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PREFACE

The ARPA Workshop on Needs of the U.S. Department of Defense for
Catalysis took place in Santa Monica con November 5 and 6, 1973. The
Workshop was conducted by R&D Associates, under comtract for the Defense
Advanced Research Projects Agency. This volume contains papers presented
at the Workshop and transeriptions of the informal remarks of participants
during discussions. The transcriptions are close to verbatim; however,
the editor has taken occasional liberties in making the verbatim trans-
criptions of the talks and discussions more readable, and hopes in the
proceas not to have perturbed the intent and meaning of the speakers.

The opinions expressed in these proceedings do not necessarily represent
those of the editor, R&D Associlates, ARPA, nor the U.S. Government,

An Executive Summary of the findings of the Workshop is in preparation
and will be issued soon as Volume I of this report, RDA-TR-3501-001.

Leona Marshall Libby, Editor
Santa Monica, Califormia
December 14, 1973



I
TABLE OF CONTENTS

Introductdon .+ & 4 4 4 o o e 5 ¢ 8 4 e 4 e o s s s s 8 s s s e s os 1
SUMMAYY « v v c 4 s v s o s 4 s e s e s s v e b s s s 0 s e e e s s 1
Recommendations . + » o o « ¢ o « ¢« « « s s s 8 5 s s s ¢ 8 s v ¢« 9
Introductory Remarks . o v « ¢ 2 « o o ¢ o o s o « o s ¢« =« » o » « 13
Importance of Catalysig to DOD - V. Haensel + « v + v o« « « o « & « 19

The Uses and Potential of Zeolite Catalysts in
REE ining - J - Rabo L ] - L] . -+ . - L] * L] - - . - . - - L] . . L ] . - 38

Selactivity in Gasoline Production — H. Heinemann + = = « =« = s » » 60
Removal of Sulfur from Petroleum Feedstocks -~ H. Beuther . . . . . 76
Catalytic Problems in Fuel Production from Shale - H. Huffman . . . 93

Catalysis in Production of Ligquid Fuels from Coal and 115
Heavy Resids - W- A. Bailey, Jro 4 &4 4 & ¢ e T % & ¢ & 8 % = & =

Catalysis for Production of Gaseous Fuels from Liquid
Hydrocarboens - J. T. Richardson . . . . . . . . « ¢« ¢« « o+ . . .128

Catalytic Removal of Sulfur, Nitrogen, and Heavy Metals
during Coal Gasification - G. A. Mills . . ¢« . & ¢« ¢ & o« o o o 147

Environmental Restrictions and Their Relationship to DOD
Catalysis Needs — R. Perrdne . . ., ¢ ¢ v 4 ¢« « ¢ « o « o » =« - .160

Catalytic Control of CO and Hydrocarbons - J. G. Cohn . . + . . . .180
NOX Removal from Exhaust Gases = R. L. Klimisch . . . . . . « . .200

Contributions of Surface Studies to Understanding
Catalytic Reactions = G. Somorjai o « ¢« « ¢ v 4 « ¢ & o o » = o 2207

Increasing Uses of Jet Fuel for Peaking Power - W. F. Libby ., . . .242

Spectroscopic Techniques in Catalysis - J. B. Perd ., . ., . . . . .262



TABLE OF CONTENTS (Cont'd)

Isotopic Tracers in Catalytic Mechanical Studies - W. K. Hall .
Insights into Theory of Catalytic Research - H, Suhl . . . . .
New Techniques in Catalytic Research — M. Boudart . . + + ¢ « &
Catalysis in Synthetic Rubber Production - H. J. Essig . . . .
Electrode Catalysis in Fuel Cells - J. A. S. Bett.. s e s e s e
Fuels and Other Corresponding Powerplants — R. D. Quillian . .
The Future of Catalysis -~ P. H. Emmett .« « = » « « o s « s o &
Special Applications of Catalysis in Fuel Cells - J. R. Huff .
Catalysis Research in Research Institutions - H. Wise . . . « .
Activities of the Catalysis Society — R. L. Burwell . + « . + .
Research in Catalysis at the Bureau of Mines ~ 5. E. Khalafalla

Role of Universities in Catalysis Research - J. W. Hightower .

Appendices:
A. Scientific American Article (Haensel and Burwell) .
B. Nagel's Table . . . +« ¢ « 4 « 4o 2 =« « « 2 o & .
C. List of Attendees . + « + &4 & 4 & o + & o« = s s 2 =«

D. Additional Recommendations from Workshop Members

324
335
338
354
378
374
380
383

394

409
423
424

427



ARPA Workshop on the Needs of
the Department of Defense for Catalysis

I. INTRODUCTION: A SURVEY OF HETEROGENEOUS CATALYSIS

Some chemical reactions proceed spontaneously and rapidly
at roonm temperature merely by bringing the reactants together;
for example, sodium and water form sodium hydroxide and hydrogen.

2Na + 2H20 = 2NaOH + HZ

Many reactions are slow even though the occurrence of the
reaction would lead to & more stable system. Some of these
attain a substantial rate upon elevating the temperature, such
as the reaction between hydrogen and oxygen, viz.

2H2 + 0, = 2H20

2

In still other cases, there is no temperature at which
the reaction can be effected usefully. An example of this is
the synthesis of ammonia.

Nz + 3H2 = ZNH3

Ammonia is more stable than nitrogen plus hydrogen at tempera-
tures below about 400°C, but the rate of its formation is
negligible at these temperatures. At very high temperatures

the rate becomes substantial, but the stability relations change
with temperature and, at temperatures that give substantial
rates, the position of stability has changed far in the direction
of nitrogen plus hydrogen. Thus, there is no temperature at
which ammonia can be synthesized from nitrogen plus hydrogen.

In the early 1900's, sodium nitrate from the beds of cChilian
saltpetre was the only substantial source of nitric acid (HNO3}
used in making all explosives of military interest at the time.
The government of Germany, recognizing that a British blockade
could eliminate its supply of chilian saltpetre and prevent the
German government from engaging in a war of any duration, supported
regsearch to provide an alternate souxrce of nitric acid. The
German chemist Haber discovered a catalytic process to synthesize
ammonia. He found that nitrogen and hydrogen would react on the
surface of iron at about 400°C to form ammonia at useful rates,
that is, iron is a catalyst for ammonia synthesis.



Nitrogen and hydrogen adsorb on the surface of the iron
to form chemisorbed intermediates which react to form adsorbed
ammonia which upon desorption frees the surface of the iron for
further catalytic action. The adsorption of nitrogen and hydrogen
is chemisorption and involves formation of surface chemical
compounds of iron with nitrogen and hydrogen. These react to
form adsorbed NH, which reacts with H(ads) to form ammonia.
Desorption of ammonia regenerates the original surface of the
iron. Thus, myriads of molecules of ammonia can be formed on
each element of the surface of iron. In modern ammonia plants,
a charge of iron catalyst can be used for years with only slight
loss in catalytic activity. Because of this and because of the
high level of development of the modern Haber process, ammonia
is the second cheapest manufactured chemical. (Sulfuric acid,
also made catalytically, is the cheapest.)

The invention of the Haber process solved the nitric acid
problem because it was already known that ammonia could be con-
verted into nitric acid by the following reactions

4NH3 + 502 = 4NO + 6H20
4N0 + 30, + 2H,0 = 4HNO,g

Conversion of NO to HNOj proceeds without a catalyst, but the
first reaction requires a catalyst. Although ammonia can be
burned in air without a catalyst, the products of reaction are
nitrogen and water, which are not the desired products. If,
however, nitrogen and oxygen are passed very rapidly over a pla-
tinum-rhodium alloy at about 1000°C, about 97% of the ammonia is
converted to NO; that ig, the catalyst is very selective in
catalysing

4NH3 + 502 = 4NO + 6H20

rather than
4HN3 + 302 = 2N2 + 6H20

Many years of development were required to cobtain the modern
process for oxidizing ammonia to NO at such very high selectivity.

Selectivity is a dominant feature in catalysis. In most
reaction mixtures, two or more reactions are possible, but one
usually desires only a single reaction. It may take much work
to find a catalyst and operating conditions highly selective for
the desired reaction. That was true for the oxidation of ammonia
to nitric acid since most other catalysts lead to the formation
of much more nitrogen.



Reaction of carbon monoxide (CO) with hydrogen provides
a good example of selectivity. By suitable choice of the
catalyst and conditions, one can effect many different reactions
of which just three appear below.

CoO + 2H, = CHSOH synthesis of methyl alcohol-
Co + 3H2 = CH, + Hy0 Methanation

6CO + 13H2 = n-C.H,, + 6H20 Fischer-Tropsch reaction

The first reaction is run on a large scale commercially on a

zinc chromite catalyst. The methanation reaction proceeds on
various nickel-based catalysts and is currently of considerable
interest because it is essential to the manufacture of “synthetic
natural gas" from coal. The Fischer-Tropsch reaction occurs

on a cobalt-thoria-gilica catalyst and leads to a mixture of a
large number of hydrocarbons rather than just to hexane shown as
an example. The Fischer-Tropsch reaction supplied a large share
of the German gasoline during World War II.

All of the examples of catalysis instanced above involve
heterogeneous catalysis. The catalyst is a solid, and the reactants
disappear from and the products appear in a gas phase. 1In
homogeneous catalysis, the catalyst is dispersed as molecules
in the same phase, gas or liquid, as the reactants and products.

A technically important example is the hydrocarbonylation of
olefins which is catalysed by HCo({CO)s dissolved in liquid
hydrocarbon. A particular example follows:

H
C4H9CH=CH2 + CO + H2 = C4H9CH2CHZC0

Homogeneous catalysis is of considerable scientific interest,
and there are other technically important examples: however,
heterogeneous catalysis is of much greater technological impor-
tance and is apt to remain so. Heterogeneous catalysis lends
itself particularly well to efficient, large-scale manufacturing
processes for the following reasons. The catalyst is placed in a
reactor chamber provided with a means to add or remove heat as
appropriate. The reactants, usually gaseous, are passed over
it as shown below.
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The reactants pass continuously over the catalyst, and the

products issue from the reactor. since the catalyst remains

in place, no step is required to separate it from the products

as in homogeneous catalysis. The simplieity of operation, and

the ease in controlling the determining variables of pressure,
temperature and flow rate, make heterogeneous catalytic pro- '
cesses very cheap and efficient. At present, there is considerable
activity aimed at "heterogenizing homogeneous catalysts", that is,
in attaching hemogeneous catalysts to solid supports so that they
can be used in reactors of the type described above.

Some heterogeneous catalysts are in forms with a small
area/mass ratio. The platinum-rhodium alloy used in the oxidation
of ammonia to nitric acid is of this form. However, in general
the rate of heterogeneous catalytic reaction is proportiocnal
to the surface area of the catalytic ingredient, and cne usually
wishes to make the {area/mass) for the catalytic ingredient as
large as possible. Further, one wishes to pack the reactor
chamber with particles large enough {a few mm in diameter in
most commercial reactors) so that the pressure drop through the
reactor at desired flow rates is not too large. Finally, one
often wighes to protect the catalytic material against sintering
with accompanying loss of catalytic activity. The objectives
are commonly achieved by starting with a porous support of very
high internal area (of the order of 100 to 500 square meters
per gram) in pellets of the desired diameter. The material
usually has a porosity like that of a loose gravel bed wherg
the "gravel" particles have a diameter of about 15 nm (150 A).
The catalytically active ingredient is deposited throughout
the pore volume as small crystallites whose diameter may be in
the range of 2 nm. As a result of this small size, of the order
of 50% of the catalytic ingredient may be on the surface, and
the isolation of the tiny crystallites from one another greatly
reduces their rate of sintering. Alumina and silica are com-
monly used supports. Alumina may also contribute ecatalytic
activity. The catalytically active ingredient is often a metal
like platinum, palladium or nickel, or an oxide or mixture of
oxides like chromium oxide or cobalt oxide-molybdenum oxide.

As already mentioned, heterogeneous catalytic processes
are particularly suited for industrial applications, and they
permit manufacturing many products which are available in no
other way. Their use is particularly dominant in conversion
reactions involved in the manufacture of fuels. Heterogeneous
catalysis is equally dominant in all projected processes for
the manufacture and conversion of fuels from coal, oil shale,
and from hydrogen generated from nuclear reactors.



The following heterogeneous catalytic reactions are
examples of those used in petroleum refining.

a) Catalytic cracking (the conversion of large molecules
in petroleum to smaller ones in the gasoline or kero-
sine range).

b) Hydrocracking (another process giving the results of
cracking).

¢) CcCatalytic reforming (conversion of gasolines of low
octane number to gasolines of high octane number).

d) 1Isomerization (another process leading to improved
octane number).

e) Desulfurization (reaction of sulfur compounds in gaso-
line, jet fuel, heavy o0il, etc., with hydrogen to form
hydrogen sulfide gas).

Myriads of reactions are possible in such complicated mixtures
of hydrocarbons, and highly selective catalysts are needed.

The greater part of a barrel of petroleum now passes over
at least one catalyst, and with demands for reduced emissions
of sulfur dioxide, even more catalytic processing will be
required in the future.

It is clear that the production and conversion of fuels
from coal, oil shale, and nuclear power will be completely
dominated by heterogeneous catalytic processes.

Heterogeneous catalytic processes also dominate the petro-
chemical industry and much of the chemical industry. It is
probable that many types of heterogeneous catalytic reactions
remain to be discovered and exploited since many possible kinds
of reactions have been little investigated.
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II. SUMMARY OF MEETING

A. Composition of Delegates

The panel included a representative cross section of highly
knowledgeable chemists, physicists, and chemical engineers
currently doing research in heterogeneous catalysis. The
delegates came from industry, universities, govermment, and
research institutions. Several made brief presentations that
could be classified under one of the general topics relating to
fuel production, pollution control, special techniques, specific
applications, or the role of various organizations in catalysis.
Also in attendance were representatives from Advanced Research
Projects Agency, Mobility Equipment Research and Development
Center, Naval Regearch Laboratory, U.S. Fuelg and Lubricants
Center, and members of the Department of Defense.

B. Statement of Problem

Tn the recent past an increasing majority of new chemical
processes of technoleogical interest have involved catalysis,
and the great majority of these have involved heterogeneous
catalysis. In addition, heterogeneous catalysis is involved
in other ways than in the preparation of chemicals, for example
in the production and transformation of fuels, in the control
of pollution, and in fuel cells.

Thus, heterogeneous catalysis is of major importance to
the Department of Defense. But, of course, many areas Of
science and technology are alsa of major importance, and not
all need special attention by the Department. This report
addresses itself to the following questions:

1) 1Is research in heterogeneous catalysis in the United
States in an adeguate state of health?

2) If not, does any weakness in the current state of
heterogeneous catalysis endanger important interests of
the Department of Defense?

3) If important interests are endangered, what should be
done?

C. Historical Perspective, Comparison with Other Countries

For almost twenty years, much of the long-range research
in catalysis was performed in industry. Success can be assessed
by the number of new catalytic processes which were developed
by teams associated with the names of U.S. industrial chemists



and chemical engineers engaged in fundamental studies: Beeck, Clapetta,
Clark, Farkas, Greensfelder, Hall, Hirschler, Jenkins, Low, McIver, Mills,
Neikam, Oblad, Ritchie, Voge, Wei, Weller, and others. Because of untimely
death, early retirement, retirement, transfer to administrative or acadenmic
work, none of the above is currently still doing the basic work for which
he became known. But what is significant is that these men have not been
replaced in number or gquality so that the ranks of basic researchers in
industrial catalysis have been severely depleted.

At the same time, the number of faculty appeintments in catalysis has re-
mained quite small in American chemistry departments. While a spectacular in-
crease in such appointments in chemical engineering has taken place during the
past ten years, a substantial fraction of the catalytic research carried out in
university departments of chemical engineering is oriented toward phenomenological
rather than molecular aspects of the field.

By contrast, basic research in the molecular aspects of catalysis
has grown enormously abroad, especially in Japan, the USSR, France, and
the Netherlands. Logically, this is vhere the basic knowledge required
to develop the new processes needed by the changing energy technologies
is likely to be generated. The result will be a dangercus dependence on
foreign technolegy in a period of acute technological needs and unfavorable
balance of trade.

-The challenge to DOD is that new technoclogy is needed now to assure
economical interconversion of available fossil energy scurces to produce
needed liquid and gasecus fuels for uses in eventual conbat, to pexrmit
the use of lower grade oil and to develop quiet power plants such as fuel
cells or liquid fuel plants aboard nuclear aircraft carriers for refueling
of conventional ships at sea. The basic knowledge required to reach these
objectives is either not available or when avallable, must be brought to
fruition by additional engineering reseaxch.

The primary overall goal of the DOD is for self sufficiency in energy
supplies.



IIT. RECOMMENDATIONS

The recommendations arrived at during the ARPA Workshop were collated
and clarified directly after its termination by Professors Joe Hightower,
W. Keith Hall, Michel Boudart; R.L. Burwell, Jr., and James T. Richardson.

There is room for improvement in almost all commercially important
heterogeneous catalytic processes, and research in each should ultimately
lead to enhanced activity, greater selectivity, longer life, and more
efficient use of raw materials. While some improvements may be effected
through more sophisticated engineering design, others can only be expected
through development of a basic understanding of the individual steps in a
catalytic sequence. The most productive approach to developing or improv-
ing catalysts involves simultaneous studies of specific processes and the
fundamental aspects of catalysis. Since it is, of course, impossible for
the DOD to become involved in all commercial processes, the panel of experts
has divided the recommendations into three areas: those aimed at improving
the fundamental understanding of catalysis, a few specific processes that
appear to have a direct bearing on the mission of the DOD, and the
formation of a panel to search for new areéas where applications of
catalysis might have a positive influence on the DOD. These should
not be considered as limiting but should serve only as examples of
projects that merit DCD support.

A, RESEARCH TQ EXTEND GENERAL UNDERSTANDING OF CATALYSTS

1. Surface Physics and Instrumental Techniques

The growing list of gpectroscopic and diffraction techniques
developed for the study of composition, structure, and electronic states
of well-defined surfaces presents new challanges and promises in catalytic
research (See Nagel's Table, Appendix B).

In the past, adaptation of a new physical technique to the examina-
tion of catalytic materials has taken ten to fifteen years. This is far
too long. Attempts to use a new technique directly, without proper adapta-
tions, have frequently led to early disenchantment, with incomplete in-
formation. This can be avoided by the support of co-operative efforts
between chemical physicists and catalytic chemists. Finally, while
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methods of surface analysis well suited to the examination of
catalytic materials in vacuo are of great interest, priority
should be given to those methods which permit the observation

of catalytic surfaces at pressures and temperatures used in
catalytic processes. The ultimate goal is the determination

of composition, structure, and bonding of the surface inter-
mediates propagating the catalytic sequence of elementary pro-
cesses. Close collaboration between physicists, surface chemists,
and materials scientists on the one hand and physical chemists
and chemical engineers on the other hand is a necessary condition
for swift and successful transfer as advocated here.

2. Kinetics, Mechanisms

One of the largest present weaknesgses in the theory and prac-
tice of catalysis is the lack of knowledge concerning the elemen-
tary processes that occur inside the catalytic reactor. Such
mechanistic knowledge is frequently essential for process control,
trouble-shooting, improving catalysts, or discovering alternatives
to existing catalytic routes. Regretably, a knowledge of mechanisms
cannot generally be derived from kinetic studies alone, that is,
by studies only investigating how the reaction rate (or selectivity)
changes with concentration of the reactants, temperature, and
time reactants spend in the reactor. These must be supported
(and sometimes guided) by much auxilliary data, including work
with isotopically labeled tracers, model compounds,and sometimes
studies of the chemisorption of various gases. In the latter
connection, the use of some of these as selective poisons may
result in improvement in selectivity, which is the key feature
of practical catalysis. Knowledge of this kind is currently badly
needed in the areas of coal gasification and hydrodesulfurization.

A central feature of mechanism is a knowledge of the inter-
mediates formed on the catalyst surface. Special techniques have
been developed to examine these intermediates which play a key
role in the reaction mechanism. A reasonably complete picture
of the chemistry of the catalytic process results when such infor-
mation about intermediates is combined with data from kinetic
studies. Such multifaceted approaches should be encouraged.

3. Physical Properties, Transport Effects

Most catalysts are porous, spongelike solid materials. Their
effectiveness frequently is limited not by their intrinsic catalytic
activity but by the rate of entry and exit of reactants and
products from the pores. When this is the case, physical pro-
perties of the solids have overriding effects on their performance
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as catalysts. Such factors as particle size, pore size

and distribution, and thermal conductivity influence the trans-
port properties of reactants that affect reaction rates,
selectivities, kinetics, temperature dependencies, catalyst
strengths, and poisoning susceptibilities. It is possible to
modify these physical characteristics and thereby to synthesize
materials with properties controlled in such a way as to
maximize performance for the desired reactions. Detailed
investigations of the relationship between physical properties
and performance are necessary in order to optimize the system.
It is recommended that in any system of catalytic interest, the
role of physical properties be investigated in order to optimize
its performance. This will necessarily involve synthesis of
catalysts in which the parameters have been systematically
varied for testing.

4, Activation, De-activation, Poisconing

In use, catalysts suffer decline in activity. Such loss
in activity appears to result from the presence in the reactants
of poisons that adsorb permanently and prevent reaction at the
active gites, from change in the area, in the structure of the
surface or in the chemical identity of the bulk of the catalyst,
and from deposition of by-products on the surface of the catalyst.
such factors substantially influence the efficiency of tech-
nical catalytic processes, and they are poorly understood in
general. In particular, many catalysts consist of active
ingredients such as Pt or Crp03 deposited on a porous, high
area support like Al,O3 or SiO;. The crystallites of pt, for
example, are initially very small (a few nanometers in diameter)
with 50% or more of the atoms of Pt often being in the surface
of the tiny Pt crystallites. With use, the Pt crystallites
grow, the catalytic activity falls, and the selectivity may
change. Furthermore, reactivation of a "poisoned" catalyst
may result in further enlargement of the crystallites, thus
leaving even a smaller fraction of the active atoms on the
crystallite surface where they are useful.

Almost no understanding of just what happens during these
processes exists, and it is important that additional work be
done in this area which is a pervasive problem in heterogeneous
catalysis. The other aspects of deactivation are apt to be
specific to a particular catalyst and reaction. Work which is
imaginative and likely to be of practical use in these other
areas is worthy of support. For example, success of a process
frequently depends on the ability to re-activate catalysts
without causing them to sinter.
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B. Research to Support Specific Applications of Catalysis

i. Development of catalysts for the optimal conversian of non-petroleum
feeds (coal, shale, tar sands, etc.) into usable hydrocarbon fuels.

2. Improve catalytic methods for hydrogen production, a fuel to be used
in fuel cells for quiet power generation, for deep-sea recovery vessels,
and as a heat source to drive turbines.

3. Investigate catalysts for hydrogenation, methanation, and Fischer-
Tropsch synthesis of fuels.

4, Study non-noble metal catalysts for inexpensive, reliable fuel cells
that operate on fuels other than hydrogen and oxygen.

5. Investigate the mechanism of catalytic removal of sulfur, oxygen, and
nitrogen from fuels.

6. Explore the novel catalytic requirements that would be involved in
puilding small, mobile, ship-board, refineries, to produce hydrocarbon
fuels on nuclear powered ships, from coal and oil.

7. Explore the interfacial and catalytic factors involved in decompasition
of solid phase propellants and explosives.

8. Investigate any possible catalytic effects invelved in the ablation of
heat shield materials from missiles or re-entry vehicles.

C. Commission Panel to Investigate DOD's Needs for Catalysis

In general, the panel found it difficult to make specific recommendations
that would be unique to the DOD's needs. This was largely due to uncertain-
ties on the part of the members -as to exactly what the needs are. Most of
the areas discussed (e.g. fuels, chemicals, pollution control, etc.) are
common both to DOD and civilian uses, and considerable research has already
been expended in these areas by the civilian sector. It is therefore
recommended that a somewhat smaller panel (perhaps 10 people] be sommissioned
to visit various DOD centers and to itemize areas where research in catalysis
might be expected to have a unique and positive effect on the DOD's mission,
and on DOD self sufficiency for its energy needs.
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INTRODUCTORY REMARKS
LEONA M. LIRBRBY
R&D ASSOCTIATES

525 Wilshire Blvd.

Sarita Monica, California 90403
{(213) 451-5838

Welcome to the ARPA Workshop on Catalytic Needs of the DOD and
welcome to R&D Associates.

The purpose of the Workshop is to discuss the present state of
catalytic processes important to the DOD and to recommend a program of
researches in catalysis to be considered for support by the DOD. These
recommendations will be attributed to the Workshop itself and not to any
individual or corporation. We do not want to discuss any proprietary
information and hope that you will not do so. But if we‘encruach in
proprietarial areas, please warn us off so that the discussions do not
go up blind alleys.

Professor Joe Hightower and his panel will collate and clarify
the recommendations from this Workshop.

The talks and ensuing discussions will be recorded, and typed and
will be sent to the speakers for correction. The proceedings will be
edited and published as an ARPA document. Each attendee will have a copy

of his own. Dr. Joe Hightower is our chairman.
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INTRODUCTORY REMARKS

J. W. HIGHTOWER
Rice University
Department of Chemical Engineering

Houston, Texas 77001
(713) 528-4141

I am delighted with the response each of you has given to the
call for input to this meeting. In view of the worldwide energy
crisis, the public concern about pollution control, and the fear
that U.S. leadership in technology is in jeopardy, the time seems
appropriate for the Department of Defense to consider more direct
involvement in heterogeneous catalysis, a branch of science and
engineering that can have an enormous impact in all these areas.

We have assembled here today a representative group of proven
researchers in the £field...people who have demonstrated their exper-
tise and who wield considerable influence on the direction catalytic
research will take in the U.S. during the next few years. It is
hoped that through our discussions, areas will be pin-pointed where
catalysis can make an impact on the needs and objectives of the DOD.

In order not to take up too much time, I have summarized my
introductory remarks on three slides. Figure 1 describes the
objectives and format of the meeting, Figure 2 lists some areas
where catalysis is used, and Figure 3 shows the program. I hope
each person will feel free to discuss openly, amplify on, or
challenge any of the statements made during the next two days.

A group of five members attending this meeting will remain an
extra day to summarize the findings and draw up a set of recom-
mendations to ARPA. These people include Drs. Boudart, Burwell,
Hall, Hightower, and Richardson. Their report will be circulated
to each delegate for additional comments before it is attached to
the printed proceedings.

If there are no questions or comments, let's proceed with
the scheduled agenda,
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FIGURE 1

ARPA WORKSHOP

Composition of Workshop

®» Speakers - Industries, Universities, Governmental
Agencies, Research Institutes.

DOD Representatives
Observers

o W.F. Libby

o Richard J. Kokes

Objectives

o Identify areas where catalysis affects DOD

e Predict research areas where improvements can be
reasonably expected

o Show locations where catalysis research is carried
out today

® List current funding sources for catalysis research

Each Speaker Asked to:

¢ Discuss briefly use of catalysis in his area
e Show relevence to mission of DOD

¢ Mention anticipated advances through research
e Talk only 15 minutes!

Each Observer Encouraged to:

e Fill in missing information during discussion
e Provide facts on omitted areas

e Question speakers

e Help make recommendations

e DOD - show where catalysis projects are now being funded
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FIGURE Z

IMPORTANCE OF CATALYSIS

Importance of Catalysis Today

Products worth $100 billion/year mfg. goods
Defense technology

Industrial productivity

Energy sources

Space program

Envirommental quality

Food supplies

Projected Results of Advances in Catalysis

Formation of new industries

Improved efficiency of established industries
More economical generation of electricity
Expand supply of synthetic natural gas
Pollution~free transportation

Less costly conventlonal explosives
Corrosion inhibition

National Goals of 93rd Congress - Catalysis Can Help!

e Improving envirommental quality

e Maintaining U.S. Leadership in science
and technology

o Strengthening naticnal economy

o Solving energy crisis

Taken in part from "Catalysis"

Rothberg, Lib. of Congr.
Congressional Res. Service
Report T-175-US, April, 1973
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FIGURE 3

PROGRAM

Keynote Address
Catalysis in petroleum refining

Catalysis in fuel production from
unconventional sources

Catalysts in pollution control from
stationexry sources

Some special techniques in catalysis
Miscellaneous Topics

# Rubber

e Fuel cells

¢ Power plants

Role of some non-industrial organizations
in catalysis

Expected advances in catalytic processes
through research
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Hightower (Continued)

Our first speaker, Dr. Val Haensel, is from Universal 01l Products in
Des Plaines, Illinois. For a number of years he was director of Research.
He is now Vice President for Science and Technology at UOP. He has been
active in catalysis societies and was Chairman of the Fifth Intermational
Congress on Catalysis in 1972. He is Director of US-USSR joint techmology
exchange program and he has recently been awarded the Presidemtial Natiomal
Medal of Science Award. Our program does not have anyone speaking specific-—
ally on reforming catalysts which play an important role in petroleum refining.
This is partly intentional because Dr. Haensel is the father of modern day
reforming. In his keynote address, I am sure he will mention reformiang, a

subject of considerable importance to fuel supplies for the DOD.
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IMPORTANCE OF CATALYSIS T0 DOD
V. HAENSEL
Universal 0il Products Company
30 Algonquin Road

Des Plainea, Illinois 60016
{(312) 391-3131

I know very little about the importance of catalysis
to the DOD and I am sure there are others that feel likewise. The reason
for it, I think, is this: we know the general areas where catalysis is
important but catalysis 1s only a means by which certain supplies are
provided. For example, catalysis provides for interconversion from the
less useful forms of energy to more useful forms. This means gasoline
and jet fuel from crude oil and eventually from coal, shale, tar sands,
etc., but it also may mean electrical energy from natural gas or hydrogen
or eventually from crude oil by means of a fuel cell. In any event, I want
to emphasize that after all catalysis is a means, a way of doing things,
but it is not really the supplier and if I know anything about what the DOD
needs, it is to have the energy readily available, to have energy available
on the spot, and interconversion facilities available. I hope in this
meeting we will get some clarification with respect to these particular con-
version systems, In other words, we would like to know what does the DOD
really need? We have found that unless we know the existence of a problem,
there is very little we can do, and it is amazing that once you know the
problem how many different answers and how many solutions can be found. I
hope out of this conference there will come a cooperative communications
system, which will tell us what the country needs and if catalysis can play

a part in this, it would be a successful cooperative venture,

Northwestern is running a series of lectures on catalysis as part
of their yearly symposium and I notice that ir the flier, there is a quote

from Berzelius dating from 1835 and it says, "This is a new power to produce
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chemical activity belonging to both inorganic and organic nature which

is surely more widespread than we have hitherto believed and the nature

of which is still concealed from us." Now, I hate to admit it, but what
was said in 1835 is just as applicable today. The nature of catalysis is
still concealed from us. We have learned a great deal, but we don't under-
stand it. We have lots of facts, we have reproducible experiments, but

the true nature still escapes us. I do hope that this Workshop will give

us a little better view as to the areas where we can work.

As Joe Hightower pointed out, catalysis contributes to more than $100
billion worth of goods manufactured in the USA, but the average consumer has mno
realization what catalysis means and what it does for him. He does know
in part, that most of the crude oil conversion processes are done through
catalysis. He should know that most of the synthetlc products that we wear,
and so on, are created by catalysis. And great strides have been made in
homogeneous catalysis. Right now homogeneous catalysis and heterogenesous
catalysis are undergoing some sort of a merger, a marriage or whatever
you want to call it, wherein the homogeneous people would like to have a
heterogeneous catalyst and some of the heterogeneous people would like to
have their catalysts behave like homogeneous catalysts. There is getting

to be some sort of understanding between these two concepts.

Now I have been wondering what I should say about where we go from here.
The DOD should realize that those of us who work in catalysis are not
very many. The DOD should alsoc realize that catalysis is a tremendously
versatile tool. That, to me, is the most fasecinating part of catalysis, the

tremendous versatility of a system: as you vary it, you get completely
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different results, so that a system can be affected either from external

sources or from internal sources. I would like to talk about how you can
change a chemical reaction by introducing small amounts of impurities into
the feed system, into the charging stock, and also what you can do if you
change thé composition of the catalyst. I would 1like to use as an example,
the versatility of a catalyst which, for example, has little to do with

the needs of the DOD per se. We have been involved for many years in the
catalytic conversion of petroleum naphtha, to a point, now, where essentially
all of the naphtha is being processed certainly in the United States, by a
platinum containing catalyst, to convert it to high-octane gasoline. The
pnly reason this process has taken hold is because it has been able, more
efficiently, to produce octane numbers that were higher than before and

that is the only reason for it.

Right now, in the United States, we are processing probably some—
thing in the order of 4 million barrels a day over platinum-containing
catalysts. That is a tremendous amount, and in terms of energy it represents

a very substantial investment on the part of the oil industry.

What we ave interested in is the conversion of cyclchexane into benzene
by the catalytic reforming process. The rate of conversion is a function of
reciprocal space velocity. Let us define space velocity as follows: if I have
a container which has 100¢c of catalyst in it and 200cc of liquid material is
passed through per hour, the resulting space velocity is two reciprocal hours.
Thus, space velocity can be defined as the volume of reactant per hour per
volume of catalyst. So the unit of space velocity is reciprocal hours, and

therefore reciprocal space velocity is an effective time of comversion
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and all of catalysis can be described in this way: in infinitely short

contact time you will have egseatially no conversion and at very long

contact times, you will have essentially equilibrium conversion. All of
catalysis depends on knowing the shape of this curve for specific catalysts.
In between zero conversion and equilibrium conversion the curve is rising

and our work is right in here in the region of the steep slope. You will be
amazed at how much catalytic investigation is being done at the wrong conditions,
that is close to equilibrium, rather than where the slope Is steep. Where you
want to work is where the catalyst has to work hardest and this is at the
highest possible space velocity. This slide shows the conversion of cyclo-
hexane to benzene plus hydrogen over a platinum—alumina catalyst under
conditions of very high space velocities, that means a thousand liters of
charging stock per liter of catalyst per hour. The normal commercial refining
practice may be anywhere from ome to five space velocity. So we are working
in this lower range here to try to determine where does a catalyst do its

job most efficiently.

At a thousand space velocity with 32% conversion of cyclohexane itself,
the bulk of the material goes to benzene. At extremely high space velocity,
conversion will be reduced, the maximum amount of benzene is still beilng
produced, but we are making more and more cyclohexene suggesting that very
likely cyclohexane goes through a cyclohexene intermediate on the way to

benzene.

Now what happens if this reaction is poisoned. In a sequence you have

cyclohexane going to cyclohexene going to benzene. If the two rates
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for the first step and the second step were affected by poison in a

different manner, more or less of the intermediate would be created

depending on which step is poiscned.

Incidentally, it is extremely difficult to run experiments like
this until you develop a good knowledge of chemlcal engineering principles
of reactions at very high space velocities. In this example, with the
same experimental conditions we put in 50 ppm of sulfur as an impurity.
With sulfur present, instead of getting all benzene, we form less benzene
as we increase the space velocity, but, instead, we are forming methylcyclo-
pentane and methylcyclopentene as the major products. Very likely, in the
presence of the polson, the sequence is to go from cyclohexane to cyclohexene
and then to methylcyclopentene and then methylcyclopentane, but no benzene.
So, this is a very good example of being able to control the reaction by

. means of outside poisons, namely by feed additives.

The catalyst business is a cooperative venture between organic
chemists, physical chemists, inorganic chemists, and of course people that
understand surfaces. This may be an example of materials science.. The
organic chemists say that the carbon-~carbon bond opens and then closes in
a different orientation to form a methylcyclopentene structure. This
operation must be acid catalyzed. Then a basic impurity, in other words,
an alkali may stop this reaction from taking place, or perhaps pyridine, a
base. So we introduce pyridine into tha feed stock, to the extent of 10ppm,
in addition to the 50ppm of sulfur already present. And now the

methyleyclopentene and methylcyclopentane have disappeared. We

have stopped their production from occurring, by the introduction of
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the basic impurity and the reaction moves back in the direction of
benzene except that there is also produced a little bit more cyclohexene.
We have shown the important ability to control catalytic reactioms by

means of additives.

With respect to the conversion of cyclohexane on an absolute
basis, we have had to use widely different space velocities in order to
obtain similar conversions, because we are poisoning everything, but
we are poisoning scome reactions more than others. This is the whole point.
In absence of any poison, we produce mostly benzene and a little methyl-
eyelopentene, and a small amount of cyclohexene. In the presence of sulfur
we form tremendous amounts of methylcyclopentane and methylcyclopentene,
and an intermediate amount of cyclohexene. With both nitrogen and sulfur
as a poison, we need a lower space velocity to reach the same conversion: we
form again benzene, and cyclohexene as a major product. Now suppose we
want to make only cyclohexene, and not benzene. Here is a way to control
this system to be able to do that. If cyclohexene is a valuable raw material,

there is some paydirt in these concepts.

We have been speaking of control of reactions by external
factors. We may next ask if control can also be accomplished by internal
factors. Let's look at the conversion of normal paraffins to normal olefins,
much like the production of cyclohexene from cyclohexane as an intermediate
without production of materials which are much more likely to form.

Consider C

going to C , an olefin, after which it can change

11 Tz4 11 B2
into anything it wants. A normal paraffin can be converted to a normal
olefin, from which detergents and other products can be derived. But

how do you stop the reaction with formation of the intermediate olefin?
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Think of the myriad of reactions that may occur in the system.
From the olefin the reaction can proceed to cracked products, and to
isoparaffine, and from the cracked products to iso-olefins; from the normal
olefin, the olefin may tend to go to a diene, then to a trieme or aromatic;
the cyclo-paraffin can form directly going to cyclo-clefins. The chances of
an olefin reacting on the catalyst are much greater than the chances of the
paraffin reacting on the catalyst. So the problem is to get the olefin off

the catalyst before secondary reactions occur.

Let's cut out all of the aclid acting portions of the catalyst, by
adding alkali to the catalyst. If we increase the alkali we find that the
non-normal production is more drastically reduced thar the production of the
desired olefin, so we have not sacrificed too much. The conversion to the
normal olefin is desired but the production of the undesirable material is
reduced to a much greater extent, There are always tradeoffs in catalysis

and compromises.

Here is another good example; 2, 2-4 trimethylpentane can be con-
verted to a naphthene with the same total number of carbon atoms using a
platinum catalyst containing alkali, We now add arsenic to it as an additional
poison} we would like to call it an attenuator. When it is arsenic modified,
there is 8.5% cyclization; when it is unmodified there is 47%Z. In other words,

by means of arsenic addition this reaction path is blocked very effectively.

The next slide shows dehydrogenation of C11 to Cl4 normal paraffins

at a certain temperature range. Up to 107 conversion, the selectivity is about
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95% to the olefin, which is pretty good considering the high reactivity
©f the olefins. Beyond 10%, nothing else can happen except degradation

of the product.

The next slide shows the actual temperature requirement for a
certain conversion to the olefin versus the number of carbon atoms of the
paraffin, As the number of carbon atoms in the molecule is reduced, a higher
and higher temperature 1s required. Thus, for a mixed feed of paraffims,
one must choose very carefully the optimum temperature and optimum conditioms,
for the dehydrogenation of the mix as compared to dehydrogenating a single

spercies of hydrocarbon is a more difficult reaction.

The next slide shows that with increasing molecular weight, the
activation energy drops. Herein lies an indication for diffusion control of
the reaction. At low molecular weight there is certainly none, but at high
nolecular welght there 1s the tendency to keep high boiling material on the
catalyst. Modification of catalysts both by external and by intermal forces
i2 being done almost ail the time in catalysis. Sometimes we are doing this
without realizing it, and sometimes it is deliberate and specific. For example,
instead of converting cyclohexene to benzene it is possible to convert benzene
to cyclohexane by hydrogenation for use in nylon manufacture, etc. But some
methylcyclopentane is also formed if there are acid sites on the catalyst.
Addition of alkali stops the side reactions from taking place and increases
the purity of cyclohexane. Thus, the main trick in catalysls is to stop the

gide reactions without too much slow-down of the reaction that is wanted.

Now, may I return to some of the problems that we have faced in
connection with catalysis. Catalysis is interdisciplinary, we certainly found

that out in the work on the emission control systems, so that it is very difficult
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to carry catalysis research to a successful conclusion at the university

level, and we have considerable difficulties even at the industrial level.
Among the participants in a problem of catalysis, there are physical chemists,
organic chemists, analytical chemists, chemical engineers, and, for under-
standing of surfaces, we hope for contributions from solid-gtate scientists.
Now, we have a frequent problem, those of us who work in industry, in that
company XYZ calls us and says, we are studying this reaction and we know you
are active in catalysis. Would you send us a couple of representative catalysts.
So I ask: "Representative of what?", "Oh, you know, catalysts, you know."

Now, this kills me. A more sophisticated guy will call and he will say 1

need a little information on catalysis; could you give me a telephone descrip-
tion of catalysis for a proposal I am writing, whether for DOD or not. But,

to me, that is ridiculous and insulting to people that have been spending their
lifetime working in catalysis, to be confronted by the fact that most people
have no concept of the magnitude of the field of catalysis. It really 1s very
unfortunate. Now to the DOD we say that we wish to know what are your problems.
This is what I said in the beginning. We have a great many experts In
catalysis; we certainly don't know the fundamentals, but as is trae in so

many other areas where we don't know the fundamentals either, we seem to get
along fairly well. We would like to know the fundamentals and we would like

to have some theories from which we can work. And this is really all we

ask for. In order to gain fundamental understanding, a great deal more
efficient effort can be carried on by both government and industry as well

as at the university level and there is a great nmeed to establish better

communications among all these parties. Thank you very much.
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Worley: I am puzzled, why you don't see any cyclohexadiene in that first
reaction.

Haensel: The reason we do not see cyclohexadiene, and we have looked for it,
is that in order to detect it, we will probably have to operate at a space
velocity maybe another order of magnitude higher than where we have detected

cyclohexene and we only found that when we went to very high space velocities.

We are pretty sure that it may be a product, but in very low concentrations,
because it is drained off faster than it is produced. Only when you chop
off the drain, are you able to show its presence.
Worley: You are not sure that the cyclohexadiene is even needed as an
intermediate?
Haensel: No, I'm not at all certain, but I think this could be an intermediate.
Heinemann: Just to continue on that question, Val, what about methyleyclo-
pentadiene in coke. When you poison and you push the direction of the reaction
into the MCP area, now you should form methylcyclopentadiene which cannot
readily re-isomerize, you should go to coke. What does the coke look like?
Haensel: We find that methyleyclopentene by itself undergoes a reaction to
form dimethylnaphthalene, which in turn could be the precursor for the coke.
In other words, you don't even have to go to the diene. I think that the
dlene would certainly be an end product. This thing here is quite well
established as a product. The coke is normally reduced as we poison, because
poisoning reduces acid catalyst reactions, and that is the reason for the
longer lives in these catalysts,

Holliday: You commented that research in catalysis is in the interdisci-

plinary area. What are your views on how the proprietary nature in much

of catalysis research in the world has affected the development of the

theory.
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Haensel: I think the development of the theory has not been hurt in any
way by the proprietary nature of catalysis. We have been very free in
disclosing what we belleve is a mechanism of the reactionr which in effect
is a theory. We have not been free to disclose the nature of the catalyst
itself or the way we make it, because we do not believe in giving away
our bread and butter. We sell it. As far as theory development, we have
published very freely in these areas because we gain something in return
by having comments from interested industrial and academic.pircles. The
theory is more readily given away than actual physical quantities and what
do you care whether a catalyst is made out of platinum or palladium ox
metal mixtures. Until you come to the final commercial application it is
not critical, and the concept remains the same.

Hipghtower: You use, of course,platinum in your reforming most of the time,
and you said it really doesn't make too much difference what the catalyst
was.

Haensel: For theoretical implications.

Hightower: For practical implications, it can make quite a difference.
Haensel: It makes a tremendous difference.

Hightower: Especially when we have very little platinum in this country
to go around.

Haensel: That's right, and maybe that's what Dr. Burwell was referring
to. We have certainly had a revolution in catalytic reforming. We have
gone almest completely from the single metal, from platinum, to the
bi-metallics, of which platinum-rhenium is a very good example. It makes
the operation more efficient, that is gives more yield from a given feed

stock and so makes a more selective reaction.
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Hightower: Do you foresee non-platinum catalysts being developed for
reforming?

Haensel: Joe, you are the editor of the report that we issued sponsored
by the National Academy, and Bill Bailey is the co-chairman of that
committee dealing with catalytic reforming, so you should know as well as
I do. We do not foresee at the present time, a replacement of the platinum
catalyst nor the platinum attenuated catalyst by another metal system.
Hightower: Of course, but since that report came cut there have been
reports by Professor Boudart and others who have claimed that this may be
a possibility, and I wonder if there is any comment.

Haensel: We would love to hear about it.

Boudart: Everything is iIn print.

Haensel: You see, he is holding out. This is the University academic
circle holding out.

Hightower: It is obvious from Val's talk that any thermodynamically
possible chemlcal reaction can be made to go more selectively and under
milder conditions by use of the proper catalyst. There 1s a tremendous
.area here for research. Certainly reforming is a classic example. Thank

you very much, Val.
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Conversion of CH over Pi-Al,04 catalysts.
General conditions: 300 psig, 5200C, 6:1 maol ratio Ho /charge,
charge stock, 50:50 mol ¢; CH :Bz,

Conversion of CH to products .
CH reacted, e Ratio
LHSV (Mol % a (Mol %5 of CH reacted) [CHZ/ AaBz.]

of CH charge) | op= | g, | Mcp | Paraffins x 10
1000 32.0 0.1 99 4 0.5 0.0 1
2000 27.5 0.7 98.7 0.6 0.0 7
4 000 18.0 1,7 97.3 1.0 0.0 17
8 000 9.1 2.3 96.8 0.9 0.0 24
16 000 5.5 2.7 96.2 1.1 0.0 28
32000 2.9 2.8 95.8 14 0.0 29
@ (blank) 0.0 0.0 0.0 0.0 0.0 -




The unpoisoned relative rates are:

K2 >> K.| >> K3 < K4

wt ppm in  CH reacted Conv. of CH to products Ratio

charge mol % of (mol % of CH reacted) [CH"/AEZ]
LHSY  § N CH charge CH- Bz MCP MCP~ Paraf. x 10
16,000 © 0 5.5 2.7 96.2 1.1 0 0 28
4,000 50 0 4.4 4.2 27 45 24 0 155

2,400 50 10 6 17 82 1 0.2 0 207
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Conversion of CH over Pt-AloOj catalyst.
General conditions: 300 psig, 5209C, 6:1 mol ratio Hyp /charge,
charge stock, 50:50 mol % CH: Bz,

Wt.-ppm| oy Loasted Conversion of CH to products Ratio
. [gd —
LHSV in charge ol % (Mol % of CH reacted) [Ci:_]'l/égaz]
s |n |of CHehare®)| oy=| g | MCP | MCP™ |Paraffins|
2001 60 | O 72 0.,7165] 32 1.0 1.5 11
§00; 50 | O 47 0.9 57 37 5.0 Trace 16
1600} 50 | O 19 1,5]| 48] 42 8.7 0 a1
4000 | 50 [ O 4.4 4227, 45 24 0 155
8000 { 50 | O 1.0 18 (-) | 44 38 0 2
8000 O O 9.1 2.397 0.9 @ 0 24
Conversion of CH over Pt-Al,04 catalyst.
General conditions: 300 psig, 5200C. 6:1 mol ratio Hy/charge,
charge stock, 50:50 mol %.CH:Bz,
Wt. -ppm c Conversion of CH to products .
. ' H reacted o1 Ratio.
Lusy | charge (Mol % - (Mol % of CII reacted) [CH- /t':Pz]
s | n |of CHcharge)| oy=ly, | aop| MCP™| Paraffing| *10
B0O § 50 ] 10 21 6 {92 2 0.3 ¢ 85
1600 | 50 § 10 10 12 184 3 0.8 0 143
2400 | 50 { 10 6 17 |62 1 0.2 0 207
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Aromatics =
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Cycloporames

Pt, A
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CYCLIZATION OF 2,2, 4-TRIMETHYLPENTANE

(371°C, 50 psig, 2 LHSV, 4 Hy/Hc)

As-Modified Unmodified
Pt Pt

Percent Conversion To

1,1, 3-Trimethylcyclopentane 8.5 47
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THE USES AND POTENTIAL OF ZEOLITE CATALYSTS IN REFINING

J.A. RABO
Union Carbide Research Institute
01d Saw Mill Biver Road
Tarrytown, New York 10591
{914) 345-2000

It is the purpose of our discussion to find the relevance and the
focus of the interests of the DOD. I do not know what are the fields of
interest of the DOD, so I hope very much, with Val, that in the course of
these two days we are going to establish some form of communication and
learn the problems of the DOD, so we can respond. In my quick little
review here, I am going to describe a general problem and then discuss

one item in a little bit of detail. I can't do much in 15 minutes.

Zeolites are porous crystals. Here are some electron micrographs.
At this magnification showing a feﬁ thousand of these crystals, they
look like ordinary white powders, like any other white powder. At a
higher magnification of the electron microscope looking at a erystallite
of zhout 1 microm in size, the face of a single crystal of a zeolite is
seen to be porous. At seven million magnification, it suddenly appears
that this face of the crystal has holes in it, in a very regular manner,
and uniform, as must be since this is a crystal. The ports are cavities
or holes going all the way through the crystallite. Those holes

here are man-made, uniform and defined all the way through the crystallite
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and because of the wniform size of those holes and cavities they can absorb
anything that's smaller than they are, reject everything that is bigger
than the port. TFor this reason they are called molecular sieves.

This slide shows the framework structure of Y,X, and faujasite
crystallites, showing holes., Behind this port there is a cavity.
Zeolites are porous crystals, and have specific properties. Zeolite
minerals have been known for a hundred years. They have a tremendous
tenacity to adsorb polar molecules, like water, very tenaciously, but
will desorb when heated up. It is also known that they adsorb only certain
things like water and don't a@bsorb other things. Before X—ray crystal-
lography there was no way to determine the size of these poree or their
miformity. The recemnt advance in this area has begun with the development
of synthetic varities of these minerals, some similar to natural minerals,
others quite different. Some are known In nature to have pores large enough
to admit molecules of interest in industry, in chemistry, in fuel and
petroleum technology. Most interesting are those with pores able to admit
hydrocarbons in petroleum.

This slide lists the prime properties of these porous crystals.
I'11 talk about those having large pores which can admit those molecules of
interest in petroleum technology, of more than 7, 8, 9 Kngstroms in diameter.
They can freely admit paraffins, naphthenes, aromatics, and affect them
chemically. The fact that zeolites are crystallime means that they have
large uniform surface areas. The crystal's outside surface area is very

small, of a few tenths of a square meter per gram. The inner surface is
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big, hundreds and hundreds of square meters per gram, up to 800 square
meters per gram. So outside area is not very important. What goes

on within the crystallite on the inside surfaces is all important in
catalysis. Some of the crystal cations are exchangeable, namely can be
removed 1f something else is substituted for it. Sodium can replace
calcium, calecium can replace sodium, and so forth so that one can form

a great variety of chemlcal compositions and polarities and absorption
properties. This slide shows these properties. First is absorption

and the blue underlining lines show which properties are important for
absorption. Polarity is important. Intra-crystalline pore and cavity
systems are very important because they can accept,in a very specific
manner, lots of atoms, ioms, salts, Host lattices we call them because
they accept guest compounds. The next important property is structure
stability. In petroleum refining where temperatures of about 500 degrees
C are used,materlals of interest must be stable at those conditions.
Cutstanding catalysts are very thermoc-stable, some up to 1000 degrees

C and even beyond, and also chemically stable. Some of them are even
stable in concentrated acid. Instead of absorption I focus on two areas,
catalysis and surface chemistry. The interest in zeolite catalysts has
changed rapidly from being a laboratory curiosity into having gigantic
applications ;n industry. Probsbly ali large refinery cracking units

use zeolite catalysts. Catalytic cracking increases the gasoline yield
from petroleum feed stock as compared with distillation. Another area is

hydrocracking which increases the yield of gasoline from high bolling

petroleum distillates by hydrogenation and cracking. Zeolites have important
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applications as hydrocracking catalysts. Selectoforming cracks out of

the gasoline those components of low Octane number. Zeolites of small

pore size crack normal parafins of low octane number producing

a gasoline with higher octame nupber. All these processes result through
the action of zeolites. Isomerization increases the octane number of the
gasoline, and in this process the molecular sieve property as well as other
properties of zeolites is dominant. A most recent industrial application
has to do with benzene alkylation, important in the chemical industry, and
in this field it is important that zeolites have the molecular sieve
property and the property of acidity. Beyond these industrial applicationms,
there are many others maturing at various stages of research and develop-
ment, for example iso-parafin alkylation, xylene isomerization and toluene
disproportionation. The greatest present day technical benefits are from
increased gasoline vield, and increased octane number, high yields of
gasoline and better quality of gasoline. To best show what zeolites do in
petroleum refining, in catalytic cracking, let's take this example. Zeolites
as catalysts have a higher activity by orders of magnitude than the
previocusly used silica~alumina type catalysts. Because of that they can
process more feed stock in a single pass through the reactor than the
previously used silica-alumina catalyst. Furthermore there is more gasoline
yield with the zeolite and more yleld of butame, and propane. On the other
hand, there is less of light gases and less coke. In summary there are
more of the desirable products, and less of the undesirable ones by use of

zeolites in cracking.
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I quote here estimates of the economic value of zeolites in
petroleum refining published in 1966. "When it is applied to the whole
industry, to the whole amount of catalytic cracking feedstock, the savings
because of the better yields of gasoline product were estimated at $250,
million per year. It was anticipated that this increase will be bigger
in the time to come."

A similar, most recent review was given by a distinguished research-
er 1n the field, Paul Weisz, who estimated that zeolites produce 7%
more gasoline from the same feedstock as the silca-alumina catalyst.

These raw material savings means a savings of 200 million barrels of
crude per year, of value anywhere up to a billion dollars.

What makes zeolites such outstanding catalysts in so many fields of
petroleum processing? In the case of selective forming, which seeks
out normal paraffins and destroys them, eliminating them from the gasoline,
it is the molecular sieve property of zeolite that allows only the normal

paraffin to enter and be destroyed. Now, how about catalytic cracking and

hydrocracking. The important property 1s the very strong

acid behavior. Zeolites have a tremendous number of acidic hydroxy groups
within those pores. The molecules absorbad within the zeolite are subjected

to its crystal field. They become part of the ecrystal, subjected

to the forces of the crystal molecular. Finally zeolites have a higher ac-
tion capacity for the molecules occurring in petroleum than does silica-
alumina. These are the principle features that are agreed to that differentiate

zeolite catalysts from other catalysts. Well, you may ask, if
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catalysis is so important to our industry why don't we know more about
it. Well, I think the answer is that catalysis is a very complex
interdisciplinary field with as yet no real firm basis of predictability.
By the way there is a Supreme Court decision, stating that catalytic,
phenomena are not predictable. They are right.

The first significant publication on zeolite catalysis was printed
in 1960. Since ther there have been several thousand publications on zeolites,
and more than 1000 issued U.S. patents, in a little over a decade. The
research effort, quite big, has introduced new thoughts, new concepts, and
an influx of scientists from different fields including physicists and
surface chemists. I have made a review in 1966 of the Russian literature and
found 200 Russian scientists publishing on zeolites, whereas there were few
before 1960. Their effort has not been different from ours; they mainly
repeated and expanded our work in the United States.

There is an area well researched which has not been applied as yet,
namely surface chemistry. Zeolites introduce a type of new surface chemistry
for the simple reason that the zeolite surface within the crystal is different,
because it is within the crystal and is subject to the crystal field, and
so provides phenomena different from those observed on ordinary erystal
surfaces. They are much more close to the phenomena observed in solid
state chemistry within the crystal. There is a big difference, though.

The zeolite inner surface is accessible. If the pore size is large you
can put all kinds of molecules within those crystals., Among those
phenomena that have been found in these crystal fields are unusual

subvalent states of cations, such as Na+, Pd+, and metal atoms
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1ike palladium trapped in small cavities; there are electroms trapped in

large orbitazls up to ten Rngstrom diameter, and the phenomena such as

+3
Na&

ionize them within those crystals. These phenomena distinguish the internal

and Nézs clusters. You can trap salts in a very specific manner o

surface chemlstry of the zeolites from those found on ordinary crystal
surfaces.

It was a very big effort and took the patient investment of our
industry in research of a fundamental kind, requiring millions of dollars and
many years, at our company and at many petroleum companies, to develop this
field and to find applicatioms. It took many more millioms of dollars
after the phenomena had been found to develop applications. I certainly
agree that catalysis is a very complex, interdisciplinary field and makes
technology more efficient in the fields of chemistry, fuel technology, and
biochemistry, important for general areas of economy as well as for human
1ife, and deserving of more attention of a basic kind than what has occurred
so far,

I would like to say a few words about what areas might be of interest
to DOD. One of the areas where zeolites can be used is in conservation
of energy resources. They can be absorbants for undesirable gases, for
example, in submarines. They are oxidation catalysts, and have the
capability of releasing and accepting molecules. For example, they can
release something that might aid or control the reaction rates in oxidation
of rocket fuel. This new type of surface chemistry in missiles may also

find wide applications in the future.
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Bailey: I must take exception to your statement that there is a
conservation of energy resources here. You remarked about high yields of
gasoline} that is, of course, quite true, and if gasoline were the only
product we were going to make it would definitely be a conservation of
energy resources, However, you are shifting one potential energy resource
to another and therefore it is certainly true that zeolites allow such a
shift very satisfactorily. But I see no conservation of energy resources.
Rabo: 1 agree, you are quite right. Zeolites only focus on the gasoline.
Hall: You mentioned coke. Is this significant?

Rabo: Haensel will make the comment on coke.

Haensel: On coke, no. But in connection with what Bill had to say, twe
things. Number one, you indicate a higher gasoline yield. That is correct.
At the same time, the zeolite catalyst produces less olefins in both butene
and propylene. As a result, there is less output feedstock which in turn
makes gasoline. So we have to look at the total picture of the refinery
output,

Rabo: There is a further refinement to the overall effect of zeolites

on the petroleum technology and fuel conservation. It optimizes on gasoline
but there are more sophisticated aspects of this such as recycling of olefins
and other paraffins into the gasoline stream.

Haensel: MNumber two, for normal C11 paraffins going to normal C11 olefins,
we separate the normal C11 paraffins from kerosene by means of zeolitic
systems on a continuous basis. In addition to that we obtain 127 by
zeolitic systems. We use another absorbent system in order to separate the

olefin from the paraffin so we can recycle the paraffins. S5So I think the
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Haensel (Continued)

contributions of the zeolitic concept have been extremely valuable in
developing processes that now utilize that principle.

Rabo: Right. I decided not to comment on adsorbents because how do we do
all that so quickly.

Mills: A most interesting point is that we are arguing about conservaticn

of resources. I agree with Weisz this is a saving of 200 million barrels
because with non~zeolite catalysts you have to struggle harder to make that
gasoline. The number was 200 million barrels a year and since we use 3 billion
barrels per year in the United States, this is ﬁ%. Four percent is about the
amount of oll that we are importing from ihe Arab nations. (No, you're
wrong...) Well 6% is sufficient, from the near east. So 6% to 12% is

the rate depending what countries you count. One further comment: while

in the past dollars were the criteria by which we judged, now the new coin
can be resources. We should measure catalytic contributions in terms of the
conservation contributions.

Rabo: I agree with all of your three comments., There should be a new, more
detalled, assessment in terms of ultimate fuel economy to reevaluate the
function of zeolite catalysts. I have no particular bias either way.
Burwell: The last two speakers spoke of the deép, dark, mystery of
heterogeneous catalysis and how we didn't know anything about it and they are
certainly correct. However, the basic phenomenon of catalysis involves a
series of elementary processes in no way different from the chemistry of

any other kind of reaction. In homogeneous catalysis all of these steps

are those of ordinary chemistry. In heterogenecus catalysis the elementary



&7

Burwell (Continued)

processes are surface processes and any given catalyst may present more

than one kind of surface site. 5o several reactions may be going on but
basically each is no different from other chemistry. When people say they
don't understand catalysis they must be saying they cannot give a detailed
picture of the elementary steps. But for what reactions can one? Perhaps

a hydrogen atom reacting with a deuterium molecule to make HD plus D is
about the only reaction we have understood., How many reactions more
complicated or involving macrorganic molecules have been predicted a priori?
Essentially none. How many new homogeneous catalysts? If this were so

easy why didn't somebédy invent homogeneous hydrogenation catalysts instead
of happening upon them. Heterogeneous catalysis is ﬁore difficult to
understand and we have made little progress but it too is fundamentally
chemistry.

Rabo: We are not as depressed as you might think. But I agree.

McCormack: The conservation gquestion is certainly important to us and to
optimize the different components is important. But looking at the objectives
which affect the nation as well as DOD, we are going to both need fuel to
drive us to work and the feedstock to run the plants. The plants are
shutting down currently.

Wise: 1In the areas of catalysis would you project the future? Do you
believe that the research will be increased or decreased, and will there be
a shift from the fossil fuel economy to a hydrocarbon economy?

Rabo: Any new item has a certain lifetime and any catalyst will be superceded

some day by a better one. We are going to learn one day enough about zeolite
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Rabo (Continued)

catalysis and make some other system that might work better. Or we might
make catalysis of zeolite types that are better than the ones we have

right now. On the other hand there is a tremendous potential in using the
presently existing porous crystals in the general area of fuel conservation
more broadly than is current. That may give an added impetus in the future
interest for further research and exploitation.
Libby: Even though perhaps it is not perhaps approved to consider dollar
values, have you an estimate of the R&D dollars that were put into zeolite
research since 19607
Rabo: In our organization all I could say on this point, it has been a
multimulti-million dollar effort. At the beginning of the 50's our particular
organization decided to make a long range commitment of more tham dollar
value because it meant that our research effort was limited to one area.

For many years a substantial fraction of our research has been directed to
this one ﬁérticular area. It takes a very large commitment; it is a high
risk with little predictability of specific use. Pores which are just the
size of a molecule may or may not be of tremendous industrial use. So this
was a tremendous high risk for industry to engage in. The stakes were
enormous. In our case we had a great interest in crystals and in technology
of solids. But I don't know what has been the total investment.
Heinemann: Just a comment to Dr. Libby. I have no figure on the cost of
industrial research on zeolite but I have an estimate on research, not
development, on zeolites for one purpose only, and that is catalytic cracking,

of the order of $25 million dollars in industry alone,
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Rabo: I could add that in Russia the effort is quite substantial. But

I don't know of any new direction or idea that differs from what we found
so far. Of course, we know only those things that are published.

Hall: About the potential future of catalysis: First, one does not use
pure zeolite in many of these processes, but instead mixed with other
components like silica-aluminum for the cracking reactiom, creating a new
dual function catalyst which helps moderate behavior in a complex reactiom.
In such dual functioning systems, there are vast areas for potential improve-~
ment. .Just as an example of this, Dr. Hansford of Union 0il Corporation
has pointed out that by making proper modification of a zeolite~type
catalyst -- I believe this was for hydroisomerization - they had béen able
to simply dump a reactor, which contained a previous catalyst, and put this
new catalyst into it and save building an additional reactor. In this way
they doubled the capacity of the plant. I believe there will be in the
future perhaps a talling off in the amount of research. But there is a
great potential left for future economic development in this area.

Rabo: That's quite true. And, of course, a new catalyst affects the
technology of catalytic cracking as well as the other processes, all aimed

at improved economy, which leads ultimately to conservation of fuel.
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Conversion, G5 gasoline, Bulanes, Fmpanes. Gz and hghter, Coune,
vol vol vol vol wt wi

'DURABEAD 5 increases gasoline yield substontially. Chart shows average
iyields from three eat crackers when operating at moximum throughput.

Flg. 1.

k. P. EVANs, ET AL, O1L AND 'Gas JOURNAL;
PG. 113, SepT. 9, 1963,

6

loborctory results with conventional
ond new cotalyst

Table 1
Catalyst Kac-spheres® HZ.1T
-Catd:
Canversion,

wt % ...... 3548 77.9
Goasoline, vol % ' 37.6 40.8

Coke, wt % ... 4.0 4.2

Gos, wt % .... 7.7 20.2

Gas gravity ... 1.42 1.67
Ball mil), &hr . ... 44,0 0.0
Bulk density ....... 0.81 . 0.92

*Equilibrivm Kao-spheres from
plont 7 doys before HZ-1 oddition.
4Typicel of shipments to plant.

N
)

Re E. ASHWILL, ET AL., OIL &ND GAS JOURNAL,
Pe. 114, JuLy 1966,

7
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E. J. DEMMEL, ET AL

HyprocARBON PROCEssinG, 45:5, May 1966,

"WHEN APPLIED TO THE INDUSTRY's 3,500,000 seDp
OF CATALYTIC CRACKING FRESH FEED, THE SAVINGS BECOME
$250,000,000 PER YEAR. THESE SAVINGS WILL BE INCREASED

SUBSTANTIALLY IN THE FUTURE.”

PauL B, WEISZ .

CHEMTECH, P, 498, AususT 1973

"IN 1967 1T was ESTIMATED (15) THAT, IN NoRTH
AMERICA ALONE, EACH INCREASE OF GASOLINE PRODUCTIVITY
BY 17 WOULD ALLOW A SAVING OF 27 MILLION BARRELS PER
YEAR OF CRUDE OIL RESOURCES TO PRODUCE THE EXISTING
GASOLINE DEMAND. AN INCREASE OF 7%,WHICH WAS MORE
CHARACTERISTIC OF ZEOLITE CATALYSTS THEN MADE, SAVED
NEARLY 200 MILLION BARRELS PER YEAR, SINCE THEN

FURTHER IMPROVEMENTS HAVE EXCEEDED SUCH PERFORMANCE.,



Comparison of Catalysts - FCC

: Séléctofbfming produces high-octane gasoline -

Commercial Plant- Constant Carbon *ii
Sieve | 'High Alumina

Conversion, % 73 65,6
Coke, wt % F.F. 7.4 7.3
c,L+Cp * 2.9 3.0

' Total C3 vwol, % F.F. 7.7 8.4
' Cq= * | 5.5 6.2

. Total C, * 15.9 2.6
g . 7.8 6.7
C5+ Gasoline * 55.4 50.5
Octanes- RON- Cl. 91,2 92.4
o 3ce . 97.3 97.3

MoN- CL 77.6 7.7
. 3 cc 83.&l 82,2
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N. Y, CHEN, ET

AL, O1L AND GAS JOURNAL,
PG, 157, Nov. 18, 1968,
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POTENTIAL AREAS OF INTEREST TO DOD

CONSERVATION OF ENERGY RESOURCES
SPECIAL ADSORBENTS FOR UNDESIRABLE GASES
OXIDATION CATALYSTS

REACTION RATE CONTROL THROUGH ADSORPTION

OR RELEASE OF REACTANTS,

NEW SOLID STATE APPLICATIONS

14
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SELECTIVITY IN GASOLINE PRODUCTION

H. HEINEMANN
Mobil Research & Development Corp.
P.0. Box 1025
Princeton, New Jersey 08540
(609) 737-3000

Ladies and gentlemen, Jules Rabo did a beautiful job of saying
some of the things that I was going to say and so gave me a little more
time. I have chosen to talk about some work at the Mobil Laboratories that
has been going on over the last thirteen years but is restricted to a very
narrow area -- namely, cracking of hydrocarbons with zeolites. I want to
show the evolution that has occurred in the selectivity obtained with zeolites
and how one can expect further changes of this kind in the future.

The second 1s the conservation of equipment. Increased selectivity
can increase the through-put of a given piece of equipment. When the new
zeolite catalysts in catalytic cracking were first introduced, industry for
a period of five years or so did not have to install new cracking capacity
even though demand for gasoline continued to rise at the old rate. The
reason was that because of the better selectivity the same equipment could
produce larger quantities of gasoline.

The third is a potential contribution to pollution control. The first
slide shows that when zeﬁlite cracking catalysts were introduced, they proved
to be more active and preduce a hexane conversion greater than that of the
old standard catalyst, which was silica alumina.

Zeolite catalysts are as much as ten thousand times as active a8
silica alumina, but this did not help so much in commercial cracking, because
the heat transfer problems were such that you couldn't really take advantage

of these great activities. What was exploited was the selectivity.
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Heinemann (Continued)

The next slide shows that with silica alumina catalyst the product
distribution showed relatively few paraffins, a lot of olefins, and an
appreciable amount of aromatics. With zeolite, the shift is away from
olefins to paraffins and a somewhat greater production of aromatics, and
this occurs for a number of feed stocks. Now, the reason for this increased
selectivity and this decreased coke content, 1s the hydrogen transfer ac-
tivity of the zeolite. Normally, oil is cracked to gasoline and gasoline
to gas.

With zeolites, where there is a hydrogen transfer activity, we catch
the intermediates, which are largely olefins, and by hydrogen transfer,
stabilize them before they go all the way down to gas. J4s the zeolite technol-
ogy improved, we went from X to Y zeolites, and the product distribution changed.
For the feed stock on this slide which is particularly hard to crack, the coke
fraction becomes smaller when Y zeolite is used, instead of X, the gasoline
yield becomes bigger, compared to the distribution obtained with silica-
alumina. In other words, the preduct distribution changes in a specific direc-
tion, and the explanation of this change perhaps lies in the increased silica-
alumina ratio which controls the concentration of active sites in the zeolite.

Now all this is old, really. From catalytic cracking, we have gone to
Selectoforming which embodies catalyst shape selectivity. In other words,
the 2eoclite pore mouths admit only certain shapes of molecules and reject
others.

The next slide shows such selectivity simplified, from a synthetic charge

stock of normal hexane, 2-methylpentane, and benzenef all of the hexane is cracked
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Heinemann (Continued)

at the higher temperature. We hardly touch the branched chain paraffin,
and we do nmot convert the arocmatic at all. This catalyst is now completely
shape selective to normal paraffin. It can make high octane gasoline, from
a reformate, by cracking the low octane component of normal paraffins with-
out touching the branched chain paraffin of high octane number or the
aromatics of high octane number.

Alternatively, reforming at more severe conditions increases the
octane number, but then hydrocracking takes over and cracks out branched
chain paraffine as well as normal paraffins. With Selectoforming, you can
reduce the severity of reforming operation. In other words, you do not have
toe go to a high octane number in the reforming step, and that permits an
increase in the capacity of the existing reformer; you add on the Selecto-
former to crack out the normal paraffins and get the high octane number
desired.

Now, let me go to the third objective. How can we provide a high
octane number without lead in gascline. Of course, we all.know that emissions
from an internal combustion engine decrease if the gasoline contains lower
mass hydrocarbons and, perhaps, even hydrogen. We have considered, putting
a small catalytic cracking unit in front of the internal combustion engine,
in place of the carburetor in which to crack the low octane components of
gasoline or naptha, such as normal paraffins, converting them to molecules of
low molecular weight which have extremely high octane numbers. Methane and

propane have octane numbers of one hundred to one hundred and fifty.
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Heinemann {(Continued)

But a cracker ahead of an internal combustion engine causes other
constraints that do nmot normally occur. For instance, high space velocities
are needed. The normal engine at full throttle consumes up to ten cc's of
gasoline per second. At a space velocity of 1 or 2, this requires a ten
gallon reactor, which obviously cannot be carried in a car; but if the
catalytic activity is increased by a factor of a hundred, the reactor can
be of reasonable size. Cracking, normally, creates a lot of coke as a
patent .to Gray points out, about two percent of coke, so that after operation
for six minutes the catalyst has to be regenerated and you can't do that
easily in a car. A recent catalyst development permits operation at space
velocities of approximately one hundred to  one hundred twenty. Using a
very shape selective zeclite, one obtaing a feed of high octane number, and,
at the same time, no coke, 80 it is possible to run approximately one thousand
miles or so before having to regenerate the catalyst.

This slide shows the motor octane number (because it's more closely
related to road performance than is the research octane number) versus on-—
stream time. This non-coking, highly shape selective zeolite performs on a
feed of approximately eighty octane number, and gives a motor octane number
improvement of about five octane numbers after many hours on stream, whereas
the ordinary zeolite cracking catalyst gives very little improvement, be-
cause by the time you measure its performance, it's already deactivated and
esseatially dead, and one observes only thermal conversion.

The same thing is shown in the next slide for a naptha feed to the
engine instead of a gasoline, and again, it performs at a relatively stable

level.



64

Heinemann {Continued)
The other commercial cracking catalyst cokes tco fast, and doesn't perform
much better than a thermal reaction.

So there is the possibility of running an engine onm very mildly reformed
or cracked naphthas. But much work remains to be done on a catalyst chamber
to precede the engine, and the catalyst may have to be regenerated about once
every thousand miles.

There are problems, of course, in getting the right temperature and
space velocities in the reactor, but the high activity of the catalyst allows
use of small volumes of catalysts, and most important of all, as propane,
butane, ethane, methane are added to the hydrocarbon feed, the octane num~
ber increases and the engine can be run at lean fuel-to-air ratios with a
minimum of emissions. Thank you.

Klimisch: Generally, when one gets a hundredfold increase in activity,

one has difficulty realizing it because of mass transfer reasons. Have you
taken that intoe account?

Heinemenn: The greater problem would be if this were a very endothermic or
exothermic reaction with heat transfer problems, which fortunately is not

the case. The mass transfer problems can be solved in this case, by using
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Heinemann (Continued)

the right catalyst size and the right kind of feed introduction. I recognize
the problem. I do not yet have a practical process here, but there is a

lot of on-going work, for example in Germany, and there is a group in Mass-—
achusetts, —— International Materials, I think, working on this. There is
also work by the Propulsion Laboratory of NASA mixing hydrogen with gasoline,
and they all face essentially the same problem.

Bett: Can you be more specific at this stage about the properties of the
zeolite which enables you to operate without carbor formation in the reactor?
Heinemann: No.

Lohn: You are putting a miniature chemical refinery in each car. You
couldn't prepare the fuel in a big refinery and make use of the by-products
otherwise? 1I think it is impractical to put a small refinery in each car,
and burn all the by-products in the engine. A central refinery makes

the fuel, and uses the by-products otherwise.

Heinemann: I would agree with you, Dr. Cohn. I do not propose that we

have a small refinery in every car. I wanted to use this example as one of
an evolution of selectivity in catalytic cracking, which changes from cat-
alytic cracking, to a Selectoforming where you erack only certain molecules,
to one which essentially eliminates all coke formation.

Boudart: May I see your first slide again, Heinz. It's really quite
important, to compare the activity of the material containing silica-alumina,
oxygen and hydrogen, to one of the same chemical compositions, but with long

range crystaline alumina silicas, and you see a difference of activity like this.
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Boudart (Continued)

Now, that's a very difficult thing to explain. Jule Rabo said it was
settled. I think 1it's extremely settled, because I don't understand it.
And it has been in the open literature for ten years.

Heinemann: This Table has been in the open 1literature for about two years
and is taken from the paper of the World Petroleum Congress in 1971.

Voice: 1It's a basic scientific question which to my knowledge has received
no satlsfactory explanation.

Ogle: T thought I ought to ask a question. I am not sure I am asking it
of the speaker or chairman but it has to do with the purpose of the meeting.
I ought to add that I know nothing about catalysts, but it seems to me the
purpose of this meeting has something to do with the development of the
Dept. of Defense use of catalysts. What I'm hearing mostly has to do with
gasoline, which is a big national product. With respect to the Department
of Defense, some other things ought to be mentioned.

The gasoline the Department of Defense burns is probably the same as any-
body else's gasoline, and they also burn a lot of kerosene. But the DOD
also has some comparatively unique needs. Tﬁéy propel missiles on liquid
fuels and solid fuels. They use high explosives. Now, I guess my question
is: Do catalysts fit in those fields at all? Because they may be things
which are unique to the Department of Defense where you could really help
them. My own feeling is that gasoline is going to get a lot of attentien
anyway for civilian needs.

Heinemann: Possibly the very next presentation will cover a different area.

It so happens that we started out with gasoline.
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Uightower: We will have some papers on catalysis in rubber preduction and
in production of other chemicals. The big question that all of us have
asked in putting the program together is: What are the needs of the DOD,
and I don't know.

Ogle: The reason I brought this up is that the speakers might comment

on these other uses in addition to what they are talking about.

Hightower: Ezcellent point, and I hope that people will speak to that in
the next day and a half,

Emmett: Apropos of the remark Dr. Beuther made, a factor of thirty to fifty
is about as much increase in activity as we get for a sieve compared to silica
alumina. A few years ago, 1967, one of vour men from Mocbil gave a paper in
Florida on Cetane cracking in which he announced an increase of tenfold for
the sieve compared to the silica alumina.

I asked him whether this was the same type of catalyst in which a figure of
ten thousand was reported for heptane. He sald we get a factor of temn which
sort of confuses the situation as to whether it varies with the molecular
weight of hydrocarbon that much or whether the hexane value that you quoted
here might bhe a first shot on a fresh catalyst but would not obtain after
regenerating the catalyst.

Heinemann: We better discuss this privately, because time won't permit it
here. 1It's important to remember that the activity is of major importance
only for noncoking catalysts, Because coking catalysts, such as used for
normal catalytic cracking are limited by the need for regeneration and by
the rate of heat transfer, and only if these factars do not play a role,
does activity become important. Selectivity is important throughout,.but

activity is an i(llusory term.
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Hightower: Is ten thousand a steady state value?

Heinemann: Yes.

Burwell: What is to come of this meeting? We have had some very nice
presentations on the role of catalysis in producing gasoline, and T imagine
that the Department of Defense burns gasoline. But is the petroleum industry
doing all that's necessary here? Are there areas in which there should be
Department of Defense funding? What are the recommendations? None of the
speakers yet have addressed themselves to this question and it a key
question.

Haensel: None of the speakers have addressed themselves, because they
don't know what the problems are, and that's exactly what they're saying.
Burwell: There are sure to be special needs in the Department of Defense
for some specific products. But with regard to the shortage of petroleum
and the restriction of energy supply by the Arabs, should the Department
of Defense, which must have gasoline and jet fuel, assume that the present
industrial setup will produce it in the best possible way, or should the
DOD interest itself in the matter? That is a key gquestion.

Ogle' It occurs to me that the Department of Defense does have an unusual
problem. They need gasoline, but I think they need gasoline that won't
burn. (Laughter.)

Mills: Recently I attended a meeting organized by Commander Paul Petrich
of the Navy in which were outlined the needs of the Department of Defense,
particularly the Navy, and these are, of course, aviation gasoline, diesel
fuels, and jet fuels.

Those needs varied from civilian needs. For example, the Navy, has a great



69

Mills: (Continued)

increased need of fuels for gas turbines. They have a greater comviction
that hydrogen will be a fuel of the future, and this is noticeably different
than in the civilian economy.

Another thing which was news to me is that the Department of Defense uses
about four per cent of all petroleum fuels directly plus an additional amount
because of manufacture for the DOD.

Furthermore four per cent of all fuels is really a much larger percentage

of transportation fuels because transportation fuels are about twenty-five
per cent, so, four twenty-fifths is 20%Z of all transportation fuels, a
significant fraction. So, the concern of the DOD was, as presented at that
meeting, how to produce vast amounts of conventional fuels and, secondly,
how to produce hydrogen and fuels of the future.

Now I am not the Department of Defense's spokesman. I'd be glad to be
corrected or changed.

Heinemann: In the period of a fossile fuel shortage, the Department of
Defense as well as the civilian economy will be forced to make better use

of whatever fuels are available. I don't think they will be able to increase
their percentage in a major way at the expense of the civilian economy.
Probably everybody will be cutting back equally. So, better utilization of
the available fuels in which catalysis can play a major role is a very
important item for the Department of Defense.

Quillian: I worked for the Department of Defense, specifically the Army,
for a number of years, although I'm a contractor. And I propose that you go

ahead with your agenda, Joe, as it is, because it seems to me the Department
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Quillian (Continued)

of Defense has adequate interest in this kind of‘agenéa. It seems to me
that the DOD has three areas of interest relative to energy. One of these
is interest in the national effort to become self-sufficient in energy again,
because a healthy ecomomic security in this country is essential and pre-
réquisite éo a healthy defense security.

The second area of interest that DOD appears to have is conservation as a
contribution to the national effort, and this conservation area would involve
their owvn bases and vehicles with which they're obliged to operate as
economically as possible.

The third area of interest, which Df. Ogle mentioned, is their prime
responsibility, to assure the avallability of combat fuels under war time
conditioms.

We're talking about all three of these areas, They're all important, and -
your agenda is very good.

Higﬁtower: Thank you. There are two philosophies that we have adopted.

One is to have the DOD tell us what they need. The other approach is to say
here is what we can do and what we're doing. How can you use us. That is
the approach we have adopted at this meeting.

Ogle: While I agree with what you said, I'm still left slightly confused,
because I thought the question was not the proper use of energy by the
Départment of Defense, but how could they benefit by the technology of

catalysts.

Quillian: Yes, I will mention this tomorrow.
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APPROXIMATE TEMPERATURE FOR OBTAINING APPRECIABLE
(~5% TO 20%,) n-HEXANE CONVERSION

Catalvst matertal Major cations Analysis of praduct (wt %)

in exchange Temperature
Semple Crysial seructure solution Si0;  ALO, Na Ca RE °Cy Alpha
1 Amorphous {Standard
Si0yAlLO catalyst) 540 10
2 Faujasite Cea 478 315 T 123 — 530 1-1
3 Faujasite NH4 757 231 04 —_ -— + 350 6400
4 Faujasite La —_ — 04 —_— 29-0 270 TO00
5 Faujasite RF — - 039 —_ 288 <70 > 10000
6 Faujasite RE, NH, 400 330 022 - 26:5 <270 > 10000
7 Faujasite RE, NH, — — — — — 420 26
8 Zeolite A Ca 425 374 785 130 — 560 06
9 Zeolite ZK 3 — —_ - — -— 400 38
10 Zeolite ZK 5 H 76 ] 231 047 _ —— 340 450
1 Mordenite Ca {~ — 1-D1 - — 520 18
12 Mordenijre Lo, H 820 140 04 — . 360 to 400 30-200
i3 Maordenite Nl-h -- — — -- <270 {0000
14 Mordenite H 80-1 13-4 03 i-54 — 300 2300
15 Mordenite ~NHy — o1 — - <270 > 10000
16 Gmelirite e — — - — - < 270{~200) 10000
17 Chabazite NH . - — - — <270 > 10000
iR Stilbite Nt waee —_ — - 310 120
19 Offretite ™ :‘ - — - =270 > 16000

—— et e ot gy e —_—— e v e Am mm e

COMPARISON OF GASQLINE COMPOSITIONS
FROM SIEVE VS, CONVENTIONAL
CRACKING CATALYSTS

C'allf. w'r_gin (uhf. m/\er (;ur! L

Feed: pas-ofl ras-oil gov-erfd
Catalvst, Durabead 8 I S I 5 I
Creesaline

‘,‘s:;snn \hms 21-0 S 7 21-.& 12:0 n ' 212
" Cyeloparafling 193 14 114 g5 143 1N "
"L Oehns b6 337 [9-00 428 -3 )2
? Aromatics 450 373 454 388 374 i3]

Nurabead 1 =silica-alumina NOT REPRODUCIBLE

Nurabead 5 =zeolite
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. Kka . ke
oll —— gasoline, incl. olefins —> gas
kn .
——> stabilized gasoline.

Dual functional reactions over shape-selective catalyst

SR ITET -

Charge: n-hexane:2 methylpentane:benzene = 1:1:2
Conditions: 200 psi, 15/1 H,/hydrocarhon, 4 LHSY

@ 700° F. - ® %0¢° F. ——— 4
Paraffins Benzene Paraff:n= Benzene
~—-cracked, wt S6-—  ~—-converted, wt % —~ ~-cracked, wt %-— —converted, wt % —
2 To To 2- To To
methyl n- cyclo cracked methyl n- tyclo cracked
pentane  hexane  paraffins  products pentane  hexane  paraffine  sroducts

1 54 1 <1 7 92 Wil 3
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Selective cracking for propane and Selectoformate

Case . 1 — p 2 - o
Yields, wt % Charge Products Charge Products

Cy Cy Hy 7.0 8.7 13.6 16.6

C, 5.3 153 108 15.5

94 5.9 6.3 10.8 8.9

i-Cs 6.4 76 8.7 8.0

n-Cs 6.1 1.6 7.0 39

Cy + n-paraffing 8.9 1.8 2.6 1.3
Ce+iso's+aromatics  60.4 58.7 46.5 45.8
Ociane Numbers Reformate Selectoformate Reformate Selet.*uiurmate
Csy+.RON+ 0 86.1 93.3 96.5 99 5
Cs+,RON + 3 96.3 100.8 1028 4.7

Cs;+, DON + 3* 93.0 98.5 100.2 103.9.

Le+ RON+ 0 873 94.3 102.9 i0a.7

Ce+ RON 4 3 97.1 101.3 106.3 107.6

*Distribution Dctane Number a measure of irontend oclane uua! ty

No

YIELDS OF PRODUCTS FROM CYCLE STOCks> . .ACKED OVER

DURABEAD § AND DURABEAD 7 COMPARED WITH Si/Al

SijAl Durabead 5! Durabead 72
Delta Delta -
Yields Yields SijAl Yields SifAl
_ Augusta catalvtic light fuel oil3
Conversion, Vol 24 356 356 ~— 356 —
Cs +Gasoline, Vol %, 22:1 259 +3-8 292 +71
Total Cy’s, Vol % 87 7-9 -08 62 -25
Dry Gas, Wt 2, 52 4-1 -1 35 -1-8
Coke, Wt % 43 22 -21 14 -29
Beaumont heavy catalytic fuel oil*

Conversion, Vol % 42:5 42:5 —_ 42:5 -—
s -+ Gasoline, Vol % 24-5 263 +1-8 306 +61
T'etal Cy's, Vol % 9-4 9-4 0 82 -12
idry Gas, Wt % 65 52 -10 47 ~-1-5
C oke, Wt % 87 7-8 -09 49 ~-38

! Contams REHX i in silica-alumina.
* Contains REHY in silica-alumina.

3 Properties—27-3°API, Aniline No. =139-5°F, ASTM bozlmg range =516°-666"F.
=157 5°F ASTM boiling rapge =410°-760°F.

4 Properties—19- 5°API Aniline No, =

m
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EFFECT OF ON STREAM TIME
N OCTANE RATING — KNOCK TEST ENGINE

T T T T T
79.5 M+0 Cg - 400 REFORMATE 9I5°F, 95 LHSV
86
gyt
B4
By, B IPS
a2 ! A
DURABEAD 8
80 [t~
<—— THERMAL
780 2 4 6 | 10 2 13
ON STREAM TIME, HOURS
EFFECT OF ON STREAM TIME ON OCTANE RATING
405 M+0 KUWAIT NAPHTHA
9i15°F 95 LHSV
65 (-
6C = AGED STABLE ZEOLITE
55 |—
e~ COMMERCIAL ZEOLITE g
50 [— CRACKING CATALYST t
e THERMAL 2
45
1
{
{
40 ¢ | ! ] T ! 1 L __I

0 5 . 1.0 L5 2.0 25 3.0 35

ON STREAM TIME, HR
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Partial Oxidation Chemistry Characterized by Traccrs

M, 0
5 + ¢ Tt b 5 CH CHO
CH,=CH,, + 20 CH, == CH, = 2HCHO

C:-z 2

CH2=CH2 + 0 Aga CHZ—-(;JHZ — CHZ-—CH

0 ~o”
g

CH,=CH

2

o
(=}

2

CH,CR=CH, + 0 —3 cu3

2 CH -—CH — CH3( CH3

(zé ll

0
. . Rh, Rt 2 B
CH,CH=CH, —-A-u——) CH, — CH — CH, ——> CH.,=CHCHO

yneon, EE3 O cneowo + mowo S OR,C00H + B0 4+ CO,
2 - 2

PILOT PLANT TEMPERATURE AGING RESULTS

960

Uy

)
L]
3
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CoNvENTIONAL CATALYST . — — 7
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1
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REMGCVAL OF SULFUR FROM PETROLEUM FEEDSTOCKS
by
Harold Beuther

Gulf Research & Development Company
P.O. Drawer 2038, Pittsburgh, Pa. 15230

For the past 20 years the removal of sulfur from distillatz petroleum
stocks has been carried out effectively throughout the world. Technology has
been developed to the point where any degree of sulfur removal can be obtained
and distillate fuel oils of very low sulfur content are produced at a reasonable
cost. The removal of sulfur from residual oilf‘., however, has been much more
difficult. It has only been in the past 5 ‘to 6 years that the desulfurization of
residual oils has been carried out commercially. These operations, mostly in
the Far East, have be_sen imminently successful; yet they are more expensive
than we would like, they have not demonstrated conversions to very low sulfur
contents (0. 1% S and less) and they have avoided residual feedstocks of high
metal contents,

The above-mentioned deficiencies iﬁ the desulfurization of residual
oils can be overcome by the development of more active, mote selective and in
general better catalysts., The factors which limit the desulfurization of residual
oile and increase its cost are (1) steric hindrance (the difficulty of sulfur atoms
in large molecules to contact the catalyst surface), (2) the large size of residual

oil molecules (making transport to the center of the catalyst pellet more difficult),
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and (3) excessive deposits of coke and nickel plus vanadium on catalysts
(deposits which cover active catalyst surfaces). Before discussing these
areas where catalysts can improve desulfurization to make residual fuel oils,
a brief discussion of the mechanism of desulfurization will be given. A simplified
and schematic approach to this mechanism is shown in Figure'l. This figure

. gives diagrammatically the steps in catalytic desulfurization. On the top of
the figure is a schematic sketch of a molybdenum-sulfur catalyst surface.

On this surface hydrogen is absorbed and dissociates. A sulfur-containing
molecule alsc adsorbs, is activ:;;ted and gives its sulfur atom to the surface
vacancy. The sulfur—free molecule is hydrogenated and desorbs. Finally, the
surface again reaches equilibrium by losing the sulfur atom it gained from the
sulfur-containing hydrocarbon as H,S.

All sulfur-containing molecules, however, do not behave in such
an ideal manner. In Figure 2, the nonhindered molecule at the top has been
shown to react one hundred times faster than the molecule with an additional
carbon atom on each aromatic ring. For simulated residual oil molecules
shown on the bottom of the figure, the structure on the left should be easy to
desulfurize while the one on the right would be quite difficult. This latter
molecule would probably roqui;‘e cracking into smaller molecules to make the
sulfur atom available to the catalyst surface.

A second deficiency in residual oil desulfurization is the formation
of coke deposits that fill catalyst pores and make the catalyst surface less

available for desulfurization. Coke deposits are high because of the aromatic



78

nature and size of the residual oil molecules and the type of catalyst surface
normally used. In a sense, desulfurization catalysts are dual-functional
catalysts in that they must effect desulfurization as well as hydrogenation
in hydl;ocracking. Figure 3 is a diagrammatical simplification of the behavior
of a dual-functional catalyst. This figure shows a decalin molecule that is
first dehydrogenated to an olefin; the olefin is then adsorbed and activated.
In this activated state it readily isomerizes and hydrocracks. The [ragments
from hydrocracking which are too far from the hydrogenation component have
a lesser tendency to react with l;lydrogen atoms and soon combine with other
reactive fragments to form larger adsorbed molecules which e_ventually convert
to coke. Thus, in the desullfurization of residual oils, an important function
of the metal catalyst is to keep the catalyst surface clean and free from coke.
The sequence of events that result in coke formation when desulfurizing
residual oils is simplified and shown on Figure 4. Initially, a mono-layer of
adsorbed molecules covers the surface. Some molecules are retained too long
and lose hydrogen. They then become reactive and more aromatic-like and as
such are more strongly adsorbed because of greater flatness of the aromatic
structure. These then serve as building blocks for aromatic groups which in
time stack upon the layer of aromatics existing on the surface. Bonding oi: these
stacks occurs and the resultant "coke' becomes irreversibly bound to the
surface. Coke produced by this principal is the main problem in the deactivation
of catalysts for residual oil desulfurization. High hydrogen pressures are used

to minimize this deactivating influence,
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In the catalytic processing of residual oils, organometallics
contained in the oil also deposit on the catalyst and reduce catalyst activity;
Oils from Venezuela are particularly high in metals. These metal compounds
are reduced at high hydrogen partial pressures and in the presence of a catalyst.
In a poorly designed catalyst, the metal portion of the molecule willideposit
preferentially on the periphery of the catalyst pellet causing clogging of the
pores at the surface. Figure 5 shows the distribution of vanadium in a normal
catalyst pellet and how improved designs can allow these deposits to be more
evenly distributed throughout the catalyst pellet, The bottom lefthand figure

depicts profiles of a good, a poor and an average catalyst pellet.

Vanadium deposits are maldistributed because of the general
structure and large size of the vanadium-containing molecules. Since vanadium
must be bound coordinately to nitrogen, a large molecule with a minimum size
of 14 A results (Figure 6). Realistically, most molecules found in crude oil
are much larger because other molecular groups are generally attached to this
basic molecule. Such a large molecule travels more slowly through the catalyst
pores and is probably mere strongly adsorbed because of its structure. Thus,
it is more apt to react, decompose and deposit the vanadium near the pellet
edge. The presence of vanadium not only clogs the catalyst pores but also
makes regeneration (oxidation of coke) difficult. During regeneration SO; is
produced [rorn oxidation of the sulfided catalyst metal. The SO; is then catalytically
converted to S0z by vanadium deposits. S5Oj reacts with the alumina catalyst
support and causes a breakdown of the catalyst structure. Figure 7 shows

relative effects of vanadium and coke in the plugging of pores of a typical
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catalyst pellet. The plot shows a pellet at ""end of run" conditions with the
percentage of pores filled with deposits versus distance of the deposit from

the center of the.catalyst pellet. For this peilet the pores at the surface were
90% filled, while the pores in the center contained relatively few deposits. An
ideal catalyst would have a constant distribution of coke and vanadium from edge
to center and could be used for a much longer time.

The fact that these deficiencies exist in residual oil desulfurization
suggests that much still remains to be done in the development of catalysts to
produce residual fuel oils of low sulfur contents and at reduced costs. Such
catalyst developments must be pursued if we are ta utilize the large volumes of
high sulfur Middle East crudes and moderate sulfur, high vanadium Venezuela

crudes to satisfy our energy demands and maintain or improve the quality of

our environment.
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Figure 5

VANADIUM ON DESULFURIZATION CATALYSTS
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Figure 6~

SIMPLEST PORPHYRINS IN HEAVY GAS OIL
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BEUTHER DISCUSSIONS

L. Libby: Do you recommend desulfurization of crudes as a research for

DOD support?

Beuther: Yes, I do,.

Heinemann: A number of people in our laboratory, particularly Sylvester

and Shane, have developed a new catalytic technique of removing heavy
metals such as vanadium from petroleum prior to hydro-desulfurization.
Poisoning of desulfurization catalysts with metals is bad not only because
of the decreased activity but also because it's irreversible; you cannot
burn the metals off like you can burn coke off in regeneration. We have
found that a cheap catalyst, namely, manganese nodules, recovered from the
ocean floor, is an excellent absorbent for heavy metals. We put a guard
case of this material ahead of the hydro~desulfurizer, essentially under

the same conditions, same pressure of hydrogen, et cetera; and we demetalize
without getting appreciable desulfurization; When the catalyst is saturated
and it has a long life, we throw it away; for a penny or two per pound of
catalyst,

Rabo: Does that system remove the metal as a metal atom or as a molecule
containing metal?

Heinemann: It removes the metal as atoms. There is no loss of hydrocarbons.
There is hydrogen consumption only to the extent that the metal-containing
porphyrins take up some hydrogen, but less than about one hundred cubic feet

per barrel of crude.
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Aside from that, the phenomena of coking problems in H.D.S. systems bears
a relationship to the coking problems on boiler tubes and in turbine
systems. This problem has not been satisfactorily solved. It's not on
the agenda, but all Navy boilers and any other boilers using heavy fuels
have a coking problem with as yet no cures. Barium and lead seem to be
the elements that help most as heavy oil additives; but if the Navy is not
going to go completely nuclear, it needs better solutions to the boiler
and turbine problems.

Voice: Coking and sulfur poisoning need future research, not only
for extension of present catalysts to the fuels we presently handle, but
also for increasing the efficiency of presently used catalyét system. Not
only sulfur poisoning but coke formation and sintering are phenomena that
need research, Are your cokes amorphous or the dendritic-filamentary coke
that is assoclated with metal?

Beuther: These are all amorphous cokes, and coke is just a general term
applied to them. They are heavy hydrocarbons. The hydrogen content varies
with the temperature of the operation and the time that they have been
deposited. Coke that has been on a catalyst longer has a lower hydrogen
content.

Voice; There seems to be a severe coking prcblem associated with
formation of dendrites on the metal surfaces different than that associated
with the support.

Beuther: That 1s a separate problem. I was talking about the coke deposited
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on the catalyst support. BResearch 1s needed on the relation of catalysis
to acidity and what one can do to control it and understand it.

Boudart: Dr. Beuther, you stated earlier, as applied to Dr. Libby's
question, that you thought that sulfur removal was an area where DOD should
help. It would be very good to know why DOD should support this kind of
work.

Beuther: Out petroleum supplies of the future will be assuming we get any,
the petroleum supplies of the Middle East, all of which are high in sulfur,
much higher than those that we deal with now. If the Department of Defense
and we in this country are to maintain clean air standards, desulfurization
is needed. It has been carried out successfully in Japan and the Far East
but it's still expensive, Can it be done at a lower cost?

Johnson: The Navy is turning away from use of residual oll for two reasoms:
one is that it can't buy residuals that are anmy good to burn, and secondly,
it has not solved the problem of deposits from burning residuals., So even
for boilers, the Navy is going to use distillate fuel.

Beuther: Highly desulfurized residual oil has very good burning qualities.
In fact good enough that people have proposed catalytic cracking of these
materials. When one effects desulfurization, he adds hydrogen where the
sulfur was removed, and one ring of these condensed aromatic rings systems
may be hydrogenated, also producing a fuel that burns well.

Johnson: It's possible that the Navy should reconsider returning to use of
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resids, but there are various other aspects, such as logistics, namely the
fact that distillate Ffuel can be used both in the boilers and also in other
types of prime movers and engines as well. But if what you say is true,
and if it had come ten years earlier, probably it would have changed the
course of history as far as Navy boilers are concerned. It will be a very
interesting question for me to take back to our people in the Naval Ships
Systems Command.

Wise: In what direction do you feel research should go? Dr. Boudart
suggested to take the vanadium out of the crude in the interests of refining.
Do you feel that is the way to do; or are there other avenues available

to us, e.g., to tackle the vanadium poisoning of the hydrodesulfurization
catalyst ditself.

Beuther: We are working actively on the problem, and I am sure other
petroleum companies are as well. The three problems I mentioned were
transport property of the catalyst; nzmely making the catalyst so that
large molecules can move in and out, fmproving the catalyst surface so

that its tendency to make coke is far redﬁced and handling organometalics
so that they are deposited to a minimum extent on the catalyst surface.
Cohn: Is vanadium a catalyst?

Beuther: Vanadium is a catalyst for hydro-desulfurization, but neot a

good one.
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Beuther: I think that's an interesting development. Techniques developed
previously have been very costly. A lot of work also has been aimed at
establishing the kinetics of demetalization versus desulfurizatiom, but
this is not the same.

Hura: One possible use of catalysts is in combustion processes enploying
residual fuels. Catalysts could be employed to minimize vanadium deposits
in Naval boilers. The Apollo Chemical Corporation had a note in the Envir-
onmental Science and Technology Maéazine concerning the use of manganese
and magnesium catalysts which prevent the deposition of vanadium oxides on
boiler tubes at high temperature. Are there any research efforts being
directed towards the development of catalysts that minimize the problems
associated with combustion of residual fuels?

Beuther: Yes, there is work on catalysis in combustion processes, primarily
catalysis in distillate fuels where one might oxidize a distillate fuel
without pre~flame reaction in order to minimize NOX formation. Any time
one carries out a catalytic reaction where there is a component such as
vanadium present that can deposit on the catalyst, he finds that the
catalyst is short lived and replacement s necessary, so that some sort

of pre-treatment of the feed stock is required to remove heavy metals.

But as far as direct combustion of residual oils, I don't think that it is
reasonable to use catalysts in combustion considering both the vanadium and
the coke formation problems.

McCormack: In regard to the manganese nodules, it would appear they are

an ideal feed stock for making steels where both these elements are needed.
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Heinemann: A research of equal importance to desulfurization is under-~
standing the mechanism of hydro-desulfurization. I have some information

T cannat discuss which makes me believe that Dr. Beuther's mechanism is

not the entire mechanism and that there are many things we don't understand.
There are indications, for instance, that not only the metal or metal oxidé

or metal sulfide is important as a catalyst, but that the crystal planes of

these materials play a major role in the catalysis of desulfurization. If
we understood the mechanisms we could find better catalysts and better ways
of desulfurization. Here is an area for academic work that is well worth
the support of DOD.

Beuther: I couldn't agree with you more. Even the state of the vanadium
is a factor we often overlook. There are many things that could be done

on an academic scale.

McCormack: None of us do all that needs to be done in order to understand
mechanisms. We focus on immediate commercial objectives: are we short of
money for research; are we short on ideas? I have strong convictions that
we have many more ideas than commercial funding. More complete answers
would help solve the problems in a shorter period of time. In this regard,
the needs of the Department of Defense match those of the national economy,
and we all would benefit from more funding to implement ideas that are not
being presently worked on.

Beuther: We have shown a consensus to recommend research on desulfurization.
But I would like to issue a word of caution: problems of deposition of
metals and formation of carbon can only be resalved by long-term, high
pressure, aging work. This is costly and difficult. It's even difficult

to write a detailed, operationmal plan on how to do it.



93

CATALYTIC PROBLEMS IN FUEL PRODUCTION FROM SHALE
H., C. Huffman
Vice President-Research
Union 0il Company
Union Research Center
Brea, California 92621
(714) 528-7201
I'm going to talk today about some of the catalytic problems in
making oil from rocks. And I'm going to give you a little review of oil

shale and retorting and so om. Catalytic problems are not too severe in

this area.

Back 36 to 50 million years ago, in Eocene times, sediments were
laid down in these areas, Wyoming, Utah, and Colorado, sediments which were

rich in organic material. The richest ones are located in Colorado.

This slide is an aerial shot showing some of the deposits along in
these cliffs, layer after layer of oil shale varying in richness. Its
richness is measured by a test called the Fisher assay. This involves
heating the rock over a temperature range up to about 900 degrees F, and
measuring the amount of oil -like material that is produced. The organic

material in the oil shale breaks down to give an oil-like material.

This slide is another view of the shale cliffs, near Rifle, Colorado.
Very beautiful up there. Some of this work was done in the late '50s by

Union 011 Company.

This slide shows a piece of Colorado oil shale. I have some here

with some of the o0il produced from the shale. You are welcome to take a
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piece of oil shale if you want because we have gobs of it, so I'll just

pass it around. I don't think you'll want any of the shale oil itself, it's
pretty smelly stuff, very rich in nitrogen compounds. This shale yields
about 30 gallons of 0il per tom of rock. Im this whole area that I showed
you on the map, the shale that will yield at least 10 gallons per ton would
provide at least two trillion barrels of oil. All the oil shale which will
yield at least 24 gallons of oil per ton of rock contains something like

600 billion barrels of reserve.

Back in the late 50's we did conduct a mining and retorting operation
in Colorado at the site that this slide shows, a rather scenic sight. This
is the mine opening. Mining was done by blasting just like you would mine
rock of almost any kind. The mining is a substantial part of the cost and
this 1s being worked on now toc make it more economical. Thisg slide shows

some of the o0il shale from the mine being dumped into a gyratory crusher.

This slide shows the crusher jammed with some large boulders of oil
shale. The men are trying to decide how to free the crusher so they can
continue, Some of these large boulders get stuck in this thing and are

almost like rubber; they yield without fracturing.

We had a system for conveying the shale after the crushing, sorting

it out, and conveying it up to our retort. You can see it on this slide.

This slide shows the retort that we built and operated in Colorado.
It was supposed to process about 700 or 800 tons a day and it got up to about

1200 tons a day. At 3/4 of a barrel of oil for every ton of rock processed,
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yields of about 850 or 900 barrels of oil per day were secured in this
operation. The retort is a device which pumped rock upwards and the fire
went downwards; the shale ash came out with no carbon on it at all. The
carbon was used to provide the heat of retorting. The oil came out the

bottom,

Raw shale o0il of similar density to that of crude oil is a solid at
room temperature. It has a pour point of about 75 to 90 degrees F ,
depending upon the retorting method. You can see that it's a black gunk

and if you open up the bottle you can smell the odor.

Next we have a slide on shale o0il from various retorts: we aren't
the only people who have looked at various retorts for getting oil from
shale, and we have two different varieties we are working on. We are
working on g third variety right now. The sulfur content ranges from
about 0.7% up to 1.0 weight %. The real tough actor is nitrogen, ranging
from about 1.7 up to 2.0 weight percent. Possibly as much as 40 to 50 volume
percent of the oil is non-hydrocarbon in nature; this non-hydrocarbon portion
1s composed of sulfur compounds, nitrogen compounds, and oxygen compounds.
The nitrogen is the difficult thing to get rid of. The crude shale oil is
usually contaminated with shale ash which must be gotten rid of. You can
filter out some of it. A simple way of doing it 1s to take the crude shale
0il and distill overhead as much possible using vacuum distillation. This
will leave 10 to 15% of bottoms which then can be coked to give a distillate,
a volatile oil which doesn't have any ash and a coke which can then be used

for fuel or to generate hydrogen.
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This slide shows a typical shale oil refinery, showing wvaricus steps
of the process; we retort and distill to get naphtha, middle oil, heavy oil;
bottams from the heavy o1l distillation gives charge stock for the delayed
cokes. The heavy cil is treated 1in a desulfurizer similar to what Dr. Beuther
described; our names for gulfur and nitrogen removal processes are hydro-
treating or hydro-desulfurization or hydro-denitrogenation or Unionfining.
The naphtha would be Unionfined. We make hydrogen in order to take out the
sulfur as hydrogen sulfide, the nitrogen as ammonia and the oxygen as water.
We also saturate the olefins contained in the crude shale oil and end up

with a synthetic crude.

This slide shows a simplified way of looking at the production of
commerclal shale oil. Start with the oil shale, retort it, get shale oll;
then coke that or a portion there of. We get a distillate which is then
Unionfined or hydro-fined to remove the sulfur, nitrogen, and oxygen, and
saturate the olefins. We end up with a commercial shale oil which is essen-
tially indistinguishable from petroleum derived crude; it's quite paraffinic,

more like some of the paraffinic type crudes.

This slide is a simplified diagram of az Unionfining or hydro-fining
operation. Catalyst is contained in a reactor, the shale oll and the hydro-
gen go in here under pressure and temperature and out of the exit of the

reactor comes & refined oil, plus hydrogen sulfide,ammonia, and water.

This slide shows some of the simplified reactions; the sulfur com-

pounds which are converted to hydrocarbons, such as butanes, a mixture of
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iso and normal butane, plus hydrogen sulfide. This is pyridine, which reacts
with hydrogen to give iso and normal pentane plus ammonia. The oxygen com-

pounds yield water and hydrocarbons.

The next slide shows pictures of some of our catalysts that we have
developed which are effective for refining shale oil. They are nickel and/
or nickel-cobaltemolybdenum catalysts. All are in commercial use. They
are effective for taking out nitrogen,sulfur,and oxygen and for saturating

the olefins in shale oills.

The next slide shows equipment used te carry out experimental studies
on catalytic processes for processing the shale oil. Once nitrogen and
sulfur and oxygen are removed from the shale oil it is very similar to
petroleum crude and it is a little better because 1t is not as high boiling.
You can then process it to make gasoline, turbine fuels, jet fuels, diesel,
most anything that you can get from a petroleum crude except that not much

1dbe 0il can be secured from shale oil.

The next slide shows some of the products from syn—-crude refining
Sulfur is down to about one part per million (ppm) in the gasoline range
naphtha. Thére are 10 ppm sulfur in the 350 to 550 degrees F distillate
which is type Jet A fuel, Nitrogen we take down to something like these
levels and we can go lower. An area where we think we need some improvement

is in the catalysts which are used to remove sulfur and nitrogen.

In this slide are products that can be made from shale oil. They are

similar to what can be obtained from petroleum crude. Several years ago
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we made substantial quantities of turbine fuel and diesel fuel which were
evaluated by the Navy, The Navy found them entirely satisfactory. Now,
why didn't we go ahead with this back in the late 50's? Well, it wasn't
economlically attractive. We were close but not competitive with petroleum
crude. Now we're getting closer, and with petroleum crude getting up to
$6 to $8 a barrel we're going to be in business. We are at the present
time running a new pilot plant, an improved version of the retorting opera-
tion we conducted back in the late 50's with some new wrinkles. It
started operating about a week ago. It's a long way between making a
pilot plant and operating a commercial unit, but we have high hopes for
augmenting the supply of fogsil fuels from resources here in the United

States. And that obviously is our objective as far as the DOD is concerned.

Discussion

Rabo: What 1s the cost of char from the charring process? Would it be

competitive with coal as a source of solid carbon raw material?

Huffman: Are you talking about the coke we get in the coking operation?

Yes, it has metals in it and a lot of crude from the oil shale ftself.

Rabo: It would not be particularly advantageous against coal?

Huifman: Well, we don't make much of it so we don't think it's going to be
too much of a problem. Besides, we can burn it to generate power for refining

facllities.
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Lindquist: I've heard that for the total energy balance of the extraction
process including dynamite and moving it, it takes about 10 gallons of oil
per ton to extract shale oil, compared with 24-30 gallons of oil/ton
extracted.

Huffman: We don't think it's that high. This is the reason we are trying
to impiove our retorting process and the mining process.

Lindguist: Would you say the current methods are temporary methods?
Huffman: You'll get various claims from various people who are developing
retorts. We're getting close to being competitive with the presemt price
of crude, and with where we think it is going to go we expect to be more
than competitive.

Heinemann: The viscosity difference between the 26 API crude from shale
oil and natural crude, is that due essentially to higher paraffin content?
Beuther: Do you believe that it's possible to handle the disposal problem of
shale if one had 3, 4, or 5 plants in this area, and do you believe there is
adequate water in this area to allow shale to be developed as a resource
substitute for petroleum?

Huffman: The first question is a toughie and there will be some problems in
disposing of the spent shale. We would supposedly stuff as much back into
the mines as we could and hopefully we will not expose it to water any more
than we have to. If it does get exposed to water we would try toAkeep it
confined so it wouldn't get into the natural drainage system. The water
problem is real, but our methed of retorting is not too demanding for water.

We think we would have enough water.
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Haensel: My questions are very similar to Harold's.

What is the amount of water needed for a ton of shale? Number two: What
are you doing about the very fine particulate material that may be escaping
in the atmosphere?

Huffman: TI'l1l answer your second question first. There is no fine parti-
culate material in this retorting method. The first question: I camnot
quote the answer. I've got it, but I just don't remember it and T will
send it to you.

Haensel: Is it substantial?

Huffman: No, it's not.

Haensel: I wish you could quantify it.
Huffman: It was quoted in the NPC study on oil from shale.

Perrine: You say that the water requirements are not large. It is par-
ticularly important to quantify it because thié is a very arid area, and

there is a large agriculture component which depends on that water.

Huffman: We don't argue with you ome little bit; we reallze it.

Somorjai: Is there any chance of hydrogenating oil underground, and if

50, what is being done about it?
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Huffman: We've thought about it. The Bureau of Mines people, several years

ago, did some direct hydrogenation of pulverized oil shale.

Mills: It was an underground gasification, but not hydrogenation,of oil

shale.

Holliday: What are the capital costs implied for the type of plant you've

been working on now?

Huffman: I can't quote those. They are substantial. But I can't give

you any direct figures.,

Johnson: Do you recall who in the Navy tested your products?
Huffman: No, but I will find out and let you know, Mr. Johmson.
Lindquist: How serious and how widespread is the arsenic problem?

Huffman: There is arsenic along with a lot of other things in the oil shale,
Some of this gets into the oil and we have to take it out. We have a way

of taking it out of the shale oil.

Voice: Would there be arsenic in the waste water from the plant?

Huffman: No.

Hightower: The question was do you remove the arsenic in the waste water.

Huffman: Yes.
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Boudart: The Brazilian government has given priority to the development of

a shale process. Is their process good?

Huffman: I cannot tell you. I do not know. We have made proposals to the
Brazillsns over the years and they didn't take us up. We adwitted that we
needed some improvements in our retorting and mining as of 10 years ago and
we are hopeful now of almost having them, and we are aided by the price of

crude.

Mills: In Brazil this unit 1s operating and it is an indirect combustion

type and my recollection is that its production is 3,000 tons a day.

Wise: There 1s some indication that the greater part of the fuel nitrogen
ends up as oxldes of nitrogen in the combustion process. Can you tell us
something about the nitrogen content of the materilals produced from the

shale oil.
Huffman: I hzd those listed in my slide.
Wise: Is it large?

Huffman: No, we can get them down to a few hundred parts per million, 10 or
15 in the naphthas and 20 or 30 ppm in the turbine fuels and 100-200 in the

heavier oils.
Wige: How does it compare to crude?

Huffman: Well, some crude oils will have as much as 2/10th weight percent

or 2,000 ppm, some have 3000 ppm and higher. We deal in our refinery with
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gas oils and heavy oils, in our hydro carbon operation, that are 2,000 to
3,500 ppm. The refining processes now in use in the petroleum industry

will handle this high a level of nitrogen. As you say, part of the nitro-
gen, when fuel is burned, goes to NOX. It depends on the conditions, but

anywhere from 25 to 45%Z goes to NOX.

McCormack: T understand that the nitrogen in fuel contributes very little
to increased NOX, at most 5% increase because the flame front is very close

to equllibrium.

Wise: It simply means that even if you were to reduce the NOX produced by

nitrogen fixation there stfll would be NOX that originates from the fuel.

McCormack: It's a very small amount; it's only 5% above the equilibrium
which is a function of the flame front conditions. What are the proper-

ties of shale retort ash products with water? Can you get a cementation?

Huffman: Our present technique leaves the particles almost intact.
McCormack: So there is no cementation?

Huffman: ©No, our first retort in Colorade was a very high temperature
retort. The temperatures in there were as high as 2000 - 2200 degrees F,

and there we got considerable slagging and fusion.

McCormack: I was thinking in terms of formation reinjection where there
might be a volume increase problem. You need to stabilize the strata so
you don't et collapse. The ash is treated like a cement powder hydrate

and stabilized as such.
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Huffman: I must tell you that after the retorting by our current technigue
the spent material is much weaker, of course; and there may be a problem
there. There are a lot of problems, but that makes it very interesting.
Lauriete: Have you looked into ways of treating this material after the
crude has been extracted so that it can be used on highway constructicn.
Huffman: Yes, but we haven't been successful.

Lauriete: Our boss, who is an alumnus of your company, would be interested
in it.

Huffman: He used to work for me by the way.

Bill Libby: Do you think catalysis could help substantially? Sappose we
improve the effectiveness?

Huffman: An improvement in catalyst would lower the cost of refining the
shale oil, but the retorting and the mining and the handling of the spent ash
are bigger problems. We are striving to improve the catalyst now, but it
won't make much of a dent on the overall economics as would the other factors.
Johnson: Do your catalyst problems parallel those with crude petroleum?
Huffman: Yes.

Haensel: 1In case your more recent retorting is successful what is the time
schedule for a substantial commercial operation?

Huffman: We're now trying to estimate that, assuming that our pilot plant
work is successful; perhaps 1980 or a year earlier. It takes a long time
ag you well know.

McCormack: Five years.
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ASSAY DATA

SHALE OIL FROM VARIOUS RETORTS

TOTAL CRUDES

UN!ON OIL

RETORT “A¥ _“B* Y S
°AP! 19.7 20.3 25.8 28.0
SULFUR, wt % 1.0 0.8 0.73 0.76
NITROGEN, wt % 2.0 1.9 1.9 1.7
CON. CARBON, wt % 3.4 4.1 5.5 57
POUR °F 80 75 70 60

SYNCRUDE _ REFINERY
PRODUCT QUALITY

Cs5-350°F 350-550°F 350-850 °F

NAPHTHA __DIST. GAS CIL
GRAVITY, *API 55 40 30
SULFUR, ppm 1 10 100
NITROGEN, ppm 10 140 1450 gy
PARAFFINS 55
NAPHTHENES 33
AROMATICS 12 30 wt
FREEZING POINT, °F -40
SMOKE POINT, mm 15

POUR POINT, *F +40
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CATALYSIS IN PRODUCTION OF LIQUID FUELS FROM

COAL AND HEAVY RESIDS

Wm. A. Bailey, Jr.
Shell Development Company
MTM Process Research & Development Laboratory
P. 0. Box 100
Deer Park, Texas 77536
(713) 479-2311
Coal and resids I'm going to minimize because it was covered satisfactorily
by Harold Beuther. There is, however, a limited temperature range for
residue desulfurizatifon. It must be high enough so that the metals come
out, but it must be not so high that the asphaltenes drop out, because on
raising temperature the asphaltenes tend to agglomerate and would kill the
catalyst. Now, residue desulfurization umits based on conventional trickle-
flow fixed-bed technology are in operation In the Far East and also, to a
more limited extent, in Europe. Currently, major attention is being turned to,
and major advances being achieved, in improvement of catalysts. Desulfuri-

zation of 80 to 90 percent is possible, at least in experimental work, pro-

bably not much higher than that on a practical basis, however.

One of the best ways to apply residue desulfurization is in multiple catalyst
beds. The first slide is taken from a Chevron patent, but there are many
other companies beside Chevren who are active in this type of application.
The idea is to have approximately three beds of catalyst, the first of

such a nature that there is very little hydrodesulfurization, but which will
pick up the largest part of vanadium and nickel which are the bad actors,

the second one to pick up the rest of the metals, and also to do a fair amount
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of desulfurization, and the third to finish the desulfurization. Now in

this first bed, for example, we could use Heinz Heineman's manganese nodules.
And in the secound slide you will see one of the schemes that has been patented,
in this case by Shell, to be used particularly in the first stage, where

there is a moving bed of materials of metal collectors, which have a limited
capacity. This kind of bed has promise because the plugging problem has been
quite severe in many of the pilot plants and semi-commercial and even commer-
cial plants, because of rather fine particles coming through and plugging

the bed.

Another area where experimental work has been done in desulfurization of

residues is with bulk molten salts, particularly those with a high acidic
activity. Work by Consolidation Coal Company some time ago used bulk zinc
chloride. It has an advantage in that zinc chloride and hydrocarbons are
highly miscible, so that coke and metals do not 1imit.the activity in this

homogeneous system, nor in coal catalysis.

Another advance that was made was in using materials that are inactive as

a part of the molten salt, which then are not completely miscible with the
heavy hydrocarbons, and one can have hydrocarbons passing through contin-
uously, until the catalyst is fairly well used up, rather than having to
regenerate the whole bulk of material on each pass through. Of course,
there is now an alternative as far as heavy fuels are concerned, and that
1s the desulfurization of flue gas; however, this is applicable mainly on
rather large plants. The only feasible processes long-term are those which

are catalyst systems so that the material is regenerated for reuse. An
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example is copper oxide on alumina, in parallel beds with the flue gas not
passing through the bed, but with the beds being deep enough and thin

enough so that flue gas diffuses into the catalyst and out again, removing
the SOZ' There is a commercial plant in operation in Japan at the present

time,

Unfortunately, hydrogen is a very significant cost in processing resids and
in processing other materials. Therefore, catalyst systems that are selec-
tive in the use of hydrogen are of great value. Hydrogen was at one period
as cheap as 25¢ per thousand cubic feet to make. It is already double that
now, in part because of the shortage of natural gas, and the price will go

up as fuel prices go up.

Joe Hightower has asked that we philosophize a little bit, so I'm going to
take advantage of his suggestion. In my opinion, the Arab natioms have

done us a favor in cutting off our supply of Middle Eastern crude so early

in. the U.S. fuel chortage period. Their action has certainly convinced

me that the United States must become again completely self-sufficient in
energy supplies as we have been until recently when energy consumption

here outstripped energy supply. By 1980 it has been predicted that as much

as 45% of the fossil fuels required to meet the energy demands here would have
to come from imported crude. And while we may be able to cut back 10 to 20Z,
it 1s tough to cut back 45% when one is accustomed to using it. We've been
spoiled, of course. We here in this room have lived in the good times in which,
as we needed more energy, it became avalilable. Those times are gone.

I'11 be happy to talk with anyone about alternatives that I consider

viable.
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Now, if we are to become self-sufficient again in energy supplies in this
country, there are several requirements, One, of course, is strict energy
conservation and we've seen some of that already in the large reduction in
the number of airline £lights because jet fuel is particularly short. But,
hopefully, this strict conservation will only be for a short term, I mean

10 years perhaps or in the order of that much, until we are able to build

up our sources of materials for supplying energy. A second requirement is
that there be some compromise, hopefully, only for the short term, on
the proper balance between envircnmental conservation and the energy crunch.
The third is to tap and utilize on a crisis basis our own native resources
of fossil fuels other than petroleum. We have enough to last

for quite a few generations. The two other fossil fuels that are available
here in large quantity are oil shale and coal. We are not blessed as Canada
is with enormous deposits of the third ome, tar sands. And Canada is certain
to take care of its own people first and limit the amount of such materisls
to be brought into the United States, Now, hydrogen is of more sig-
nificance when utilizing oil shale or coal than is the case in utilizing

petroleun.

The next slide gives the hydrogen to carbon ratio in a number of materials
and the range in coals is not limited to this. In petroleum crude,

on average, there is about 1.75 H atoms to one C atom, and in coal, less

than half that much. Besides, additional hydrogen must be supplied to remove

nitrogen and sulfur and oxygen present in the coal.
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In the case of shale, the likelihood of using catalytic conversion of the

0il shale is remote. There is such a tremendous ratio of inorganic materials

to organic materials that it is almost out of the question. All known

shale oil processes to liquify the oil from the shale are thermal coking
operations. On the other hand, once the oll is extracted then the problem is
an almost typical petroleum problem of refining, differing in certain directions

as mentioned by Dr. Huffman.

On the other hand, the opportunity for catalytic conversion of coal offers
quite distinct promise. Catalysts for the hydrogenation of coal to liquids
and for gasification of coal by steam to yield synthesis gas for methanation
are currently under investigation in many places. The physical disadvantage
of coal compared to petroleum is largely due to its smaller hydrogen content

and to the fact that it is a solid and has high ash content.

Now, of course, it is impossible for me to review all the work on the
liquefaction of coal in this short time, so I will only review by example,

and I shall omit the excellent Bureau of Mines work, which I'm pretty sure
Alex Mills will be covering anyway in the next talk. Coal hydrocracking
obviously requires a catalyst that is insemsitive to the high concentration

of sulfur and nitrogen and which can be readily regenerated from the compounds
that are formed with sulfur and nitrogen. The cobalt molybdate used, for
example, in the H-coal process meets these criteria. The bulk meolten zinec
chloride in the Consol process reacts to form zinc sulfide and z2inc ammonia
complexes, requiring regeneration back to zinc chloride, but this can be

achieved. My next slide compares briefly the H-coal and zinc chloride
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processes under somewhat similar conditione and you note the naphtha from
which many of our favorite materials are made, namely, gasoline and jet fuel,
is a lot higher in this zinc chloride procesa. In the case of scme of these
molten salts, one can even make no liquid product except gasoline by choice

of the salt and the conditiome.

Shell has explored quite a number of molten salt catalysts, both for resi-
due desulfurization and also for coal liguefaction. Specific examples showm
in the next slide are taken from one of the patents. There is a range of
materials which are suitable. If one wishes to make gasoline, antimony
chloride has certain advantages. Zinc iodide with one of these inert saits
in the melt allows some slippage of hydrogen sulfide and ammonia, so that

they do not react quantitatively with the catalyst.

The dominant cost of coal liquefaction is the cost of hydrogen, so one

prime research goal is to make a dramatic reduction in the cost of hydro-
gen manufacture. The partial liquefaction of coal, leaving enough coke with
the ash to react with steam, and perhaps some oxygen to furnish the heat
necessary, is deairable. A conventional coal gasification process being
piloted in the United States and for which several companies are dickering
for large—scale commercial plants is the Lurgi process shown in the next

glide.

Coal, steam and oxygen come together, with ash coming out the bottom of the
reactor. Waters and organic liquids that result must be cleaned up because

they contain, awong other things, phenols. Then there are more conventional
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processing steps gsuch as in the methane synthesis side. The methane synthesis
{s still not worked out catalytically as well as desired because, in order
to insure that the catalyst lasts a long time, one must have a catalyst which

is not sulfur-sensitive, and this needs more study.

Further work on coal liquefaction catalysis as a mechanism of reducing the
total energy required to produce hydrogen from water ghould lower the cost

of production of hydrocarbon liquids from coal. Perhaps the greatest dis-
advantage to such urgent action is the extremely high capital costs of coal
refinerfies., I have seen estimates which vary, for a 100,000 barrel petreleum
refinery from coal, from &4 to 6 times as costly as a conventional refinery
using crude petroleum, up to as much as 8 to 9 times as costly, and I am
convinced the higher figures are more likely. So it is going to be extremely
difficult for the petroleum companies or others to generate sufficient capital
to tool up at the rapid rate needed in order for us to become self-sufficient

in energy in a short time, and with that I'll stop.

Discussion:

Beuther: Our estimates were that it is no more costly to buy coal lands,
to mine coal and refine the coal, than it is if one searches for oil in the
United States and produces it and refines the oil. The cost of finding

0il in the next decade will be very, very high, so that, overall, coal

would be cheaper.
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Bailey: I think you may be entirely right on that, Harold. I have not

written off more oil, but the probability of finding enough to keep up with
the energy requirements is small enough in my opinion that we are going to
have to use coal even if it is several times as expensive. But you may be

quite right, that the costs are in the same range.

Hightower: Over the last 40 years the number of wildcat holes that turned
out to be producers has remained constant at about one in nine. In other
words, it's remained constant even though we've found the big oil pools.

Is that correct?

Bailey: I'm afraid, Joe, that the measure you are giving is not necessarily
the one which is meaningfull, because it's true that the percentage of
wildcats that fail has not gone up very much. The percentage of wildcats
which lead to completely new, very large fields has gone down significantly.

I believe that's a bettcr measure.

Lindgquist: At the First International Coal Research Conference, EXXON made
an estimate that in 1980 the cost of a coal refinery would be $10,000 per
barrel., The man from the British Gas Counsel said that that's not too
different from the cost put into the North Sea into the production gathering
facility, which right now is around $4,000 per barrel or so. I think the
polnt is well taken. It costs a lot for coal refineries, but the off-shore

0il facilities are tremendous in costs also.

Bailey: No question.
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Perrine: Yes, I think it's worth considering not just how many wells

you drill before you find one that produces oil, but the size of the reserve
that is discovered. All the biggest reserves very likely have been discovergd
on the continental United States, or else we know about where they are, and
they are very limited. 1It's off-shore overseas that you are likely to find
really big ones in the future, and that's the same problem with the Arabs.

"It.is not under our control.
Hightower: The average depth of wells is increasing all the time, too.

Bailey: Not only that, but the next place to explore in a major way is in
extremely deep water, off-shore, because that has not been explored very
much, whereas the lands have been explored to a very large extent. The
deeper you go drilling for oil, the more expensive it becomes. 0Qil produc-
tion is likely to become far more expensive than coal liquefaction. There's

some 0il well depth at which there is a balance.

Boudart: When you mention the need for improved catalysts for hydrogen
manufacture you think also of electro catalysts, namely electrodes for

electrolysis?

Balley: Well, electrolysis thus far has not been economic compared with
using ccke or a liquid hydrocarbon to make hydrogen from, by reaction with
water. On the other hand, there have been studies, one that was sponsored
by NASA on which a report is sbout to be forthcoming and is open, which have
looked at the possibility of a large nuclear reactor, far out in the waters,

producing hydrogen by electrolysis and piping the hydrogen to shore. That
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is perhaps the approach which will lead to making electrolysis a good economic

ptocess.

Heineman: I'd like to go back to making hydrogen from coal and steam

with the Kellogg process which still needs a lot of work to make it successful.
This is a molten salt process, reacting coal and steam, with sodium carbonate
as a catalyst in which the molten sodium carbonate is also an excellent heat
transfer agent. Now, the problem with this process is that sodium carbonate

is a fairly universal solvent and is very hard to contain.

Bailey: I omitted mention of this process to conserve time. A goaod

reference is 0il and Gas Journal for 9/27/71.

W.¥,Libkirs Do you think that catsly dic research would heln cut i cost of

coal satalysist

Batley: T eertainly think that 1t mieht, both o nrodveing the necessary

hydrogen an? for the actugl coal liguifastion itseld,
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SLIDE 1.

MULTIPLE CATALYST BEDS FOR RESIDUE DESULFURY ZATION
(BRITISH PATENT 1.298,905)

o mmmem FIXED BED OF MACROPOROUS CATALYST PARTICLES HAVING

HIGH METAL CAPACITY AND LOW DESULFURTZATION ACTIVITY.

e FIXED BED OF MODERATELY ACTIVE DESUL FURIZATION
CATALYST PARTICLES.

. mmmeee FIXED BED OF HIGHLY ACTIVE DESULFURIZATION CATALYST

PARTICLES.

SLIDE 2

FIXED BED WITH CATALYST ADDITION- WITLDRAHAL
(TS PATENT 3,730,380)

__ﬁm._.«r v CATALYST
CHARGE -

FEED.INLET = smsbohe
; REACTOR
- //
OUTLET ) l CATALYST
6/\ DISCHARGE

NOT REPRODUCIBLE
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SLIDD 2

(1YDROGEM/CARLON ATOM RATIO

LIGHITE -+ = mmmwe = mremrmmm mmemvine 065 = 0.9

111 A 1) O S S— 1.1 - 1.25

PETROLEUM VAC. PITCH=-mmmimmmmmmmm 1.
PETROLEU ATHNS. RESIDUR--mr coemmmnnl,
PLTROLEUA CRUDI - == e s m s e 1.76
GASUL T HLm morm oot m e s e 1.94

SLIDE 4

Lo :

inGlz  Inlp

CATALYST, CGM. 100 . 100
COALL (ILL #6) M.F. GM 20 20
TEKP,, “C 350 350
Hy PRESS, PSIG 1800 1750
TIVE, MIKS. 60 30
PRODUCTS, G4/100 €4

€y - C3 a.¢ 6.7

¢ - 250°C 47.7 454

iCq/nCy 15 16
Hp CONSURR. GH/10] 6 4.8 4.

(%]

PARISUN O PRLIER HALIDE CATAI YST

Gubirs

N

* 83

10
ALY
1600
30

Tilg  SbO1y
00 100
20 20
350 350
1800 1800
60 60
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