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Abstract:

The solvent refined lignite (SRL), made at the University of North Dakota Process Development Unit,
was a solid having a nominal melting point of 160°C. The SRL was pulverized and mixed with a donor
solvent, tetralin. The SRL to tetralin ratio of 1:1 was selected to pretreat in a high pressure and
temperature reactor. The optimized reactor conditions were a reaction temperature of 475°C, an initial
hydrogen pressure of 2000 psig and a retention time of 40 minutes. Under these conditions
approximately 97% of the SRL was dissolved in tetralin. The resulting solution was used to test the 27
developmental catalysts.

The catalysts were developed by impregnating on the y-alumina the 3 active metals; MoO3, CoO, and
WO3, each at 3 levels. The effect of these factors on upgrading of the SRL was evaluated in terms of
denitrogenation, desulfurization, and hydrocracking. The multiple linear regression analysis showed
that the metal compositions for the best overall catalytic performance were 9.5% MoO3, 4.3% CoO,
and 4% WO3 (% of carrier weight).

A model was developed based on the results of scanning electron micrographs to explain some of the
physical characteristics of the catalysts. The disadvantage of the incipient wetness method used in
metal impregnation was explained, and the preferable pore structure and distribution were suggested.
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ABSTRACT

The solvent refined lignite (SRL), made at the University of North Dakota Process
Development Unit, was a solid having a nominal melting point of 160°C. The SRL was pul-
verized and mixed with a donor solvent, tetralin. The SRL to tetralin ratio of 1:1 was
selected to pretreat in a high pressure and temperature reactor. The optimized reactor con-
ditions were a reaction temperature of 475°C, an initial hydrogen pressure of 2000 psig
and a retention time of 40 minutes. Under these conditions approximately 97% of the SRL
was dissolved in tetralin. The resulting solution was used to test the 27 developmental
catalysts.’ : ' ) ‘

-The catalysts were developed by impregnating on the y-alumina the 3 active metals;
MoO;, CoO, and WO,, each at 3 levels. The effect of these factors on upgrading of the
SRL was evaluated in terms of denitrogenation, desulfurization, and hydrocracking. The
multiple linear regression analysis showed that the metal compositions for the best overall
catalytic performance were 9.5% MoO;, 4.3% CoO, and 4% WO; (% of carrier weight).

A model was developed based on the results of scanning electron micrographs to
explain some of the physical characteristics of the catalysts. The disadvantage of the
incipient wetness method used in metal impregnation was explained, and the preferable
pore structure and distribution were suggested. '




INTRODUCTION

Currently the United States consumes close to 80 quadrillion Btu (quads) per year,
" importing mcreasmg amounts of oil to meet 1ts needs. The United States by 1978 already
imported almost 8.5 million barrels of oil per day—over 17 quadnlhon Btu per year. It is
generally recognized that this level of imports is unhealthy for the U.S. economy. Every
worker in the United States consumes l-.5 5 billion Btu per year for all purposes of employ-
ment [1]. If employment is to eontinue to grow, energy will have to be supplied to the
society in increasing amounts from coal. Production of oil and natural gas is declining at an
annual rate of about 4 to 5%. Nearly 45% of the petroleum that is currently produced has
been obtained by water flooding and other secondary recovery techniques applied to
mature fields [2].

In the present United States environment of decreasmg availability of petroleum and
natural gas, coal is a natural candidate for the raw material for liquids and gases. The |
reasons for this are that the United States has more energy available in the form of coal
than in the combined sources of pettoleum, natural gas, oilshale, and tar sands. The use ,(.’f
coal for energy will certainly increase in the United States during the next several decades.
Utilization of domestically abundant coal, both for the production of powet and as a'feed-.
stock in synthetic fuels production, will require processing operations on a large commer-
cial scale [3].

The transportat1on sector demands exclusively liquid fuels the residential and com-
mercial sectors depend heavily on gaseous fuels, and three quarters of the energy used by

industry are constituted as liquid and gaseous fuels [21. Consequently, the conversion of .
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coal to gaseous and liquid fuels in commercial quantifies is vital to ensuring the availability
of fuel in conventional forms for the major users. | o

Coal gasification and' liquefaction processes were pioneered during the 1920s and
1930s in Germany. Théy constitute the basis for much of today’s technology. The accom-
plishment ‘of Friederich Bergius [4] brought lum the Nobel Prize for. chemistry in 1931. _
His direct hydrogenation of coal at elevated temperature (430°C or 806°F) and pressures |
(3,000-10,000 psig) led tp fhe production of gasoline and aviation fuel. At the same time.
Mathias Pier and co-workers found sulfur resistant, coal—‘hydxjogenation 'cétalysts that
reduced the severity of the environment for liquefaction while iinproving conversion effi-
ciency. The production of -synthetic fuels from coal will have justification. dué to the con-
venience of using liquids and gases and due to the ways in which transportatipn aﬁd domes-

tic systems have been developed [5].




BACKGROUND

The United States Geological Survey eStimated that the lignite shares 6% of the
demonstrated coal reserve base (437 billion tc.)ns). The lignite in the Northern Great Plains
(NGP) occurs in relatively thick seams ranging from 5 ft to more than 100 ft and typically
with overburden from 50 to 200 ft. The ratio of “overburden volume'to lignite volume” is
most favor_able when compared with that of higher ranking coal'[6]; , '

Most significant is- the fa<':t that the NGP surface mineable reserve base totals 82.3 bil-
lion tons or 58% of :1:he national surface mineable reserve base. More than 95% of fhese
resources are lignite and subbituminous (classified as low rank coals) occurring in the Fort
Union and Powder Rlver Regions and the Bull Mountain Field (Flgure 1)

Nearly 100% of NGP coal mined since the 1960s has been used to generate electricity,
but the future potential for the production of synfhetic fuels and 'chemicals is increasing.
Since 1971, plans for constructjon of seventeen separate .mine-m.outh coal synfuel plants in
the NGP have been announced. These plans include eight separate gasiﬁc_ation plants, nine
liquefaction plants, and two in-situ gasification pilot operations [7]. N

The first commercial scale synthetic fuels' project, the Great Plains Gasiﬁcation Plant
(GPGP) of Oliver County, North Dakbta, has already begun on July 25, 1980 and is
scheduled for full gas production by the end_- of 1984 [8]. Project Lignite, eqﬁivalent to
the SRC-I, was awarded tc; the University -of .North Dakota in 1972 for the purpose of
detennining the appropriate technological abproach to the conversion of lignite to clean
fuel. The original plan was expected to extend the two stage conversion of liénite to liquid
fuel (equivalent to the SRC-II) with the solvent refined lignite (SRL) aé an intermediate

. solid fuel. The first stage to convert lignite to the SRL has been successfully accomplished,
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5
" but the second stage that catalytically hydrdtreats the SRL to the distillate fiel was not
implemented [9]. '
The objective of this research is to catalytically upgrade the SRL to liquid fuel t:or

immediate industrial use or to clean _disti]late suitable for conventional refinery feedstock.

Lignite is a brownish-black coal that is intermediate in coalification between peat and
subbiturmminous coal. Acgording to the c;lassificaﬁbn system adt;pted by the American
Society for Tesﬁng and Mateﬁais (ASTM), the lignite is the lowest rank of coals in terms of
cﬁdﬁﬁc valué (less than 8300 Btu_per pound ona mdisﬁ:re, minereil-matter-freé basis) and -
carbonaceous content (47 to 59%) [10]. ‘ | |

. While the use 'of lignite.to generate electricity will predominate other uses, a strong
potential also exists for the conversion of lignite to synthetic‘ fuels. The Great Plains Gasifi-
cation Plant is designed fo convert the North Dakota lignite into pipeline quality synthetic
natufal gas (SNG) having about 977 Btu per standard cubic foot (scf). Approxfmatély
137 million scf per day of SNG and other byproducts such as anhydrous ammonia, tar,
oil, phenol;, and naphtha will be produced by processing 22,000 tons per day of lignite.
‘Liglr‘lite displdys unique properties; (1) its high reactivity evidenced by spontaneous com-
bustion, (2) non—coking and non-swelling nature with high permeability upon heating, and

(3) excellent sulfur absorbent qualities [6].

Solvent Refined Li&nite

The Project Lignite Proc‘:gss Dévelopment Unit {11] has a normal design capacity ‘of
50 pounds of lignite feed per hour and produces light liquids andl gases m addition to
approximately 15 pounds per hour of SRL having a melting point of 150 to 205°C (300 to
400°F). |
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Lignite as received is pulverized to slurry with solvent. The slurry is pressurized, pre-
heated and reacted at a selected temperature (normally at 434°C or 81‘4° F) and pressure
(2500 psig) in a reducing gaé environment. The products are then separat_ed as gases, liquids,
and SRL from the unreacted coal and mineral mattefs. ‘The flow rate of solvent to the
slurry mixing tank is cont;'olled by the signals from an orifice in the solvent feed line. The
flow out of the tank is controlled by the slurry level in the tank.

Two dissolvers (or reactors), R-1A and R-1B, are made from 18-ft lengths. of 4 7/8-
inches‘OD.by 3 7/8-.inches ID Incoloy 800 tubing. The inlet of each reactor is at the bdt- _
tom and the outlet at the- top, with another outlet at .the center. Thus ahy rﬁultiplé of
10 ft lengths up to 40 ft cah be ass‘embled. Consequently, residence times for the slqrry
can be varied four—fold at a constant feed rate.

The gas-slurry mixtu;e then goes to a series of separators at high, intermediate, ._and
low i)ressures. The vapor products‘.consist primarily of unreacted carbon monoxide and |
hydrogeﬁ, carbon dioxide, hydrogen sulfide, mmoMa and light hydrocarbons.

The liquid products consist mainly of wéter, process solveht; and lighter products.
Light end column F-2 is operated at 10 to 15 psig. The overh_ead pfoduct is light oil, essen-
tially a stabilized naphtha, consisting of hydrocarbons ranging from about C; to perhaps

| as high as 350°F to 450°F boiling point. The bottom product is fecycled to the slurry mix
tank. | | |

Mineral separation consists of a system of vessels and pumps designed fo; the high
temperature extraction_ of solvent refined ﬁgn;ta plus solvent from the mineral ma't.ter and
unconverted lignite using toluene las a diluent. The toluene-slurry mixtufe is then fed to thg
vacuum flash drum F-1 via the settling tower V-8 (18 inch diameter by 12 Aft high) in which -

“the ;c_éi;ﬁinal vel&iﬁy of fﬁ;ge;fimg— f)érticlési's'éréﬁfer than ﬂui&iiing solvent (toluene) and

SRL velocity.
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The boftoms.from the toluene flash vessel V-9 is fed through preheater E-11 and into

the vacuum flash drum F-1. The bottoms frofn F-1 is the SRL product.
A typical PDU operafion is shown in a flow schematic for Run M-33C (Figure 2). In-

this run, 47 Ib/hr of average 36.7% moisture lignite was processed with 407 scf/hr ‘of gas

containing 50% H, and 50% CO, 91 1b/hr of recycle in the liquid-solid separation system.

The rough material balance is showu,as well as pressures and temperatures in the important
vessels. The 100 1b of m01sture and ash free (MAF) hgmte produced 57.4 Ib of SRL and :
light organic hqulds consuming 7.8 1b of CO 0.04 1b of Hz ) and 2. 38 Ib of water with a
wt % MAF coal conversion of 93.4 [12].

A typical composition and characteristics of SRL product from Zap hgmte are shown
in Table I. Generally it has been customary to classify the quality of the coal products in
terms of solubility classes. Oils are hexane soluble fractions, while asphaltenes are terms
used f'or benzene or toluene soluble fnaterials.'The benzene insoluble material is  preasphal-
tene (some prefer the term asphaltols or polar compounds) which are soluble in pyndme
The primary. product of coal is pyridine soluble,but benzene insoluble. This fractlon is sub-
sequently converted to both benzene-soluble aud hexane—soluble species through liquefac-
tion process. |

Hexane-soluble materials (oils) average about 200-3 OO_in molecular weight. They have
little or no functionéh'ty. Asphaltenes, on the other hand, are predominantly ruono-func-
tional compounds. They consist of phenols and basic nitrogens. Molecular weights range
from 300 to 700. Asphaltols have multiple'functionaiityl They consist of polypheno,ls‘(up
to 5 OH/molecule) and multiple basic nitrogens. Molecular weighcs range from 400 to-
2000 or greater [13]. Conversion in this case 1s defined as conversion of coal to. meterial '
soluble in pyﬁdhe. This fraction is not found m petroleum and suggests a considerable

basic difference between coal and' petroleum structure. Low hydrogen content and high
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Figure 2. Schematic flow diagram for 50 1b/hr PDU with mass rates and run conditions.




Table I'

Composition and Characteristics of Feed and Products
(Préject Lignite PDU)

. Feed Gas -
.Vol. % Wt. %
co - 24.7 81.9
Ho 75.2 17.8

Material Balance for Gas Components
Vol% In _ Vol% Out 1b/hr In 1b/hr Out

Hy . 75.2 66.2 T 2.13 1.87
co 24.7 14.4 9.78 5.81
CO> - 13.2 - 9.91
H»S - 0.2 - 0.18
CHg - 4.5 - ' 1.11
C2Hg -. 1.1 - 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
C 45,22 89.03 83.60 80.20 87.42
H 6.43 8.11 9.14 5.20 5.67
N 0.64 0.12 0.20 - 0.98 1.07
S 0.45 2.23 1.09 0.90 0.98
o* 41.45 0.51 5.97 4.46 4.86

Ash 5.81 0.0 0.0 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 1.28 1.25

Heat of Combustion, Btu/1b 14,330 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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i

heteroatom content, compared to petroleum, make. coal somewhat intractable with con-

ventional refining technology. |
The solvent-refining process- consists mainly of conversion of insoluble cc‘)al 11'0 the

pyndme-soluble toluene-insoluble fraction of SRL. The net result is an increase in aroma- :

_ ticity and some bond breakage, loss of about 20% of the original carbon as gases and vola--

tile liquids, and possible reduction of oxygen, mtrogen and sulfur..

Chemical Structure of Lignite -

It is generally agreed that coal may originate primarily from plants. Through a :
sequence of evolutionary changes the primary products of the originel decomposedl_ plant
materials become transformed. The first product is humic acid. Then; the humic ecid is
transformed eventually into peat, lignite, subbituminous coal, bituminous coal, and finally
anthracife [141.

The United States coals consist of pnmanly vitrinite, usually 80% or more. The com-
position of this v1tr1n1te is believed to be the result of the coalification of either cellulose
or lignin structures, which constitute the majority of the plant components [15]. Seme of
the chemical precursors of coal are shown in Figure 3.

Lignite is considered to be a crosslinked amorphous i)olyfner, with‘ mostly mono-
diaromatic aggregates connected by relatively weak cross-links. Generally there have been
two approaches to deducing chemical structure. One 'wéy is to break down the coal mater-'
ial into recognizable fragments and then put them l)ack into an original strllcture..An alter-
native approach is direct characterization of solid coal with the use of sophjsticéted instru-
ments such as IR spectroscopy, NMR spectroscopy and X-ray difffaction. These modern
techniques are also severely handicapped lle'cause coal is not crystalline and insoluble.

These advanced techniques such as X-ray scattering have been used in the past and

conflicting interpretations as to the predominant structure of.coal have been reported.
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CHo0H - OH
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6H1,05 0 o o
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Figure 3. Chemical precursors of coal.
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New instruments have evolved recently that are capable of direct characterization in its
solid form. The most promlsmg of these tools is a solid state CP-C** NMR developed by
Pines [16].
Wender indicated that the car‘oon skeleton of coajs can be considered as eonsisting
of >hydroaromatic structure with aromaticity increasing from low-rank to high-rank coals.

Figure 4 shows some frames of reference for various ranks of coal [17].

Liquefied Lignite

Coal has chronic problems in utilization. It is.a solid of non-uniform composition
inorganic material and enizironmentally objectionable elements such as‘ sulfur, nitrogen,
mercury, etc. Conversion of lignite to liquids or gases substantially reduces these disadvan-
tages for lignite. The most important chemical change required for this conversion is the
addition of hy_drogen (hydrogenation). The amount of hydrogen addition determines the
quality of the synthetic product. A comparison of some representative fuels illustrates in

Figure 5 the scale of hydrogen/carbon mole ratio‘ [14]. Lignite has a lower hydrogen con-

tent than that characteristic of premium quality transportation fuels like gasoline and diesel

oil. It can be seen that there 1s a long path necessary in the convers1on of hgmte to thh
quality products

Liquefaction of coals where the liquid products are the main produdt has been known
for many years since the first work by Bergius. Subsequent development of the process of

coal liquefaction have led to a variety of process conditions for producing liquids. The

term liquid may need to be ‘defined since some products of coal liquefaction Iare solids at’

room temperatures. The degree of conversion can be measured by the amount of material
soluble in a certain organic solvent [2].
Wiser [18] showed in 1975 a schematic representation of structural groups and con-

necting bridges in b1tum1nous coal. It may consist of layers of condensed aromat1c and
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. CH30 HO ~ CH

Subbituminous

.High—volatile
bituminous

Tow-volatile
bituminous

Figure 4. Representative partial structures of coal.
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hydroaromatic clusters ranging in sizes from one to several rings per clusfer with an avéragé
of three rings per co.ndensedrconﬁgur‘ation. The significance of these theoretical molecules
is the location of a number of relatively weak bonds indicated _bs" arrows which can
acéount for the easyl thermal breakup of coal into smaller more soluble fragments (Figure

6).

Catalytic Upgrading

t

In the process of the hy&rogenation of lignite to produce synthetic liquid some
removal of heteroatoms (sulfur, nitrogen, ‘and oxygen) is also accomplished, Sulfl_lr and
nitrogen contents of lignite are often greater than 1% and oxygen content is sometimes
over 20%. Such heteroatoms are responsible for some of the coal conversion and upgrad-
ing problemé. Upgrading process not only improves the heating value of fhe fuel bl'lt"alslo
makes resulting products more environmentally acceptable.

Hydrogenation of liquefied coal is slower than that of petroleum crudes because of
the abundénce of the polynuclear aromatic compounds. Oxygen is removed primarily as
carbon dioxide and water with small amounts of carbon monoxide. About 40-50% of the
oxygen and organic sulfur is relatively easy to remove. It is believed to be the result of
exchange of OH or carbonyl oxygen by sulfur, due to biological activity in the sediment
[19]. The remaining sulfur is-much more resistant to removal and is p.robably' present in
heterocyclic ring structures. -

Removal of .S, N, and O from SRL under reducing conditions and in the presence of
an industrial catalyst is associated with elimination of hydrogen sulfide, ammonia.l, and
water. Prior to these reactions, C-Y (Y =8, N, or O) bonds may have to be broken, and the
fission of one of these bonds may be the rate controlling step [20].

Heterocyclic S, N, and O containing rings are well known for their high resistivity to

removal. Ring saturation may be required for N containing compound, while there is some
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e#perir'nental evidence for the HDS with or without preliminary heteroring hydrogenation
{21].

The basic routes for hydrodesulfurization (HDS), hydrodenitrogenation (HDN), and -
hydrodeoxygenation (HDO) of heterocyclic compounds are shown in Figure 7 as suggested
by Furimsky [22]. The hydrogenation of the heteroring is an equilibrium procesé affécted
by the concentration of hydrogén [23].

Hydrocrackiﬂg is extensively practiced commercially in petroleum refining to produce
high quality gasoline; jet fuel, diesel, high quality lubricant [24,25 ,26,271. Some of lthé
commercially proven catalytic hydrocracking methods are the Standard Oil of Indiana.
Ultracracking Process and Union Oil Unicracking Howss. These ‘processes can tolerate
feedstocks with a nitrogen content of as high as 0.3% [28,29].

Under trickle bed catalytic hydrotreating conditions the denitrogenation is always
accoinpanied by other reactioris such as hydrogenation, hydrocracking, desulfurization,

deoxygenation, coking, and demetallization.

Catalyst

It has long been known that the rates of chemical reactions can be accelerated by
small amounts of alien material. Such material is termed a catalyst and it is defined -as a
subst;ance which increases the rate at which a chemicai reaction approaches .equilibrium,
without being consumed in the process [30]. An apﬁropriate catalyst plays a key role in
removing sulfur, nitrogen, and oxygen simultaneously as gaseous hydrogen sulfide, am-
monia, and water from ‘the syncrude oil.

The carrier, quife often alumina, refers to a major catalyst constituent that servés as
a base or binder for the active metals and promoters. A carrier may be catalytically active
or inert. The major funétion of a carrier is to _prbvide a large surface area so that catalyti-

cally active meta.ls can be spread out or dispersed as a monolayer, if pqssible [31,32,33].
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The transition metal oxides and their mixtures wi'th elements of groupIVBand VB .

of the periodic table are of great interest as selective oxidization catalysts [34]. |

-~ Molybdena and tungsféte promoted by cobgli or niékel are well known active agents
for their characteristic activities of HDS, HDN, aﬁd HDO [35,36]. Activity. and seleétivity
of different catalyst systems were ‘investigated by Qader [37]. Cobalt sulfide on :silica
(low) alumina was found to be the most active catalyst in the hydrocracking of .polyt;,yclic
aromatic hydrocarbons. Pelleted "tungsten sulfide was the .Vmost'successful early hydro-
cracking catalyst [38]. ' '

The hydrocracking cai;alyst has dual functions. They are tl)cracking of high molecu-
- lar weight hydrocarbons, aﬁd (2) hydrogenation-. of the'ﬁnsaturates formed either' during
the cracking step or already present in the feedstock. A balance of hydrogenation and
hydrogenolysis acﬁﬁty- is vital to maintain catalytic activity'[36A]. This balance caﬁ be
controlled by the appropriate combination of metals and methods of catalyst preparation.’
Beuther et al. repbrted that in most commc’;rcial applications the molybdenum-cobalt 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 [39].

. Popov [40] and Bliznakov et al. [41] demonstrated that a mixture of WO, and
MoOj; had a higher activity for oxidation of methanol to formaldehyde than either of the
pure oxides. | -

Effect of sﬂicon dioxide concentfation on physicochemical properties of ﬁydrocrack—
ing cataiyst were investiga,t_ed by Perezhigina et al. [42]. Addition of Sio; to a CoMoO, /
Al; O3 catalyst increased its cracking and isomerization ability, conversion and rate of
iso-to-normal hydrocarbons in the final products. Further, mechanical strength df the
catalyst was increased by a factor of 1.5, while a slight decrease of hydrodesulfurization

activity was experienced.
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Trickle Bed Reactor

The triekle bed reactor is a device in which a liquid .phase and a gas phase flow cocur- _
rently downward through a packed bed of catalyst material to promote desired reactions.
When the fixed bed of catalyst is used x;vith a liquid or mixed liquid plus vapor reactant
under operating conditions, the trickle bed reactor is an appropriate choice. Here the
liquid reactant is fed at the top of the reactor to distribute evenly over the area of the cata-
lyst bed. Each catalyst particle is wet with the Tliquid feed as it trickles down through the
bed. The reacting gas penetrates the liquid film and reacts on the surface of the catalyst
[43]. |

Use of trickle bed reactor‘inA‘the petroleum industry involves the processiné with
hydrogen of various petroleum materials. The HDS, HDN, HDb, and catalytic hydrdcrack-
ing ef heavy or residual oil stock to upgrade the quality has been economically tested using
this type of reactor. Ross [44] pointed out that effective distributien of liquid over the
catalyst in trickle-phase hydrogenation was the key factor affecting the overall_-reactor '
efficiency. The velocity dependence of liquid distribution over the catalyst is a compli-
cated function of the initial distribution, bed-packing arrangement, catalyst particle geom-
etry, wettability of the licirﬁd on the catalyst, local gas velocity, etc. Since the catalyst
particles retain a finite amount of liquid both on the external surface and in the porés,
the variables that influence the liquid ‘distribution determine its residence time distribu-
t10n Therefore, the bench scale trickle phase reactor is suited for the 1n1t1al product

evaluation, rather than the derivation of the reaction kmetlcs [45].

Research Objective

~ This research aims to statistically evaluate the effect of the metal concentrations (Mo,
W, and Co) on the upgrading of solvent refined lignite (SRL) using Katalco alumina-silica

carrier. Ui)grading of SRL to liquid fuel for immediate industrial use or to clean distillate
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suitable for conventional refinery feedstock includes reduction of nitrogen and éulfur con-
tents and increase in clean products recovered in the ASTM D-86 distillation.

The research plan cén;titutes three parts. Phase I con‘sists of a pretreatment of SRi to_
convert it to a manageable liquid feed at room temperature. It includes an optimization of
operating conditions for the batch reactor to determine in which conditions SRL promises
to make the most dissolution in tetralin. Phase II consists of statistical design of catalysts
having three metals, each at three levels. Performance of each catalyst was evaluated in a
continuous trickle bed reacfor. Phase III consists of the development of a geometric model

for the catalyst to explain the physical characteristics and the performance of the catalyst.
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EXPERIMENTAL

The SRL was dissolvéd in a solvent, 1,2,3,4-tetrahydronaphthalene (tetralin)? using a
batch Iautoclave with hydrogen at elevated temperatures and pressures. This pretreatrflent
wés necessary for preparation of liquid feed, since the SRL as received was a solid. }'I;he
optimum operating conditions were established for the maximum dissolution of SRL in
tetralin and the common feedstock was prepared using these conditions. Twenty-seven
catalysts were fabricated using three-factorial design approach. The design is a completely
randomized design and the levels of the factor considered are fixed levels. The catalysts
were tested in continuous trickle bed reactor to evaluate the Iierfonhances. The method

of chemical analyses is described later in this section.

Feedstock

The SRL was received from the University of North Dakota [45]. A representative
analysis of SRL (PDU Run M-33) and the lignite mined near Gascoyne, N.D., is listed in
Table II. The SRL is a hard-brittle solid with an incipient melting point of abopt 90°Cata.
barometric pressure of 26.5 in. Hg. The SRL was made with 50:50 hydro_gen-carbori mon-
oxide syngas at a reactor pressure of 2500 psig and a maximum dissolver temperature of
820°F (438°C).

The X-ray fluorescent ?malysis of ash is shown in Table III [45]. Ash is the noncom-
bustible mineral matter when lignite is burned under specified conditions of temperéture,
time, and atfnosphere (ASTM D-3174). Any of these constituents ﬁiay deteriorate the cata-

lytic activity.




Quantitative

Analysis

Elem.

Anal. .

Asphal~ Wtg
tene Wt$

Test Wt%

wWtg

Wte

Total

Analyses of SRL and North Dakota Lignites

Table II

Solvent
“ SRIL,
Coal
Ash
Water
Total

Pyridine Solubles

Carbon
Hydrogen .
Nitrogen

Sulfur
Oxygen(by diff.)
Ash

Total

ash

unconverted coal
preasphaltenes
asphaltenes-
maltenes & dist. oil

SRL, from SRI, from
Zap F~1 bot. Gascoyne F-1 bot.
Lignite (M-39) Lignite (M-33)
6.4 2.5
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 0.71 0.94
40.55 3.55 "45.19 6.37
6.56 1.02 8.48 0.18
100.00 100.00 100.00 100.00
1.02 0.18
0.28 -
27.88 21.20
38.34 36.46
32.48 .42.16
100.00 100.00

£C




Origin (North Dakota)

Loss on ignition (808°C)
Si0,

AL O,

F €y 03

TiO,

CaO

MgO

Na, O

K,O

S0,

Total

Preparation of Catalysts

24
Table 111

Analysis of Ash
(Lignites)

Wt %

Zap

0.4
20.2
10.5
10.0

0.5

- 0.6
26.7

6.8

6.7

04
17.2

100.0

Gascoyne

37.6
5.6
5.6
0.8
0.6

20.5
6.9
4.1
0.3

10.8 -

100.0

A complete block of catalysts has Been fabricated using three active metal compo-

nents impregnated at three levels on a commercial carrier, Katalco extrudates (serial no.

81-6731). Water soluble salts of these metals were selected for the incipient wetness

method. Three metal salts chosen are listed below.

1. Ammonium molybdate: (NH, ), Mo, 0,4 -4H, O (F.W. = 1235.9) with 81.4% essa-y

in MoO; (M.W. = 143.94)

2. Cobalt nitrate: Co(NO; ), - 6H, O (F.W. = 291.050) with 99.5% purity. The M.W.

of CoO is 94.7326.

3. Ammonium Metatungstate: S(NH, ), O- 12W0; - 7H, O (F.W. = 31 68.'67) with 99%

purity. The M.W. of WO, is 231.8482.

The Katalco carrier prior to metal impregnation has the following physical properties

[46].
Surface Area: 223 sq m/gm

Pore Volume: 0.933 cu cm/gm
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Pore Diameter: 1694
The pore volume d1str1but1on data measured by the relative amounts of n1trogen absorbed
or desorbed at dlfferent absolute pressures is attached in Appendix A.

The sequence of metal loading on a blank carrier has been consistent in the order of
Mo, Co, and W throughout the preparation of 27 catalysts. The followirig procedure served
as a general guide for catalyst preparation [47].

1. Drying and calcining the_carrier

2. Contacting the carrier with impregnating solutien

3. Removing the excess solution

4. Drying and calcination

5. Activation

The cenier was dried at 110°C in an oven and calcined at 500°C in a muffle for
8 hours to obtain the eet cerrier weight. The volume of the metal solution was determined
for each metal impregnation so as te minimize the excess solution of the next metal salt.
Generally, the amount of excess solution varied from 3.0% to 50%. A systematic prepara-
tion of 27 catalysts is summarized in "I‘able IVanda 3-D representation is shown in Figure
8. A specific example of calculation for the pore volume is presented in Appendix B.

The .fina] metal oxide concentration of a given catalyst by a single impregnation may -
be calculated from the pore volume and the concentration of solution neglecting seleetive
adsorption [47]. For example an approximate percent MoO; is obtained on the’ total
weight basxs as follows, if the pore volume is 1. 1 cu cm/gm and MoO, concentratlon in
solution is 10.1%.

1.1 X 0.101

X 100 = 1‘07
1+1.1x 0.101 ’

The wet catalyst after draining off the excess solution was dried by placing under the

draft hood for approximately two hours. Follov_ving the oven-drying at 110°C for about




26 .

Table IV

Systematic Preparation of 27 Catalysts
' ' {_2swozl-psCH{ 4 2~ 2]
~{28Co0}-{DH{ 8%WO3-{D&Cl{ 4 2 8
HT4ASWO 3 {D&CH 4 2 14|
' { 2%WO3}-{DsCl- 4 4 2]
(4% Ho03}{DH{28Co0H{Bh{ BWoaHbEcH £ 4§
' L{T43WO3-]DaCl 4 4 14|
. EWO 3 -{D&CH 6
L [65Co0)-{DH{ 8%W03}-{DsC{ 42 6 9
L[T43WO{D&CH{ 2 6 14)
1 2%WO3{D&CH{10 2 2]
2% CoO}-{DH{ 8%WO3}-{D&C}+H{10 2 8]
LTZ%WO3-{D&aCH{10 2 14)
{ 28Wo3HD&CHI10 4 2]

Blank DH{I0%Mo04 4% CoO-[DH{ B8W05 -{D&ac10 4 8|
Carrier| |& .
c T23Wo3}H{DsCH10 4 17]

- 2%WO3}-{D&ClH10 6 2]
62 CoOFH{DH{ 8%WOz}{D&CHI1C 6 8]
HTA%WO3HD&CH10 6 14
[ ZEWOsHDECHTIE 27
[DH{ 8swWos-{DaClH{16 2 8]
{143wozxHDaCH{16 2 14|

F{WHD&G—IIG 4 2]
H163MoO 3}—{DK] 45 CoO}-{D{_88WO3}-{D&Cl-{16 4 8]
, {T23Wos-Dacl{16 4 14
' {6%CoOl{DH{ 28W03}-{DaCH16 6 2]
D:Drying at 110°C for 12 hrs 85WO3D&C
C:Calcination at 500°C for 8 hr'{14%WO:}{D&Cj{16 6 14}
Note: %Metal Oxide is defined: (Wt MOx/Wt carrier)*100
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i

12 hours the catalyst was calcined at 500°C for 8 hours. The calcined catalyst was cooled
to room temperature in a desiccator and weighed for final metal concentration. |

A batch of catalyst (60 ml) was loaded in a 1 inch diameter sulfiding tube with a con- -
centric thermowell for temperature measurement. The tube was heated to 450°C by an
electﬁc furnace while a stream of 10% H, S in hydrpgeri passt through the catalyst for
12 hours at 2 to 3 cc per second rate (Figure 9).

The molybdenum, cobalt, and tungsten catalysts were activated By reduction and
sulfidation in order to obtain an active catélyst for most rea;:tions in ‘which théy are
employed (except for oxidation-type reactions). The reduction proceeds .gradually and
A smoothly from the Mo+6 (W?¢) state to lower valance states (MoS, or WS, ) in a stream
of 10% H, S in hydrogen at 450°C [35]. Cobalt oxide is believed to reduce to Cog Ss
form. Even when presulfiding is not employed, the catalysts become sulfided during pro-
cessing due to the hydrogen sulfide liberated from the reaction. However, incomplete.
sulfiding produces catalyst with inferior performance and life. | |

Sulfided catalysts are known to have better activity than the catalyst in oxidic form.
Schuit et al [48] explained that the bond strength of S-H is significantly lower than that .
of O-H and a distance between the surface and ﬁlolybdenum ion is inqreased by replace-
ment O with S, This may decrease the interaction of = electrons from the N heteroring_s'
with molybdenum, resulting in less favorable conditions for surface poisoning by nitro-
gen bases. |

The spent gas from the sulfiding tube was scrubbed by a series of impingers with a
20% NaOH solution. The low concentration (20 to 150 ppm) of H, S gas can be identified
by a distinctive odor similar to rotten eggs. .

Exposures 6f 800 to 1,000 ppm may be fatal in 30 minutes. H, S does nof combine
with the hemoglobin of the blood; it ’s asphyxiant due to péralysis of the respiratory

s

center [49,50].
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Continuous Trickle Bed Reactor |

The bench scale trickle bed reactor used for this research was fabricated by the
Chemical Engineering Depértment of Montana State University (MSU). A schematic dia-
gram of the trickle bed reactor and its auxiliary equipment is shown in Figure 10.

The reactor consisted df a .l-in. ID (35 in. long) scheduie-80 Inconel pipe. The top of
the reactor was welded with a % in. stainless steel cross which allowed the fitting of a
33-in. piece of stainless steel tubing, which. servgd as a thermowell, and the fitting of two
feed port_s, one for the feed solution and another for hydrogen. The reactor was fitted into
the bore of a 6-in. O.D. 3-ft long aluminum block wrapped with three sets of ceramic bead
'e.hcésed NiChrome heafing. iwires. The ‘power to each heating wire was individually con-
troll_ed_by a Powerstat variable autotransformer. A chromel-alumel (type K) thermocouple '
wire was placed in the- Y«in. stainless steel therméwell at the center of the catalyst séction.
The temperatures were read by Cole-Palmer digital thermometers (model 8520-40).

To load the catalyst the empty reactor was secured upside down by a vise. The upper _
space of the reactor was loaded with 175 ml of %-in. Norton Denstone, inert cerainic pel-
lets [51], and followed by 25 ml of 1/8 in. benstone mainly to preheat and uniformly
distribﬁte the feed solution. Sixty ml pf catalyst diluted with 60 ml -of 1/8 in. Denstone
were lc;aded [52]. Additional 45 ml of 1/8 in. Denstone filled the remaining space of thé
reactor. Finally a stainless steel screen, acting as a support, was placed at the bottom of the ’
reactor before a-reactqr plug was threaded intp the pipe.

The preheated feed solution was metered into the top of the reactor by the use of a
Milton Royal simplex piston pump (Model A MR-1-23) through a 1/8 in. §tainless steel
tube. The pumping rate was manually controlled by an attached micrometer. All the feed
lines and the reservoir were wrapped with flexible heating cords [53] so that the feed

temperature was kept around 100°C by the use of Powerstats. Technical grade. hydrogen
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supplied in a cylinder was metered through a pressure regulator. by a Brooks thermalzmass‘
flowmeter [54].

Hydrogen and feed solution were passed cocurrently through the pressuriz_ed reactor
(1,000 psig) and then to-a gas-liquid separator through a_Grove back-pressure regulétor
equipped with a corrosion-resistive Teflon diaphragm. The exit gases were scrubbed by a
20% NaOH solution and vented. The liquid products. wére collected in either continﬁous

or periodic mode from the separator.

Operation of Continuous Trickle Bed Reactor

The reactor loaded with the catalyst to 5e tested was placed in the aluminum héating
block. The .fee_d solution and hydrogen lines were connecfed at the top of the reactor and
the separator system was secured at the bottom of the reactor. The t;h_ermocouple wire was
inserted into the thermowell. All pipe fittings were sealed using either Teflon tape or‘anlti-
seize compound (Permatex). The entire system was pressurized to a normal operating range
of 1000 psig and checked for leéks using Snoop soap solution. If no leaks were detected,
the system was depressurized. Three Powerstats were turned on td heat the reactor to
425°C. When the reactor reached desired reaction temperature, the entire feed.system
(reservoir, burette, feedlines, check valves, and piston housing) ‘was preheated with-
NiChrome wires. The hot feed solution was recirculated for a few minutes through the
feed line.back into the reservoir. Then the feed line was connected to the reactor for.oper-
ation. The reactor was pressurized with hydrogen through the bypass valve attached to the
Brooks flowmeter. When the system. approached. desired pressure, the bypass valve was ‘
closed and the micrometer was .adjusted. to keep the hydrogen flow to.the reactor at a
10,000 scf/bbl rate. The feed solution valve located at the top of the reactor was then

| opened. The pump was started and the time.was logged. The feed rates were measured by

timing. the liquid level drop in the burette. The feed rate was adjusted by the use of pump
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micrometer to a liquid hourly space velocity (LHSV) of 1.0 and frequently checked to

ensure a steady flow. The products were collected hourly following the startup, unless
otherwise specified. |

After the last sample was obtained, the pump.was shut off and tl‘le.liquid feed valve at
the top of the reactor was closed. The excessive feed solution was drained from the reser-
voir and the feed system was cleaned with solvent. The hydrogen valve was shut off and
the line Was disconnected. The Powerstats were shut off and the separator system was
removed after depressurization. The reactor was removed from the aluminuxﬂ heating
block and 'the entire con’gent of the reactor was dumped in an ordérly manner on the col-

lector plate for further inspection. The reactor was cleaned by brushing with acetone.

Analytical Procedure

» Hourly liquid products from all runs were analyzed for nitrogen,and a composite
sample was analyzed for sulfur to represent the run. The ASTM D-86 distillation was
carried out for each composite product. The nitrogen contents were analyzed by the MSU
Chemistry Station-Analytical Laboratory using the macro Kjeldahl method {55,56]. Sul-
fur concentration was determined by the dual unitized quartz tube combustion .apparatus
[57,58]. Weight percent denitrogenation (% DN) and weight percent desulfurization
(% DS) were célculated as follows. -

Fns - Pns
—_— X

100 = % DN (or % DS)
Fns

where Fns = Wt% nitrogen or wt% sulfur of the feed
Pns = Wit% nitrogen or wt% sulfur of the product.
The extent of hydrocracking was determined by ASTM D-86 distillation. Eifty ml of
composite sample representing each catalyst were used as a standard volume. This method

measures the cumulative amount of the distilled product which boils below 700°F (370°C)

or when decomposition begins [59].
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RESULTS AND DISCUSSION

A total of eighty-two batch runs was carried out with a Parr Instrument Compény
Series 4,QOO Pressure Reaction Apparatus for determination of optimum dissolution of
SRL in tetralin and for preparation of common feed solution. A complete block of 27
catalysts was tested using a continuous trickle bed reactor. In addition, nine tests of cata-
lysts were duplicated. Finally five special catalysts with diff:'erent pore diameters were pre-
pared and tested using a large molecular solute as a tracer..The objective of this part of
the: investigation was to see how meaningful is the average pore diameter of a catalyst,

éspecially when the solute diameter gipproaches pore diameter.

Preparation of Feed Solution

A mortar and pestle were used to grind chunks of SRL for all runs. The slurry was
prepared by mixing powder SRL in tetralin while heating and agitating with a combination
magnetic stirrer-heater. Two hundred ml of .the resulting slurry (at 130°C) were charged to
a 500 ml Parr autoclave. The autoclave cap was then screwed on and the cap bolts were
tightened with a torque wrgnch. The autoclave was pressurized to 1,000 psig with hydro-
gen and then depressurized to the barometrié pressure. This barometric pressure of hydro-
gen was designated as O psig of H, . Thq autoclave was again pressurized, if necessary, to a
desired final pressure _with hydrogen. A summary of the ﬁrst fourteen autoclave runs is
shown in Table V. |

The first two runs were made to see if the high temperature c<')uld help dissolving the
powder SRL in tetralin. The SRL to tetralin ratio of 1':2_ was used and the air was not

evacuated for these runs. Although the second run (K-2) was extended twice as long,in

retention time .as the first run under the similar operating conditions; both products were




“Table V

Summary of the First 15 Batch Runs
(Dissolution of  SRI)

Pres- Temper- Reten- SRL
Run sure agure .t?on Tetrglin
no. Gas. psig C t;:e ratio Remark
K-1 Air o . 530 1 0.5 Not dissolved
K-2 Air 0 540 2 0.5 Not dissolved.
K-3 - Hop 1000 475 2 0.5 Dissolved
K-4 Ho 1500 475 2 1 Dissolved. Products
K-5 Hoy 1500 475 2 1 of K-4 through K-7
K-6- Hy 1500 475 2 1 were used for
K-7 Ho. 1500 475 2 1 Run KC-1.
K-8 Ho 1500 475 3 1 Dissolved.
k-9 Hy 1500 475 2 1 20 ml of water was
. added. Dissolved.
K-10 Hop 1500 - 475 2 1 10 ml of water was
added. Dissolved.
K-11 Hy. 1500 475 1 1 5 ml of water was
K-12 Hp 1500 475 1 1 added. Dissolved
. K-13 Ho 1500 475 1 1l Products of K-11
1 1 through K-14 were

K-14 Ho 1500 475
. used for ¥KC-2

g€




36

messes of slurries, showing no sign of dissolution. The third run (K-3) was carried out in
the same fashion with the pressurized hydrogen mstead of air for two hours at 475°C
The product was a liquid with some sedlments at room temperature. This progress allowed
reducing the SRL to tetralin ratio from 1 2 to 1 1. The following four consecut1ve runs
(K-4 through K-7) were made to prepare feed solution for a continuous trickle bed reactor
run.

The catalyst,. KN-A, was tested in Run KC-1 using the. feed solution decanted from
the composite reservoir. In five hours on stream the product became dark and viscous.' The
operating conditions and the nitrogen and sulfur. contents of the hourly products are pre-
sented in Table VI. Performance of the catalyst in hydrodemtrogenatlon is 111ustrated in
Flgure 11. The first sign of catalytic deactivation appeared in the fourth hour on stream,
and from then on it progressively worsened. The yield was 67.5 wt %.

In an effort to extend the life of the catalyst, a small amount of water was added to
the slurry as practiced in the conversion of ethylbenzene _to styrene. The Run K-8 was
made with a 20 'ml of water added to the 200 ml of the slurry under the same reactor con-
ditions as Runs K-4 through I&-7. The resulting product showed an excessive water on the
top. The amount of water added was gradually reduced to 5 ml for Runs. K-10 tlrrough _
K-14. The products from the last four runs were stored and decanted to use as the feed
solution for Run KC-2.

The same catalyst, KN-A, was tested again using the water added feed solution for
7 hours (Run KC-2). The nitrogen and sulfur contents of the hourly products are sum-
marized in Table VI. The effect of addition of water to the pretreated feed solution on the
* catalytic activity is illustrated in terms of denitrogenation and desuifurization (Figure 11).
It ap'pears‘ that the effect of 2.5 wt % water pre'eent in the feed was insignificant. In faet a
slight degradatlon in catalytrc activity with the watér could partially be attributed to the

lower feed reservoir temperature A normal reservou temperature of 100°C had to be
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Table VI

Effect of Water Additioﬁ on Catalytic Performance

Feed: SRL dissolved in tetralin (1:1)

Catalyst: KN-A with MoO3: 11.0

= 19,0 ml

wt%
‘Nio ¢ 2.7 wt%
CoO : 4.8 wt%
WO3 : 10.2 wt%
. Run conditions Temperature: 425+50C
Pressure 1000 psig
LHSV - 1.0
Hp/feed 10,000 scf/bbl
Nitrogen & sulfur analyses
No water added 2.5% water added .
Hour N (DeN%) S (DeS%) N (DeN%) S {DeS%)
0.5 0.02 (94.7) - 0.02 (94.7) 0.12 (68.4)
1.0 0.02 (94.7) 0.19 (59.6) 0.02 (94.7) 0.095(75.0)
‘1.5 0.02 (94.7) 0.16 (67.0) 0.02 (94.7) 0.12 (68.4)
2.0 0.02 (94.7) 0.14 (70.2) 0.02 (94.7) 0.105(72.4)
2.5 0.02 (94.7) 0.13 (72.3) 0.02 (94.7) 0.09 (76.3)
3.0 0.02 (94.7) 0.15 (68.1). 0.02 (94.7) 0.15 (61.8)
3.5 0.02 (94.7).0.14 (71.3) 0.03 (92.1) 0.14 (64.5) -
4.0 0.04 (89.2) 0.21 (56.4) 0.05 (86.8) 0.19 (50.0)
4.5 0.06 (83.8) 0.17 (63.8) 0.13 (65.8) 0.23 (40.8)
5.0 0.10 (73.0) 0.30 (36.2) 0.13 (65.8) 0.26 (31.6)
5.5 = - 0.16 (57.9) 0.08 (78.9)
6.0 - - 0.22 (42.1) 0.16 (57.9)
6.5 - - 0.25 (34.2) 0.28 (27.6)
7.0 = - 0.26 (31.6) 0.32 (27.6)
Feed 0.37 0.47 0.38 0.38
Yield: 67.5 vol.% 79.2 vol.%
Drained volume 23.3 ml
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lowered to 80°C to prevent the boiling of excessive water still present. Lipsch and Schuit
(1969) observed strong adsorption of -water on the surface of molybdenum-cobalt catalyst
supported on alumina, resulting in poisoning of HDS of thiophene and hydrogenation of
butenes [60]. This suggests that water might be adsorbed on active sités,leaving less avail-
able to the reactions. However, an increase in yield was experienced when water was added. |

Two previous sets of autoclave operatin_gl conditions were arbitrarily adopted to pro- -
vide the feed solutions for Run KC-1 and the water-added feed solution for Run KC—Z.
The autoclave operating conditions were reevaluated by a fa;:torial experiment. Runs K-15
through K-27 were made for this purpose. The SRL dissolubility in tetralin was gauged. by
the weigﬁt percent sediment of centrifugation. The pretreated feed solution was cooled to
the room temperature and centrifuged at 2,200 rpm for 5 minutes. to determine the
weight percent sediment. Zero percent sedixfxent means a complete diésolution. Any value
less than 10% was considered as “good.” Three. factors'in this experiment were considered
as rows, groups and columns, each at two, two, and three levels respectively. This gave 12
possible combinations. The results are summarized in Table VII and presented in Figure 12.
‘As can be seeh from the figure, fhe effect of retention time on the dissolubility is most
significant.

The ranges of the three key variables (temperature, hydrogen pressure, and retention
fime) were further extended for the final 6ptimization. The results of thirteen éutpclave
runs are summarized in Table VIII. Run K-28 was made to see if the extended retention
time (4 hours) would enhance the dissolution. Contrary to the expectation, a hard solid
deposit was observed on the wall, resulting in a record high of 62.3% sediment. The saﬁe
operating conditions were used for Run K-29 except a retention time of 0 hour. The resuli;
was good with 6.9% sediment without any visible carbonaceous deposit.

The reaction temperature was reduced to 525°C from 575°C in Run K-30. The '

weight percent sediment was increased to 17.7% for zero hour retention time. This value
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Table VIII

SRL Dissolubility at Extended Operating Conditions

Retention Hydrogen

time pressure Wt% sediment '
hr psig . “T4250C 4750C 5250C 5750C
0 1000 - - 17.7 6.9
(K-30) - (K~-29)
0 2000 - 43.6 - -
: (K-36).
1/6 2000 - - 35.0 - -
(K~-37) ,
1/3 2000 - 27.3 - -
(K-39)
1/3 3000 - 6.7 - -
. (K-40)
1/2 2000 - 6.9 - -
(R-38)
1 1000 - - 3.5 -
(K-31)
1 2000 46.4 4.7 - -
(K-33) (K-35) .
2 1000 - 5.9 - -
(R-32) :
4 1000 - - T 62.3
. (K~28)
4 2000 12.6 - - -

(K-34)




43
was reduced to a record low of 3.5% when the retention time was increased to 1 hour as
experienced with Run K-31. However, due to frequent problems with. the electrical heat-
ing unit the maximum - allowable temperature had to be limited- to 475°C. Therefore,
- the remainder of the batch runs were carried out to optimize the other two variables,
hydrogen pressure and retention time. The weight percent sediments obtained from three
runs (K-29, K-30, and K-31) were added and the results of the extended experiments are
shown in Frgure 13. The dissolution improved as the reaction temperature increased. The
two curves, zero hour retention vs. one hour retention, ran in parallel at a weight percent
sedrment of less than 37%. This trend indicates that ‘the reduced reaction temperature

could be compensated to some extent by longer retention time.

Next, attention was focused onthe role of the initjal hydrogen pressure in d1ssolut10n o

Figure 14 showed two contrastmg curves. The lower curve was constructed based on the
data obtained under the various initial hydrogen pressures at a fixed retention time (1 hour)
and at a constant reaction temperature (475°C). The upper curve was plotted with the data
obtained under the same oberating conditions except a constant reaction temperature of
425°C. It appeared that the higher initial _hydrogen pressure enhanced the dissolution of
SRL in tetralin only at a certain reactior‘il temperature (475°C) or higher (Figure 14). |
Finally, efforts were made to determine the optimum retention time with the other
two fixed variables (475°C and .'2,000 psig H; ). Figure 15 indicated that there was a drastic
nnprovement in dissolution when the retentlon time had been increased from 20 mmutes
to 30 mmutes It appeared that a retention time of at least 30 minutes should be allowed if
the reaction temperature of 475°C and the initial hydrogen pressure of 2,000 psig were
‘ chosen. It was also found that the nutlal hydrogen pressure of 3,000 psig could reduce the
retention time from 30 minutes to 20 minutes. However, the initial hydrogen pressure of
2,000 psig was more practical with the existing equipment. at hand. The optimized oper—

ating conditions for the maximum dissolution are
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1. Reactor temperature = 475°C
2. Initial hydrogen pressure = 2,000 psig
3. Retention time = 40 minutes
The batch runs from K;4O through K-82 were made with these optimum operating .
conditions for the common feed solution. The feedstock thus prepared was used to evalu-

ate the 27 catalysts in the continuous trickle bed reactor.

Performance Tests

A total of thirty-seven runs have been completed with a continuous trickle bed reac-
' tor; a randomized complete demgn of twenty-seven catalysts, fractional replications of 9
catalysts, and a blank carrier. The first two runs were carried out for 8 hours; the first with
blanl_c carrier and the second with K-14 catalyst. The nitrogen contents of hourly prcduct
samples are presented in Table IX. Performance of the KT-14 catalyst is illustrated in
Figure 16 in comparison with that of a blank carrier. Although the K-14 catalyst is suﬁer— |
ior m denitrogenation to the blank carrier, there is a striking similarity between fhese two
curves. The abrupt changes in denitrogenation during the second and th1rd hour on stream
were partla.lly attributed to the gradual plugup of pores by the suspended solid particles
in the feed and partially to the wide pore distribution of the catalysts. The latter is
explained further in “Development of A Model for Catalyst.” The remainder cf catalysts
were tested for four hours and the product samples were taken hourly for analysis. The
reactor operating conditions are kept constant at 425£5°C, 1,000 psig, LHSV of 1.0 and
hydrogen flow rate of 10,000 scf per barrel of feed.

The nitrogen contents of hourly products are shown' in Table X. The average weight
percent nitrogen concentratlon was' calculated based on the hourly mtrogen values and.

the amount of the hourly product The average denitrogenation (Table X) was based on
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Table X

" Nitrogen Removal With KT Series Catalysts

Nitrogen concentration, wt%

Cat. Hours on stream:- .

No. 1l 2 3 .4 Avg
Blank 0.15 0.18 0.33 0.37 0.276
KT-1 0.05 0.11 0.24 0.25 0.184
KT-2 0.01 0.04 0.20 0.23 0.146
KT-3 0.03 0.08 0.24 0.27 0.179
KT-4 0.01 0.03 0.17 0.22 0.135
KT-5 0.01 0.03 0.16 0.23 0.135
KT-6 0.01 0.03 0.1le6 0.23 0.137
KT-7 . 0.01 0.07 0.18 0.25 0.168
KT-8 0.01 0.04 0.16 0.23 0.131
KT-9 0.02 . 0.05 0.20 0.21 0.144
KT-10 0.02 0.04 0.19 0.24 0.149
KT-11 0.01 0.04 0.17 0.24 0.143
KT-12 0.02 0.05 0.24 0.25 0.166
KT-13 0.01 0.05 0.14 0.19 0.113
KT-14 0.01 0.03 0.17 0.20 0.125
KT-15 0.02 0.05 0.14 0.23 0.140
KT-16 0.01 0.03 0.16 0.25 0.136
RKT-17 0.01 0.03 0.16 0.22 0.132
KT-18 0.02 0.05 0.20 0.20 0.137
KT-19 0.01 0.05 0.19 0.25 0.158
XKT-20 0.01 0.07 0.20 0.24 0.157
‘KT-21 0.01 0.06 0.21 0.24 0.169
KT-22 0.04 0.05 0.18 0.24 0.120
KT-23 0.02 0.08 0.19- ©0.22 ‘0.148
KT-24 0.01 0.03 0.22 0.26 0.163
KT-25 0.01 0.04 0.1l6 0.23 0.138
KT-26 . 0.02 0.05 0.19 0.28 0.157
KT-27 0.01 0.05 0.23 0.25 0.170
KT-1R 0.04 0.10 0.24 0.25 0.182
KT-3R 0.03 0.07 0.25 0.28 0.183
KT-7R 0.02 0.07 0.23 0.26 0.176
KT-9R 0.03 0.06 0.20 0.22 0.149
KT-14R 0.01 0.03 0.1l6 0.20 0.122
KT-19R 0.02 0.06 0.21 0.26 0.162
KT-21R 0.01 0.06 0.22 0.26 0.1l66
KT-25R 0.02 0.05 0.18 0.23 0.144
KT-27R 0.02 0.05 0.23 0.28 0.176

DeN%
40.0
59.9
68.3

61.1

70.7
70.7
70.2-
63.4
71.5
68.8
67.6
68.9
64.0
75 .4
72.8
69.6

70,4
71.3

70.2
65.6
65.9
63.2
73.8
67.9
64.6
70.0
65.8
63.0
60.5
60.3
61.5
67.5
73.5
64.7
64.0
68.4-
61.7
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the average weight pefcent nitrogen content of the products and the initial nitrogen con-
tent of the feed (0.46%). ' ‘

The resuit of the ASTM D-86 distillation for all the composite products representing
each catalyst and blank carrier are presented in Appendix C. -From these data, typical
ASTM distillation curves were constructed to illustrate the stepwise transformations of
SRL to distillate fuel. Figure 17 shows the two starting rriaterials (SRL + tetralin), pre-
treated feed solution, and the catalytically hydrocracked product with the KT-17. The
blank carrier showed some influence on hydrocracking of the SRL. The best results were
obtained with the K-17 catalyst (10% MoO;, 6% CoO, and 8% WO;). The hydrocrackiiig
];iarameter was obtained from the ASTM distillation curve. Due to difficulties in dealing
with the curves, two criteria (hydrocracking parameters) have been introduced: (1) the
percentage of gasoline distilled up to 380°F (193°_C) and (2) the percentage of residue
remaining in the pot at 450°F (232°C). These two values were used to characterize the

distillation products. The lower the percentage of residue with a larger portion of gaso-

]iné, the better.

The average desulfurization obtained from the sulfur content of composite products
and the feed is also presented in Table XI along with the hydrocracking parameter (%

distillate) and product yield.

Effect of Metal Compositions on Upgrading

The effect of three active metals impregnated on Kataloo carrier on upgrading of
SRL were evaluated in thxeeA major categories: denitrogenation, desulflirization, and
hyd_rocracking. Each of these dependent variables was correlated witix three indepen-
dent variables (factors): MoO;, CoO and WO;. A statistical analysis was performed with

the aid of a computer to obtain'multiple linear regressions using data transformations [61].
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Table XI

Summary of Catalytic Performance

Cat. % Distillate %

No. - DeN% DeS% —380°F 4500F ' Yield
Blank  40.0 Z.5 ) 57 53.3
KT-1  59.9 52.5 17 63 72.3
KT-2 68.3 . 57.5 - 20 69"  70.2
KT-3 61.1 55.3 29 71 79.4
KT-4 70.7 69.0 13 62 72.1
KT-5 70.7 72.1 24 65 72.3
KT-6 70.2 70.6 26 70 70. 4
KT-7 63.4 61.5 15 62 79.8
KT-8 71.5 70.5 23 62 70.2
KT-9 68.8 -69.0 30 72 72.9

KT-10 .67.6 68.7 30 71 74.8
KT-11. 68.9 67.4 25 62 73.5

KT-12 64.0 ~65.6 29 71 73.8
KT-13 75.4 - 76.5 26 72 72.7
KT-14 72.8 77.7 20 - 62 71.7
KT-15 69.6 72.7 25 62 74.2
KT-16 70.4 66.9 30 72 . 71.7
KT-17 71.3 72.5 34 72 72.9
"KT-18 70.2 70.5 30 72 75.6
KT-19 -65.6. 58.5 30 72 74.2
KT-20 - 65.9 56.5 10 65 74.2
KT-21 63.2 - 54.6 20 - 70 67.3
KT-22 73.8 70.0 10 68 74.8

KT-23 - 67.9 65.1 13 67 - 76.3
KT-24 64.6 67.5 - 10 67 73.8
KT-25 70.0 63.9 - 17 67 73.8

KT-26 65.8 68.0 13 . 68 76.3
KT-27 63.0 50.0 10 68 74,2
KT-1R ~ 60.5 54,2 16 64 78.8

KT-3R 60.2 53.6 28 70 . 75.8
KT-7R 61.5 56.8 17 62 75.8
KT-9R 67.5 68.5 28 .72 77.9
KT-14R  73.5 77.2 21 63 75.6
KT-19R 64.7 51.8 -30 72 75.8
KT-21R 64.0 56.3 19 70 79.0.
KT-25R 68.4 65.7 18 67 73.8
KT-27R ~ 61.7 53.7 . 12 70 - 75.8
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Figure 18 was plotted tp show the weight percent denitrogenation as a function of '
weight percent MoO; neglecting the presence of the other two mefals. The role of these
active metals in denitrogenation was clearly seen as compared to the blank carrier,and
t_he quadratic effect of MoO; concentration was significant. Further breakdown to three
levels of CoO and WQO; concentrations is illustrated in Figure 19. Each curve shows a quad-
ratic trend with a local maximum denitrogenation at around 10% MoOj; concentration and -
there are some mteractlons Further increase in MoO, content failed to demonstrate any
beneflt The global maximum denitrogenation was attained approxunately at 10% MoO;,
4% CoO and 6% WO;. The nitrogen removal as an explicit function of CoO is shown in
Figure 20 and the detailé of individual correlation is shown in Figure 21. Theée two ﬁgurés
also confirmed that the maximum nitrogen removal was achieved at .around 4% CoO con-
centration. The effect of tungsten concentration on denitrogenation is explicitly illus-
trated in Figure 22. Unhke the two previous curves the presence of 2% WO, appeared to
be as effective as any h1gher concentratlons Flgure 23 shows this trend in detall At low
MoO, level (4%), an increase in WO; up to 8% generally improved the demtrogenatlon. _.
However, at higher MoO, levels (10% and. 16%) any addition of WO; beyond 2% level
actually impaired catalytic performance in denitrogenation. '
An analysis of variance (ANOVA) for three factors at three levels is shown in Table
XII. An unWeig_hted means procedure was used for unequal replications. The ANOVA table
is a statistical technique used to determine those factors having a significant effe<':t on deni—
trogenation. The first F value of the fifth column greater than 4.26 des1gnates the factor
that is significant at a significance level of 5%. That is, if the parameter is determined to
be significant, there is only one chance in twenty of being in error. Since the F-values are
greater than 4.26, each parameter has a significant effect. T T
Table XIII shows multiple linear reg‘ession which was obtained by the use of back-

ward stepwise regression technique at a significant level of 5%. Thus, regression equation
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QUNTS ARE UGHERUAL
55&%&%&7@9 REGRS & COUN
FACTOR = 1
- TRT N HEANS

4 9 66,98

10 92 70.06

16 9 66.48
FACTOR = 2

TRT - N HEANS
2 2 b64.9
4 9 70,67
6 9 67.93
FACTOR = 3 -
TRT N HEANS
2 9 68.3
9 69.27

14 9 65,93
HARHONIC CT= 1,200
ANALYSIS OF VARIANCE:
SOURCE BF 8.5,

1 2 67,71
2 2 148.9
12 4 13.96
3 2 953.46
13 4 69.47
23 4 36.92
123 8 23.96
RESIDUAL 9 5.275
Factor 1 = Wt% MoO3
Factor 2 = Wt% CoO
Factor 3 = Wt% WO3
Response
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Table XII

Analysis of Variance for Three Factors at Three Levels

Variable = Wt% denitrogenation

F-VALUE

HOLIT

e P Ot DI 08 SN
PDQN* ¢« e ¢ o

(fie o NOve
OO GININO 220D
e LA OG- 2oL -
N
O
-
O~
(]

o GHALYSIS I8 RASED ON
1! Sﬁ CELL HEQN@ PER RER

Three Levels

4%  10%  16%
2% 4% 6%
2% 8%  14%

MEISUTED HEANS.
N EGLL AT

P-VALUE

00008
+1292E-01
0.000
0,000
+7309E-03
+1295E-01




DEPENDENT VARIABLE = 4

FIT! . VAR R-PART B

SE(B) T P-UALUE
1 6615 2,330 ©,4991 4,667 0.000
2..7128 . 9.370 1,744 5,372 0,000
3 5233 1.352 4161 %.950. +3002E-02
12 -,5949 -+9410E-01 ,2403E-01 ~-3.916 0,000
13 o683 Il c3lsE  cdegre 0,000
13 018388 Z84e3E-d +$488E-01 2%:538 " 0,000
INTERCEPT = 37.43 ‘
R-SQUARED = ,7705
AMALYSIS OF VARIANCE:
SOURCE  DF 5.8, M8, F-VALUE  P-VALUE
Rggaﬁss 7 483,1 69.02 13,43 0,000
~§ IDUAL 28 143.9 5,140 7
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Table XIII

Multiple Regression Analysis for Denitrogenation

INDEPENDENT VARIABLES= 1 2 3 12 13 1417

giaL 35 627.1

4 = Wt% denitrogenation
1l = Wt? MoOj3

2 = Wt% CoO

3 = Wt% WO3 .

12 = (Wt% MoO3) (Wt% MoO3)
13 = (Wt% CoO) (Wt% CoO)
14 = (Wt% WO3) (Wt% WO3)
17 = (Wt% MoO3) (Wt WO3)
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(the w_eight percent denitrogenation regressed on the metal oxide concentrations) is con-
structed as follows.
Wt% DeN = 3743 + 2.33 (MoO3) + 9.37(Co0) + 1.35(WO;)
- 6.094 (Mo0;)?* - 1.076 (Co0)? - 0.061 (WO, )
- 0.053 M00;) (WO3)

The presence of MoQ;, CoO, and WO, significantly affected the-denitrogenat'ion and the
coefficients of quadratic and the interaction of the metal oxide concentrations were nega-
tive. The intercept at 37.43 was close to a denitrogenation value -obtained with the blank
carrier. | |

The weight' percent desulfurization is plotted -against the weight percent MoQO; in
Figure 24 ignoring the presence' of CoO and WOa. The catalytic abilities of these same
metals were also demonstrated in desulfurization. The correlatio.ns' between the weight per-
cent desulfurization and MoO, concentrafion are.illustrated m Figure 25 at three .dift;erent
levels of CoO. Within each of these CoO levels, three levels of WO, concentrgtions were
also consideréd. If is clearly seen from the figure that there is an optimum MoO; concen-
tration (around 10%) in each gfoup of curves. The effect of weight percent Co_O is
extremely significant when its concentration was increased from 2% to 4% but further
increase beyond 4% aétual_ly deteriorated catalytic desulfurization activities. The effect of
“tungsten concentration in desulfurization was not so significant at all levels of MoO; and
Co0. The desulfurization as a function of CoO is shown in Figure 26 and Figure 27. The»
‘ " cobalt exhibited a most distinctive enhancement effect in désulfurization with péaks
around 4%. This trend was élearly visible at all three levels of MoO; concentrations. The
sulfur removal as a function of WO, concentration is éﬁown in Figu¥e 28. The catalytic
performance in desulfurization as a function of three metals are shown in Figure 29, ATh.e

figure indicates that there dre significant interactions.
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An analysis of variance was made for da_ta in the configuration of a response vatiable
(desulfurization) with three classifying factors arranged in randomtzed complete block
(Table )ﬂVj. An unweighed means procedure was atso used here for unequal replications. |
Based on the F-value of the fifth column, the interaction between MoO, and CoO is the
least significant. The use of backward stepwise approach produced a table of multiplc
linear regressions at a significance level of 5% (Table XV). The regression equation thus
obtained is |

Wit% DeS = 5.2 + 4.99 (MoO,;) + 19.t4 (Co0) + 2.03 (WO3)
- 0.23 M00;)* - 2.19 (Co0O)?> - 0.086 (WO;)?
~ 0.071 (MoO3) (WO5)

The effect of the three metals on desulfurization was extremeiy significant. The quad-
ratic and interaction effects of these metals were negative as in denitrogenation. The inter-
cept at 5.2% was much the same as thc desulfurization value of 4.5% obtained with the
blank carrier. |

The degree of hydrocracking of SRL, that is, upgrading of hydrogen content is ex-
" pressed in terms of two parameters: the percentage of gasoline disti]léd up to 380°F, or'
193‘;C (light liquid) and the percentage of residue rcmained m the pot at 450°F, or 232°C
(heavy liquid). The volume percentages of light and heavy disti]iates are plotted as.a func--
tion' of MoO,; concentration, as a function of CoO concentration, and as a function'of
WO; concentration in Figure 30, Figure 31, and ',F igure 32.

Although there are significant interactions, it is generally seen that the maximum
amount of gasoline was produced at around 9% MoO; concentration. The effect of CoO
concentration on gasoline production appears to be insignificant. Tne tungsten concen-
tration, on the other 'hand, played a significant role when the MoO; concentration was
as low as 4%. In this case-, at all levels of CoO concentration the gasoline yield incrcase

was almost proportional to the WO, concentration (Figure 32). At higher MoO; concen- '
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Table XIV

Analysis of Variance for Desulfurization
. as Response Variable

FACTGR = 1
TRY N HEANS
4 ? 63.93
10 9 70.92
16 9 61.59
FACTOR = 2
" TRT N MEANS
2 9 59.34
4 9 71,22
6 9 65.88
"FACTOR = 3
TRT N HMEANS
2 9 64.84
B 9 &7.45
14 9 64,14
HARMONIC CT= 1.200
ANALYSIS OF VARIANCE!
SOURCE DF 8,5, .S, F-VALUE P-VALUE
1 2 423.4 211.7 49,13 0.000
2 2 636.5 318,2 73.89 0,000
12 4 42,02 15,50 3,998 +9112E-01
3 2 94,41 27.21 6.314 +1923E-01
13 4 67:49 16.87 3+916 0 4125E~01
23 4 45,04 11.24 2:613 1044
123 8 14, 14,33 3,323 +4622E-01
RESIDUAL 9 38,78 4,309
Three Levels
Factor 1 = Wt% MoO3 4% 10% 16%
Factor 2 = Wt% CoO 2% 4% 6%
Factor 3 = Wt% WO3 2% 8% 14s%

Response Variable = Wt% desulfurization
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Table XV

Multiple Regression Analysis for Desulfurization

DEPENDENT VARIABLE '='§

4

INDEPENDENT VARIABLES= 1.2-3112 13 14 17

FIT: VAR R-PART B SE(B) T F-UALUE
1 47630 4.989 7987 6.247 0,000
2 7918 19.14 2,791 6,859 0.000
3 .4 2,034 +6658 3.054 +4908E-02
12 ~.7500 -+2307 +3845E-01 ~-6.000 0,000
13 -,2670 -2.18% 0 3461 ~64+325 0,000
14 -.3903 ~+B626E-01 .3B4A5E~01 -2.243 +3298E-01
17 -.5093 -+7056E~01 ,2253E~-01 -3,131 - +4051E-02
INTERCEPT = 5.199
R~SQUARED = ,8355
ANALYSIS OF VARIANCES
SBQURCE - DF 8,8, He8o F~VALUE P~VALUE
REGRESS 7 1872, §g7i2 20,32 0.000
L]

RESIDUAL 28  348.5
TOTAL 35 2240,

5 = Wt% desulfurization
1l = Wt% MoO3

2 = Wt% CoO

3 = Wt% WOs3 ,

12 = (Wt? MoO3) (Wt% MoO3)
13 = (Wt? Co0) (Wt3 CoO0)
14 = (Wt% WO3) (Wt3 WO3)
17 = (Wt% MoO3) (Wt% WO3)




&L 14 &L D4 &L 4

DIBO
14 F %
1 94 F %
0 D4 F %
20BO
F; *& %

(# 2B9  $ )"#%&# ) H&H)< ( % ) & &% &-F2- 1*&2)&) # & 9



0B

HB

EB

DB

2B

(# 2.9

*&2L D4

$ )" H%&H )

I#&)# )< (

*&2L .B4 *&2L .E4

14 F %

94 F %
D4 F %

20BO

% ) & &%*&2-F2- | & )&) # & 9



*& &L D4 AN G [,

DI B DI B
14 &
D4 &
4 &
20B&
hiiiiiiiiiii hiiiiiiiiiii
B 1 9
F, F %

(# 219 $ )"#%&# ) HE&H)<( % ) & &%*&2- &- !F2)&) # & 9



75
trations, this trend did not hold. An analysis of variance and a table of multiple linear .
regressions made for the response variable, volume percentage of gasoline produced, is

shown in Table XVI and Table XVII.

Development of A Model for Catalyst

The Katalco carrier (serial no. 81-6731) was inspécted under the scanning electron
microscope. Figure 33 shows the scanning eléctron photomicrograph of catalyst surface
at 50,000 times magnification. One millimeter in leﬂéth in these figures is equivalent to
2004 (1A' =1 ten-bi}lionfh of a meter). A base granule as small as about 80A can be visu-
ally identified from the pictures. A summary of the granule size calculations is presented in
Ap_pendix D. The calculations show fhat the average size of a base 'gran,ule is.744 in diame-
ter. Figure 34 shows one of the many possible models that can explain the physiqal propef-
ties of thé catalyst carrier. It shows a highly organized pore structure with an average pore
diameter of approximately 1504 in three dimensional coordinates. In reality, howe{rer, the
pores are not well-defined cylindrical pores as evidenced by Figure 33. |

Problems have been encountered in correlating the catalytié performance witﬁ a nom-
inal pore diameter and surface area. A number of commercigl catalysts, well-known for !
their denitrogenation capability with one type of feed,displayed poor performance with
another type of feed [63,64]. It is believed that the nominal pore diaméter as used in the
monodisperse model is not an adequate parameter to represent a catalyst,particularly when
the large molécular substance such as coal-derived liquid was treated. |

" Stenberg [62] reported Ithat the SRL had an average molecu}ar weight of 460 with a
range of 160 to 4000 (gel permeation chromatographic separation). The SRL is highly
aromatic with one acid group and 0.1 base group per molecule. The averagé thickness of
the aromatic layers in the SRL samples is about 124,a stack of 4 planes with 154 in diam-

eter (powder X-ray diffraction). -
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Table XVI

' Multiple Regression Analysis for Gasoline Yield

DEPENDENT VARIABLE = 4 .
INDEPENDENT VARIABLES= 1 2 12 13

R-PART B

FIVS VAR SE(B) T
: 1. 45245 4,279 1,248 3430
2 =.3959 -10.74 4,476 ~2.400
12 “05714 '02390 06164E'01 ‘31377
13,3792 1,264 +9548 2.282
INTERCEPT = 27.68
R-SGUARED = ,4529
ANALYSIS OF VARIANCE: '
SOURCE DF S S, HeS, F~VALUE P-VALUE
REGRESS b:6 221.7 6.416 +9504E-03
§%§IDUAL %% 1071. 34,99
AL 1958,

6 = Volume % gasoline yield
1 = Wt% MoO3

2 = Wt% CoO
12 = (Wt% MoO3) (Wt% MoO )
13 = (Wt% Co0) (Wt% Co0)
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Table XVII
Multiple Regression:Analysis for Heavy Qil Yield

BEPEMDENT VARIABLE: =7
INDEPENDENT VARIABLES= 1 2 13 14 17

FITS VAR R-PART B SE(E) T
1 -.6076 -.7105 v 1696 -4,190
2 3443 4 494 2.238 2,008
13 ~.3390 °2733 -1.974
14 -, 56474 . f.saoza 1 .%2 4E-o1 -4.35;
i7 .5840 +6878E-01 .1737E-01 3.

INVERCEPT = 31.48

R-SQUARED = ,4981

amhLYSIS or vARIAchf .

g E E o335 535 R 4t
ReSRb0AL 25,5 BL8ay ) '

TOTAL 35 329.0

7 = Volume % heavy oil yield
1 = Wt% MoO3

2 = Wt CoOo

13 = (Wt% Co0) **2

14 = (Wt% WOg3) **2

17 = (Wt% MoO3) (Wt3WO3)
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