ' ~l 15" Soyert
25 ¥ e 2 J ! Jboml V3" Suyert
30 S i ég
35 e —— 1= 22, S /et € oot
40 . __ir-_j_ 28m! or /8" Suspict
45 P 25" i@ mixiure 2=
50 L 1 2ed E ';¢;J 60 mf of Catali?
' Q O som! of YBY IypiE
(O S et
x |
A -
4 v hii Dml of VB" Siyport
i¥x. E & ﬁ
Characteristics of
Nalco Catalyst Bases :
Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /gm_ ml/gm A A %
A (1/32") 78-G008 4%Si0:;96%A1=0s 323.2 0.7183 90.2 £8.9
g 2:516"; 78-6008 100%A1.0s 232.4 N215 1R 7. 3 N 12452
az"

P (1/16") 78-6008 9%Pa0:;91%A1=03 211.4 7943 190.0 150.3
E (1/16") 78-6008 17%P:0s; 83%A)20> 147.0 6841 420.2 186.2

¢Average Pore Diameter (A) = 40,000 (pore volume/surface area)

0.

78-6008 29510z;98%A1203 214.6 08397+ 1061.0 156.5
0.
0.
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Run No.: 23 & .
Feed Material: Solvent Refined Lignite (SRL)
Solvent : Tetralin SRL to Tetralin ratio=1:2
Catalyst No.: Mobil TCC Dura_Bead Base:
Metal, wt%: MoOsz= Co0 =
NiO = ) W03 =
Run Condition '
Temp., C : 425 . LHSV < 50, i
Press., psig: 1000 Hz:Feed: 10,000 scf/bbl

Yield of 0il, Vol.%: 54.2_
Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
Feed 0.255 0.275 135 i o
30 . 150
45 0.078 165
60 0808 el 39/ 10 180
75 0.04. . aa AT 195
a0 0,029 " 062 210
105 0.03 . o 225
120 01039+ 0,31 240
ASTM Distillation Cross-sectional View
Volume of Charge, ml: of Reactor
Vol..~ IBP ¢ Yy : Trasiesie.
B : R
10 A A | e = il
15 he! 41~ ) IIL %; be-s j o ircarel] [Ses.23)
20 ' . é / V”' Soport
25 ; = ‘ \.{ 1o ml /3 2L
30 __ Talnd W
35 g, ——% -2 { o" £iacers
40 P 4 o b iy %¢ S
45 — ot i@ mivtuce o
?ﬁ J w2 '
50 o 1 E: St |17 620 o7 Doro Bead
] AR D  Gomi X et luxis
RN
éj r—‘ —:;1 roml af e .‘—-:“;x)rf
6 %
Characteristics of
Nalco Catalyst Bases
Surface Pore Median Average
Nalco Arca Vol. Pore D. Pore D.
Basc No. Composition m /gm ml/gm LY o
A (1/32") 78-GOO8 4%Si0:;9G%A120s 323.2 0.7183 90.2 88.9
B (1/1G") 78-6008 100%A1.0s g933,4 .0 7715 /187,8 . 124.2
C (1/32") 78-G008 2%Si0:;98%A120s 214.6 0.8397 161.0 156.5
p (1/16") 78-G0OR 9%P20s;91%A120s 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 17%P:0s583%TA120> 147.0 0.6841  420.2  186.2

¢Averago Pore Diameter (A) = 40,000 (pore volume/surface arca)

&
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Run No.: 24 ) : ;
Feed Material: Solvent Refined Lignite (SRL)

Solvent : Tetralin SRL to Tetralin ratio=n:2
Catalyst Noi: MSU KN Co W20 _ Base: Nalco C
Metal, wt%: MoO3=12.08(.1374)Co0 = 0.00
NiO = .0.00 . WOz, = 0.00
Run Condition ’
Temp., C : 425 . N LHSV sy 0 -,
Press., psig: 1000 Hz:Feed: 10,000 scf/bbl

¥Yield of 0il, Vol.%: 47.9. .
Time vs. Nitrogen-Sulfur Content

}_1_1_n_ N S Min. N S
Feed 0.30 0.30 135 i i
30 . b 150
45 0.00 165
60 D005 0295 . . 180
| qB o B ok 195
| 90 0.00. 0.23 . 210
105 0.00... gEE 225
120 0.00. 0.14 240
ASTM Distillation Cross-sectional View
Volume of Charge, ml: of Reactor
Vol. IBP ( CC) Travsnaly
S IR Ei)— l,——_.— <.Fe2d
10 : o AN || R P
15 -l Ai 1 ;\ ; b /%10 Incorel (522.29,
20 M , ISR 1 Thae e
25 gy et ] ,"f, I 160 ml V4" Sonport
30 rl e ki e
35 o i iz 284 Y8t Siecrt
40 g r__.r/_ 2sm! of 8" Sspec
45 o, ;33- & lf Tixture of
50 = 7 . 1 d 60 ml of €atalss?t
3 8 1T ol of Yg" Zpats
BAE
v = !
’,; \ ' “’;l _’On:/ 2t I/a‘" .i:'f/-.nrﬂ
5 5 e
! Characteristics of
Nalco Catalyst Bases
Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /gm  ml/em A KN
A (1/32") 78-6008 4%Si0>;96%Al20s 323. 0.7183 90.2 88.
B (1/16") 78-6008 100%A120s 232, 0.7215 1273 124.

D (1/1G") 78-6008 9%0P.0:;91%A1-05 211, 0.7943 190.0 150.
E (1/16") 78-G008 17%P20s; 83%A130> 147. 0.6841 420.2 186.

tAverage Pore Diameter (A) = 40,000 (porc volume/surface area)

2
) 4
C (1/32") 78-6008 295i0:;98%A120s 214.6 0.8397 161.0  156.
4
0

NLwONY
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Material:
Solvent

Catalyst No.:
Metal,

Run No. :_
Feed

Run Condition

149

Solvent Refined Lignite (SRL)

Tetralin SRL to Tetralin ratio=1:2
MBS RNFEGE o nonii Base: Nalco C
wt%: Mo03=11.92(.1374)Co0 = 0.00

NiO =.1.34(.0155)W03 = 0.00

( ) metal in gram per gram base

Temp., C y 425 LHSV 1120 e
Press., psig: 1000 H2:Feed: 10,000 scf/bbl
Yield offO01) Vol . bt i Gl
Time vs. Nitrogen-Sulfur Content
Min. N Min. N S
Feed . Ofgat 0830 135 = i
30 0.00 150
45 0.00 165
60 0002 002150 180
75 0.008 Bl aas 195
90 0.033 0.071 210
105 0400, e 225
120 00317 " "0: 054 240
ASTM Distillation Cross-sectional View
Volume of Charge, ml: 35 of Reactor

Vol. IBP ( 362%F) “Tesyerma2ty
5 370 A 'Ei,—:l-::. <Fe23
10 374 i hL" LAl
15 37801 + f ol le=2. /%0 Ircaral] {Ser.22)
20 _383 3 . ' ' i 765 i V..’ﬂ e
25 2T e -n ! o
29 984 . b2
O o L E] e ot e e
45 e 20" :0‘ mixiyre oF
50 g 1l 3-; 1% 6ol 3¢ Coma9c?
! S QD somi of Y suypE
=4
A Tir
2 I |l2| fomt of Ve syt
QI ¥ * (5
jh, IR g

Characteristics of

Nalco Catalyst Bases

Surface Pore

Median Averapge

Nalco Area Vol. Pore D. Pore D.
Basc No. Composition m /egm wl/gm = _A s
A (1/32") 78-6008 47Si0:;96%A1203 323.2 0.7183 90.2 88.9
B (1/16") 78-6008 100%A1.0s 232.4 0.72158 337.3 124.2
C (1/32") 78-6008 275i0:;98%A1203 214.6 0.8397 161.0 156.5
* D (1/16") 78-6008 9%P.0z;91%9A120s 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 17%Pa0:; 83%A220> 147.0 0.6841 420.2 186.2

¢Average Pore Diamcter (A) = 40,000 (porc volumec/surface area)
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Run No.: 26_ _ 4% ;
Feed Material: Solvent Refined Lignite (SRL)
Solvent : Tetralin SRL; to Tetralin ratio=1:2

Catalyst No, s sMSUIENSCHE - v 5 i o Base: Nalco C
Metal, wt%: Mo03=11.24(.1374)Co0 = 5.74 (.0702)
NiO =.1.27(.0155) %03 = 0.00
Run Condition { ) metal in gram per gram base
Temp., C . 430 e ; LHSV o AR0 =
Press., psig: 1000 Hz:Feed: 10,000 scf/bbl
Yield of 0f1," Voli. % 633"

Time vs. Nitrogen-Sulfur Content

Min. N S Min. N =
Feed 0.27 0.28 135 L -
30 0.008 150
45 0.008 165
60 0503610 . e 180
75 0304, = 195
Q0 0.04 O 120 210
105 0.048. b iis 225
120 0.041 240
ASTM Distillation Cross-sectional View
Volume of Charge, ml: of Reactor
Vol IBR e OC) Trayronaty
5 _ giet | o3

¥z |
—5 .‘_]AE'_;:

10 J 1

15 SR o = | e 170 trearel (52429
20 X [ W P
= | r6oml 12" Supai
25 P ){", I o
35 R "_'é/: -2 2 1/t €,p0020b
£ |2 2&mi of Y&° Ssppire
40 s & | r'
45 e % =" @l mixture of
u el
50 = 1 . _S 65 mi »% Cata’s?
1 ¥ ) 1! Goril of /¥ Duputl
. v o)
b [l
; -ttt
by [ LQ nml of '/5’"51;:;‘.*:’3
/l
‘ Y. =
Characteristics of
Nalco Catalyst Bases )
Surface Pore Median Average
Nalco s Area b'{ep Pore D. Pore D.
Base No. Composition m /gm ml/gm A’ o s
A (1/32") 78-6008 478i0s;96%A1=0s 323.2 0.7183 90.2 §8.9
B (1/1G") 78-6008 1000A1.205 282.4 0.7215 1373 124.2
C (1/32") 78-6008 2%5i0z;98%A120> 214.6 0.8397 161.0 156.95
D (1/1G") 76-6008 9%P202;901%A1-03 211.4 0.7913 190.0 1503
B (1/16") 78-G008 17%P:0s;83%A120> 147.0 0.6841 420.2 186.2

tAverage Pore Diameter (A) = 40,000 (porc volume/surface area)




Run FNo 2" 27

Feed Material: Solvent Refined Lignite (SRL)
SRL to Tetralin ratio=1:2

Solvent

Catalyst No.: .
Metal,

Run Condition

Temp. ,

Press.,
Yield of ©il),

151

Tetralin

MSU KN C8 _

C 425
psig: 1000
Vol.%: 7452

.8 (IS T Base: Nalco C

wt%: Mo03=10.02(.1374)Co0 = 5.12 (.0702)
Ni@ =71, 13(.0155) ¥O0s #1082  (..1484)
( ) metal in gram per gram base

LHSV

1.0

Hz:Feed: 10,000 scf/bbl

Time vs. Nitrogen-Sulfur Content

Min. N S Min. N

Feed 0.27 0.28 135 i o i
30 0.024 0.24 150 0.024

45 0.02. 165

60 0016 " QFZ 180

7515 107086 8E L L 195

90 0,016 1.0:05 210

105 0048 s 225

120 0.028 705039 240

ASTM Distillation

Cross-sectional View

Volume of Charge, ml: of Reactor
Vol IBP ¢ OC) Trareon
= K2 ! Feed
L] - —_— T T— =
10 QPR 6]
15 Az" ’l‘ (r\l be—. /0 Irizor2] ./.f:r..?:‘,"
20 ‘ WY %"
- - 1 /éom/ Yo" Sipnzri
25 i T ! v
R il
35 e : [ii2] zem: of ver st
40 B ki 3 I "_—:
45 a0 20" {1 mirture oF
50 N PR P 6o rof of Cr*alizt
A S Qi sornl of yEr fyxtlt
4 Y {ed
7 Sy
4 r_ 9} B0 ml of Yo Sl.;-‘,»:rf
72 3 |
. R i Qe
Characteristics of
Nalco Catalyst Bases ;
Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /em ml/gm A’ /il
A (1/32") 78-6008 4%Si0> ;906%A1203 323.2 0.7183 90.2 86.9
B (1/16") 78-6008 100%A1.0s 232.4 0.7215 337.3 124.2
C (1/32") 78-6008 2%5i0z;98%A1203 214.6 0.8397 161.0 156.5
D ()/16") 78-6008 9%P20:;901%A120> 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 177P.0s; 83%A120> 147.0 0.68411 420.2 186.2

¢*Average Pore Diameter (A) = 40,000 (pore volume/surface area)
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Run No%i: 28% .
Feed Material: Solvent Refined Lignite (SRL)

Solvent : Tetralin SRL to Tetralin ratio= 1:2
Catalvat ‘Na, - M3U KN CO 0 Base: Nalco C
Metal, wt%: MoOsz= 4.68(.0491)Co0O = 0.00
Nio =.0.00 » wos = 0.00
Run Condition :
Temp., C $ 425 M LHSV #2106 o
Press., psig: 1000 Hz:Feed: 10,000 scf/bbl

Yietdio 01l i Vol %6 1%

Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
Feed 0.27 135 5 o
30 0.036 150
45 0.033 165
60 10150 1 Bud RERCAE S0y ORI 180
75 0.036 My 195
90 00368 0 r 210
105 0.036. g S 225
120 0.032 i 240
ASTM Distillation Cross-sectional View
Volume of Charge, ml: of Reactor
Yol,  .IBRPUr - 54 5 Traresatl
5 & . 3 -‘->—4F -foad
10 b - o e el - .
15 T b bem I Irsare ] 535,89,
20 < a = ' Gl o
e - ! ; boml V4" Sspect
25 ¥ e ! ' ‘!{ : ! /6 Suip
30 s ¢ A. / (ol
35 S —E'; 2Em: oF Y@ Sszzirt
40 ;. w ¥
45 - O e
- — % : Rixwe or
50 - 1 ST eomsr e
S Qi Gornl of Y@ Supil
/ x - ’:{.
? ;ﬂa soml of Yo" Syport
b AL St
Characteristics of
Nalco Catalyst Bases .
Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /gm  ml/gm A’ ANt
A (1/32") 78-G008 4%Si0:;96%Al120s 323.2  0.7183 $0.2 £88.9
B (1/1G6") 78-6008 100%A1.03 DA ALS. 0, 2015 IRTEA 1124, 2
. € (1/32") 78-6006 255i0:;98%A1:05 214.6  0.8397 161:0 | 156.5
D (1/16") 78-G008 9%P20z;91%A120s 211.4 0.7943 190.0  150.3
E (1/16") 78-6008 17%P:0583%A130s 147.0 0.6841 420.2  186.2

¢Average Pore Diameter (A) = 40,000'(porc; volume/surface area)
TR s




Run No. :29__

253

Feed Material: Solvent Refined Lignite (SRL)
SRL to Tetralin ratio=1:2

Base: Nalco C

Solvent Tetralin
Catalyst No.:_ MSU KN 10__
Metal,

Run Condition
Temp., C

Press., psig:
Yield of 0il, Vol.%: 68.7 .

NiO =.1.32(.014)

wt%: MoOs= 4.62(.049) CoO = 0.00
‘II'OB =0.00

¢ ) metal oxide in gm per gm base

+ 250 LY
Hz:Feed: 10,000 scf/bbl

¢ 426508,

1000

LHSV

Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S

Feed 0.24_ 0.265 135 " 0.005 : <5
30 0.016 150 0. 014 = 0045 <
45 '0.024 1865 0. 014

60 (0168 e =Y 180 . 0.009 ' 0.068 .
75 0.024 (Bl 195 0.010

90 0.008 210 0,011k 0.059
105 QBB 2, s 225 " 0.018;
120 0,005 05155 240 10.025 0,069

ASTM Distillation

Cross-sectional View

Volume of Charge, ml: of Reactor
Vol. IBP. e C Tearmanell
5 M, o e
- s A :
i0 - e |4 G | SR
15 b 1‘ % Ve 110 [nzar2] (522,29,
20 ¥ ! l ' e
> —— ! %" Suqperi
25 bt l\l’, ' /6o m i
30 ) 1 4,‘4 4.y o
35 ik A 2 l ——§ 2& m! C” //e. (’_f”‘
'] Zom. &7 ~/FFer=
40 L ks ! - o | o
45 S 7 20" s Z Miviure oF
50 A, T N ¥ &5 ml of Catoius?t
8 D oml ot Y2" Zprl
xoe "\i‘
’2, . 2| Foml of e Sugpart
4 S TR }
Characteristics of
Nalco Catalyst Bases
Surface Pore Median Average
Nalco Arca Vol. Pore D. Pore D.
Base No. Composition m /egm ml/gm A a2
A (1/32") 78-G008 4%Si02;96%A120s 323.2 0.7183 90.2 88.9
B (1/16") 78-6008 100%Ala0Os 232.4 0.7215 3373 24.2
C (1/32") 78-6008 0510z ;98%A1205 214.6 0.8397 161.0 156.5
D (1/36") 78-6008 9%P20s;91%A120> 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 17%Pa0s; 83%A12 0>  147.0 0.6841 420.2 186.2

tAverage Pore Diamcter (A) = 310,000 (pore volume/surface arca)

>
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Run No.: 29 continued
Feed Material: Solvent Refined Lignite (SRL)

Solvent : Tetralin SRL to Tetralin ratio=
Catalyst No.: Base: VAR,
Metal, wt%: ‘MoOs= ll0% i Co0D = . e
. NYO S e WOs = _. =
Run Condition
Temp., C : $ LHSV e e T
Presstll psig: ot SR LUhe o Ha:Feed: . scf/bbl

Yield of 0il, Vol.%:___
"Mime vs. Nitrogen-Sulfur Content

Min. N S Min. N S
255 0.021 ?75 —_—— —
. 270 0.024 0.081 - 390 @ @—— -
285 0.024 - ---- 406 —or ———
300 = : 420 ar
315 435 L3 o) SR e e i [
330 X i 450 L et M I
345 - : 465 —— @ —
360 2 v % 480 b U A
ASTM Distillation Cross-sectional View
Volume of Charge, ml: _ . of Reactor
Vol. IBP p Tmeel)
5 - el 'i"'"_'""' A—F—ced
G T : ‘ Sk dev 8| A
15 b 2 T” 1 Qé 71,/u7mcww/(34‘&ﬂ
20 x |- 1,
T ' | rboml V4" Support
25 o e : XYoo
30 R i N 7o
23 e i :2—1 25ml of Y/8* Sspport
45 e SN 39' - g mixture of
50 L L. €60 m| of Catolyst
f 8 Q Goml of Yg" 5‘4,-,515
, : :./ b
i { N
i [Pl soml of V8" Support
G, ddie GBI
Characteristics of
Nalco Catalyst Bases
Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /egm  ml/gm A’ r_*
A (1/32") 78-6008 4%Si0:;95%Ala0s 323.2 0.7183 90.2 88.9
B (1/16") 78-6008 100%Al.0s 580.4 .« 0.7215 137311242
C (1/32") 78-6008 2%Si0=;98%A120> 214.6 0.8397 161.0 156.5

D (1/16") 78-6008 9O%P205;91%A120> 211.4 0.7943 180.0 150.3
E (1/16") 78-6008 17%P:0s 83%Ala0> 147.0 0.6841 420.2 186.2

¢Average Pore' Diameter (A) = 40,000 (pore volume/surface area)
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Run No.: 30

Fecd Material: Solvent Refined Lignite (SRL)

Solvent : Tetralin SRL to Tetralin ratio=1:2
Catalyst No.: MSU KN C5 | Base: Nalco C
Metal, wt%: Mo0O3=12.08(.1374) CoO = 0.00
NiO = _0.00 8 ¥O0a = 0.00
Run Condition ( ) metal oxide in gm per gm base
Temp., C : 4259 32 LHSV #4470 e,
Press., psig: 1000 Hz:Feed: 10,000 sci/bbl

Yield of 0135 Vol .%:.73.9 . -

Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
Feed See the next page 135 . b 3018
30 e e L 3 150 A
45 TR A 165 ¢
60 PR Ly TSI 180
75 e el 195
80 prn s, (2o 210
105 o J 225
120 s le LA 240
ASTM Distillation Cross-sectional View
Volume of Charge, ml: . of Reactor
’Y_Cl]._.___ _I_‘Ii_p__2_362 F; 381 F " "'.'ua o2l
S 379, 383 2y e T
10 382 385 B e L
15 .38.44.__ 387 A 1 ,C i po2. /1D In¢ore] [5c2.89)
20 .386._ 389 | 1 ks a1o) G Slond
25 389 °© 395 Ly b ] i
3Q 392- 409 (27 cc) L v é?
28 '_4‘0A—':' : Ff 25! of S2" Ssppret
20" g; mixture or
b pait AN f € rnf oF Ca70/c?
3abiice 40 cc | B} il omi ot Ver cxrt
_Charge 1st 2hr last 2hr . R |~
composite composite : ¥ _4
sample sample éy _f—19; soml of Yo" Syport
¢ e 4
Characteristics of
Nalco Catalyst Bases »
Surface Pore Median Average
Ralco Area Vol. Pore D. Pore D.
Base No. Composition m /gm_ ml/gm A f
& (1/32") 78-6008 4%Si02;96%A120s 323.2 0.7183 90.2 88.9
B (3/16") 78-6008 100%A120s 232.4 22150 sl s w1242
€ {(1/32")

D (1/16") 78-G008 9%P20:;919A120> 211.4 <7943 190.0 150.3
¥ (1/16") 78-6008 17%P;0s; 83%A120> 147.0 .6841 420.2 186.2

*Average Pore Diameter (A) - 40,000 (pore volume/surface arca)

0

78-6008 29Si0=;98%A1203 214.6 0.8397 161.0 156.5
0
0
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Run No.: 30 continued

Hour N S Hour N S
Feed 0.225 0.39 Feed 0.16 0.415
(first part of the run) (third part of the run)
0.5 0.016 10.9 0.008 0.084
0. 75 0.004 : 10375 0.012

1.00 0.00 0.59 11,00 0.012 0.093
1.25 0.00 33.25 0.027

5 0.016 0.135 11.56 0.016 0.13
2.7 0.004 2 16 W< 0.041

2.00 0.00 0.084 12.00 0.065 0.215
2. 25 0,012 12525 0 18

2.5 0.00 0.073 1255 0.093 0.215
2275 0.00 12.75 0.081

3.00 0.00 0.078 13.00 0.18 0.23
S:25 0.00 83.25 0.085 :
-5 0.00 0.079 313.5 0.14 0.26
3. 7D 0.04 1875 0.13

4.00 0.008 0.089 14.00 0.14 0123
4.25 0.00 ! 14.25 0.13

4.5 0.00 0.083 14.5 0,15 0.25
4.75 0.008 14.715 0.:32

5.00 0.024 0.090 15.00 015 0.285
5.20 0.013 15,25 041D

e 0.032 0.093 1545 0, 1% 0. 27
5,75 0.049 16.75 012

6.00 0.028 0.105 16.00 0.16 0.27
Feed 0.21 0.40

(second part of the run)

6.5 0.04

6.75 0.041 0. 185

7.00 0,033

4:.256 0.024 0.097

7.5 0.024

T.545 0.020 0.205

8.00 0.028

8.25 0.040 0.28

8.5 0.049

8.5 0.041 0:815 .

9.00 0R 032

9.25 0.056 0. 225

9.5 0.040

9.75 0.065 0:1956

10.0 0.065
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Bun o, 3. ORI ST el
Yeed Material: Solvent Refined Lignite (SRL)

Solvent : Tetralin SRL to Tetralin ratio=1:2
Catalyst No.: _MSU KN CS5(lst-reg.) . Base: Nalco C
Metal, wt%: Mo03=12.08(.1374) Co0 = 0.00
NiO =_.0.00 i - WOa = 0.00

Run Condition ( ) metal oxide in gm per gm base

Temp., C v g 42500 Fa LHSV I e s
Press., psig: 1000 h Hz:Feed: 10,000 scf/bbl

Yield of 0il, Vol.%:89.06
Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
Feed See the next page 135 L e A
30 . e ; 150 e
45 \ " 165
60 L LS . 180 2 )
75 I T R 195 2
90 R T ot s 1 210
105 JLEE, i LR ; 225
120 S A 240
ASTM Distillation Cross-sectional View
Volume of Charge, ml: of Reactor
Vol. IBP .382 F; 383 P " "Tl.t;rr.:u)a\'\
5 386 385 | S
10 388 387 v T SR L
15 389 __ 388 Li i ;\.' e /%10 Ircarel (Ser.29)
20 390 . 390 | ! g
- 1 s60ml 3" Supori
a8 392l | iT303 £ Ly | 3
27 b 2y L 411 34, \ k;
29 dn3—— ; P by : et s
W R R e
22 -_ _——:_- < ‘30- g —452 mixivre of
50 B ; hepin o l | &0 ml of €272 252
Q i Goml of [@" SuyriZ
_Charge 35 cc 40 cc NE lh;
lst 2hr last 2hr 1 i
composite composite By L d; soml of Yo' Syprt
b -‘rh.- i, e - ]
Characteristics of
Nalco Catalyst Bases .
Surface Pore Median Average
Nalco ) Area Vol. Pore D. Pore D.
Basce No. Composition m /gm_ ml/gm .y A DS
A (1/32") 78-6008 4%Si0s;96%A120s 323.2 0.7183 90.2 88.
B (1/16") 78-6008 100%Ala0s 260.4 1. 0.7215 17137, 300124 .,
C (1/32") 78-G008 2%5i0:;98%A120s 214.6 0.8397 :161.0  156.

D (1/16") 78-6008 %P202;91%A1202 211.4 0.7943 190.0 150.
E (1/16") 78-6008 17%Pi0s;83%Ala0> 147.0 0.6841 420.2 186.

¢tAverage Pore Diamcter (A) = f10,000 (pore volume/surface arca)

[SEANEE SR




Run No.: 30R1

158

Hour N S
Feed 017 0.38
0.5 0.00

0.75 0.00 0.18
1.00 0.008

1.25 0.008

1.5 0.024 9 Jp
275 0.016

2.00 05012 0.28
2.25 0.019

2:5 0.02 0.33
2.75 0.02

3.00 05023 0.375
3.25 04035

3.5 0.038 0.24
.75 0.035

4.00 0.038 0.205
4,25 0.07 j

4.5 0.043 0.20
4.75 0.043

5.0 0.043 0.205
5.25 0.061

0.5 0.047 0.225
0, (D 0.044

6.00 0.043 0.24
6.25 0.081

6.5 0.13 0.305
0.5 0.10

7.00 0.10 0.285
.20 0.20

1D 0.14

Lot 8 i

8.00 0.09

8.:25 0.14

8.5 0516

8.7 0.16

9.00 0.16

9.25 0513

9.5 0.16

9.75 o Jglh B

10.00 0.13

30 25 0512

10.5 V24 0.32
10:75 0513

11.00 015 0. 380

Hour N S
117.25 0.17

115 0.16 0.32
11.75 0.18

12.00 0. 24 0.295
T2 25 0.14

12.5 0.16 0.305
32.75 0.14

13.00 0.16 0.295
1320659 0,38

13.5 0.335
13,754, ..0.17

14,00 = 0% 14 0.26
1452580 011
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RuniNo. s0 3083w . - ofr
Fecd Material: Solvent Refined Lignite (SRL)

Solvent : Tetralin SRL to Tetralin ratio= 1:2
Catélyst No. @ MSU KNICO MRS 0% Base: Nalco C
Metal, wt%: Mo0O3=12.08(.1374)Co0O = 0.00
NiO = _0.00 4 WO0s = 0.00

R Condition ( ) metal oxide in gm per gm base

Temp., C S ,_flzsé? N LHSV L5 1O 2
Press., psig: 1000 A H2:Feed: 10,000 sci/bbl
Yield of 0i1, Vol.%: 88.44 :

Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
Feed S 135 )
ee the next pag = = e =
$0 4L ey PRES ke
45 e NS, FHE M 165 o
60 S UL CIORE Sl . 180 & 1o
15 "o 195 i
90 et v STt 210
105 » £ 225
120 Wik S 240
ASTM Distillation Cross-sectional View
Volume of Charge, ml: . ] of Reactor
Vol. lBl)- 382 F; 381 E Traymenatil
5 384n 384 Moot Feed
10 386 385 i LR
15 "388 387 /3 1 fC b 1710 Incorel (Sea.23)
20 _39}0_»__ 390 | l $ Ji e Linpd
88 . 394 p398 g e (E T bend SRR
26x5 N1 413 a0 =
45 i Rl . % f; mixture of
50 BT il 1 i L ' €0 ml of Catalsz?
Dl goml of 8" suprt
Charge 35 cc 40 cc é;- <, L
1st last 2hr g ;r__g
composite composite -4 |[2] soml of V" support
£ SRR ey
Characteristics of
Nalco Catalyst Bases X
Surface Pore Median Average
Nalco 5 Area Vol. Pore D. Pore D.
Base No. Composition m /em ml/gm A’ A%
A (1/32") 78-6008 4%Si0:;96%Al=0s 323.2 0.7183 90.2 88.9
B (1/16") 78-6008 100%Ala03 2954 ' .0,7216 0 1373 9#124:2
C (1/32") 78-6008 20.5i0z;98%A1:0s 214.6 0.8397 161.0 156.5
D (1/16") 78-6008 971.0s;91%A120s 211.4 0.7943 190.0  150.3
E (1/16") 78-6008 17%4P.0s;83%A120> 147.0 0.6841 420.2  186.2

#Average Poro Diameter (A) ='§0,000 (pore volume/surface area)
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Run No..tia

Feed Material: Solvent Refined Lignite -(SRL)
Solvent : Tetralin SRL: to Tetralin ratio= ):2

Catalyst No.:_MSU KN cil Base: Nalco.C
Metal, wt% MoOa— 4.26(.0491)Co0 = 7.76(.0895)"
Ni0 =.1,22(.0141)WO3. = 05
( )metal oxide in gm per gm base

Run Condition
Temp., C s, 425% W0 LHSY AT
Press., psig: 1000 e A Hz :Feed:10,000._ _qcf/bbl»

Yield of O%15Vol.%:57.9
Time vs. Nitrogen-Sulfur Content

Min. N S {in. N S
Feed 0.22 0.405 135 o o 5 L
30 ED O 24D 150 . : PUER
45 NS 06 AsuL .. T2 165 x5 b i
60 W0 [Fsln fs Y S SR~ R s . 180 el N e e
75 0.05. ) i 195 el
90 0.01. 0.965 . 210 T ik L

105 o g0 f . CUIR D 225 ot g e IERPEr, P

120 001 U495 240 :

ASTM Distillation Cross-sectional View

Volume of Charge, ml: 35.0 of Reactor

Vo%. ;BP (369 °C) remenel

_80 [ __’-’——"“—— q»?

“¥0 5 3887 e 2GR | \
15 384 __ & 1 % e 10 Incorel (Seca.22)
20 386 - i 4" Support
g5 " 388 .. A,y'f,, pioden e
30 AN P ,;’ & lj
2% 392 ' i u Ei‘: 25mi of Ve" Sappert
45 L SR . 2o g fi mixture of
BT NS b 8 i 60 m| of Ca%0!sst

. 2 S QO Goml of /8" Suppell
AHAN
A A Pl soml of V8" syport
" Aaanc viairs INCH
Characteristics of
Nalco Catalyst Bases
! ‘Surface Pore Median Average

Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /gm_ ml/gm A’ NS

A (1/32") 78-6008 4%Si02 ;96%A120a 323.2 0.7183 90.2 88.9

B (1/16") 78-6008 100%A1.0s 232.4 0.7215 33%.S 124.2

“° € (1/32") 78-6008 2%Si0=;98%A120s 214.6 0.8397 161.0 156.5
D (1/16") 78-6008 9%P20s;91%A120= 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 17%P20s;83%A120> 147.0 0.6841 420.2 186.2

#Avorage Pore Diameter (A) = 40,000 (pore volume/surface area)
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Run No.: 32 ‘ :
Feed Material: Solvent Refined Lignite (SRL)

Solvent : Tetralin SRL to Tetralin ratio=1:2__
Catalyst No.:MSU KN C12 Base: Nalco C

Metal, wt%: MoO3z= 3.78(.0491)Co0 = 6.90(.0895)
NiO = 1.08(.0141)w0s =11.16(.145)
Run Condition ( )metal oxide in gm per gm base
Mo C o s k3050 ce "L LHER g R
Press., psig: 1000 % oy Hz :Feed: 10,000 scf/bbl

Yield ol - 011, Vol.%:69.3

Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
Feed 0.19 0.39 125 L aE ¥, - 2ol
30 ol s f 150 o ez TRRE |
45 Q@O 22 T Lt B 165 T S
60 OO G el : 180 0, TR Al (R
75 [ B¢ 12 10 A B 195 s b £
a0 0% 0 1ar05.295 210 o L3 el
1056 (0 4760 Vol I8 T 225 wlE e et SE bt
120 .03 0.29 - 240
ASTM Distillation Cross-sectional View
Volume of Charge, ml:35.0 of Reactor
Vol. IBP ( 309 °C) Trorronet)
b 370 by “,3,_.__1‘,_ L Fee
10 376 i i
15 378 X 1 % Yo 1% Ircorel (Sci.20)
20 382 cem . ' | [ /50 m/ ydn Sl:farﬁ
25  385__ ot || '
30 394 ... D éé
ik L, e o 1 <
45 P oSS 20" o gl mixture of Iy
50 Il ol | 60 m| of (2t
AN B R e
=4 i
; r ol somt ot Vi" Sugpor?
-‘ ——————— e = ‘ —L .
Characteristics of
Nalco Catalyst Bases
Surface Pore Median Average
Nalco Areca Vol. Pore D. Pore D.
Base No. Composition m /gm ml/gm A & ¥
A (1/32") 78-6008 47Si0:;96%A120s 323.2 0.7183 90.2 88.9
B (1/16") 78-6008 100%A1.0s 2580 4 % 017215 "3T9 12408
C (1/32") 78-6008 2%Si0=2;98%A1203 214.6 0.8397 161.0 156.5
p (1/16") 78-6008 9%Pi0s;91%A120s 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 17%P:0s83%A120> 147.0 0.6841 420.2 186.2

¢Avorage Pore Diameter (A) = 40,000 (pore volume/surface area)
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Run No.: 33
¥Yeed Material: Solvent Refined Lignite (SRL)

Solvent : Tetralin SRL to Tetralin ratio= 1:2 _
Catalyst No.: MSU KN €13 Base: Nalco C
Metal, wt% M003—17 77 (% 2162)CoO = 0. i
NLQ =05 0 T Wos = 0.

Run Condition ( )metal oxide in gm per gm base

Temp., C 2 T Ay LHSV el 0 g
Press., psig: 1000 __ Hz:Feed: 10,000 scf/bbl

Yield ofBil | Vol.%:52.>
Time vs. Nitrogcn~8u]fur Content

Min. N S Min. N S
Feed 0.19. 0.39 135 R, 0 N LR
30 e3¢ 2 TG R : 150 1X%e
45 Onll- ' et 165 Al =
60 MO0 LS e . 180 i v S
75 DLty | L Red 195 o X
90 0010185, 210 ko 30
105 3 5T 1 S e, L 225 s, W by
120 oo ke I 0. ¥ 240
ASTM Distillation Cross-sectional View
Volume of Charge, ml: 30.0 of Reactor
Yol.. IBB:(371.°C) : Thapvsiel
5 380 _ “2 Ll T Teed
30 2 2nal . i i
15 285 A 1‘ FC Ve /%10 Incorel (Ser.20)
20 388 ' A ik
25  394__ 'A\'{ | A
27 397 l fO‘
gg g i vy l 3 ? 25m! of /8" Ssppert
45 o e . ol ‘: mixture or :
50 . S it S | éomilof catolpet N
| 8 Ql soml of 48" Syport
7, i X/ -
| ;Tuf; soml of YB" Sypport
0 £ TR, e p
Characteristics of
Nalco Catalyst Bases .
. Surface Pore Median Average
Nalco - Area Vol. Pore D. Pore D.
Base No. Composition m /gm_ ml/gm LY & s
A (1/32") 78-6008 4%Si0:;96%A120s 323.2 0.7183 90.2 £8.9
B (1/16") 78-6008 100%A1.0s 232.4 0.7215 137.3 124.2
C (1/32") 78-6008 29510= ;98%A1203 214.6 0.8397 161.0 156.5
D (1/16") 78-6008 9%P20:;91%A120> 211.4 0.7943 190.0 150.3
E (1/16") 78-G008 17%P20s; 83%A12 0> 147.0 0.6841 420.2 186.2

¢Average Pore Diameter (A) = 40,000 (pore volume/surface area)
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Characteristics of

Nalco Catalyst Bases

Run No.: 34
¥Yeed Material: Solvent Refined Lignite -(SRL) .
Solvent Tetralin SRL to Tetralin ratio= 1:2_
Catalyst No.: MSU KN LAl gy @ ) Base: Nalco C
Metal wt% MoO3 l7 66(.2162)Co0 = 0. i
NiO =_0.64(.0078) WOz = 0. 3
Run Condition ( )metal oxide in gm per gm base
Temp., C 425_Q"____ LHSV e s,
Press., psig: 1000 s | ot Hz:Feed: 10,000 qcf/bbl
Yield of Oil, Vol.%:1.56.3
Time vs. Nitrogen-Sulfur Content
Min. N S Min. N S
Yeed: 0515 0.375 135 Wiy ol L TR
30 001 ekl 150 RS e, 1T
45 SR Tl N 165 S _ 2
60 0,040 15 SRS 180 AR N, R
75 [0 1845 1 OO MRl 195 e
80 Lol 110,605 210 RSB RENA et e
105 0 BT e A o T el T 225 oy~
120 001 018 . 240
ASTM Distillation Cross-sectional View
Volume of Chargez)ml: 35.0 of Reactor
VO]- . IBP § 363 C Tearerose'l
5 7 T y ) 2 “.i,.-——l'r—— <Feed
30 1377 L B O 1
i5 dnan. X ] b 1D Incorel (Sch.22)
20 382 o
- / I, &, ré
25 385 L4 Tl eggent 0 St
30 392 A K o
2(2) 393 ; :] & 25m! of Ye" Susport
45 W csiiners .go'kl gi mixture o=
50 SRR St 7] eomiof catolust
3 S DI  goml of V8" syprt
1
#:, ;r ; 50m/ of //8" 5-"FP°"“'
e 3

‘Surface Pore Median Average

Nalco Arca Yol. Pore D. Pore D.
Base No. Composition m /gm ml/gm A’ AN
A (1/32") 78-6008 49510 ;96%A120a 323.2 0.7183 90.2 88.9
B (1/31G") 78-6008 100%A12.0s 232.4 0.7215 137.3 124.2
C (1/32") 78-6008 2%Si0= ;98%A120a3 214.6 0.8397 161.0 156.5
. D (1/16") 78-6008 9%P20:;91%A1203 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 17%P20s; 83%5A120> 147.0 0.6841 420.2 186.2

¢Avorage Pore Diameter (A) = 40,000 (pore volume/surface area)
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Run No.: 35

Feed Material: Solvent Refined Lignite (SRL)
Solvent : Tetralin SRL to Tetralin ratio=_1:2_

Catalyst No.: MSU KN C15 Base: Nalco C ‘
Metal, wt%: MoO3=16.88(.2162)Co0 = 4.42(.0565)

NiO =_0.61(.0078)W0s = 0. 5
Run Condition ( Ymetal oxide in gm per. gm base
Temp., C A G o ek R 71 G TN R
Pregs. MpsSig: M1 000 MM e Hz:Feed:10,000 _scf/bbl

Yield ol 011, Vol.%: 60.0 .
Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
Feed 0.14 +0.395 135 R g S
30 0 O s AL 150 . ks 8
45 (070 3 L PO Lis L SN 165 T ..
60 020y o . 180 i e o
75 0ROl .. o 185 AN e
S0 0. 010,345 210 AN
105 O eDdiy o iei s 225 A5 T SR
120 0 01 055" 240
ASTM Distillation Cross-sectional View
Volume of Chargek)ml: 35.0 of Reactor
Vol. IBR ¢33  ~C) Trereone'\
Hia ey By i el
A T
10 380 RS gk . s
15 383 __ p 8 TRy T 1w earel (s¢h. 80)
20 385 . EA S
25  389__ 'l. 'S s e e a
30 368 08 L [Sj
32 399 — |5 25mi of ve* Sipport
Rk A B
45 o . 80" - g mixture of 5
50 o - | 6o mi of Ca%oiyst
: 8 Qf soml of V8" Sup/x‘lf
1 ::l i
é z~— 23 Loml of V8" Support
Y
Characteristics of
Nalco Catalyst Bases
_ Surface Pore Median Average
Nalco ] Area Vol. Pore D. Pore D.
Base No. Composition m /gm ml/gm N Ley
A (1/32") 78-6008 4%Si0s;96%A120s 323.2 0.7183 90.2 88.9
.B (1/16") 78-6008 100%A120s 232.4 0.7215 393%7:3 124.2

C (1/32") 78-6008 2%Si0=;98%A120> 214.6 0.8397 161.0 156.5
. D (1/16") 78-6008 9%P205;91%A120s 211.4 0.7943 190.0 15C0.3
E (1/16") 78-6G008 17%P2i0s 83%A120> 147.0 0.6841 420.2 186.2

¢#Average Pore Diameter (A) = 40,000 (pore volume/surface area)
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Run No.: 36

¥Yeed Material: Solvent Refined Lignite (SRL)
Solvent : Tetralin SRIL, to Tetralin ratio= 132

Catalyst No.: _ MSU KN Cl6 ——_ A Base: Nalco C
Metal, wt%: MoOsz=15.30(.2162)Co0 = 4.00(.0565)
NiO =_0.55(.0078)W03 = 9.39(.1328)

Run Condition ( Jmetal oxide in gm per gm base

Temp., C TR b sl et R 1t 08 R i U
Press., psig: 1000 oL Hz :Feed: 10,000 __scf/bbl

Yield of0il, Vola%: 5749
Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
Feed 0.14 N39S 135 L ¥ Yar
30 0.0 =6 0 150 Y. ;
45 0.0 ] e 165 LA :
60 ' 23 o VRS e : 180 P Q! el
75 (6 o 0 1 RS BTG 195 2 .
80 001, 05105 # 210 gt TR Wy
105 [ 0y b S AR R 225
120 00220108085 240
ASTM Distillation Cross-sectional View
Volume of Chargek)ml:35,0 of Reactor
Vol. 1BP . ' rormmne!
B R W A e
10 ¢ 8ya % B ,
15 e, 8 > 8 1‘ (C e 7D Irzorel (Sch.20)
20 3719 i St
.25 384__ ' J'IU . 1boml Yz" Support
30 <35 & % ]
2% 395 ‘ : 2 28 mi of V8" Sipport
45 b ta '30' o mixtore or
50 Uik ] E -1 f; 60 mi of Catolszt
g b ’E Q 0! soml of 2" _’Jp,t\.’f
A {’, =
:i irlgj goml of YB" Support
!/I il | :
K, JEPET T ey -
Characteristics of
Nalco Catalyst Bases
J Surface Pore Median Average
Ralco - Areca Vol. Pore D. Pore D.
Base No. Composition m /pm_ ml/gm A Ao
A (1/32") 78-6008 4%8i0: ;96%A120s 323.2 0.7183 90.2 88.9
B (1/1G6") 78-6008 100%A1.0s 232.4 0.7215 137.3 124.2
C (1/32") 78-G008 228i0= ;98%A1203 214.6 0.8397 161.0 156.5

D (1/16") 78-6008 9%P20:;91%A1=0> 211.4 0.7943 190.0 150.3
E (1/16") 78-6G008 17%Pi0s; 83%A120> 147.0 0.6841 420.2 186.2

¢Average Pore Diameter (A) = 40,000 (pore volume/surface area)




166

Run..No.$.. 37 ‘

Feed Material: Solvent Refined Lignite -(SRL)

Solvent : Tetralin SRL. to Tetralin ratio=. l'sdx

Catalyst No.: _MSU KN_Cl7_ ! Base: Nalco C

Metal, wt%: Mo03=15.36(.1815) CoO = 0.
NLQF =05 (8% o WOs = 0. !

Run Condition J ) metal oxide in gm per gm base
Temp., C T s R g A LHSV B 3t
Press., psig: 1000 v Ih: Hz:Feed: 10,000 _scf/bbl

Yield of 0il,) Vol.%: 63:8 %

Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
¥eed 0.18 0.425 135 LGN Ny ST
30 0. 0354 R 150 : A b
45 OR0Z200 W 165 e <
60 BE0g e s S 180 % e i
75 (o P o (57 I ) 195 . .
20 0501220 1.68:(2) 210 Lo P SR A
105 i je o i IS e R 225 b e B L "
120 0101 40555 . 240
ASTM Distillation Cross-sectional View
Volume of Charge, ml:35.0 of Reactor
¥o1. CIBP.{ 389 ©C) Trenzaett
ey PR by LT =l e
R I R N :
15 384 X 1‘ (C be—. %10 Incorel (Seh.20)
20 386..__ V4‘ <, ré
25 388 | '%I/" /60 ml Suppo
30 SHY T &b i Ie
3% 391 ) g P: :3‘__ 28 m! of ye* Lapport
45 Gl e "_:30' o g mixture or
50 ° AP el i _}-" ; 60 m| of Catalyst
. ] Ql  soml of Yg" cuport
e 1 B
"Y // i3 ; xm/ of " S:Jﬂ:or!
S PRI 3 s
Characteristics of
Nalco Catalyst Bases
‘Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D,
Base No. Composition m /gm ml/gm A’ K =
A (1/32") 78-6008 4%Si0-;96%A1=0s 323.2 0.7183 90.2 88.9
B (1/16") 78-6008 100%A120s 2324087215, 9 3873705124 .2
C (1/32") 78-6008 25S5i0:;98%A120a 214.6 0.8397 161.0 156.5
. D (1716") 78-6008 9%P205;91%A120s 211.4 0.7943 190.0  150.3
E (1/16") 78-G008 17%P.0s;83%A120> 147.0 0.6841 420.2  186.2

¢Average Pore Diameter (A) = 40,000 (pore volume/surface areca)
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Run No.: 38 —

Feed Material: Solvent Refined Lignite (SRL)
Solvent : Tetralin SRL to Tetralin ratio= 1:2 _

CatalystNon i MEUTKN Clgt SoMbenle - Base: Nalco C
Metal, wt%: MoO3=15.11(.1815)Co0 = 0.
N1O. = 1.66(2 0199)\\103 =0

fun Condition ( )metal oxide in gm per. gm base

Temp., C ¥ gaRQp o L CEHEY T f S50
Press., psig: 1000 " Hz:Feed:10,000.__scf/bbl

Yield of 0il, Vol.%: 69.6
Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
qud 0.08  ~00425 136 o S B .
30 £ 300 3 BTN = 150 & Mool
45 Mo N 0 Fe SRR OREE - NS 165 g ! :
60 o P00 A 2 TG-S . 180 e Iy
5 0 o o MESEREE 195 g b S PR
90 0.0 500585 210 g 2w
105 {0 18 e IR . 225 . - RIS
120 0.01. 0.055_ 240 2
ASTM Distillation Cross-sectional View
Volume of Chargek)mlz 350 of Reactor
Vol. IBP (148 ) Traresaell
S 368 2 H_t_’___I!____ _ Fe23
U At 3 & 1 e o
15 A 6e 0N X 1‘ % le— /1D Incorel (Sen.&0)
20 380 3 b v,® < e 4
25 385 ‘ Y | 760 ml %" Suport
30 3940 T 1 o
35 = I mica 25ml of /8% S.pocrt
40 Y, | | *>™ ik
45 X, v 20"\ f_’l mixture of
50 £ T i 60 m| of Cata/sst
3 l 8 = Goml of Y8" Sippors
1B e
:2 i ;— ; ._ﬁ)m/ of Y™ "l”»arf
s, IR e
Characteristics of
Nalco Catalyst Bases
Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /gm. ml/gm A’ A ALY
A (1/32") 78-6008 4%Si0: ;96%A120s 323.2 0.7183 90.2 88.9
B (1/16") 78-6008 100%A1203 232.4 0.7215 137.3 124.2

C (1/32") 78-6008 27Si0=;98%A120s 214.6 0.8397 161.0 156.5
. D (1/16") 78-6008 9%P20s;91%A1205 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 17%P20s 83%A120> 147.0 0.6841 420.2 186.2

#Average Pore Diameter (A) = 40,000 (pore volume/surface area)




Run NO ;. 4539

Feed Material: Solvent Refined Lignite '(SRL)
Solvent : Tetralin SRL to Tetralin ratio= 1l:2

Catalyst No.: MSU KN C19_ ____ Base: Nalco C
Metal, wt%: MoO3=14.16(.1815) CoO = 6.23(.08)
NiO = 1.56(.0199) WOs = 0.
Run Condition ( )metal oxide in gm per. gm base
Temp., C . 425°¢C IHSY. - 3 e@il
Press., psig: 1000 T Hz :Feed: 10,000_scf/bbl -

Yield of 0il, Vol.%: 57.0
Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
Feed 0.18 0.43 135 = ol A sl ey
30 (95 G0l Lo 8 o 150 . .
45 001 . o ] 165 e
(610) o 8o | AT S : 180 p ol & il
75 0. 0100 e, 5 195 . 4
90 001 01155, 210 o
105 6 10 ) O S S 225
120 OO0 %10 s 240
ASTM Distillation Cross-sectional View
Volume of Charge, ml: 35.0 of Reactor
Vol.. IBD S 358 QC) Trsrerene!l
5 SI0 e I _ Feed
i 1AL - e T
15 B0 S A h (C Ve 1710 Incor2] (Sea.29)
20 382" 2 | i 4" Sucport
A Ty ¥ JE/eb S
29.5 392 : g e
35 1 |
. I bl | 25m! of V8* Sapport
40 - L) | &
45 A g i 'Bb'k‘ fé mixtore of
50 TR T i 60 m| of Ca’alsst
! 9 Q|  soml of Yg¥ syplt
4=
%2 ;“;; soml of Y8" Support
%, B aab b '
Characteristics of
Nalco Catalyst Bases
‘Surface Pore Median Average
Nalco ' Area Vol. Pore D. Pore D.
Base No. Composition m /gm_ ml/gm Az .
A (1/32") 78-6008 4%Si0:;96%A120s 323.2 0.7183 90.2 88.9
B (1/1G6") 78-6008 100%Al.0s 235 4% 0.7215° 1 '137.3" §124.2
C (1/32") 78-6008 29Si0=;98%A1203 214.6 0.8397 161.0 156.5

D (1/16") 78-6008 9%P20:;91%A120> 211.4 0.7943 190.0 150.3
E (1/16") 78-G008 17%P:0s 83%Al20> 147.0 0.6841 420.2 186.2

#Average Pore Diameter (A) = 40,000 (pore volume/surface area)
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Run No.: 40

Feed Material: Solvent Refined Lignite (SRL)
Solvent : Tetralin SRL to Tetraliniratio= 1:2

Catalyst No.: _MSU KN _C20 _ Base: Nalco C
Metal, wt%: Mo03=12.72(.1815)Co0 = 5.60(.08)
NiO =.1.40(.0199)VWOs =10.206.1456)

Run Condition ( )metal oxide in gm per gm base
Temp., C  : _425C . LHSY : 1.0
Press., psig: 1000 ... Ha:Feed: 10,000 scf/bbl
Yield .of 0113 Vol.%:60.5

Time vs. Nitrogen—Sulfur Content

Hini ey S Min. N S
Feed 0.18 0.43 Al U ah R e B
30 1o A e T + 150 ! el
45 QB S Ans . SRk 165 o 4
60 o FPa o Lo DR Y 180 ; o e
75 o e e SRR S 195 LI 5
90 0.0L. 0.051 210 Wil T
105 QEfNE, = 225 : S .
120 0.01_ 0.044 240 ~
ASTM Distillation Cross-sectional View
Volume of Ch:lro._, ml: 3540 of Reactor
Vol. IBR~ (i5a4 C) 'ﬁunmmw
e 368 ._,,-——- Feed
16 897 _t]qff _
15 377 U 1~ % be—. 110 Incorel (Sea.20)
20 380 ... ) ! LTS
25  386__ !,}U s MaiaiaieE
30 394 i - , : '{, [9
31 396 ; &1 25mi of ve* Sqppert
40 BN MG S ] st =l
45 AR s . 20" o mixture ot
50 s AR E{ &y 60 m| of cotalsst
i 8 Qi soml of /8" Suprrl
x A=
A :- ; S50ml of YB" Support
| :
o, ARG
Characteristics of
Nalco Catalyst Bases
Surface Pore Median Average
Nalco H Area Vol. Pore D. Pore D.
Base No. Composition m /gm ml/gm A 7
A (1/3"") 78-6008 A4%9Si0: ;96%A1203 323.2 0.7183 90.2 88.9
B (1/16") 78-6008 100%A1.03 2324 0.7215 1873 124.2
C (1/32") 78-6008 2%S5iO= ;98%A1:02 214.6 0.8397 161.0 156.5
D (1/16") 78-6008 9%P205;91%A1=0> 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 17%P20s; 83%A120> 147.0 0.6841 420.2 186.2

¢Average Pore Diameter (A) = 40,000 (pore volume/surface area)




Run No.:
Feed

Material: Solvent Refined Lignite (SRL)

170

41 y

Solvent Tetralin SRL to Tetralin ratio=1:2 .
Catalyst No.: Cyanamid HDS-20A Base: *
Metal, wt%: MoO3z= 16.2_ __ Co0 = 5.0
NiO =_ 0. WOz = 0.

( Ymetal oxide in gm per gm base

Run Condition &
Temp., C : 40N A2 550 LHSV 2 1510 B
Press., psig: 1000 Hz :Feed: 10,000 _scf/bbl
Yield of 0il, Vol.%: S58.2
Time vs. Nitrogen-Sulfur Content
Min. N S Min. N S.
Feed 0.245 0.455 135 g 5 £
30 0.014. . - 150 s
45 0. 01 165 £
60 002 S gl 180 3 e
75 4 s {01 P i ) 195
90 0.01 _ 0.081 210 : e
105 (011 0 I . N 225 B I
120 0.01_ 0.644 240

ASTM Distillation
Volume of Charge,

ml:

Cross-sectional View

35.0 of Reactor

Yol. IBP"y347 °C) W i
5 367 . L L o Fees
52 55l op SR i
15 379 _ 71 ol Xe Incorel (Sch. 20)
20 384 o ‘ I/ LB rd
25  389__ ol 080 RUR g CHE
30 395 "2 Y *5
gg :f— :Z;ﬁMMVWth
45 Blawias 20" o z; mixiure of
50 b Lt i o ml of catalyst
:! 8 Dl Goml of /8" fupport
A B e
* SA: 230 m2/gm 2 | o |
PV: .52 cc/gm é} LG’ soml of 8" Support
i, LI Weaas B

Characteristics of
Nalco Catalyst Bases

Surface Pore Median Average
Nalco Area Vol. Pore D. Pore D.
Base No. Composition m /gm ml/gm A A
A (1/32") 78-6008 471510 ;96%A1203 323.2 0.7183 90.2 88.9
B (1/1G") 78-6008 100%A12 03 232.4 0.7215 137.3 124.2
C (1/32") 78-6008 2%Si0= ; 98%A1203 214.6 0.8397 161.0 156.5
D (1/16") 78-6008 9%P20:;91%A1205 211.4 0.7943 190.0 150,3
E (1/16") 78-6008 17%P20s; 83%A120> 147.0 0.6841 420.2 186.2

$Average Pore Diamecter (A) = 30,000 (pore volume/surface area)
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Run No.: 42

¥Yeed Material: Solvent Refined Lignite -(SRL)

Solvent : Tetralin SRL 'to' Tetradin.ratio= ls2.}
Catalyst No.: _SHELL_324 ___ Base: * A
Metal, wt%: MoOsz= 13.0._ .._ CoO = 0. f
NiO:= 3.0 & WOs = 0. 2
Run Condition { Ymetal oxide in gm per gm base
Temp., C s Ad . 4IRTEIL THEV L R g
Press., psig: 1000 Ao Hz:Feed: 10,000 _scf/bbl

Yield of 031, Vol . %ilv6ls8 ==

Time vs. Nitrogen-Sulfur Content

Min. N S Min. N S
¥Yeed 0.245 0.455 135 Lo s Ll A
30 001 i 150 " e
45 001, e 165 oL ;
60 00k 1 Soit bt 180 | el
75 O QB "N, " ris 195 o b
20 0.0l 0.053 _ 210 e, T gl
105 OO i e 225 1o e . e e
350 . 0L BeRda S R0
ASTM Distillation Cross-sectional View
Volume of Chargek)ml: 3550 of Reactor
Vol. 1BP. (345 “C) Treronell
5 365 _ | M——
b R |
10 . ¥ ) A v
15 3765 i & 1~ b . /7D Incare] (Seh.20)
a0 382 __ & { s6oml 1" Zuport
38 . 389__ CWR R e
30 39D L. : - , 7 [9
i:(l) 403 Gl g 25ml of V8" Ssppart
45 ! e ST i ' 7;30' w g mixture of
50 3T 0 M | 60 m| of Cotolsst
i A 8 Ql soml of /8" Suptt
3 2/ L X/ =
* SA: m</gm 1 A
PV: CC/gm i; ,l'—‘ 9] 50ml of lg" &Fm’t
R, il G A i
Characteristics of
Nalco Catalyst Bases
‘Surface Pore Median Average
Nalco Avea Vol. Pore D. Pore D.
Base No. Composition m /gm_ ml/gm N her %
A (1/32") 78-6008 4%Si0:;96%A120s 323.2 0.7183 90.2 88.9
B (1/16") 78-6008 100%A1.0s 232.4 0.7215 - 187.3° 124.2
C (1/32") 78-6008 2%Si0=;987A120s 214.6 0.8397 161.0 156.5
D (1/16") 78-6008 9%P20:;91%A1=0s 211.4 0.7943 190.0 150.3
E (1/16") 78-6008 17%P:05;83%A1a0> 147.0 0.6841 420.2  186.2

¢Avorage Pore Diameter (A) = 40,000 (pore volume/surface area)




A Computer Program to Predict the %DN
As a Function of Time on Stream

Run 30R2

APPENDIX C

COMPUTER PROGRAM
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