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Preface

Today, as the supply of conventional light petroleum is decreasing, the world
is depending more and more on heavy and extra heavy crude oils to meet the
increasing demand for transportation fuels. These heavy and extra heavy crude
oils have greater amounts of larger, more aromatic molecules, the petroleum mac-
romolecules, and lesser amounts of smaller, more paraffinic molecules that can
be distilled directly into transportation fuels. Instead, the petroleum macromol-
ecules even need to be chemically converted into a form that can be catalytically
transformed into transportation fuels. However, petroleum macromolecules have
not received nearly the attention of the smaller molecules in understanding and
in the development of processes. This is natural because unlike petroleum mac-
romolecules, the structure and identity of smaller molecules of petroleum can be
directly determined, and in the past, conversion of petroleum macromolecules
was a very minor portion of the volume of petroleum processed in a refinery.
With the present accelerating need for converting petroleum macromolecules,
many are asking if and how can the yield of transportation fuels be increased from
petroleum macromolecules? The present book projects the view that considerable
improvement in the conversion of heavy oils is probable for those willing and able
to accept the risk of new and innovative processes. In addition, this book provides
the reader with the scientific understanding, the logic, and the insight to devise
their own innovations. Thus, after a chapter that introduces the reader to the world
of petroleum and petroleum macromolecules, separate chapters are devoted to
the fundamental subjects of characterization, thermal conversion kinetics, phase
behavior, and separation of petroleum macromolecules. Do not expect these to
be exactly like the same subjects that you may have studied for other molecules.
Petroleum macromolecules are too many and too diverse to analyze for the exact
molecules, and many contain one or more polynuclear aromatics that are outside
the experience of most scientists and engineers. Nevertheless, mathematical mod-
els that are not exact but still capture the important elements in a relatively simple
form give surprisingly good descriptions of the behavior of petroleum macromol-
ecules. Much of the chapters on the fundamental subjects as well as on the appli-
cations have not been previously published, except in conference proceedings.
Applications, innovations, and some case studies are inserted in the chapters
on fundamental subjects for the reader to grasp the significance and direction of
the research. However, these are amplified and summarized in the application
chapters on fouling mitigation, coking, visbreaking, and hydroconversion with
additional case studies. Much more attention is devoted to fouling mitigation than
any other book on heavy oils. In part this is because fouling and coking usually
either limit the conversion or the run length of heavy oil conversion processes.
Another reason is that the same tools used for fouling mitigation of heavy oils



can be extended to the fouling of crude oils, such as the Oil Compatibility Model.
As a result, fouling mitigation, usually without requiring capital investment, can
offer refineries large and immediate savings in energy, in carbon dioxide emis-
sions, and in operating costs. Meanwhile, innovations based upon logical deduc-
tion from concepts in the fundamental chapters are given for coking, visbreaking,
and hydroconversion. Some of these have been applied, but many have yet to be
tried beyond the small laboratory scale. The message is loud and clear that there
is significant room for improving the conversion of petroleum macromolecules
and for readers devising their own innovations.

A secondary purpose of the book is to provide a glimpse of how industrial
research is done by creating knowledge on a path toward innovation, as opposed
to more familiar basic research by creating knowledge for knowledge sake. One
approach of the author is described in differentiating the real barriers to innova-
tion from the false barriers, which in overcoming, provide step-out improvements
in technology. Another approach is described in which the author’s seemingly
successful mathematical models are tested by additional and different experimen-
tal data in order to determine where they fail. In this way, new understanding is
created in the process of developing more robust models. All scientific concepts
and models are approximations that will be eventually rejected in favor of better
ones. However, those applied to petroleum macromolecules have even greater
uncertainty because the system is ultracomplex. This is both the challenge and
the fun because nothing is definite. Therefore, only by showing consistency with
many types of experimental data can one become confident that a concept or
model of petroleum macromolecules is a good enough approximation to be a
basis for innovation. Many in this field have made the mistake of basing a conclu-
sion on a single experiment or measurement.

An attempt was made by the author to humanize this book by inserting a
personal view of how and why many steps of research were taken. As a result,
this book greatly emphasizes the author’s own research and applications over his
30+ years of experience with petroleum macromolecules. Although an attempt
is made to point out where others have opposing views and where others have
made contributions, this book is not a comprehensive text that attempts to survey
all research and technology on petroleum macromolecules. Therefore, the author
apologizes in advance for omitting the work of others.

The material for this book was initially organized as part of the notes and slides
that the author provided in teaching short courses. The first course (three days) in
1999 was at the invitation of Parviz Rahimi of the National Centre of Upgrading
Technology near Edmonton, Canada. The author thanks Rahimi for initiating
these opportunities and for allowing the author to participate in his research as a
consultant. The author also thanks C.B. Panchal of Argonne National Laborato-
ries with whom the author collaborated in teaching short courses on refinery foul-
ing mitigation. By the time of the writing of this book, the author had taught 23
short courses, sponsored by 17 different organizations in 7 different countries.

The author is very appreciative to Exxon (now ExxonMobil) Research and
Engineering Company for providing him the opportunity, support, and wonderful



environment for doing basic and applied research on petroleum macromolecules
for 22 years. An attempt was made to give credit to the author’s colleagues at
Exxon within this book, but he offers apologies to any that he might have over-
looked. Special thanks are made here to those at Exxon who provided the founda-
tion of this book by measuring superb experimental data on difficult oils and by
being partners in the design of experiments: Mike Lilga, Jerry Machusak, Walt
Gerald, Kathy Greaney, Larry Kaplan, Cyntell Robertson, Ray Kennedy, Ted
Jermansen, and David Jennings. The author would also like to thank his mother,
Winona Wiehe, who continues to be a shining light in his life and who suggested
that he humanize his technical book. Finally, the author is especially grateful to
his wife, Irene, who provided the encouragement and the drive that helped enable
the completion of this book after eight years of writing.
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15 consecutive years at national meetings, received the division’s Distinguished
Service Award and was elected a Fellow of AIChE, both in 2007.
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Processing of Petroleum
Macromolecules

This chapter is designed to briefly introduce the reader to petroleum,
petroleum economics, petroleum processing technology, and the chemi-
cal engineering approach to research. This should help provide the reader
with the background and context to understand the rest of the book, which
emphasizes the application of the research approach of the author to the
larger molecules in petroleum. These petroleum macromolecules are con-
centrated in heavy crude oils or in the least volatile fractions of light crude
oils, called resids.

1.1  IMPORTANCE AND CHALLENGES OF PETROLEUM

Anthropologists have classified periods of ancient history by the important mate-
rials of the time, such as the Bronze Age or the Iron Age. However, fuel better
classifies modern man because there is no greater dependency of modern tech-
nology than on the energy that drives it. If this is the case, then the twentieth
century was clearly the Petroleum Age. It has been the fuel of choice for driving
our vehicles: automobiles, trucks, airplanes, ships, and trains. In addition, the
by-products of producing these fuels provided the petrochemical building blocks
of the twentieth century materials: plastics, synthetic fibers, and synthetic elas-
tomers. Although other forms of energy, such as coal, natural gas, and nuclear
energy, have made their bid to overtake petroleum, the liquid state of petroleum
gives it a great edge. As a result, it can be easily stored and transported in a con-
centrated form of chemical energy that is relatively safe. It is no wonder that, in
the 1970s, when we thought the supply of petroleum was running out, the con-
sequence was a world economic and political problem, the “energy crisis.” How-
ever, the increased price encouraged more conservation and a greater search for
more petroleum. By the end of the 1990s, petroleum was priced at historical lows
in constant dollars. However, in the 2000s, the price of crude oil again greatly
increased with the economic development of China and India and the popularity
of sport utility vehicles (SUVs) in the United States reversing conservation. As a
result, the recovery and upgrading of extra heavy oil has been greatly stepped up
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in Venezuela and in Alberta, Canada, and new discoveries of oil have been made
in West Africa and offshore Brazil. Instead of a shortage, the greatest threat to
continuation of the Petroleum Age well into the twenty-first century is environ-
mental. There are concerns about the emission of sulfur oxides, nitrogen oxides,
and carbon monoxide when the fuel is burned, about the dangers of accidental
spills when it is transported and stored, and about air and water emissions when
it is produced and refined. Even more importantly, both science and society are
becoming aware that the burning of petroleum and other fossil fuels is producing
enough carbon dioxide to cause global warming through a “greenhouse” effect.
As a result, most of us wish neither to cause a significant climate change nor to
pay the energy cost of a complete shift away from fossil fuels.

With all this history of the technological exploitation of petroleum, there is
a misconception that we completely understand petroleum and have reached the
technological limits of its conversion to fuels and petrochemicals. Nothing can
be further from the truth. This is especially the case for the larger molecules
in petroleum, the macromolecules or heavy oil.! The objective of the author in
writing this book is to convey the richness of petroleum as a field of science
and innovation. Although petroleum contains over a million different molecules,
most of this diversity is in the heavy fraction, the macromolecules. Although physi-
cists have recently initiated a new branch called the physics of complex materials,?
by comparison petroleum is an “ultracomplex” material. Even, some of the
petroleum (asphaltenes) self organizes so that it is difficult to measure molecular
weight. Petroleum is neither a solution nor a colloid, but a hybrid of both. The
greatest attractive interaction is between polynuclear aromatic structures that are
rarely found in other materials. During thermal processing, these polynuclear
aromatic structures can form a discotic liquid crystalline phase, only an example
of its challenging but interesting phase behavior. Although the high viscosity of
oil provides its great lubricating properties, we have little understanding why the
viscosity is so high. However, with all this uncertainty, the most surprising feature
of petroleum is that it can be described by simple models. Although theory tells
us that reactions of complex mixtures of molecules cannot be first order, the ther-
mal reaction of petroleum macromolecules is first order with constant activation
energy over the entire temperature range that we have been able to measure. Solu-
bility parameters are known to be at best a rough predictor of the phase behavior
of pure, small molecules, but they may describe the phase behavior of petroleum
better than any other system. When we ignore all that molecular complexity and
represent petroleum macromolecules as either a few pseudocomponents or being
composed of only two building blocks, much of the thermal chemistry can be
described quantitatively as well as we can measure it. These are not merely the
result of empirical correlation because they describe changes in properties, reac-
tor type, and initial concentrations. The excitement is in exploiting this surprising
simplicity with new innovations as well as to unravel the underlying reasons using
modern tools for studying macromolecules. Such an endeavor may even enable us
to better understand ultracomplex materials other than just petroleum.
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1.2  WORLD PETROLEUM ECONOMICS

It is difficult for a technical book to capture the economics of petroleum, which
historically has changed widely so frequently. However, worldwide petroleum
economics has such a profound influence on the development and application of
petroleum technology that it cannot be ignored. Thus, the reader should decide
which of the following pertains to the time he or she is reading this section and
modify the conclusions accordingly.

In 2007, when the writing of this book was completed, petroleum economics
was greatly influenced by Organization of Petroleum Exporting Countries
(OPEC); the occupation of Iraq by the United States and Great Britain; the boom-
ing, but emerging, economies of China and India; the strong appetite of the United
States for petroleum products; the decreasing rate of discovery of sources of light
crude oils; the approach to full refining capacity; and the threat that the burning
of fossil fuels has begun to cause global warming. Petroleum economics is greatly
influenced by the political situation in many countries because there is a delicate
balance between supply and demand. A small shortage or surplus in petroleum
causes wide swings in its price. However, at the time of the writing of this book,
the price of light, sweet crude oil has reached above $90 per barrel, showing a
greater danger of shortage than surplus.

1.2.1 OPEC

This organization is composed of 11 countries: Algeria, Indonesia, Iran, Iraq,
Kuwait, Libya, Nigeria, Qatar, Saudi Arabia, the United Arab Emirates, and
Venezuela. OPEC’s member countries hold about two-thirds of the world’s proven
oil reserves (about 900 billion barrels) and supply about 40% of the world’s oil
production (about 50% of total exports). The objective of OPEC is to stabilize
the international price range for crude oil by controlling the amount of crude
oil sold in worldwide markets. Because the price of light, sweet crude oil is cur-
rently much higher than their previous target of $25 to $30 per barrel, it is clear
that the demand is close to the maximum production capacity of both OPEC and
petroleum-exporting countries not part of OPEC. Of course, this high price and
high production rate maximizes the income of the petroleum-exporting countries
as long as the petroleum-importing countries can maintain healthy economies.
Thus, despite the high cost of crude oil, OPEC has less influence on the crude
price than it did previously. Of course, if OPEC were to decide to cut production,
the price would greatly increase. However, with all the OPEC countries produc-
ing at maximum capacity with the exception of Iraq and Saudi Arabia, there is
not much OPEC can do to lower the price. Because the consumer pays the price
of petroleum products, not crude oil, a shortage of refinery capacity can also raise
the price consumers pay as well as local taxes. To combat the effect of a refining
shortage, OPEC countries, particularly Saudi Arabia, have made plans to add
refining capacity of 5.9 million barrels per day by 20123 and export refinery products.
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The influence of OPEC also has been reduced by the increase in the amount
of petroleum exported by countries not part of OPEC, particularly Russia and
Norway (the latter only the seventh largest producer in the world), which are the
second and third largest exporters of petroleum, respectively.

Iraq with 115 billion barrels has the third largest reserves of conventional
oil to that of Saudi Arabia, 267 billion barrels, and Iran, 132 billion barrels.
However, Iraq only ranks 14th in amount of oil produced.* This is because of the
United Nations sanctions placed on Iraq after the 1991 Persian Gulf War, initiated
by Iraq’s invasion of Kuwait. More recently, Iraq’s production is even less because
of the obstruction by those in Iraq opposed to the occupation of the United States
and Great Britain and to the present Iraq government. The facilities and equip-
ment for the production and transport of petroleum are also much below standard
in Iraq, but do not warrant upgrading until the threat of obstruction is mitigated.
Obviously, if Iraq were to achieve full production, the petroleum price would
greatly drop unless the rest of OPEC would cut their production accordingly. At
this writing, the unrest in Nigeria, an OPEC member, also threatens to reduce
production in the eighth largest exporter of petroleum.

1.2.2 CHINA AND INDIA

The recent large increase in demand for petroleum by China and supposedly
by India to fuel their booming economies has been a strong contributor to the
high price of petroleum. Because these are the two most populous countries in
the world, the effect is enormous, has large momentum, and is expected only to
increase in the future. China has become the manufacturing center of the world
based on low wages of workers and capitalistic entrepreneurs who rose up in spite
of government restrictions.> On the other hand, the economy in India has blos-
somed because of the convergence of computer and communication technology
with a surplus of English-speaking people, well educated in technical disciplines.®
This has made India the service center of the world. As will be discussed later,
the consumption of petroleum products in India has not met projections (lower in
2005 than 2004). Although India still imports much more petroleum than previ-
ously, and it is expected to increase much more in the future, they actually export
17% of their refined fuels, with more exports expected in the future.

China is now the second largest importer of petroleum from the United States.*
Like the United States, China has significant production of petroleum (sixth largest
at 3.8 million barrels per day in 2004) of its own.* When the author visited two
refineries in China in 2004, he was surprised to find that this increase in demand
for petroleum was more because of the increase in the use of motor bicycles and
motorcycles than that of automobiles. The amount and quality of roads in China
are quite poor, and even professionals in China could not afford automobiles.
As these obstacles are overcome, the demand for petroleum in China will go
through the roof. In addition, the oil produced in China is very paraffinic. Unlike
most crude oils, the nonvolatile part of Chinese crude oil can be more paraffinic
than the volatile part. As a result, the Chinese process petroleum in refineries in
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ways never considered outside China. However, this restricts China to import
only light, paraffinic crude oils. Therefore, the price of light, sweet (low-sulfur)
crude oils has greatly increased relative to heavy, sour (high-sulfur) crude oils.
In addition, in 2005, both China and India greatly decreased the sulfur levels
required for their transportation fuels. Because both have limited hydrotreating
capacity, their solution is to import lighter, sweeter crude oils, further driving up
their price.’

1.2.3 UNITED STATES AND CANADA

Because the result of the large demand for light, sweet crude oils has been the
price of heavy, sour crude oils being as low as half the cost of the former, the
demand for heavy crude oils has greatly increased. This is particularly true in
the North America where refineries generally have more resid conversion capacity
(usually delayed cokers) and more hydrotreating capacity to reduce sulfur in
transportation fuels than the rest of the world. Most of the heavy oil and extra
heavy oil is imported into the United States from Canada, Mexico, and Venezuela.
Unlike light oils, heavy and extra heavy oils are easy to find, but are difficult to
produce from their source, difficult to transport because of high viscosity, and
difficult to convert into transportation fuels. Nevertheless, with their much lower
prices compared to light crude oils, the incentives for producing, transporting,
and refining heavy and extra heavy oils are more than sufficient. This is particu-
larly true for Alberta, Canada, which is connected by pipelines to many refineries
in the United States and Canada. The construction of new production and upgrad-
ing facilities for Athabasca tar sands is only limited by the availability of con-
struction workers, such as welders. Cities in the area (northern Alberta, Canada),
such as Fort McMurray (actually a hamlet), cannot build homes, streets, and
schools fast enough to absorb the huge increase in workers. Extra heavy oils, such
as Cold Lake bitumen, need to be blended with gas condensate, a light liquid by-
product of natural gas production, to lower the viscosity and density enough to
meet pipeline specifications. With the increase in the production of extra heavy
oil in Alberta, there is a shortage of gas condensate, and it has by far the high-
est price in the world. Elsewhere, gas condensate is difficult to sell. In addition,
these operations are stressing the Athabasca River supply of water in the area of
the tar sands. Hot water (two to three barrels per barrel of bitumen) is used to
separate the fine minerals from the bitumen and require giant “tailings ponds”
to separate oil-coated fine clays from the waste water. These are just some of
the symptoms of the large increase in the production of heavy and extra heavy
oils that contain, high proportions of petroleum macromolecules. Large facili-
ties have also been built or expanded for converting extra heavy oils into light,
sweet synthetic crude oils near the production sites in Alberta, and in Venezuela.
Most of these synthetic crude oils have no vacuum-resid (low-volatility) frac-
tion and are attractive to refineries without sufficient resid conversion capacity.
However, blends of synthetic crudes and unprocessed extra heavy oils are also
marketed as a way to circumvent the shortage of gas condensate.
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The United States provides by far the greatest demand for petroleum. The
2004 statistics* indicate that the United States is the third largest producer of
petroleum at 8.4 million barrels per day, but consumes by far the most petroleum
at 20.6 million barrels per day. Thus, 11.8 million barrels per day need to be
imported. This is greater than the total oil production of Saudi Arabia at 10.7
million barrels per day. Therefore, when Americans are looking for whom to
blame for the high cost of gasoline, they only need to look in the mirror. With the
typical suburban American family owning a car for every driver and at least one
SUV, we are consuming petroleum at an alarming rate. With 5% of the popula-
tion, the United States consumes 45% of the world’s production of gasoline’ and
25% of the petroleum. It is the author’s opinion that gasoline and diesel fuel are
priced much too low in the United States. As in most other countries, gasoline
and diesel fuel should be taxed to make them cost two or three times the present
cost. This would greatly encourage conservation by forcing Americans to use
mass transit, to purchase fewer cars, to car pool, and to operate cars with high
mileage per gallon.

Who provides the petroleum the United States imports? In 2005, Canada led
with 18%, Mexico was second with 15%, Saudi Arabia was third with 12%, and
Venezuela was fourth with 10%.” With the recent large increase in extra heavy
oil production in Canada and in Venezuela, the share of imports from these two
countries are now higher and increasing. Transportation costs encourage import-
ing oil from the closest sources. However, transportation costs are still low enough
that refineries in the United States are looking for bargain-priced crude oils from
all over the world. Therefore, although less than 20% of the petroleum imported
by the United States comes from the Persian Gulf, the production rates and prices
charged by this region greatly affect the price of all petroleum imported into
the United States. It is truly a world petroleum market with active negotiations
between buyers and sellers.

1.2.4 WHeN WiLL PetroLeum RuN Out?

In 1977, when the author joined Exxon Corporate Research and three years after
the Arab oil embargo, many people, including the petroleum companies, believed
that we were running out of a reliable, secure supply of petroleum. At that time,
OPEC refused to lower the price of petroleum. Shortages caused long lines at gas
stations. Exxon and other petroleum companies were doing large-scale research
and development on the conversion of coal and shale oil to hydrocarbon liquids.
In the 1980s the threat went away. In 1981 the average annual price of oil peaked
at over $30 per barrel, and by 1986 the average annual price was close to $12
per barrel with short-term prices below $10 per barrel. There were no more gas
lines, and Exxon ceased construction of a shale oil conversion plant in Colorado.
What happened? The sharp increase in the price of gasoline caused a large
increase in conservation in the United States. Four-cylinder cars became popular,
the U.S. government mandated an increase in automobile gas mileage over time
from the automobile manufactures, and speed limits were reduced on highways.
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The higher price of petroleum spurred the exploration and discovery of more
petroleum all over the world, including in deeper seas. In June 1977, the first oil
was pumped down the Trans-Alaska Pipeline that opened the Prudhoe Bay Field,
the largest field of petroleum within the United States, over 13 billion barrels.”
The demand for petroleum decreased by 5 million barrels per day by 1986, and
the supply of petroleum by non-OPEC countries increased by 14 million barrels
per day, causing the price to drop. In an attempt to recover OPEC control, Saudi
Arabia flooded the market with petroleum. The world was far from running out
of petroleum, but the laws of economics eventually worked their magic. Unfor-
tunately, people proceeded to stick their heads in the sand and forgot there ever
was a problem.

Now, in 2007, six-cylinder engines and SUVs are popular, the mandate on
automobile gas mileage has been repealed, speed limits are back up, the pro-
duction of petroleum from the Prudhoe Bay Field has peaked, and the price of
petroleum has reached above $90 per barrel. Although the response of the U.S.
government has been slow, economic forces are responding. Active oil explora-
tion has discovered oil fields in offshore West Africa, offshore Brazil, and in still
deeper water of the Gulf of Mexico. The production of extra heavy oil has ramped
up in Canada and Venezuela, biodiesel and gasoline-containing ethanol is being
marketed, and hybrid cars have become popular. However, the production of
petroleum peaked in United States in 1971, and the discovery of new conventional
petroleum reserves in the world has not been keeping up with consumption. Is the
supply of petroleum about to run out?

Paul Roberts,? using well-balanced reporting, provides his reader with enough
information to make guesses as to the future supply of petroleum. He arrives at
the possibility that the production of non-OPEC petroleum could peak in 2015,
and OPEC petroleum could peak in 2025. Of course, no one really knows. Even
this guess is for conventional, light crude oil. As the price of petroleum increases,
the search will move into still deeper oceans and into the Artic. More oil will be
extracted from existing wells where past recoveries have been only 25 to 33%. Of
course, the huge resources of extra heavy oil in Alberta, Canada, and in Venezuela
are only beginning to be tapped. Liquid hydrocarbons are already being manu-
factured from natural gas in a few locations. Although fuels from agricultural
products will never replace the huge consumption volumes of petroleum, they
can make a significant contribution. Ethanol from cellulose, such as switchgrass,
is much more promising than from corn. Butanol may be preferred over ethanol
because of its lower solubility in water and higher solubility in gasoline. Biodie-
sel from canola oil produced from rapeseed (the third most produced vegetable
oil in the world) is more promising than that from soybean oil because of the
former’s higher production per acre. Of course, the technologies for obtaining lig-
uid hydrocarbons from the conversion of shale oil and coal are on the shelf, wait-
ing to be reactivated. Therefore, although we are not likely to run out of liquid
hydrocarbon fuels for a very long time, cheap, light petroleum is a very limited
natural resource. Petroleum price is already high enough to activate alternatives,
but the prospects are that the price will increase further in the future to maintain
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a high supply of liquid hydrocarbon fuels, which include even more expensive
alternatives. Clearly, the time for greater conservation is already here.

What about hydrogen? Unfortunately, there are no hydrogen reservoirs that
can be tapped by drilling a well. It is most economically produced from natural
gas or from hydrocarbon liquids of petroleum. Hydrogen from water is far from
energy efficient unless it involves reactions with carbonaceous materials (gas-
ification). It is the preferred fuel for fuel cells if their technical obstacles can be
overcome to achieve their high theoretical efficiencies. Even in this case, for vehicles
the hydrogen will likely be made onboard by reforming liquid hydrocarbons to
carry safely enough fuel in a limited volume. Although this method promises to
conserve hydrocarbons by the much higher fuel efficiency, fuel cells operating on
hydrogen do not completely free us from our dependence on petroleum.

1.2.5 REerNErRY CAPACITY

For many years there was an overcapacity for petroleum refining in Europe and
North America. As a result, refining was not a very profitable business. The
large integrated petroleum companies made most of their profits from petroleum
production. They maintained refineries to assure a market for the petroleum they
produced and to provide cheap and plentiful supplies of feedstocks for petrochemi-
cals. Smaller refineries do little more than distill the petroleum into boiling-point
fractions. With increasing environmental restrictions on petroleum transportation
fuels, such as very low amounts of sulfur, the smaller refineries could not afford
to add the processes to meet environmental restrictions. As a result, many of the
smaller refineries in North America were closed, whereas the capacities of larger
refineries were increased. Just before the recession that started in 2001, refineries
in North America were operating near full capacity for the first time in decades.
Because refineries are periodically shut down for maintenance, they cannot be
operated at 100% capacity. During these maintenance periods, units are repaired,
improved, and cleaned of foulants. Nevertheless, just before the 2001 recession
and after the recovery of the economy, refining has become profitable as it is
approaching full capacity. In 2005, the United States had 144 operating refiner-
ies with a total capacity of 17 million barrels per day® or an average capacity of
118,000 barrels per day. The largest two refineries in the United States are Exxon
Mobil’s refineries in Baytown, Texas (563,000 barrels per day) and Baton Rouge,
Louisiana (501,000 barrels per day). Why hasn’t a new refinery been built in the
United States since 19767 One reason is that overcapacity and low profitability did
not justify it until recently. A second reason is that because a small refinery is not
viable, a new refinery would cost many billions of dollars. A third reason is that
it would take about 10 years, if ever, to receive environmental permits for a new
refinery. Instead, refinery capacity has been increasing in the United States by
about 2% per year by adding capacity to existing refineries. For instance, Motiva,
equally owned by Shell and Saudi Refining Co., announced plans to increase the
capacity of their Port Arthur, Texas, refinery from 285,000 to 600,000 barrels per
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day at a cost of $7 billion.!° This will make it the largest refinery in the United
States.

With light crude oils becoming less available and more costly with time, does
it make sense to increase the capacity of conventional refining based on light crude
oils? No, the United States is not limited by the refining capacity of light crude oils,
but the refining capacity of heavy and extra heavy oils. The close distance to the
large sources of heavy and extra heavy oils in Canada, Venezuela, and Mexico
assure a plentiful, convenient supply. As a result, the capacity limitation in the
United States is on resid conversion unit capacity rather than light crude conver-
sion capacity. Because the rest of the world is well behind the United States in resid
conversion capacity, they have even farther to catch up. However, by understanding
petroleum macromolecules and their chemistry, resid conversion processes can be
greatly improved over their present state. With the past emphasis on refining of
light crude oils, petroleum macromolecules have not received the attention of the
smaller molecules in petroleum. This book is directed at fulfilling this need.

Because the consumption of petroleum in the United States is at 20.6 million
barrels per day whereas the refining capacity is at 17 million barrels per day, it
should be clear that the United States already imports refinery products. Canada,
as for crude oil, is the largest exporter of refined products to the United States.
In the discussion of OPEC, it already has been mentioned that OPEC, especially
Saudi Arabia, is building and expanding refineries to export refined products
(additional 5.9 million barrels per day by 2012). India with government-controlled
ceilings on local prices of refined products is also a net exporter of refined prod-
ucts (17% of total refined) to other countries in Asia, with plans to greatly expand.
India is conveniently located across the Arabian Sea from the Persian Gulf and
has low-paid, but highly technically qualified, workers. The Reliance Refinery
in India, already one of the largest in the world, is being doubled to be the first
refinery with a capacity over 1 million barrels per day at a cost of $6.1 billion.!!
Reliance expects to export 90% of their petroleum products and extend the mar-
ket to Europe, the United States, and Africa. Even government-owned refineries
in India are increasing refining capacity with the same objective. Although India
is not finding the expected increase in demand for refinery fuel products within
India, they are finding refining to be a good international business and project it
to remain so in the future. Because India’s refineries can command much better
prices internationally than locally, exporting makes good business sense. The
danger to the United States, of course, is that in the future it could become depen-
dent on the importation of refined products as it is presently dependent on the
importation of petroleum. In the near term, this does not seem likely, but it might
be a concern in the longer-range future, especially if refineries become overregu-
lated in the United States.

1.2.6 Errect OF THREAT OF GLOBAL WARMING

There is now consensus among scientists that the temperature of the Earth is
increasing and that carbon dioxide in the atmosphere is increasing. There is
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suspicion that the increase in carbon dioxide is from the burning of fossil fuels
and that this is promoting the increase in temperature, along with other green-
house gases, such as methane, nitrous oxide, and gaseous fluorocarbons. How-
ever, others argue that this could be part of a normal cycle of the Earth, not
affected much by man. Certainly, the warming of oceans promotes the frequency
of hurricanes and typhoons as has taken their toll in 2004 and 2005. How much
should we reduce the burning of fossil fuels, including petroleum, because of the
fear of causing global warming? Too tight a restriction on the use of fossil fuels
would cause the economy to contract, but in 2005 the United States observed the
strong negative impact on their economy and human lives caused by hurricanes.
We cannot ignore the possibility that unless the use of fossil fuels is reduced,
the Earth will continue to get warmer and hurricanes will continue to be more
frequent and more severe.

The 1997 Kyoto Protocol'? was an attempt to reach an agreement among
nations to reduce the emissions of greenhouse gases. Upon ratification by Russia
(of the agreement reached for reduction by 55% of the carbon dioxide emissions
in 1990 by countries included in Annex I) on November 18, 2004, this agreement
came in force on February 16, 2005. By 2006, a total of 162 nations have ratified
the agreement, with the notable exceptions of the United States and Australia.
Under the agreement, by 2010, industrialized nations will reduce the total emis-
sions of greenhouse gases by 5.2% of that in 1990. The reduction requirements
vary with country. For example, the reductions required by the European Union
is 8%, by the United States is 7%, by Japan is 6%, and by Russia is 0%. Australia
is permitted an 8% increase. Because China and India are not included among the
Annex I countries, they are exempt from any restrictions, despite China being the
country with the second largest emission of greenhouse gases. However, on a per-
person basis, the emissions of greenhouse gases by China and India are among
the smallest in the world. Although many claim that the Kyoto Protocol does not
go far enough, the United States, the largest emitter of greenhouse gases, refuses
to sign because it feels the degree of reduction is unfair relative to other countries
and that such a reduction will harm its economy.

Whatever the status of the agreement on the Kyoto Protocol, it is clear that
the United States needs to move in the direction of reducing carbon dioxide emis-
sions as opposed to the continued increase that we have come to expect. The first
reductions should be those that are positive for both our economy and the envi-
ronment. We have already discussed the need to conserve the use of petroleum-
derived fuels for vehicles. This has the positive side effect of reducing carbon
dioxide emissions. The manufacture of biofuels, such as ethanol, butanol, and
biodiesel, promises to consume as much carbon dioxide by agricultural growth as
produced from combustion as long as fossil fuels are not used for refining them.
Electrical power generation is the industry with by far the greatest carbon dioxide
emissions. We already need to burn more natural gas than coal to reduce emis-
sions of gases that cause acid rain, and sulfur and nitrogen oxides. This switch
has the added feature of a reduction in carbon dioxide emissions because meth-
ane combustion produces more water vapor relative to carbon dioxide than the
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combustion of coal. An increase in electrical power generation from nuclear,
water power, solar, and wind sources is even better as they produce no carbon
dioxide or acid rain.

Petroleum refining is the industry with the second largest emission of carbon
dioxide, and energy is second only to crude oil among direct costs to refineries.
Therefore, refineries have the opportunity to reduce substantially their operat-
ing costs and the emission of carbon dioxide at the same time. One method is to
optimize the heat exchanger network in the refinery. Another method is to miti-
gate the fouling of heat exchangers and fired heaters. Foulants cause energy loss
by forming insulating layers on heat exchange surfaces. Fouling mitigation has
the extra benefit of extending the period between refinery shutdowns for mainte-
nance, thereby increasing the effective refinery capacity. Methods to accomplish
fouling mitigation are discussed in chapter 6.

Carbon dioxide can be absorbed out of power plants or refinery smokestacks,
liquefied, and pumped into oil wells to increase the recovery of oil (secondary oil
recovery). About half the carbon dioxide injected remains within the formation.
Therefore, carbon dioxide flooding, with increased petroleum production, is the
most economical way to sequester carbon dioxide. Unfortunately, power plants
are normally not located near petroleum production sites. The alternatives are
pipelining carbon dioxide to petroleum production sites or sequestering the car-
bon dioxide as a supercritical gas in deep saline reservoirs (CCS, carbon capture
and sequestration). In addition, there is not enough petroleum reservoir volume
in the United States to contain all the carbon dioxide from the burning of fossil
fuels at power plants and refineries. The good news is that there are no technical
hurdles to widespread CCS.!** Of course, the consumer will have to pay much
more for energy, but if introduced gradually, the economy will not collapse.!3!4
Technological advances should even cushion the economic impact, taking advan-
tage of the advanced tools of petroleum engineers and geologists. Canada is
already moving to CCS to reduce the impact of exploiting the tar sands in Alberta
on greenhouse gas emissions.”> Meanwhile, the United States is waiting for new
public policy and legislation by a more enlightened government and public.

1.3 ORIGIN OF PETROLEUM

The origin of petroleum is still not completely understood, the details of which are
still being argued at scientific meetings. Nevertheless, for the purposes of this book,
a simplified version of the generally accepted view will be given. Those wishing
more details should consult the book by Tissot and Welte.!® Petroleum primarily
was formed by the decay of plants and animals in an environment nearly free of
oxygen. However, the decay of microscopic plankton organisms is believed to be
largely responsible for most petroleum. These organisms usually accumulated in
either river deltas or at the bottom of oceans and were covered by silt, sand, or sedi-
mentary rocks (formed from fossils of shells and bones). Under high pressures and
temperatures caused by eventually being buried at great depths, the organic matter
initially formed solid kerogen, insoluble in water and common organic solvents.
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Over long periods of geological time, the kerogens partially broke down to form
liquids that were capable of flowing or migrating. If the liquids flowing through
porous rock became contained by basins of nonporous rock, they might have accu-
mulated in pools large enough to form a reservoir that can be economically pro-
duced through wells. Sulfur largely became incorporated into organic compounds
by reaction with inorganic sulfur compounds in the rocks. Likewise, the magne-
sium complexed to the porphyrin, chlorophyll, in plants, and the iron complexed
to the porphrin, hemoglobin, in animals, become exchanged with the more stable,
vanadium oxide and nickel. Because petroleum was formed under water, the final
petroleum reservoir often contains water, usually seawater containing dissolved
sodium, calcium, and magnesium chlorides. Reservoirs also often contain gases
that were a by-product of the petroleum maturation process. These gases are usu-
ally mostly methane, but can include ethane, propane, butanes, carbon dioxide,
and hydrogen sulfide. The gases are dissolved into the petroleum up to their solu-
bility limit to form what is termed “live” oil. Insoluble gases can also form a gas
cap above the reservoir if the formation is capable of containing it.

Oil composition is mainly caused by the nature and evolution of the source.
Marine organic matter usually formed paraffinic—naphthenic (containing both
linear alkanes and cycloalkanes) or aromatic (less than 50% saturated hydro-
carbons) crude oils. Terrestrial organic matter from plants usually generated
paraffinic (containing mostly normal and isoalkanes) crude oils. However, at
higher temperatures caused by higher depths of burial, and at longer maturation
times, the oils in the reservoirs can be thermally cracked to form lighter (lower-
density) oils containing higher fractions of low-boiling-point liquids. The thermal
reactions can also convert paraffinic—naphthenic oils into aromatic oils. On the
other hand, reservoir oils can become lighter by the precipitation of larger, more
aromatic molecules caused by the solubility of light paraffinic hydrocarbon gases
into the oil (called deasphalting).

If the petroleum migrates close enough to the surface to be exposed to
flowing water containing oxygen, it likely will be biologically degraded by micro-
organisms. Unfortunately, the appetite of microorganisms is similar to that of
man for the more paraffinic and lower boiling portion of the petroleum. As a
result, heavily biodegraded oil has little oil boiling in the range of gasoline and
diesel fuel. Such 0il" is called heavy oil (viscosity of 100 to 10,000 centipoises at
reservoir conditions and specific gravity of 0.93 to 1.00 g/mL), or extra heavy oil
and bitumen (viscosity of greater than 10,000 centipoises at reservoir conditions
and specific gravity greater than 1.00 g/mL). Examples of extra heavy oil are
the tar sand deposits in northern Alberta, Canada, and the Cero Negro region of
Venezuela. Each is reported to have similar amounts of petroleum as exists in
Saudi Arabia, albeit much heavier (higher density) and less valuable. Neverthe-
less, with the increase in price of light crudes, production in both of these regions
has recently greatly expanded by upgrading the extra heavy oil to synthetic crude
oil near the production sites. Most of the upgraded heavy oil in Venezuela and Canada
is sold to refineries in the United States. In addition, heavy oil without upgrading
from Venezuela, Mexico, and Canada is often diluted with gas condensate or light
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crude for lower viscosity for transportation and sold to refineries in the United
States. This is particularly convenient by pipeline from Alberta, Canada, to the
midwest and northwest United States. Recently, a pipeline to the midwest from
the Gulf of Mexico was reversed to allow oil from Alberta to flow to the refineries
along the Gulf of Mexico and compete with oil from Mexico and Venezuela. As
a result, the United States imports more petroleum from Canada than any other
country, and most refineries in the United States have processes to convert the
higher boiling fraction of petroleum into transportation fuels (usually delayed
coking). These heavy and extra heavy oils contain the high proportions of petro-
leum macromolecules that are emphasized in this book. Because they were formed
by the removal of the smaller molecules, it makes sense that even light crude oils
usually contain petroleum macromolecules, but not the high proportions as in
those that were biologically degraded. In addition, most heavy and extra heavy
crude oils contain significant levels of naphthenic acids, a by-product of the bio-
logical degradation process. Naphthenic acids are discussed in section 2.6.2.

1.4 PRODUCTION AND TRANSPORT OF PETROLEUM

The emphasis of this book is on the upgrading and refining of heavy oils. There-
fore, only a simplified description of the production and transport of petroleum
will be given to provide background to the reader. Conventional oil wells are
drilled by rotary drilling rigs. Offshore rigs are built on ships or barges. The
derrick is the support structure that holds the drilling equipment, with a pulley
system that allows for raising and lowering the drill pipe and casing. The drill
pipe is formed by screwing together sections with a drill bit at the end. The casing
is a larger-diameter concrete pipe that lines the drill hole and prevents the hole
from collapsing. The drill is rotated by its connection to a rotating turntable at the
surface. Mud is pumped down the drill pipe through the drill bit and up through
the space between the drill pipe and the casing. This removes rock cuttings from
the drill bit to the surface. High-pressure valves under the rig are set to open and
release pressure above a preset value to prevent an uncontrolled gush of oil and
gas to the surface that could blow out the well or cause a fire.

Once the final depth is reached, the well is completed to permit the oil to flow
into the casing. A perforating gun is lowered into the well to the production depth,
and explosive charges are set off to create perforating holes in the casing. After
the drill is removed, tubing is placed in the hole to transport the oil, water, and
gas to the surface. A packer is run down the outside of the pipe and expanded just
above the production level to form a seal. Often the well needs to be stimulated
to get sufficient flow of oil into the well. If the formation is mainly limestone,
hydrochloric acid is pumped down the hole to form channels in the rock. If the
formation is mainly sandstone, sand suspended in water is pumped down the well
to form fractures in the formation.

If the pressure is high enough and the viscosity of the oil is low enough,
the oil flows to the surface naturally through a series of valves at the surface
called a Christmas tree. Otherwise, a pump is required. Often, a reciprocating,
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horsehead pump is used. This pushes and pulls a rod down the center of the tub-
ing and attached to the pump in the production zone. If the viscosity of the oil is
too high for pumping, a second hole may be drilled into the production zone and
steam injected. The higher temperature lowers the viscosity of the oil, and the
additional pressure helps push the oil to the well so that it can be pumped to the
surface. Another method is to drill the well vertically to the production zone and
horizontally in the production zone. This greatly increases the surface area of the
perforated casing. Thus, even if the rate of flow of oil is low, the accumulated
flow of oil through the large surface area can be high. For extra heavy oil (bitu-
men), a combination of steam injection into a horizontal well above a second
horizontal well for production, called steam-assisted gravity drainage (SAGD)'8
may be used. Because the Athabasca tar sands is not in porous rock, the deposits
within 100 meters of the surface can be mined by giant shovels and dumped into
huge trucks or pumped as a slurry in water through pipes. The bitumen is sepa-
rated from clay and sand by mixing with caustic and hot water. More recently, a
hydrocarbon liquid similar to n-hexane has been piped to the site to dissolve the
bitumen off the sand and clay. This method has the additional advantages of leav-
ing the least soluble asphaltenes on the inorganic material and reducing the use of
water that is in scarce supply."

Typically, only about 25 to 33% of the oil is removed from reservoirs. How-
ever, when the oil price is high as at present, more expensive methods have been
developed to remove more oil from reservoirs, called secondary or enhanced oil
recovery. In secondary recovery, water or gases are injected into the reservoir to
increase the pressure and displace the oil. Although water is better at displacement,
gases, such as methane, ethane, or carbon dioxide, can dissolve into the oil and
reduce the viscosity. In enhanced oil recovery, such methods are used as flooding
with water-soluble polymer mixtures or with mixtures of water and surfactants.?

Petroleum coming out of a well often contains seawater, clay, sand, and dis-
solved gases. Most of these are usually removed at a central processing site and
where crude oils from many wells are blended to obtain more uniform properties.

1.5 REFINERY PROCESSING

There are probably no two refineries that are alike. They differ according to the
type of crude oils they are designed to run and the range of products they are
designed to produce. Different countries have different specifications on prod-
ucts, especially those related to the environment. A minor number of refineries
produce lubricating oils or are connected to petrochemicals production. Of course,
the volume of crude oil processed can vary from only about 6000 to one million
barrels per day (under construction in India). The objective of this book is not to
describe refineries in detail, but refinery processing is summarized in this section
to provide the reader enough background to understand the context of processing
heavy oils and resids. For more detail about refinery processing, the reader should
consult Gary, Handwerk, and Kaiser,?! and Self et al.??> and about resid process-
ing, the book by Gray?? is recommended.
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FIGURE 1.1 Schematic of a crude-processing unit. (From F Self, E Ekholm, and K Bowers,
Refining Overview: Petroleum Processes and Products, AIChE, 2000. With permission.)

1.5.1 Crupe PrRocessING UNIT

Nearly all refineries have a least one crude processing unit with atmospheric distil-
lation as shown in the schematic of Figure 1.1. Crude oil is pumped from large tanks
through heat exchangers that heat it to 250 to 300°F under pressure to a desalter.
Desalters are described in more detail in chapter 7, section 7.1, but basically the
crude oil is mixed with fresh water and then separated into two phases with the
help of an electric field to coalesce water drops. The water containing soluble salts
flows out of the bottom to a water treatment plant. Meanwhile, the oil flowing out
the top of the desalter is further heated by heat exchangers and by a furnace to
650 to 750°F (343 to 399°C) and then separated into various streams in an atmo-
spheric fractionator where part of the oil flashes above as a vapor and part flows
down as a liquid. Steam strips the gas oil out of this liquid, and it flows out the bot-
tom as the atmospheric resid. The fractionator contains trays for contacting liquid
and vapor. At various points the liquid is withdrawn, cooled by heat exchangers, and
pumped to a lower tray in the tower (pump arounds) to make sure there is sufficient
vapor-liquid contact even though the liquid is withdrawn. Side streams are drawn off
at various points: atmospheric gas oil (650 to 725°F or 343 to 385°C), heavy distillate
(525 to 650°F or 274 to 343°C), light distillate (365 to 525°F or 185 to 274°C), and
naphtha (200 to 365°F or 93 to 185°C). Light straight-run gasoline (90 to 200°F or
32 t0 93°C) is taken overhead and cooled where gas and water are separated. Steam
or reboiler stripping is used to remove the light tail off each of the side streams. The
smallest refineries have only the crude processing unit with just enough hydrotreat-
ing capacity to meet product specifications, such as sulfur content. The atmospheric
resid is sold for heavy fuel oil to electrical power plants or as bunker fuel for ships.
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1.5.2 VAcuum DISTILLATION

Figure 1.2 shows a schematic of a complex refinery that includes more processing
units than nearly all refineries. The atmospheric bottoms are pumped through a
furnace where it is heated to 730 to 850°F (388 to 454°C) and into a fractionator
under 25 to 50 mm Hg where the vapor flashes off and cools the remaining liquid.
Because the residence time is greatest at the bottom, it needs to be kept below
thermal cracking temperatures (650 to 700°F or 343 to 371°C). Vacuum on the
tower is maintained with a barometric steam ejector system on the tower over-
head. One or two gas oil side streams are withdrawn and the vacuum resid (950 to
1050°F* or 510 to 566°C*) is taken off the bottom. Because all the transportation
fuels have boiling points lower than atmospheric resid, all the products of vac-
uum distillation need to be chemically converted to form lower-molecular-weight
transportation fuels. Otherwise, the vacuum resid can be blended into heavy fuel
oil or, if meeting certain specifications, used as asphalt in making roads or roofing
shingles.

1.5.3 Fruip CataLyTic CRACKING

The fluid catalytic cracking (FCC) process is the greatest refinery moneymaker.
It takes heavy oil, vacuum gas oil and some atmospheric resids, that can only be
used for heavy fuel oil and selectively converts them into lower-boiling trans-
portation fuels, primarily gasoline, which have much greater value. An extra
bonus is that cracking and isomerization during FCC lowers the density and
thus increases the volume of liquids. Because refinery products are sold by the
volume, this further increases the profits earned by FCC. All this is achieved
today by combining very active acidic catalyst and oil at a high-temperature,
short-contact-time riser reactor. The oil is separated from the solid catalyst using
cyclones and stripping steam. The coke is burned off the catalyst in a fluidized
bed regenerator to provide the heat for the process where the equilibrium cata-
lyst is withdrawn and fresh catalyst is added. The oil from the reactor is fed to a
fractionator where it is separated by distillation into light fuel gas, C,;/C, gas for
alkylation, gasoline, heavy cat naphtha, light cat cycle oil, heavy cat cycle oil,
and clarified slurry oil (also called decant oil or cat fractionator bottoms). As the
name implies, part of the cycle oils may be recycled to the reactor for further
conversion, whereas the rest is withdrawn as product. The greatest advantage of
acidic cracking over thermal cracking is much lower yield of hydrocarbon gases
relative to gasoline.

FCC feed may contain atmospheric resids, but it requires much higher qual-
ity feeds than coking or hydroconversion. This is because of expensive zeolite
catalysts; intolerance to sodium, nickel, vanadium, and basic nitrogen; as well
as limitations on the amount of coke that can be burned in the regeneration step
by cooling capacity. As a result, the feed in resid catalytic cracking is at worst
an excellent quality atmospheric resid, but mixtures of vacuum gas oil and atmo-
spheric resids are more common.
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1.5.4 Gas OiL HYDROCRACKING

Because compounds containing polynuclear aromatics have little value except as
a heavy fuel oil, there is a need for a process to reduce especially two- and three-
ring aromatics into one-ring aromatics and paraffins. Gas oil hydrocracking is the
one process with ring reduction as the principle objective. This is accomplished
by hydrogenating the aromatic rings and cracking the resulting naphthenes. The
acid catalysts used for the cracking are often poisoned by sulfur and basic nitrogen.
Therefore, it is usually necessary to desulfurize and denitrogenate them nearly
completely in the hydrogenation step. In addition, any vanadium, nickel, and
olefins are removed. This type of process is only worthwhile for a refinery having
sufficient streams with high concentrations of two- and three-ring aromatics. As
a result, on average gas oil hydrocracking capacity is only 8% of the crude distil-
lation capacity. Whereas most refineries have a cat cracker, a minor fraction of
refineries have a gas oil hydrocracker. Typical feeds that contain high concentra-
tions of two- and three-ring aromatics are coker gas oil, visbreaker gas oil, and
the FCC cycle oils, such as light cat cycle oil and heavy cat cycle oil. These are
all good feeds to a gas—oil hydrocracker. Because the main product is paraffinic,
the most desired products are the middle distillates: kerosene, jet fuel, diesel fuel,
and home furnace heating oil. Conventional hydrocracking is done at high pres-
sures and high temperatures in a fixed-bed reactor to reach high conversions. As
a result, naphtha boiling-range liquids are also produced. Although this naphtha
is low in olefins and aromatics, the octane for gasoline is still medium because of
isomerization by acid catalysis. However, the quality for solvent applications and
reforming feed are quite good. Mild hydrocracking is only carried to low conver-
sions in a fixed-bed reactor, producing little naphtha.

Severe hydrocracking is typically done in a two-stage hydrocracker with the
first stage at moderate hydrogen pressure, about 600 to 1000 psig, and moderate
temperature, 700°F (370°C), with a hydrogenation catalyst. The gas products,
including hydrogen sulfide and ammonia, are flashed off, and the liquids are sent
to the fractionator. The unconverted gas—oil boiling-range liquids are sent to the
second reactor that contains an acid-cracking catalyst. This second reactor is at
high hydrogen pressure, 1500 to 2500 psig, and high temperature, about 800°F
(427°C). The gases are flashed off and a purge liquid stream is sent to the fuel
oil, whereas the bulk of the liquids are sent to the same fractionator as the liquids
from the first reactor.

1.5.5 NAPHTHA REFORMING

After hydrotreating to remove sulfur, the process is reversed in reforming to dehy-
drogenate naphthenes to form aromatics. This is done because aromatics have
much higher octane than naphthenes in gasoline, the principal product of naphtha.
In addition, linear paraffins are isomerized to increase octane. A side benefit is that
hydrogen is produced, to be used for hydrotreating. This is the lowest-cost hydrogen
available to a refinery. Finally, valuable petrochemical feedstocks, such as benzene,
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toluene, and xylenes, can be separated from reformed naphtha. It is no wonder that
reforming is second only to fluid catalytic cracking as a refinery moneymaker.

1.5.6 ResiD PROCESSING

Because atmospheric and vacuum resids are petroleum macromolecules, resid
processing is the emphasis of this book and is discussed in detail and, thus, only
briefly reviewed here. As North America has plentiful supplies of coal and natu-
ral gases to fuel electrical power plants, there has not been a large heavy fuel
oil market in North America for some time as opposed to the rest of the world.
Therefore, many of the refineries in North America, particularly in the United
States, have at least one resid conversion unit, usually delayed coking. Today,
with the increased demand for transportation fuels, and increased use of heavy
and extra heavy crude oils containing larger fractions of vacuum resids, there is
an even greater need to increase the conversion of vacuum resids to transportation
fuels both in North America and the rest of the world.

1.5.6.1 Visbreaking

This is a process that initially was used to thermally crack a heavy fuel oil to
reduce its viscosity. Today, it is usually used to thermally crack an atmospheric
resid to convert 20 to 30% to transportation fuels and the remaining can still be
blended into heavy fuel oil. Because it does not convert enough heavy fuel oil and
because the vacuum gas oil portion of atmospheric resids is a valuable feed to
fluid catalytic cracking, there are very few visbreakers in North America. They
are more common in smaller refineries of Europe and Asia that do not have fluid
catalytic crackers. A visbreaker is either a furnace coil followed by a fractionator
or a furnace coil, an up-flow soaker drum, and a fractionator. They are designed to
be at short enough residence time at a given reaction temperature (450 to 475°C)
not to produce significant solid coke. In chapter 4, the mechanism and kinetics of
coke formation in visbreaking will be introduced, and visbreaking processes will
be discussed in chapter 9.

1.5.6.2 Coking

This is by far the most common resid conversion process. Coking processes are
thermal conversion processes that completely convert vacuum resids to lighter
products and solid coke. Because solid coke is an expected product, a method
for its removal is required. Although part of the liquid product is in the vacuum
resid boiling range, this is usually recycled back to the coker after removing the
lighter liquids in the coker fractionator. By far the most common coker is delayed
coking, which consists of a furnace coil followed by two tall insulated drums.
The hot resid from the furnace coil is pumped into the bottom of one of the drums
where the coke accumulates while volatile liquids and gases flow out of the top of
the drum to the coker fractionator. When coke fills up the drum, the hot resid is fed
to the bottom of the second drum. Meanwhile, the coke in the first drum is cooled
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and drilled out to form a solid-fuel by-product. If the coke meets certain specifica-
tions, it might also be used for making electrodes for aluminum or steel manufac-
ture. There are also coking processes in which the resid is sprayed on a fluidized
bed of hot coke. In Fluid Coking, part of the coke is burned to provide heat for the
process, with the remainder removed as a fuel coke by-product. In Flexicoking,
all but a purge stream of coke is gasified with air and steam to provide the heat
for the process and, after absorbing out the hydrogen sulfide, to form a fuel gas
(hydrogen, carbon monoxide, and nitrogen) for the refinery or a nearby electrical
power plant. Coking processes are discussed in more detail in chapter 8.

1.5.6.3 Resid Hydrotreating and Hydroconversion

These are catalytic processes with hydrogen under pressure designed to add hydro-
gen to atmospheric and vacuum resids. Hydrotreating is done primarily to remove
sulfur, nitrogen, vanadium, and nickel and to reduce Conradson carbon residue
(coke-forming tendency) in fixed-bed reactors. Hydroconversion has the additional
objective to convert resids to lower-boiling liquids. This may be done also in packed
beds, but conversion of vacuum resids is limited to about 50%. By using ebullated-
bed reactors (LC-Fining or H-Oil), the spent catalyst can be removed and fresh
catalyst added continuously, enabling conversions of the order of 65%. Although
not currently commercially practiced, several hydroconversion processes are under
development that use dispersed catalysts and promise to achieve 95% conversion of
vacuum resids. Hydroconversion is discussed in more detail in chapter 10.

1.6 CHALLENGES FOR PROCESSING PETROLEUM
MACROMOLECULES

1.6.1 AromaTic By-Probuct

As we will learn in chapters 2 and 3, petroleum macromolecules in vacuum resids
are not just higher in molecular weight than lower-boiling liquids in petroleum,
but they contain higher amounts of heteroatoms: sulfur, nitrogen, vanadium, and
nickel. Moreover, the greatest difference is that petroleum macromolecules have
more and larger polynuclear aromatics that cause thermal stability and insolubil-
ity. As a result, all economical processes that convert petroleum macromolecules
to lower-boiling liquids require an aromatic by-product. However, we will show
that the existing processes for converting petroleum macromolecules have con-
siderable room for improvement, and will point the direction for the improve-
ment. For instance, even for coking processes that are considered to be mature
processes, we will show that lab experiments can achieve 76% yield of nearly
equal quality liquid products compared to the highest commercial coking yield
of 61%. Part of this is achieved by learning that many polynuclear aromatics are
formed during coking and discovering how their formation can be reduced. Thus,
although an aromatic by-product of resid conversion cannot be prevented, its yield
certainly can be reduced from current commercial practice.
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FIGURE 1.3 Conversion of heavy oils and resids involves two steps.

1.6.2 Probuce FEeD FOR SECONDARY UPGRADING

As is shown in Figure 1.3, the objective of the processing of resid at the refinery
and the upgrading of heavy and extra heavy oils near the source are to produce, in
a primary upgrading step, a higher-quality feed for secondary catalytic processes.
Of course, it is desired to maximize the yield of feed for secondary upgrading at
a given quality. The advantage of this approach is to remove as much of the cata-
lyst poisons as possible in the primary upgrading step with minimum hydrogen
consumption to protect the more expensive catalysts and use hydrogen more
effectively in the secondary upgrading step. The secondary upgrading options
that combine hydrotreating with either fluid catalytic cracking or hydrocracking
are much more selective for the valuable transportation fuels than the primary
upgrading options. However, the primary upgrading options are more tolerant for
catalyst poisons: sulfur, nitrogen, vanadium, nickel, and polynuclear aromatics.
These catalyst poisons are mostly rejected with the necessary aromatic by-product
in the low-quality stream. Another advantage of this approach is that the quality
of the feed to the primary upgrading processes can vary greatly, but can produce
a feed to secondary upgrading of uniform quality.

The primary upgrading options of visbreaking, hydroconversion, and coking
have already been discussed with the corresponding low-quality product options
of heavy (or residual) fuel oil and fuel coke. The feed to fluid catalytic cracking
may have boiling points in the vacuum resid range as long as it meets certain
quality specifications. Therefore, a process that separates the vacuum resid into
high- and low-quality fractions is a primary upgrading option. Solvent deasphalt-
ing, a process used more often in producing heavy lubricating oils, is a possibility
that will be discussed in detail in chapter 7. Deasphalting also can be used in
combination with visbreaking, hydroconversion, and coking.

There are some locations where the low-quality product from primary upgrad-
ing has no market value, as it is near the source of extra heavy oils. In the past,
some have just left coke in pits, waiting to find a use. However, with a greater
regard for the environment, this is becoming unacceptable. Some then bury the
coke underground in the reservoir after removing the extra heavy oil. At least
one upgrader partially extracts the extra heavy oil from tar sands with an organic
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solvent, leaving asphaltenes with the sand, which is returned to the resource.'
Nevertheless, gasification feed is the future use for low-quality products from
primary upgrading. Gasification has already been discussed as a step in Flexi-
coking. However, if the low-quality product is reacted with oxygen instead of air
along with steam, hydrogen can be the primary product (unfortunately along with
carbon dioxide) to be used in upgrading the high-quality fraction. The energy
released can supply steam for generating electricity, production of extra heavy oil
from the reservoir, and heat for upgrading.

1.6.3 MiNnimize HyprocarBON GAs By-Probuct

The chemical equilibrium products of thermal conversion of hydrocarbons are
coke and hydrocarbon gases, such as methane, ethane, propane, and butanes.
Instead, the upgrader of petroleum resids is rewarded for maximizing the yield of
the intermediate, volatile liquids, and minimizing the yield of coke and hydrocar-
bon gases. Especially, the production of hydrocarbon gases is unfortunate because
they contain such high concentrations of hydrogen that is sorely needed for high-
quality volatile liquids. Therefore, producing hydrocarbon gases in upgrading pro-
cesses can be equated to wasting hydrogen, a valuable reagent.

1.6.4 MiTiGATE FOULING

The processing of petroleum is done continuously on a huge scale. Especially
today, when upgraders and refineries are operating at full capacity, any cause for
one or more units to be shut down is extremely costly. However, polynuclear aro-
matics in petroleum macromolecules have a strong tendency to become insoluble
in the oil and to foul and form coke on the heat exchanger, furnace tube, and
reactor walls as well as on catalysts. This can cause process units to be shut down
frequently for scheduled and unscheduled cleaning. In addition, these foulants
insulate surfaces designed for heat transfer and result in greatly increased energy
cost, second only to crude oil as the direct cost to a refinery. As a result, there is a
strong emphasis in this book on fouling mitigation. Chapter 4 on thermal conver-
sion kinetics will show that coke formation is triggered by the phase separation of
converted asphaltenes. Chapter 5 on phase behavior will provide the oil compat-
ibility model, a tool for predicting how to keep asphaltenes in solution. Finally,
Chapter 6 will describe a systematic procedure for mitigating fouling from any
possible source, including asphaltenes and coke.

1.7 CHEMICAL ENGINEERING APPROACH

Research on petroleum macromolecules greatly benefits from an interdisciplinary
approach involving chemists, physicists, chemical engineers, material scientists,
mathematicians, geologists, biologists, etc. With the exception of geology, chemi-
cal engineers usually have taken courses in the other disciplines and understand
their approach to research. However, those in these other disciplines rarely take a
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course in chemical engineering. Therefore, if they are to learn the chemical engi-
neering approach, they must do it during years of industrial research. Meanwhile,
chemical engineers traditionally have the role of scaling up research in the lab
to the pilot-plant scale in development, and then from the pilot-plant scale to the
commercial scale to design industrial scale processes and to oversee operations
in the refinery. Therefore, petroleum companies find that, having a minor number
of chemical engineers in basic research, is useful to ease the movement of ideas
in the lab to development where chemical engineers are in a majority. Although
this is true, research chemical engineers have a different approach to research
than the other scientists, the value of which is often not recognized. This book
offers examples of the research approach of one research chemical engineer, but
this section is meant to introduce the reader to this approach in an exaggerated,
humorous way.

Physicists are mostly concerned with measurements and developing or per-
fecting instruments to make the best measurement. Therefore, they are defined as
those who make very accurate measurements on very impure materials. Yes, they
are not very concerned about the materials, only that they make accurate measure-
ments. On the other hand, chemists are extremely concerned about materials and
want to know the chemical structure of every molecule in the material. Therefore,
chemists are defined as those who make very inaccurate measurements on very
pure materials. Yes, they are not much concerned about the quality of their instru-
ments, only that they have very pure materials of known chemical structure.

Of all the engineering disciplines, only chemical engineering applies both
physics and chemistry. The author may be biased, but he thinks that chemical
engineering combines the best of both fields. Therefore, chemical engineers
are defined as those who make very inaccurate measurements on very impure
materials. One might wonder why this is an attribute. In the time it takes the
physicist to perfect his instrument, and the chemist to purify his material, the
chemical engineer has scaled up, developed, and commercialized a process to
manufacture this material. How is this possible? Engineers have learned to deal
with uncertainty. They have learned to draw a black box around part of a system
they do not understand, and by probing the black box and seeing the response,
understanding it sufficiently to move on. They do not worry about the details in
the black box that are not necessary to accomplish their goal. They tell people
that they invented a field called “fuzzy logic” where they measure variables
only qualitatively, like hot and cold. Actually, this is a step-out improvement
in accuracy over where they used to be called “hairy logic.” They use very
simple mathematical models. When these models do not correctly predict the
data, they do not throw away the models. Instead, they calculate the actual to
predicted ratio and correlate these ratios on dimensionless plots. They actually
give names to these ratios: friction factor, activity coefficient, fugacity, etc. To
account for this uncertainty, they insert large safety factors in their process
design (lagniappe or lan-yap) and in their cost estimates (contingencies). Thus,
when the process comes in under budget and delivers at 120% of design, every-
one is happy.
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In this book the reader should find that the author applied this chemical
engineering approach to his research. If one does not understand the details,
the approach is to back off to a level one can deal with and move on. Petroleum
is an ultracomplex material because it is made up of over a million different
compounds. Rather than try to isolate and identify each molecule, the author
backed off and used solubility and adsorption to separate petroleum resids
into classes and developed chemical kinetics and phase equilibria using these
classes instead of compounds. When he needed to describe the molecules a little
closer, he represented the molecules in these classes by different combinations
of only two building blocks that he called pendants and cores. Although he did
not know the detailed chemical structures within the building blocks, he found
that this representation could describe much that has been observed about the
process chemistry of petroleum macromolecules. He used hydrogen content and
hydrogen balance extensively to evaluate constants in chemical kinetics, mea-
sure the attraction energy among petroleum macromolecules, characterize the
building blocks, and determine the maximum yield from a coking process.
The outcome is that petroleum is actually not so complex because it is com-
posed of mostly carbon, hydrogen, and sulfur atoms. As a result, in many
cases, simple models describe petroleum much better than most pure com-
pounds. The author is not satisfied with these limited successes of his models
but expands the range of data to test each model and determine where each
model fails. This provides the direction to improve the model. Meanwhile, the
real objective is not the model or even knowledge, but how to apply the model
and the knowledge to develop a new or improved process for heavy oils. Such
innovations are not accidental. One needs to work continuously at innovation
by determining what the barriers are to improvement. Are these barriers real
or a false interpretation of the data? The barriers determined to be false give
one the opportunity for step-out improvements in the technology. The barriers
determined to be true enable one to turn one’s attention to more fruitful areas
without wasting time and effort. For example, in chapter 4, the reader will
learn that one false barrier was that coke was believed to be a direct-reaction
product of resid thermolysis. Instead, the author discovered that coke results
from a phase separation that provided the means to greatly delay its formation.
However, throughout the book, the reader will learn that polynuclear aromatic
units in resids are real thermal reaction limits. Even when it is possible to
convert these polynuclear aromatics by hydroconversion, one cannot do it eco-
nomically. Thus, one must accept that a heavy by-product to resid conversion
is a requirement. There is potential in minimizing polynuclear aromatics from
being formed during resid conversion, but those that are already present in the
resid provide a real barrier.

The danger of the chemical engineering approach to research is to become
infatuated with the success of models that conceal the lack of detailed knowledge.
Yes, they enable one to move on to devise new or improved processes. However,
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they remain to be placeholders until the ability for greater detailed knowledge is
reached. Once the physicist perfects his instrument and obtains unique data, and
once the chemist produces a new understanding of the molecules in heavy oil,
the models need to be improved to reflect the new insight. Instead of backing off,
one might actually be able to move in and produce a more detailed model. For
example, in chapter 2, it is described how high-performance liquid chromatog-
raphy provided a more detailed view of heavy oils than solubility classes. In the
near future, ultrahigh-resolution Fourier transform ion cyclotron resonance mass
spectrometry may actually enable one to identify and measure the concentration
of nearly every compound in heavy oils. This will enable much more sophisti-
cated and more complex models while providing the means to break down more
barriers to process improvements.
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Characterization
of Petroleum
Macromolecules

2.1 CLASS SEPARATION!

Petroleum contains in the order of a million different molecules without a repeat-
ing molecular unit. Because the number of possible isomers rapidly expands with
increasing molecular weight, most of this diversity exists in the vacuum resid
boiling range, the petroleum macromolecules. Thus, it makes little sense to try
to identify each petroleum macromolecule (section 2.6.3, discusses progress in
doing just this). Instead, petroleum macromolecules are commonly separated
into classes in which macromolecules within a class are more similar than those
between classes. It is then hoped that different resids or a resid before and after
processing can be described in terms of the relative amounts in each of these
classes.

2.1.1 VourartiLes AND COKE

Although it is common to separate petroleum macromolecules into saturates, aro-
matics, resins, and asphaltenes, the procedures used vary widely. Figure 2.1 out-
lines the general separation procedure used by the author. As this procedure will
be applied to vacuum resids before and after processing, it also includes volatiles
and coke that are not present in the unprocessed vacuum resid. The volatile liquids
are removed after processing by vacuum distillation. The nonvolatile product was
mixed in a flask with 15 parts toluene and let sit for at least 16 h at room tem-
perature. This mixture was poured through a fine (4 to 5.5 um pores) fritted-glass
filter. The solids on the filter were washed with at least 25 parts additional solvent,
and washing continued until the solvent passed through the filter without color.
The toluene insolubles were vacuum dried on the filter at 100°C for at least 16 h to
form the class, called coke. The toluene was removed from the toluene solubles by
rotary evaporation at 50°C, followed by vacuum drying for 16 h at 50°C.

2.1.2  ASPHALTENES AND RESINS

Asphaltenes are the insolubles separated in the next step that was performed on
the toluene solubles for the processed resid or on the unprocessed resid. This fol-
lowed the same procedure as the toluene separation, except that n-heptane was
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Insoluble Insoluble
Volatiles Coke Asphaltenes
Petroleum \./a.cuufn Tolue.ne ]-.[epta.ne
Distillation Filtration Filtration
Soluble MEK at ~78°C Attapulgus
Small Ring <«— e
. Filtration Clay
Aromatics
l Adsorbed
Insoluble
Saturates
. Tol/Acetone
Resins Desorption

FIGURE 2.1 General separation procedure of unreacted and reacted petroleum oils.
(From IA Wiehe. Ind Eng Chem Res, 31: 530-536, 1992. Reprinted with permission. Copy-
right 1992. American Chemical Society.)

used instead of toluene, and n-heptane was not removed from the heptane solu-
bles. Instead, the heptane solubles were mixed in a flask with Attapulgus clay, 30
times the weight of heptane solubles, for a minimum of 16 h. The Attapulgus clay
used was National Bureau of Standards qualified for ASTM D2007-86, a clay—gel
chromographic separation test. This clay contains a controlled amount of water.
Not only is this required for reproducible adsorption, but only with water on the
clay can one completely desorb the hydrocarbons off the clay. The mixture of
clay, n-heptane, and oil was filtered with a fine, fritted-glass filter. The clay on
the filter was washed with at least 200 parts of n-heptane per part of solubles, and
washing was continued until the heptane ran through the filter without color. The
n-heptane was removed from the solution so produced by rotary evaporation fol-
lowed by vacuum drying at 50°C.

The fraction remaining on the clay was desorbed by mixing with a mixture
of 50% toluene and 50% acetone on the filter. At least 100 parts of this mixture
per heavy oil was used to wash the clay. This was followed by washing with at
least the same amount of 90% toluene and 10% methanol, which was continued
until the solvent mixture passed through the clay without color. The solvent was
removed by rotary evaporation and vacuum drying at 50°C, leaving the fraction
called resins. It is significant that although the resins are quite toluene soluble,
toluene alone cannot remove much of the resins from a polar surface. Acetone and
methanol need to be present to interact with the polar functionality on the clay
surface and weaken the interaction between the clay surface and the resins. This
is because acetone and methanol form stronger complexes with the functionality
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on the clay surface than do the resins. Only then can the resins be desorbed and
dissolved into toluene. This is also important when one wishes to clean resins and
asphaltenes from process surfaces such as heat exchangers. One needs to select a
cleaning agent that both desorbs and dissolves the foulant.

2.1.3 SATURATES AND AROMATICS

The heptane-soluble oil that was not adsorbed on clay was mixed with 30 parts
methyl ethyl ketone (MEK) in a flask and cooled to —78°C in a dry ice—isopropyl
alcohol bath. After 4 h, this cold mixture was filtered through a fine, fritted-glass
filter by adding dry ice directly on the filter. The filtration was done under a
flow of dry nitrogen to prevent water from the air condensing and adding to the
MEK solution. The waxy solids remaining on the filter were dissolved off with
room-temperature n-heptane, and the heptane was removed by rotary evaporation
and vacuum drying at 50°C, leaving the oil fraction that was called saturates.
The MEK was removed from the solution that passed through the filter by rotary
evaporation and vacuum drying at 50°C, leaving the oil fraction that was called
aromatics. As we will see, this fraction is more properly called small-ring aro-
matics because it is not as aromatic as either the resin or the asphaltene fraction,
and it has less coke-forming tendency.

2.1.4 RreproDUCIBILITY OF CLASS SEPARATION

It is very difficult to reproduce class separation between laboratories. The pro-
cedure has to be followed very closely. For instance, the asphaltene precipitation
requires waiting at least 4 h in n-heptane before filtering, or a lower yield of
asphaltene will be obtained. This is because one needs to wait for asphaltene flocs
to grow in size by agglomeration, or the individual submicroscopic, insoluble
asphaltene particles will pass through the filter. Thus, the yields are affected by
the filter material as well as the size of the filter pores. The effect of other changes
in the asphaltene separation has been reported.? However, if the procedure is kept
completely the same, the results of the class separation can be very reproducible
within the same laboratory.

2.1.5 THe CONCEPT OF ASPHALTENES

As the highest-molecular-weight, most-aromatic fraction usually separated from
unprocessed crude oil or resids, asphaltenes have attracted much attention and
controversy. This strong attention has encouraged counter arguments from Bunger
and Cogswell® and from Boduszynski et al.,* and Altgelt.> These authors correctly
point out that asphaltenes are merely the insolubles precipitated from petroleum
or resid to produce a slice out of the continuum of molecules. The yield and qual-
ity of the asphaltenes so produced depend on the variables of the separation as
well as the feed selected. No single property distinguishes asphaltenes from the
range of properties of other fractions.> When asphaltenes are partially converted,
the remaining asphaltenes have different properties than the starting asphaltenes.3
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Therefore, asphaltenes are not a unique compound group or compound class* and
it is misleading to treat them as a reactant in chemical kinetics.3

Although the author agrees with the data behind the preceding arguments,
he does not agree with the conclusions. As will be shown later in this chapter,
asphaltenes, as other classes, can be distinguished uniquely in terms of two prop-
erties. Instead of denying that asphaltenes cannot correctly be considered a reac-
tant in chemical kinetics, the author in chapters 3 and 4 accepts the challenge
of how to change the chemical kinetics so that they can be used as a reactant.
Surprisingly, asphaltenes will be found to react thermally according to first-order
kinetics, just how one would expect a pure compound to react. As it turns out,
the insolubility nature of asphaltenes is important in the thermal kinetics of resid
conversion. Therefore, it is fortunate that an insolubility class was selected as a
reactant rather than a class based on acidic or basic functionality. Instead, a theme
in this book will be that the functionality most responsible for insolubility and
thermal stability in asphaltenes are the polynuclear aromatics. Therefore, insolu-
bility in n-heptane and adsorption on clay are good methods to separate classes
with similar concentrations of polynuclear aromatics. Yes, one should always real-
ize that each of the classes include a very large distribution of molecules without
sharp borders between molecules in different classes. However, one should still
try to develop the simplest model that describes the chemistry and physics of this
complex system rather than claim that it is impossible. As will be demonstrated
many times in this book, the important features can be captured in simple models
of these complex systems to produce very useful and predictive approximations.

2.1.6  UNREACTED REesiD FRACTIONS

Cold Lake 1050°F* resid was separated by the preceding separation procedure
with yields and analyses of the fractions shown in Table 2.1. Typically, the mass
and elements are well balanced except that, because of air oxidation, the fractions
total higher oxygen and lower hydrogen than the starting resid. This does not
seem to affect the coke-forming tendency, reported as Conradson carbon residue
(CCR) and measured by the microcarbon method, because the sum of the CCR of
the fractions equals the CCR of the starting resid. The terms, saturates and aro-
matics, have only relative meaning and should not be taken on an absolute basis.
Thus, the saturates are more saturated than the other fractions, but still contain
aromatic carbon and sulfur. A long paraffinic chain on a single aromatic ring will
cause this molecule to separate with the saturates fraction. One should expect
petroleum macromolecules to have multiple functionalities in the same molecule.
Thus, the best the class separation can do is to separate according to the domi-
nant functionality of the particular macromolecule. Nevertheless, the saturates
fraction contains little or no oxygen, nitrogen, vanadium, and nickel, and exhibits
little coke-forming tendency. The aromatics fraction, less aromatic than the resins
and asphaltenes, but more aromatic than the saturates, is also relatively free of
heteroatoms other than sulfur.
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The resins fraction is sometimes called “polar aromatics” because of its
high oxygen and nitrogen content relative to saturates and aromatics. However,
the average resin molecule has only one oxygen or one nitrogen atom out of a
molecular weight of 986. Thus, it is not as polar as many common low-molecular-
weight compounds that contain oxygen or nitrogen, such as acetone or pyridine.
As will be discussed later, the present evidence indicates that resins adsorb on
clay more because they contain large-ring aromatics than because of oxygen and
nitrogen functionality. Nevertheless, there is a sharp increase in the concentration
of vanadium, nickel, molecular weight, and CCR in going from aromatics to resins.
On the other hand, the asphaltenes, as is well known,* have still higher concen-
tration of each of the undesirable components and properties: sulfur, nitrogen,
vanadium, nickel, molecular weight, CCR, and aromatic carbon. It is no won-
der that problems in converting resids usually force one to focus on asphaltenes.
However, because the yield of resins is much higher than the yield of asphaltenes,
as a percentage of the resid, the resins have comparable amounts of undesirable
components and properties as the asphaltenes.

One of the odd features of the separation of resids is that the fractions have
nearly constant carbon content. For this separation, all the carbon contents are
within 83 £ 1.5 wt%. The lower hydrogen content in the more aromatic fractions
is compensated by the higher heteroatom content, keeping the carbon content
nearly constant. As we shall see, this feature also carries over to resid thermal
conversion products. Thus, the hydrogen-to-carbon atomic ratio that tends to
measure aromaticity (lower value for more aromatic) is really equivalent to a
constant times the hydrogen content for these fractions.

2.1.7 FRrRACTIONS OF THERMALLY CONVERTED RESID

The Cold Lake 1050°F* resid was thermally reacted for 60 min at 400°C in
small batch-tubing bomb reactors under 7 MPa of nitrogen. After the gases were
vented, the resid product was separated according to the separation scheme, but
without vacuum distillation. The yields and analysis of each fraction are shown
in Table 2.2. The gases and the fraction that volatilized during solvent removal
were not analyzed, and the molecular weight of the coke could not be measured
because of its insolubility in o-dichlorobenzene.

Again, the carbon content is relatively constant, with the carbon content of
saturates being slightly higher than that of coke. The average molecular weight of
each of the fractions, except coke, is decreased by thermal conversion. Although
the hydrogen content of saturates and aromatics are not significantly changed
by thermal conversion, the hydrogen content of resins and asphaltenes are sig-
nificantly decreased. This demonstrates one of the objections of Bunger and
Cogswell® in treating asphaltenes as a reactant. Asphaltenes change properties
during conversion, as well as converting to other fractions. The conversion is
more of a continuum than a discrete transformation. In chapter 4, kinetic models



Characterization of Petroleum Macromolecules 33

TABLE 2.2
Analysis of Fractions of Cold Lake Vacuum Resid Reacted at 400°C

for 60 Min

Yield Carbon Hydrogen H/C Sulfur  Nitrogen VPO?

Fraction Wt%)  (wt%) (Wt%) (@atomic)  (wt%) (Wt%) mol. wt
Gases 1.5

Lt. volatil. 12.3

Saturates 12.9 85.25 12.53 1.75 2.18 0.08 690
Aromatics 25.8 83.77 10.10 1.44 5.04 0.11 470
Resins 20.5 81.72 8.27 1.21 5.26 1.15 899
Asphaltenes  18.3 83.16 6.34 0.91 7.23 1.50 2009
Coke 8.7 82.19 5.54 0.80 7.63 1.78

2 VPO number average molecular weight measured in o-dichlorobenzene at 130°C.

Source: 1A Wiehe. Ind Eng Chem Res. 31: 530-536, 1992. Reprinted with permission. Copyright
1992. American Chemical Society.

will be developed by assuming two asphaltene species, unreacted and converted,
to account for reactions that change asphaltene properties without completely
converting it to other fractions. Nevertheless, toluene-insoluble coke, not present
in the resid, forms and exceeds the asphaltenes in concentration of aromatics
(measured by H/C [hydrogen-to-carbon]), sulfur, and nitrogen.

2.1.8 FRrAcTIONS OF THE THERMAL CONVERSION OF RESID FRACTIONS

A more direct way to track resid thermal conversion is to react the resid frac-
tions individually and then to separate the products according to the separation
scheme, recognizing that reactions and intermolecular interactions among the
fractions may alter the chemistry when reacted together in the resid. This was
again performed for 60 min at 400°C in tubing bomb reactors. A summary of the
result is shown in Table 2.3. To have sufficient quantity for reaction, the saturates
and aromatics were reacted together in the proportion found in the resid.

In each case the thermal conversion of a fraction formed the next more aro-
matic and higher-molecular-weight fraction and the whole series of less aromatic
and lower-molecular-weight fractions. Thus, saturates plus aromatics formed the
more aromatic and higher-molecular-weight resins with a by-product of gas and
light volatiles that evaporate with the solvents. The resins formed more aromatic
and higher-molecular-weight asphaltenes with a by-product of lower-molecular-
weight and less aromatic saturates and aromatics. The asphaltenes formed more
aromatic and higher-molecular-weight coke with by-products of lower-molecular-
weight and less aromatic resins, aromatics, and saturates. Reactants of increasing
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TABLE 2.3
Analysis of Fractions of Cold Lake Vacuum Resid Fractions Reacted at

400°C for 60 Min

Yield C H H/C S N VPO?
Reactant Product wWt%) (wt%) Wt%) (atomic) (wt%) (wt%) mol wt
Saturates +  Volatiles 29.5
aromatics
Saturates 32.1 85.59 12.50 1.74 1.79 0.0 694
Aromatics 384 83.95 10.59 1.50 4.17 0.0 345
Resins 19.4 83.06 9.0l 1.29 5.32 0.0 839
Resins Volatiles 10.8
Saturates 5.7 8436 12.03 1.70 2.77 0.17 670
Aromatics 30.8 81.60  9.99 1.46 4.78 0.12 442
Resins 30.6 82.01 8.44 1.23 4.60 2.18 804
Asphaltenes 22.1 83.17 6.66 0.95 6.76 1.98 1841
Asphaltenes  Volatiles 10.4
Saturates 2.6 83.87 12.63 1.79 2.54 0.0
Aromatics 14.2 81.79 10.36 1.51 4.92 0.0 422
Resins 12.4 81.60 8.05 1.18 6.68 0.90 622
Asphaltenes 21.0 82.00 6.18 0.90 7.96 2.18 1557
Coke 39.4 8242 550 0.80 7.92 1.73 7525

2 VPO number average molecular weight measured in o-dichlorobenzene at 130°C.

Source: 1A Wiehe. Ind Eng Chem Res. 31: 530-536, 1992. Reprinted with permission. Copyright
1992. American Chemical Society.

aromaticity and molecular weight produce an increasing yield of higher-molecular-
weight, more aromatic by-product at the same thermal reaction conditions.

As was seen with the whole resid, the saturates and aromatic fractions
maintain similar aromaticity (H/C atomic ratio) during thermal conversion, but
decrease molecular weight. This is even the case when saturates and aromatics
are formed from resins and asphaltenes. On the other hand, the resins and
asphaltenes become more aromatic and decrease in molecular weight prior to
being converted to another fraction. Again, the situation is no different if the
resin or asphaltene is the reactant, a product of another fraction, or a product of
the entire resid. One difference is that resins formed from saturates and aromatics
contain below-detectable nitrogen level. Thus, resins need not contain nitrogen
to adsorb on Attapulgus clay, showing that the separation is made on the basis of
aromaticity or the size of aromatic rings.
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2.2 SOLVENT-RESID PHASE DIAGRAM!

In this section, the type of data just described on class separation of resids and
resid thermal conversion products will be organized on a compositional map.
This will enable one to picture how the distribution of types of petroleum macro-
molecules exist in resids and how they change with thermal processing.

2.2.1 TuHe CoNcerT OF A COMPOSITIONAL MAP

Long® was the first to suggest that the distribution of asphaltenes could be dis-
played on a conceptual heavy-oil map of molecular weight versus polarity. This
was later extended by Long and Speight’ to a real map of the composition of
heavy oil in terms of molecular weight versus solubility parameter. They used
desorption off Attapulgus clay with various solvents to separate Cold Lake crude
and Arab Heavy vacuum resid into eight fractions. Using the solubility param-
eter of the desorbing solvent and the 95% and 5% points in the molecular-weight
ranges determined by gel permeation chromatography (GPC), they found that
these two feeds gave similar molecular-weight ranges for fractions eluded by the
same solvent. However, the relative amounts of the fractions were different for
the two feeds.

In agreement with Bunger and Cogswell,? this author has found that no prop-
erty uniquely differentiates one petroleum fraction from another. Therefore,
possibly more important than the exact selection of GPC molecular-weight and
solubility parameter as the independent variables in a compositional map is the
concept of Long and Speight that petroleum fractions may be distinguished by
combinations of two properties: one that measures molecular attraction and one
that measures molecular size. The solubility parameter of the eluding solvent is
neither a direct or revealing measure of molecular attraction. Although measur-
ing molecular-weight distribution is preferred to measuring average molecular
weight, GPC suffers from adsorption effects with petroleum fractions, which
become more severe after partial conversion. Therefore, different independent
variables for a compositional map were further investigated.

2.2.2 MEASUREMENT OF MOLECULAR ATTRACTION

The feature that causes petroleum fractions to adsorb strongly on Attapulgus clay
and to be insoluble in paraffinic liquids is their aromaticity. Because the more
aromatic fractions have higher oxygen and nitrogen content, it is not easy to dis-
count completely the influence of these heteroatoms. However, as already pointed
out, resins formed from saturates and aromatics had no nitrogen, showing that
it was not necessarily a part of resins. In addition, the average resin of molecu-
lar weight 600 to 1000, and the average asphaltene of molecular weight 1500 to
3000, have one or fewer oxygen or nitrogen atoms, yet the resins have at least
45% aromatic carbons and asphaltenes have at least 50%. Thus, while oxygen and
nitrogen functionality might play a small role, aromaticity is the dominant cause
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of the adsorption on solids and insolubility in paraffinic liquids. This conclusion
contradicts the current view,® but more evidence will be given in chapter 5. How-
ever, if one wanted to extend this approach to coal liquefaction products where
oxygen functionality plays a major role, a measure of oxygen functionality would
be required in addition to aromaticity and molecular weight. This was the con-
clusion of Snape and Bartle®!® who found that three independent variables, such
as number average molecular weight, the proportion of internal aromatic carbon
to total carbon, and the percent of acidic OH, were needed to distinguish among
benzene insolubles, asphaltenes, and n-pentane solubles for coal and petroleum-
derived liquids. Thus, their map is three dimensional.

The simplest measure of aromaticity is the hydrogen-to-carbon (H/C) atomic
ratio. Ouchi'! has shown that H/C is a linear function of the fraction of aromatic
carbons of petroleum fractions, as measured by *C-NMR (carbon nuclear mag-
netic resonance). However, because we have shown that the carbon content of
petroleum fractions from saturates to coke is nearly the same (81.6 to 86.5 wt%),
without much loss in accuracy, hydrogen content can be used to measure aroma-
ticity and, thus, molecular attraction.

2.2.3 MEASUREMENT OF MOLECULAR WEIGHT

The petroleum scientific community cannot agree on the correct method for mea-
suring asphaltene molecular weight. This topic has resulted in many heated dis-
cussions at scientific meetings. Nothing says more about the lack of knowledge of
asphaltenes, forcing one to reach the conclusion that asphaltene molecular-weight
measurement is not an exact science.'”> The value one measures depends on the
technique,” the solvent, and the temperature.”* As will be discussed later in this
chapter, the problem is that asphaltenes fall in that gray area between being in
solution and being a colloid because of their tendency to self associate and form
aggregates that can be detected by small-angle x-ray and neutron scattering. As a
result, techniques that measure molecular weight in solution tend to give values
that are too high. On the other hand, the low volatility of asphaltenes interferes
with mass spectrometry techniques and produce molecular-weight measurements
that tend to be low. Also, the strong tendency of asphaltenes to adsorb causes GPC
techniques to produce low-molecular-weight measurements because the higher-
molecular-weight, more adsorbing asphaltenes are supposed to pass through the gel
column first. The contrary view is that, if the absolute average molecular weight of
asphaltenes were really important for a property, then we could use that property
to measure average molecular weight. Vapor pressure or boiling point would be
one such property, except that even high-vacuum distillation volatilizes little or no
asphaltenes. This would seem to require asphaltene molecular weights to be higher
than 1000. In section 2.6.3 more will be discussed on this topic, including evidence
that the average asphaltene molecular weight might be less than 1000.

In chapter 5, it is shown that using two-dimensional solubility parameters,
the best solvents for carbonaceous solids, such as asphaltenes, were determined
to be quinoline, trichlorobenzene, and o-dichlorobenzene. Therefore, the author
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FIGURE 2.2 Vapor pressure osmometry data on Arabian Heavy asphaltenes at two tem-
peratures. (From IA Wiehe. Ind Eng Chem Res, 31: 530-536, 1992. Reprinted with permis-
sion. Copyright 1992. American Chemical Society.)

considered these for solvents in vapor pressure osmometry. Quinoline was rejected
because it tends to oxidize when exposed to air. Trichlorobenzene was rejected
because the effect of temperature was desired to be studied, and trichlorobenzene’s
vapor pressure is very low at low temperatures. Therefore, o-dichlorobenzene was
used, with results shown in Figure 2.2 for Arabian Heavy asphaltenes. Typically,
one measures the associated molecular weight as a function of concentration and
extrapolates to infinite dilution to obtain what one hopes is the unassociated
molecular weight. Yet, even with this extrapolation, when using a poor solvent for
asphaltenes, such as toluene at 50°C, one measures an infinite dilution molecu-
lar weight for the same asphaltenes that is definitely too high (4900). However,
using o-dichlorobenzene at 70°C, the extrapolation to infinite dilution measures
the molecular weight to be 3380. By using the maximum temperature of the
instrument at 130°C and o-dichlorobenzene, the molecular weight is found to be
independent of asphaltene concentration with an average, 3400, which is within
experimental error of the extrapolated value at 70°C. Thus, it is concluded that
the best solvent or the highest temperature can be used to dissociate asphaltenes
to measure the average molecular weight of asphaltenes with vapor pressure
osmometry. It is recommended that both the best solvent, o-dichlorobenzene, and
the highest temperature, 130°C, be used, particularly when measuring converted
asphaltenes or coke, which associate even more than unconverted asphaltenes.
Nitrobenzene and pyridine have been proposed to be superior solvents for
vapor pressure osmometry of petroleum asphaltenes because they yield low-
molecular-weight measurements.'*!> However, observation of mixtures of these
two liquids with asphaltenes between a glass slide and a cover slip with an optical
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microscope at 600X reveals that neither nitrobenzene nor pyridine completely
dissolve asphaltenes. Thus, the low-molecular-weight measurements were a result
of the higher-molecular-weight fraction not being in solution. In this study, all
mixtures of asphaltenes and coke with o-dichlorobenzene were checked with an
optical microscope to ensure that they were in solution to the limit of resolution
(0.5 pm).

2.2.4 RecOMMENDED COMPOSITIONAL MAP

The recommended measure of molecular attraction is hydrogen content, and that
of molecular size is the vapor pressure osmometry (VPO) molecular weight using
o-dichlorobenzene at 130°C. Therefore, the recommended compositional map is
these two properties plotted against each other as shown in Figure 2.3 for the class
separation of eight different resids and their thermal reaction products. One of the
significant features is that each of the five classes occupies unique areas of the
graphs. Thus, the combination of number average molecular weight and hydrogen
content is capable of differentiating between petroleum fractions, whether or not
the fraction has been partially converted. For convenience, solid curves are drawn
to show that all species with molecular weight and hydrogen content that lie to the
right of one curve are n-heptane soluble, and to the right of the other curve are
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FIGURE 2.3 The solvent—resid phase diagram of eight different resids and their thermal
reaction products displays each of the five classes in unique areas. (From IA Wiehe. Ind
Eng Chem Res, 31: 530-536, 1992. Reprinted with permission. Copyright 1992. American
Chemical Society.)
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toluene soluble. This, plus the unique area for each of the petroleum fractions, sug-
gests that the diagram is similar to a phase diagram, but here the different “phases”
are due to their solubility behavior in particular solvents or due to their adsorption
from solution. This is why Figure 2.3 is called a “solvent-resid phase diagram.”

The dashed curve in Figure 2.3 encloses all the points representing fractions
from unconverted resids. The area representing converted resids is much larger
than that occupied by unconverted resids. Actually, the aromatics and saturates
occupy nearly the same area for converted and unconverted resids. However, the
resins and asphaltenes, upon conversion, tend to move to lower hydrogen content
(more aromatic) and equal or lower molecular weight. Because a pure compound
would be a point on this diagram, the smaller the area for a class, the better is
its approximation as a pure component. The areas for saturates, aromatics, and
resins are about the same size, but the resins from converted resid can be more
clearly differentiated. The area for asphaltenes is much larger with clear separa-
tion between converted and unconverted asphaltenes. This will be justification
in chapter 4 to have separate converted and unconverted asphaltene pseudocom-
ponents in kinetic models. The area for coke, that is, everything to the left of the
toluene line, is much larger than the area for asphaltenes. Of course, a minority of
the toluene-insoluble coke samples were soluble enough in o-dichlorobenzene to
measure the molecular weight in order to appear on the diagram. These were only
the coke samples formed by reacting asphaltenes at short reaction times.

Figure 2.3 shows two alternative x-axes to hydrogen content. This is because
the same large-ring aromatics that cause petroleum macromolecules to have low
hydrogen content also cause them to have low solubility in solvents and other
oils and to form coke. Therefore, in chapter 3, it will be shown that Conradson
Carbon is a linear function of hydrogen content for oil fractions over 700 in aver-
age molecular weight, and in chapter 5 it will be shown that the solubility param-
eter of oil fractions is a linear function of the reciprocal of hydrogen content.

2.2.5 TRANSFORMATIONS BETWEEN CLASSES

The solvent-resid phase diagram provides insight on the transformation of one
class to another. Resins can be formed from aromatics by either molecular-weight
growth, or by decreasing hydrogen content by cracking off more saturated frag-
ments, or by aromization of naphthenoaromatics. On average, both mechanisms
occur, as was found with resins formed from saturates and aromatics. Resins
typically become more aromatic (lower hydrogen content) during thermal conver-
sion by cracking off more saturated fragments and by aromization of naphtheno-
aromatics. If two or three of these more aromatic resin molecules combine, they
form an asphaltene with properties similar to those of an unreacted asphaltene.
As will be seen in chapter 4, this was part of the evidence to propose such a reac-
tion in a resid conversion kinetic model. Likewise, asphaltenes typically form
lower-molecular-weight and more aromatic asphaltenes during thermal conver-
sion. In chapters 3 and 4, the limit of this more aromatic asphaltene will be called
the asphaltene core. If two or more of these more aromatic asphaltenes combine,
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they form toluene-insoluble coke. Of course, as we saw in reacting the individual
classes, each of the thermal reactions form the desired range of volatile liquid by-
products of low-molecular-weight and higher hydrogen content that do not appear
on the map of nonvolatile fractions.

2.2.6 CONCLUSIONS AND IMPLICATIONS

The solvent-resid phase diagram points out some of the advantages and over-
comes the greatest disadvantage in using solubility and adsorption fractions for
tracking resid chemical changes. It shows that classes characterized by solubil-
ity and adsorption can be distinguished from each other by areas on a plot of
molecular weight versus hydrogen content. By being areas rather than points, it
also clearly shows that each class represents a collection of a large number of dif-
ferent macromolecules and that chemical changes can occur without completely
changing a member of one class into others. However, even when this occurs, by
measuring the hydrogen content and the molecular weight, one can continue to
track the path of the chemical change using the solvent—resid phase diagram.

A mechanism that can rationalize much of the data in this section is that the
aromatic moieties that impart insolubility in solvents, adsorption on clay, and low
volatility also impart a thermal reaction limit to the resid. As is represented in
Figure 2.4, the saturates can nearly be completely converted thermally to vola-
tile products. However, the aromatics, resins, and asphaltenes tend to have low-
volatility fragments that are more aromatic and lower in molecular weight after
cracking off fragments that are less aromatic and lower in molecular weight. Even-
tually, these more aromatic fragments combine to convert to a less soluble class
by molecular-weight growth. Naturally, as the aromaticity of a macromolecule is
increased, it produces a greater fraction of more aromatic products (toward the
left in Figure 2.4).

V = Volatiles

v
S = Saturates

R A S + \Vs Ar = Aromatics
R = Resins

A = Asphaltenes

A Ar + S + \'% C = Coke

More Aromatic and/or Less Aromatic and
Higher Molecular Weight ~ Lower Molecular Weight

FIGURE 2.4 Thermal conversion reaction path. (From IA Wiehe. Ind Eng Chem Res, 31:
530-536, 1992. Reprinted with permission. Copyright 1992. American Chemical Society.)



Characterization of Petroleum Macromolecules 41

2.3 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

Although the class separation method has contributed much to the understand-
ing of the diversity of molecules in unconverted and converted resids, it is too
labor intensive and time consuming for a routine analytical tool. Therefore, in
this section, high performance liquid chromatography (HPLC) is discussed as an
analytical tool that is capable of providing even better information on molecular
diversity and on a routine basis with small sample sizes. It even includes aromatic
size information over one to four aromatic rings. Although the HPLC technique
was developed for vacuum gas oils, it can be applied to the deasphalted portion
of resids.

2.3.1 HPLC INSTRUMENT

The HPLC method that will be described here is one developed by the author’s
colleagues, Bob Overfield, Joel Haberman, and Winston Robbins,'s-18 at Exxon
Corporate Research. The basic parts of the HPLC are two columns that perform
the separation by selective adsorption, followed by selective desorption using pro-
grammed changes in solvents. This enables separation of the oil into saturates,
one-ring aromatics, two-ring aromatics, three-ring aromatics, four-ring aromatics,
and polars, which include any aromatic rings larger than four as well as nitrogen-
and oxygen-containing molecules. An ultraviolet diode array detector is used to
measure the concentration of aromatic carbons, whereas an evaporative mass
detector measures the total mass.

The HPLC system is made up of purchased components with details given by
Robbins.!® A computer controlled the system, collected the ultraviolet (UV) spectra,
made calculations, and stored the data on a disk drive. The ternary solvent pump is
controlled by the computer through cables. The autosampler allowed automatically
running a tray of samples. A flow cell was used to help match the sensitivities of
the two detectors because the UV detector is 10 times more sensitive than the mass
detector. The evaporative mass detector sprays the oil solution into hot nitrogen.
This evaporates the solvent, and the remaining mass of oil droplets are measured by
the decrease in light intensity caused by the scattering from the droplets.

2.3.2 SEPARATION

Two different columns were used for the oil separation. A Whatman propylami-
nocyano (PAC) column was used for separating saturates and one-ring aromatics.
A dinitroanilinopropyl (DNAP) column was used to separate the larger aromatic
rings, including polars. Because each DNAP column was a little different, model
compound standards were used for calibration. The retention times for the six
fractions are first set from the separation of a hexane solution of model com-
pounds: hexadecane for saturates, nonadecylbenzene for one-ring aromatics,
naphthalene for two-ring aromatics, dibenzothiophene for three-ring aromatics,
and pyrene for four-ring aromatics. Also, fluorene and phenanthrene are used
that elude later among the two- and three-ring aromatics, respectively. An oil
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quality-control sample is used to make the final adjustments to the valve timing
that dictates the start of two-ring aromatics and to adjust the solvent program to
separate four-ring aromatics from polars. On the other hand, for the differentia-
tion between saturates and one-ring aromatics, the software located and used the
valley between peaks to account among sample types. The details on the calibra-
tion of the two detectors can be found elsewhere.!®-13

2.3.3 AROMATICITY MEASUREMENT USING THE DIODE ARRAY DETECTOR

It was demonstrated!®!? that the aromaticity of one-ring or higher aromatic-ring
compounds can be measured from UV spectra based on first principles and more
than 80 model compounds. There is a nearly constant response per aromatic
carbon n—m atomic transition when spectra are converted to an energy basis for
each wavelength, and the absorbance integrated over the range corresponding to
204 to 430 nm. These integrated absorption energies, oscillator strengths, include
all transitions between a ground state of a molecule and its excited states. Thus,
they count the aromatic carbons. Preparative HPLC was done to collect fractions
large enough to measure percent aromatic carbon by *C-NMR over 0.2 to 70%
aromaticity. Good agreement was obtained between the aromaticity measured by
HPLC with the diode array detector and the aromaticity measured by *C-NMR
with only a slight bias for higher values with HPLC. The aromaticity measured by
the diode array detector is as a weight percent of aromatic carbons, whereas the
aromaticity measured by '*C-NMR is as a percent of the carbons. Therefore, the
diode array aromaticity needs to be divided by the weight fraction of the sample
that is carbon or the *C-NMR aromaticity needs to be multiplied by the weight
fraction of the sample that is carbon to compare these aromaticities in the same
units (Table 2.4).

TABLE 2.4
Comparison of '*C-NMR and Diode Array Aromaticities for Preparatory

HPLC Fractions

Heavy Vacuum Gas Oil Cat-Cracking Fract. Bot.
Diode Array 13C-NMR? Diode Array 13C-NMR?
Fraction (wt% Arom. C) (wt% Arom. C) (wt% Arom.C) (wt% Arom. C)
1-Ring aromatics 12.6 15.9 36.2 342
2-Ring aromatics 29.7 29.0 44.0 NA
3-Ring aromatics 41.6 37.0 68.9 70.4
4-Ring aromatics 52.6 51.8 73.3 75.1

2Calculated from mol% aromatic carbon multiplied by wt% carbon.

Source: WK Robbins. J Chrom Sci. 36: 457-466, 1998. With permission from Preston Publications.
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2.3.4 Mass MEASUREMENT USING THE EVAPORATIVE MAss DETECTOR

The operating conditions are individually optimized for each evaporative mass
detector in its HPLC system. The point-by-point calibration accommodates most
peak shapes and allows the system to handle the nonlinear behavior of the evapo-
rative mass detector over an 800-fold concentration range. There can be errors
when low-boiling fractions evaporate with the solvent, polar fractions irrevers-
ibly adsorb to the column, the droplets are dark in color, the sample contains
cyclohexane insolubles, and crystalline compounds (wax or model compounds)
form “snow flakes” rather than droplets. The first four cause low mass balances,
whereas the last one causes high mass balances. Nevertheless, mass balances of
100 = 20% are considered normal. If a mass balance falls outside this range, the
cause is determined and changes are made to accommodate the sample.

The evaporative mass detector was compared with preparative HPLC samples
where the solvent was evaporated and the mass of each fraction was determined
by weighing. As is shown in Table 2.5, the two methods compare favorably in
most cases, but with greater variation in the polars. This is understandable given
the polars’ dark color and their strong adsorption on the columns.

2.3.5 HPLC ANALYsIS

The evaporative mass detector limits this HPLC technique to vacuum gas oils
or heavier (>650°F boiling point) because lighter oils evaporate with the solvent.
These oil samples, 150 mg, are dissolved in 5 mL of cyclohexane, placed in vials,

TABLE 2.5
Comparison of Evaporative Mass Detector (EMD) with Gravimetric

Mass Measurements (wt%)

Extract? Extract? HVGOP HVGOP HCCO« HCCO«

Fraction EMD Grav. EMD Grav. EMD Grav.
Saturates 24.3 26.6 52.1 53.8 17.9 17.6
1-Ring aromatics 18.3 15.1 17.3 17.8 11.3 12.9
2-Ring aromatics 20.8 20.6 11.9 15.0 15.6 12.3
3-Ring aromatics 13.1 14.8 6.6 8.8 17.7 19.0
4-Ring aromatics 14.0 11.7 5.6 6.2 26.7 23.8
Polars 9.4 11.0 6.2 1.3 10.9 14.4

2 Lube extract.
® Heavy vacuum gas oil.
¢ Heavy cat-cycle oil.

Source: WK Robbins. J Chrom Sci. 36: 457-466, 1998. With permission from Preston Publications.
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and loaded into the autosampler. Samples are automatically injected into n-hex-
ane and passed through the DNAP column, followed by the PAC column. Satu-
rates do not adsorb on either column, and one-ring aromatics are eluded off the
PAC column with n-hexane. The valve is switched to the DNAP column, and
two-ring aromatics are eluded with n-hexane. The gradient is started with 2 to 5%
methylene chloride in n-hexane, eluding the three-ring aromatics. As the gradient
increases to 90% methylene chloride, the four-ring aromatics elude. Isopropanol
is initiated and gradually increased to 10% in methylene chloride while eliminat-
ing n-hexane to elude the polars. Both columns are flushed with 100% methylene
chloride and equilibrated with 100% n-hexane before injecting a new sample.
This solvent program is shown in Table 2.6.

The two detectors acquire data at 3-s intervals after a dead volume of 3 min
and continuing until the end of the 36-min run. The absorption energies from the
diode array detector are integrated separately from 204 to 230 nm, and from 232
to 430 nm. The diode array data are used to calculate the percent aromatic carbon
for each of the six fractions, using response factors, injection volume, flow rate,

TABLE 2.6
HPLC Solvent Program

Flow
Time n-Hexane  Methylene Isopropyl Rate
(min) (vol%) Chloride (%) Alcohol (%) (mL/min) Comment
0 100 0 0 1.5 Injection
3 100 0 0 1.5 S and 1-ring elute from PAC
9.5 100 0 0 1.5 2-ring elute from DNAP
11 100 0 0 1.5 End of 2-ring elution
11.05 95 5 0 1.5 Start gradient for 3-ring
18 98 2 0 1.5 End 3-ring gradient
20 75 25 0 1.5 Steep gradient for 4-ring
23 80 20 0 1.5 End 4-ring gradient
26 10 90 0 1.5 Gradient to elute polars
29 0 90 10 1.5 IPA to elute strong polars
37 0 75 25 L5 Clean column
37.5 0 100 0 2.0 Regenerate DNAP
41 0 100 0 2.0 Regenerate both columns
42 0 100 0 2.0 Methylene chloride on PAC
44 100 0 0 2.0 Flush methylene chloride
50 100 0 0 2.0 Flush DNAP bypass loop
52 100 0 0 2.0 Flush PAC bypass loop
54 100 0 0 2.0 Equilibrate to n-hexane
75 (end) 100 0 0 1.5 Equilibrate to n-hexane

Source: WK Robbins. J Chrom Sci. 36: 457-466, 1998. With permission from Preston Publications.
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follicle path length, data acquisition rate, and sample concentration. The mass of
each fraction was determined from the evaporative mass detector. Although the
mass is reported as a percent of the mass measured, the percent mass recovered is
calculated based on the mass injected. The percent aromatic carbons are reported
as a weight percent of the total injected sample. Thus, they can be added over
all the fractions to determine the weight percent aromatic carbons in the total
injected sample. They also can be subtracted from the mass percent for each
fraction to determine the weight percent that is not aromatic. In chapter 3, the
representation of petroleum macromolecules as pendants and aromatic cores will
be discussed. This reporting of HPLC analysis fits well into the pendant-core
format. However, if one wishes to determine the weight percent aromatic carbon
in a cut, such as two-ring aromatics, the percent aromatic carbon of that cut as a
weight percent of injected sample needs to be divided by the mass fraction of that
cut (7.14/.221 = 32.3% for two-ring aromatics).

If one decides to inject a fraction separated by prep HPLC or by class separa-
tion, one needs to lower the concentration to that expected for that fraction in a
full-range sample. Otherwise, one will overload the capacity of the columns for
that fraction because the HPLC system has been optimized for full-range samples
of oil.

2.3.6 ExampLe AppLICATIONS OF ANALYTICAL HPLC
2.3.6.1 Estimate of Average Carbon Number and Molecular Weight'®

Table 2.7 shows HPLC results for nine boiling-point cuts from distillation of a
sample of unconverted vacuum gas oil. Because for this fraction, it is a good
assumption that there is at most one aromatic structure per molecule, the average
carbon number of each fraction can be calculated. For instance, the 850 to 900°F
cutin Table 2.7 has 2.5 wt% of the cut as carbons in one-ring aromatics. Subtract-
ing this from the wt% of the injected sample, that is, one-ring aromatics (16.5 —
2.5 = 14.0%), one obtains the weight percent that is not aromatics. Assuming that
the nonaromatics are either saturated rings or paraffinic side chains, each of these
carbons will carry a mass of 14 because they will be —CH,- (ignoring the —-CH,
end groups). Thus, the ratio of the number of pendant carbons to aromatic core
carbons is 14.0:14 divided by 2.5:12, which equals 4.80. Multiplying this by the
number of aromatic carbons in a single aromatic ring, which is 6, gives the num-
ber of pendant carbons to be 28.8. Adding the number of aromatic core carbons,
which is 6, gives the average carbon number to be 34.8. In general, the following
equation can be used:

Carbon No. =N + 12 N [mass % — wt% aromatic C]/[(wt% aromatic C)(14)]
where N = 6, 10, 14, 18, and 18 for one-ring, two-ring, three-ring, four-ring,

and polars, respectively. Polars adsorb more strongly than four-ring aromatics
because they are either five-ring aromatics (unsubstituted six-ring aromatics
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48 Process Chemistry of Petroleum Macromolecules

have boiling points higher than 1050°F) or smaller aromatics with oxygen or
nitrogen functionality. Thus, the approximation of polars as four-ring aromatics
is a compromise.

An estimate can also be obtained for the molecular weight by assuming each
aromatic carbon is bonded to one hydrogen, and each pendant carbon is bonded
to two hydrogens. This overestimates the number of hydrogens, but does not
include the atomic weight of heteroatoms. The estimated molecular weight is
given by

MW =13 N + (14)(12) N [mass % — wt% aromatic C]/[(Wt% aromatic C)(14)]

MW =N {13 + 12 [mass % — wt% aromatic C]/[wt% aromatic C]}

For the example one-ring aromatic in the 850 to 900°F boiling point cut,

MW =6{13 + 12 [16.5 — 2.5]/2.5} =481

2.3.6.2 Distillation of Heavy Vacuum Gas Oil'®

The HPLC of distillation cuts of a heavy vacuum gas oil (HVGO) in Table 2.7
shows that, with increasing boiling point, the saturates continuously decrease in
weight percent, the one-ring aromatics increase and then decrease, and the two-
to four-ring aromatics and polars continuously increase. However, the saturates
have the greatest weight percent for all the boiling point cuts, and one-ring aro-
matics have the second greatest weight percent for all boiling point cuts except the
highest. The lightest two cuts have less than 80% recovery because of evaporation
with the solvent where the saturates and one-ring aromatics would be even larger
weight percent. The two-ring aromatics fraction has the largest weight percent of
aromatic carbons for cuts with boiling points below 900°F, and the polars frac-
tion has the largest percent of aromatic carbons for cuts with boiling points above
900°F. As expected, there is a trend of higher carbon number with increasing
boiling point for each of the fractions, but there are some exceptions.

2.3.6.3 Hydrotreating'

Hydrotreating of vacuum gas oils is done to remove heteroatoms, sulfur, nitrogen,
nickel, and vanadium, and to hydrogenate the larger aromatic rings. HPLC
does not measure heteroatom removal except indirectly in its role in converting
polars to aromatics. However, Table 2.8 shows that hydrotreating of a vacuum
gas oil reduces the aromaticity from 30.9 to 25%. The mass of three rings, four
rings, and polars are reduced because they are converted to one ring and satu-
rates that increase in mass. In addition, the aromaticity of the remaining three
rings, four rings, and polars are decreased. Thus, HPLC provides a good mea-
sure of the effectiveness of hydrotreating processes in hydrogenating large-ring
aromatics.
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50 Process Chemistry of Petroleum Macromolecules

2.3.6.4 Fluid Catalytic Cracking'®

Ideally, fluid catalytic cracking cracks all the pendants off the aromatic cores
(leaving methyls on one-ring cores) and cracks the saturates selectively into the
gasoline boiling range (~100 to 430°F) while minimizing the formation of hydro-
carbon gases. At the same time, fluid catalytic cracking is expected to isomer-
ize paraffins and aromatize single-ring naphthenes for greater octane gasoline.
Although HPLC cannot analyze the gasoline product, it excels in characterizing
the vacuum gas oil feed for quality as a fluid catalytic cracking feedstock. In addi-
tion, HPLC can analyze the heavy by-products, heavy cycle oil, and cat fraction-
ator bottoms and determine how much potential conversion remains. For refinery
A in Table 2.8, in comparing the feed with the heavy cycle oil, one can see that a
significant fraction of the saturates, one- and two-ring aromatics, were converted,
leaving mostly three- and four-ring aromatics remaining in the heavy cycle oil.
The remaining three- and four-ring aromatics actually have more pendants (dif-
ference between weight percent and percent aromatic carbon) in the heavy cycle
oil than in the feed. This and the 14.6 wt% saturates in the heavy cycle oil show
that greater conversion is possible despite the heavy cycle oil containing 72 wt%
aromatic carbon. The two-ring aromatics in the heavy cycle oil appear to have
greater weight percent aromatic carbon than total weight percent. This is a sure
sign that a large fraction of the two-ring aromatics evaporated with the solvent
in the evaporative mass detector. These evaporated two-ring aromatics most likely
belong in the light cycle oil fraction.

For refinery B, the vacuum gas oil feed to the fluid catalytic cracker is com-
pared with the cat fractionator bottoms. One needs to make sure that the cat
fractionator bottoms are soluble in cyclohexane before injecting into an HPLC as
this stream can even be partially insoluble in toluene.'® Even the cat fractionator
bottoms in Table 2.8, which are cyclohexane soluble, are greater than 75 wt%
four-ring aromatics and polars. However, 10.8 wt% saturates remain even though
there are little one- and two-ring aromatics. This is because saturates react slower
in fluid catalytic cracking than one- and two-ring aromatics. By going to higher
severity, these saturates can be greatly reduced in cat fractionator bottoms, but the
polars would become insoluble in cyclohexane.

2.3.7 PrepARATIVE HPLC of Heavy Coker LiQuiDps
2.3.7.1 Heavy Coker Gas Oil

The HPLC can also be used on a larger scale to separate gram quantities of frac-
tions of heavy oils to better characterize the fractions. This was done at Exxon
by the author, with Larry Kaplan and Win Robbins, using larger columns. Pre-
parative HPLC was achieved by repeatedly and automatically injecting 300-mg
samples of a heavy oil dissolved in cyclohexane from the same vessel, warmed
to keep waxes from precipitating. The UV detector with a thinner cell was used
to monitor the UV response with higher concentrations. In addition, a refractive
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FIGURE 2.5 A schematic of the prep HPLC procedure for a heavy coker vacuum gas oil
from a Flexicoker.

index detector was used to locate the separation between saturates and one-ring
aromatics. Although the larger scale has different elution times than the analyti-
cal scale, the two nondestructive detectors enabled monitoring the location of the
peaks and performance. Instead of the product going into an evaporative mass
detector, it was sent to a fractional collector that dropped each of the fractions
into separate glass tubes under nitrogen purge in a heated aluminum block and
within a laboratory hood. In this way, solvents were evaporated off each of the
fractions as they were collected. Although it took 5 to 7 days at 24 hours per
day, gram quantities of HPLC fractions were collected that could be character-
ized by elemental analysis, GC-simulated distillation, and proton and '3C-NMR.
Figure 2.5 shows a schematic of the procedure for a heavy coker gas oil from a
Flexicoker. Because the polars showed two peaks on the UV detector, they were
collected separately and called polars 1 and polars 2.

The concept of representing petroleum fractions by average chemical struc-
tures has correctly been criticized® because it fails to characterize the large
diversity of molecules present. However, by representing each of the HPLC frac-
tions by a few chemical structures, one obtains a better view of the diversity of
molecular types. For the heavy Flexicoker gas oil, this is shown in Figure 2.6 to
Figure 2.8 for saturates, one- to four-ring aromatics, polars 1, and polars 2. Table 2.9
to Table 2.15 reveals how well the structure or composite of structures match the
analytical data on each of the prep HPLC fractions. Although these 17 chemical
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FIGURE 2.6 Representative chemical structures of saturates, one-ring aromatics, and
two-ring aromatics of heavy Flexicoker vacuum gas oil separated by prep HPLC.

structures do show a lot of diversity, they still cannot adequately characterize the
diversity of many thousand of molecules in heavy coker gas oil. Nevertheless,
being able to picture a relatively small number of chemical structures provides
more insight than staring at tables of analytical data. Thus, we now see that highly
substituted one-ring aromatics are separated with the saturates, and that polars 2
tend to be three-ring aromatics with nitrogen or oxygen functionality, whereas
polars 1 are similar to four-ring aromatics, but with fewer paraffinic side chains.
It is also easy to see why heavy coker gas oil does not make a very good feed to
fluid catalytic cracking unless it is hydrotreated to saturate aromatic rings and
remove sulfur, nitrogen, and oxygen. As discussed in the previous section, in fluid
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FIGURE 2.7 Representative chemical structures of three-ring aromatics, four-ring aro-
matics, and polars 1 of heavy Flexicoker vacuum gas oil separated by prep HPLC.

catalytic cracking, one would like to produce alkyl-substituted one-ring aromatics,
but it cannot crack aromatic rings. Thus, saturating the aromatic rings down to
at least one-ring aromatics better gives fluid catalytic cracking a chance to meet
its objective. Removing aromatic sulfur, nitrogen, and oxygen also greatly opens
up the structures for further cracking. Many refineries prefer to hydrocrack heavy
coker gas oil because hydrocracking does better at aromatic ring reduction than
hydrotreating followed by fluid catalytic cracking.
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FIGURE 2.8 Representative chemical structures of polars 2 of heavy Flexicoker vacuum
gas oil separated by prep HPLC.

2.3.7.2 Once-Through Coker Scrubber Bottoms

Not all of the liquids that evaporate out of a coker are of the quality desired.
Therefore, usually a heavy fraction is recycled back to the coker until it is con-
verted to lighter liquids and coke. In Fluid Coking and Flexicoking, these heavy
(approximately 975 to 1200°F atmospheric boiling points) condensed liquids

TABLE 2.9
Structural Representation of Saturates from Heavy Coker Gas Oil as

Separated by Prep HPLC

Structure Structure Structure Structure .31+ .2511+ .25111 +

Property | Il 1 v .2lV Composite Measured
% Arom. H 0.0 0.0 1.92 0.0 0.48 0.5

% Arom. C 0.0 8.0 20.7 20.7 11.3 11.4

H, wt% 14.37 13.88 13.08 13.08 13.67 13.63

C, wt% 85.63 86.12 86.92 86.92 86.33 85.66

H/C atomic 2.00 1.92 1.79 1.79 1.88 1.90
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TABLE 2.10
Structural Representation of One-Ring Aromatics from

Heavy Coker Gas Oil as Separated by Prep HPLC

751 + .2511

Property Structure I Structure Il Composite Measured
% Arom. H 6.25 5.0 6.0 6.2

% Arom. C 30.0 30.8 30.2 30.6

H, wt% 11.84 9.68 11.30 11.27
C, wt% 88.15 74.94 84.84 85.04
H/C atomic 1.60 1.46 1.58 1.58

S, wt% 0.00 15.39 3.85 4.17

TABLE 2.11
Structural Representation of Two-Ring Aromatics from Heavy

Coker Gas Oil as Separated by Prep HPLC

Property Structure | Structure Il I + 1l Composite  Measured
% Arom. H 10.0 7.89 8.9 9.6

% Arom. C 38.1 37.0 37.6 37.4
H, wt% 9.62 10.56 10.09 10.06
C, wt% 80.19 89.43 84.81 84.51
H/C atomic 1.42 1.41 1.42 1.42
S, wt% 10.19 0.0 5.10 4.67

TABLE 2.12

Structural Representation of Three-Ring
Aromatics from Heavy Coker Gas Oil
as Separated by Prep HPLC

Property Structure Measured
% Arom. H 23.5 22.7

% Arom. C 60.0 60.9

H, wt% 7.53 7.80
C, wt% 81.58 84.04
H/C atomic 1.10 1.11

S, wt% 10.89 8.23

55
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TABLE 2.13
Structural Representation of Four-Ring

Aromatics from Heavy Coker Gas Oil
as Separated by Prep HPLC

Property Structure Measured
% Arom. H 7.56 7.50
% Arom. C 66.7 66.6
H, wt% 7.56 7.50
C, wt% 83.19 84.44
H/C atomic 1.08 1.06
S, wt% 9.25 8.06

TABLE 2.14
Structural Representation of Polars 1 from Heavy Coker Gas Oil as

Separated by Prep HPLC

Property Structure |  Structure Il Structure Il Composite Average Measured
% Arom. H 273 25.0 26.1 26.1 26.8

% Arom. C 66.7 66.7 66.7 66.7 67.1

H, wt% 6.47 7.02 7.12 6.87 6.75
C, wt% 84.16 83.69 88.58 85.48 83.70
H/C atomic 0.917 1.00 0.958 0.958 0.961
S, wt% 9.36 9.31 0.0 6.22 5.71
N, wt% 0.0 0.0 431 1.44 1.13
TABLE 2.15

Structural Representation of Polars 2 from Heavy Coker Gas Oil as
Separated by Prep HPLC

Structure  Structure  Structure  Structure = Composite

Property I I i v Average Measured
% Arom. H 222 16.7 19.2 174 18.9 182

% Arom. C 54.1 54.5 54.5 55.0 54.5 53.1

H, wt% 8.26 6.86 8.55 7.45 7.78 7.80
C, wt% 87.48 74.96 86.23 77.14 81.45 81.80
H/C atomic 1.12 1.09 1.18 1.15 1.14 1.14
S, wt% 0.00 9.10 0.00 10.30 4.85 4.52
N, wt% 4.25 0.00 0.00 4.50 2.19 2.80

0O, wt% 0.00 9.08 5.22 0.00 3.58 3.80




Characterization of Petroleum Macromolecules 57

Gram Quantities

Saturates (14.8%)

—/
Continuous 1-Ring Aromatics (8.8%)
and Automatic N
Heptane Sol / 2-Ring Aromatics (13.4%)
Scrubber
HPLC \
Bottoms
3-Ring Aromatics (10.9%)
Y
4-Ring Aromatics (12.5%)
Asphaltenes \_
(6.6%)
Polars 3 Polars 2 ]
(5.70%) (6.86%) Polars 1 (19.5%)
-/

FIGURE 2.9 A schematic of the prep HPLC procedure for once-through Flexicoker
scrubber bottoms.

are recycled to a scrubber where they remove the small coke particles from the
volatile products in the coker reactor. Thus, they are called scrubber bottoms.
However, in one case, a Flexicoker was operated without recycling the scrubber
bottoms to determine the potential value of once-through scrubber bottoms. The
recycled scrubber bottoms would be of lower quality because aromatic fragments
would be recycled many times before converting to coke. Figure 2.9 is a sche-
matic that shows how the once-through coker scrubber bottoms were separated.
Because it contains asphaltenes, they need to be separated by n-heptane precipita-
tion before preparative (prep) HPLC. Otherwise, the asphaltenes tend to be irre-
versibly adsorbed to the HPLC column. Therefore, the asphaltenes become one
fraction, and prep HPLC is used to separate the n-heptane solubles into saturates,
one- to four-ring aromatics, and polars 1 to 3. A third polars peak was discovered
in scrubber bottoms, which was not present in coker gas oil. Analytical data on
these nine fractions are shown in Table 2.16.

The surprising feature of once-through scrubber bottoms is that nearly half
(47.9 wt%) the saturates and one- to three-ring aromatics is of good quality, which
should be added to the heavy coker gas oil rather being recycled back to the coker.
As will be shown in the next section, much of this good-quality portion is resid of
lower boiling points that evaporated out of the coker with little reaction. In chapter 7
on separation and in chapter 8 on coking, methods for separating and for avoid-
ing coking the higher-quality part of resids will be discussed. Meanwhile, the
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remainder of the scrubber bottoms is of low quality and, thus, needs to be pro-
cessed in a coker. In the next chapter it will be shown that the Conradson carbon
residue of these fractions with molecular weights below 700 amu (atomic mass
unit) underestimate the coking potential. The analytical data on polars 3 indicate
that this fraction is probably an artifact. By difference, this fraction appears to
have almost 4 wt% oxygen. However, the resid feed does not contain enough
oxygen to warrant this high level in the scrubber bottoms. Still, the scrubber
bottoms should contain considerable olefins that are one carbon from aromatics
(conjugated olefins), resulting from the thermal cracking. These olefins are easily
oxidized on exposure to air and, therefore, these oxygen-containing functional-
ities probably formed after the sample was taken. As a result, polars 3 may not
really be a fraction of coker scrubber bottoms during the coking operation.

2.4 SHORT-PATH DISTILLATION (DISTACT DISTILLATION)

By far the most common separation in refining is by distillation. The highest
atmospheric boiling point separation with vacuum distillation is at 730 to 850°F
with a pressure of 25 to 50 mmHg, obtaining atmospheric boiling points up to
950 to 1050°F. However, vacuum resids can be distilled further in the laboratory
by using higher vacuum (0.001 mmHg) while using short residence times at high
temperatures to minimize thermal reactions. In this way, vacuum resids can be
distilled up to about 1300°F (700°C) atmospheric boiling points to obtain distilla-
tion fractions for analytical characterization. These high cut-points without ther-
mal cracking are achieved by a diffusion pump that pulls a high vacuum (0.001
mmHg) and a short path length before vapors are condensed on a cold finger and
flowed into a receiver. It is often called Distact distillation after the commercial
name of the equipment. This unit is actually a thin-film evaporator (Figure 2.10
and Figure 2.11) that splits the resid into one light and one heavy stream per pass.
By running multiple passes, a resid may be cut into multiple cuts. Altgelt and
Boduszynski?' have used short-path distillation and atmospheric equivalent boil-
ing point extensively to characterize petroleum resids.

The data on topped Athabasca bitumen?? in Table 2.17 are for increasingly
deeper cuts on the same feed to show how the increasing yield affects the qual-
ity of the lighter product, and are compared with a cut using a standard vacuum
distillation (ASTM D1160). Increasing the cut-point increases the yield of lighter
liquids, but decreases the quality. For the data on a Cold Lake vacuum resid (975°F")
in Table 2.18, the feed was first cut at 1300°F and the lighter product was rerun at a
cut-point of 1093°F to obtain three cuts. Thus, the quality varies sharply for these
three cuts with good mass and elemental balances. As a result, the 1302°F* frac-
tion that is 56% of the resid contains 66% of the sulfur, 77% of the nitrogen, 88%
of the nickel, 85% of the vanadium, and 85% of the Conradson carbon residue.
Likewise, the short-path distillation data on Arabian Heavy vacuum resid (975°F")
in Table 2.19 has a 1305°F* fraction, that is, 55% of the resid, that contains 66% of
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FIGURE 2.10 A schematic of short-path (Distact) distillation showing Teflon® rollers and
the cold finger condenser. (From CJ Domansky. Aostra J Res. 2: 191-196, 1986. With
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TABLE 2.17
Properties of the Lighter Cut with Increasing Cut-Point for Athabasca

Bitumen 343°C+*

Short Path Distillation

Property ASTM D1160 Cut#1 Cut#2 Cut#3 Cut#4 Cut#5 Cut#6
Cut range, °C 343-524 343475 343-500 343-540 343-580 343-620 343-660
Yield, wt% 37.9 26.5 31.3 39.6 47.4 54.9 60.4
Density, g/mL 0.9630 0.9541 09602 0.9664 0.9727 0.9811 0.9819
C, Asphaltenes, wt% 0.04 0.00 0.19 0.07 0.17 1.05 0.52
Conrad. carbon, wt% 0.1 0.1 0.1 0.3 1.1 3.4 3.5
Sulfur, wt% 3.16 3.08 3.08 3.25 3.42 3.67 3.82
Nickel, ppm 0 0 0 0 1.8 13.8 15.4
Vanadium, ppm 0.6 1.2 1.1 1.3 5.4 39.1 45.5
Iron, ppm 2.0 5.5 1.8 3.8 4.5 28.1 14.8

Source: From CJ Domansky. Aostra J Res. 2: 191-196, 1986. With permission.

the sulfur, 75% of the nitrogen, 97% of the nickel, 82% of the vanadium, and 90%
of the Conradson carbon residue. On the other hand, this shows that the fraction of
resids with boiling points below 1300°F is of much better quality than the entire
resid, and the 975-1120°F fraction is still much better. In chapter 9, this will be
used to advantage to show how coking can be improved.

TABLE 2.18
Short-Path Distillation Cuts of Cold Lake Vacuum Resid

Lightest Middle  Heaviest Weighted

Property Cut Cut Cut Average Feed
Cut range, GCSD, °F  975-1119 1119-1302 1302+ 975+
Yield, wt% resid 27.1 17.1 55.8 100 100
Carbon, wt% 84.40 83.03 82.76 83.25 83.81
Hydrogen, wt% 11.09 10.61 9.12 9.91 9.97
Sulfur, wt% 4.04 4.65 6.55 5.54 5.44
Oxygen, wt% 0.46 0.57 0.88 0.71 0.61
Nitrogen, wt% 0.31 0.35 0.90 0.65 0.54
Total 100.30 99.21 100.21 100.06 100.37
H/C atomic 1.56 1.52 1.31 1.42 1.42
Nickel, ppm 11 60 180 114 117
Vanadium, ppm 34 193 444 290 309

Conrad. Carbon, wt% 4.8 11.8 329 21.7 21.8
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TABLE 2.19
Short-Path Distillation Cuts of Arabian Heavy Vacuum Resid

Lightest Middle Heaviest Weighted

Property Cut Cut Cut Average Feed
Cut range,GCSD, °F ~ 975-1120 1120-1305 1305+ 975+
Yield, wt% resid 25.4 20.0 54.6 100 100
Carbon, wt% 84.48 84.15 83.20 83.72 83.67
Hydrogen, wt% 11.24 10.95 9.19 10.06 10.18
Sulfur, wt% 3.99 4.28 6.23 5.27 5.13
Oxygen, wt% 0.35 0.34 0.61 0.49 0.54
Nitrogen, wt% 0.22 0.25 0.58 0.42 0.42
Total 100.28 99.97 99.81 99.96 99.94
H/C Atomic 1.59 1.55 1.32 1.43 1.45
Nickel, ppm 2 13 98 57 55
Vanadium, ppm 18 80 285 176 190
Conrad. Carbon, wt% 5.0 11.6 36.9 23.7 22.1

2.5 COMBINING SHORT-PATH DISTILLATION
AND PREPARATIVE HPLC

Short-path distillation and HPLC are laboratory separation tools that enable the
diverse petroleum macromolecules in vacuum resids to be divided in different
fractions so that we can use analytical methods to characterize the fractions and,
thus, the diversity of the vacuum resid. The combination of short-path distillation
and preparative HPLC is particularly strong because we obtain a view of how the
compound classes vary with atmospheric boiling point. Table 2.20 shows how
this is achieved on the 1305°F* fraction of Arabian Heavy vacuum resid. Because
this fraction contains the asphaltenes, only the heptane solubles are injected
in the preparative HPLC, and the asphaltenes become one of the compound
classes. However, more than half the 1305°F* fraction are asphaltenes and only
12.5 wt% (saturates and one- to three-ring aromatics) is of good quality. Although
thermal conversion of this fraction can still produce volatile liquids of good qual-
ity, one should avoid contacting this fraction with expensive catalysts.

2.6 OTHER METHODS TO CHARACTERIZE
PETROLEUM MACROMOLECULES

There are many other methods to characterize the chemical properties of petro-
leum macromolecules in more detail than covered in this chapter. However,
because they are not applied to the process chemistry in this book, they are not
discussed. Instead, the reader is referred to the books by Altgelt and Boduszynski,?!
and by Speight.?? As will be seen, much can be understood, modeled, and used without
knowing the detailed chemical structures present in petroleum macromolecules.
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TABLE 2.20
Elemental Analysis of Preparative HPLC Fractions of Arabian

Heavy 1305°F*

Yield C H H/C S N ¥ Elmts
Fraction Wt%) (wt%) (wt%) (Atomic) (Wt%) Wt%) (wt%)
Saturates 1.8 85.78 13.59 1.89 0.46 NA 99.83
1-Ring arom. 1.5 84.96 12.54 1.76 2.08 NA 99.58
2-Ring arom. 4.3 84.04 11.97 1.70 2.86 NA 98.87
3-Ring arom. 4.9 83.52 11.07 1.58 4.79 NA 99.38
4-Ring arom. 142 82.10 10.12 1.47 6.30 NA 98.52
Polars 1 122 8241 8.83 1.28 6.88 0.87 98.99
Polars 2 1.6 8126 8.45 1.24 6.72 0.54 96.97
Polars 3 29 81.77 8.58 1.25 6.42 0.81 92.87
Asphaltenes 56.6  82.18 8.15 1.18 8.07 0.92 99.32
Total 100.0  82.42 9.00 1.30 5.95 0.66 98.94
1305°F*feed 100.0  83.20 9.19 1.32 6.23 0.58 99.20

On a first level, the important concept is that the petroleum macromolecules con-
tain polynuclear aromatics that impart thermal stability and insolubility, which will
be discussed in the next chapter on the pendant-core building-block model. However,
with continued advancement in characterization tools, the future challenge will be
to incorporate the new knowledge in advanced models of the process chemistry. An
example is discussed in section 2.6.3. Also, a few additional areas of importance to
the characterization of petroleum macromolecules will be summarized.

2.6.1 METALS

Although vanadium and nickel are present in petroleum in trace amounts, they
are important for processing because they accumulate on catalysts to plug pores,
to attack the catalyst structure, or to promote undesirable side reactions. They can
also accumulate in gasifiers to form a slag. Although iron can also be a naturally
occurring metal in petroleum, most is a result of corrosion during production
and processing. For a long time it was thought that only a portion of vanadium
and nickel existed in porphyrin structures, those that show absorption in vis-
ible light between 400 and 570 nm, called the Soret band. However, more recent
data with EXAFS (extended x-ray absorption) and XANES (x-ray absoption near-
edge structure) show that all the vanadium (as an oxide) and nickel in petroleum
typically are coordinated with nitrogen as exists in porphyrin structures.>* An
example porphyrin containing vanadium oxide® is shown in Figure 2.12. As will
be discussed later, it is difficult to physically separate porphyrins from other poly-
nuclear aromatics. Therefore, vanadium and nickel are typically removed chemi-
cally by hydrotreating, although oxidation methods are also possible.?
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FIGURE 2.12 Chemical structure of vanadyl porphyrins.

2.6.2 NAPHTHENIC AcCIDS

This is another trace component of petroleum that can significantly influence its
processing chemistry. The term naphthenic acid implies a saturated ring structure
with a carboxylic acid attached. However, it is commonly measured by total acid
number (TAN), using ASTM D664 or D974. These tests measure the number of
milligrams of potassium hydroxide required to neutralize 1 g of oil. Thus, these
tests measure the concentration of all acids in the oil, whether or not they are
attached to a saturated ring. TAN values of crude oils from 0 to 8.0 have been
reported.?’” The primary processing problem with naphthenic acids is corrosion,
but they have also been implicated in causing stable water emulsion formation in
desalting. A very minor amount of naphthenic acids are even caustic extracted
from crude oils, recovered, and sold as a commercial product.?® Metal naphthe-
nates are soluble in organics and are used as antifungal agents, pesticides, paint
drying catalysts, and fuel- and lubricating-oil additives. Naphthenic acids are also
used to make low-cost surfactants, and are known to be by-products of biodeg-
radation of crude oils.? Typically, naphthenic acids are C,,—Cs, compounds with
0 to 6 fused saturated rings and with the carboxylic acid attached to a ring by a
short side chain.’® Example naphthenic acid chemical structures are shown in
Figure 2.13.

2.6.3 PETROLEOMICS

The assertion that there are too many different molecules in heavy oils to mea-
sure the quantity of individual compounds has been recently challenged by a
research group at the National High Magnetic Field Laboratory at Florida State
University. Rogers, Marshall, and coauthors’-32-** have taken advantage of the
uniquely high mass accuracy and high mass resolving power of ultrahigh-reso-
lution Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry
to attempt the analysis of individual compounds of petroleum. As a result, they
coined the term “petroleomics” for the relationship between the chemical com-
position of petroleum-derived materials and their physical properties. They have
been able to resolve over 17,000 compounds in a South American crude oil.’!
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FIGURE 2.13 Example naphthenic acid chemical structures.
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Although this is a significant achievement, it is likely that this is still a minor
fraction of the compounds actually present. However, they continue to improve
their mass spectrometry methods and instruments to resolve an increasing num-
ber of compounds. Although they measure the molecular weight of asphaltenes
to be less than 1000, mass spectrometry typically obtains low molecular weight
because only the low-molecular-weight asphaltenes can be volatized. How-
ever, they also measure higher-molecular-weight species that break down to
low-molecular-weight species with mild thermal energy.>* One is tempted to
conclude that the higher-molecular-weight species are associated asphaltenes.
Mullins and coauthors*** also concluded from time-resolved florescence depo-
larization and molecular diffusion measurements that the average molecular
weight of asphaltenes is of the order of 700. In addition, Ruiz-Morales and Mul-
lins3¢ combined optical absorption and fluorescence emission measurements
with molecular orbital calculations to conclude that the mean number of fused
rings for unconverted asphaltenes is 7, with a range from 4 to 10. When this is
combined with the low molecular weight, Ruiz-Morales and Mullins conclude
that the average asphaltene molecule contains only one polynuclear aromatic in
contrast with the archipelago model of asphaltenes with several polynuclear aro-
matics in the average asphaltene molecule.

The main feature of the method for measuring molecular weight in this
book is its consistency with a lot of different types of data.’” In section 2.2.3,
the evidence was presented for using vapor pressure osmometry (VPO) at
130°C with o-dichorobenzene as a solvent for measuring molecular weight
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and obtaining asphaltene average molecular weights of the order of 3000.
In section 2.2.4 it was shown that this molecular weight measurement helps
provide the solvent—resid phase diagram, showing consistency with measure-
ment for fractions other than asphaltenes and thermally converted products.
In Table 2.1 we saw that the number average molecular weight of the fractions
gave close to the measured molecular weight of the total Cold Lake vacuum
resid. Both the measured molecular weights of the saturates and resin fractions
are higher than 700. Because these fractions do not associate like asphaltenes,
there is no explanation why VPO would give much higher values. Table 2.2
shows as expected that thermal conversion decreases the VPO molecular
weight of fractions. This change for asphaltenes in VPO molecular-weight
measurement with thermal reaction time will be quantitatively described by
a kinetic model in chapter 3. Table 2.3 shows that resins formed from aromat-
ics, asphaltenes formed from resins, and coke formed from asphaltenes are
all higher VPO molecular weight than their reactant. As expected, these are
formed by molecular-weight growth reactions. Table 2.21 shows VPO molecu-
lar-weight measurements on known compounds containing polynuclear aro-
matics in o-dichlorobenzene at 130°C, and in toluene at 50°C. Because these
two methods agree, these model compounds do not associate in contrast with
asphaltenes. When compared with the actual molecular-weight values, the
VPO measurements tend to be slightly high. However, the measurements are
not wrong by the orders of magnitude required to obtain 3000, rather than 700.
Finally, in Table 2.22, the properties of asphaltenes from the slurry oil of fluid
catalytic cracking (FCC) is compared with resid asphaltenes. Because the FCC
asphaltenes in slurry oil volatilized off the catalyst in a riser reactor at about
500°C, it is not surprising that their average molecular weight is of the order of
700. As the two VPO techniques agree for FCC asphaltenes, no association is
occurring, unlike for resid asphaltenes, even though the FCC asphaltenes are
more aromatic (lower hydrogen-to-carbon ratio). If resid asphaltenes have a
molecular weight of 700, why don’t they volatilize out of cokers (also operated
at about 500°C) or distill over in Distact distillation? Actually, in Table 2.16,

TABLE 2.21
VPO Molecular-Weight Measurements on Pure Compounds

Actual AvVPO mol. wt.  Av VPO mol. wt.
Compound mol. wt. (130°C, 0-DCB) (50°C, Toluene)
Triphenyl methane 244 247 255
o-Terphenyl 230 240 240
Pyrene 202 218 225
Benzene-hexa-n-heptanoate 846 803 1075

2,3,6,7,10,11-Hexaoctoxy-triphenylene 998 1153 1020
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TABLE 2.22
Comparison of FCC and Resid Asphaltenes
Av VPO Av VPO Conradson
H/C mol. wt. mol. wt. Carbon res.
Asphaltenes (atomic)  (130°C, 0o-DCB) (50°C, toluene) (Wt%)
FCC 0.820 679 682 49.4
Resid 1.15 2980 5600 50.0

we showed that 6.6% thermally converted asphaltenes were found in the scrub-
ber bottoms of a Flexicoker and, thus, volatilized out of the reactor. Therefore,
some of the asphaltenes may be less than 1000 in molecular weight after ther-
mal cracking, but this hardly represents the average because the resid feed
contained 25% asphaltenes.

Because petroleum macromolecules are so complex, it is difficult to be abso-
lutely sure about any structural detail, such as even molecular weight. This is both
the challenge and the fun in working with petroleum macromolecules. One needs
to observe many different types of data and determine if your view is consis-
tent. This has been done for VPO molecular weight measurements. Are the newer
methods correct that the average molecular weights of asphaltenes are about 700?
‘We need to be open to that possibility. However, measurements on one asphaltene
fraction is not sufficient. It needs to be tested with different types of data as the
author has done for VPO molecular weight. On the other hand, if the average
molecular weight of asphaltenes is actually 3000, the structure would have to be
of the archipelago type with multiple polynuclear aromatic structures in the same
molecule.

The other challenge and fun is to make progress without knowing the detailed
structure. In chapter 3, the Pendant-Core Building Block Model will show that
much can be understood about petroleum macromolecules and their processing
by only knowing that they contain at least one thermally stable polynuclear aro-
matic, something we can all agree. In chapter 4, this will be extended to devel-
oping a model for resid thermal kinetics. Such progress does not diminish the
need to understand the detailed structure of petroleum macromolecules. With
such understanding, much greater detailed predictive models could be made, and
much better processes could be devised. However, we need not wait for the scien-
tific community to agree on the detailed structures of petroleum macromolecules
to make predictions and improve processes based on our present level of under-
standing. This is an evolving procedure that always should enable incorporating
new information when it is obtained. All knowledge, especially about petroleum
macromolecules, is an approximation. We should not build barriers and refuse to
change our models in the face of contrary experimental data. On the other hand,
we should not accept new models that are not shown to be consistent with all the
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experimental data. Our models and understanding need to be tested in as many
ways as we can conceive so that we can recognize the gaps in these approxima-
tions in need of improvement. Only by filling these gaps can we create new
knowledge.

2.7 PHYSICAL STRUCTURE

2.7.1 ScATTERING DATA

Petroleum has a unique physical structure that is revealed by x-ray diffraction,
small-angle x-ray, and neutron scattering. The author collaborated with Ken
Liang® at Exxon Corporate Research (also previously at Xerox) who obtained the
x-ray diffraction data in terms of intensity versus two times the scattering angle in
Figure 2.14 for class fractions of Arabian Heavy vacuum resid: asphaltenes, resins,
and saturates plus aromatics. The saturates plus aromatics have a broad peak in
the region expected for paraffins. The asphaltenes have overlapping peaks from
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FIGURE 2.14 X-ray diffraction data of intensity versus twice the scattering angle for
class fractions of Arabian Heavy vacuum resid: asphaltenes, resins, and saturates plus
aromatics. (From IA Wiehe, KS Liang. Fluid Phase Equilibria. 117: 201-210, 1996. With
permission.)
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the paraffins and the large-ring aromatics. Approximate analysis from the loca-
tion and width of the aromatic peak indicates that the distance between aromatics
is about 3.55 A with a correlation length of about 11.35 A. This means that there
are on average about 4.2 polynuclear aromatics in a stack. In addition, there is a
low-angle peak that is representative of the distance between agglomerates of 39 A,
or approximately the diameter of the agglomerates. The x-ray diffraction on the
resins has a broad peak for the paraffins with an aromatic shoulder and a slight
particle peak at low scattering angle. Thus, resins have some polynuclear aromatics
with a slight tendency to associate, but much less than for the asphaltenes.

Data were collected by a combination of x-ray scattering and small-angle
scattering with high-intensity x-rays from a synchrotron on asphaltenes and coke
separated after thermally converting Arabian Heavy vacuum resid. Figure 2.15
is the resulting plot of the logarithm of the intensity versus the logarithm of the
scattering vector, Q, 4 pi times the sine of the scattering angle and divided by
the wavelength of the x-ray. A straight line on this plot indicates fractal behavior
as is shown for the asphaltenes from a Q of 0.002 to 0.06 with a slope of —3.45.
This might imply that agglomerates across these scales will look alike or possess
self similarity, but, in this case, it is probably a result of surface roughness. The
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FIGURE 2.15 The combination of x-ray scattering data and small-angle scattering data
with high-intensity x-rays from a synchrotron in terms of intensity versus scattering angle,
Q, on asphaltenes and coke separated after thermally converting Arabian Heavy vacuum
resid. Insert of x-ray diffraction of unreacted asphaltenes from Figure 2.14 included for
comparison. (From IA Wiehe, KS Liang. Fluid Phase Equilibria. 117: 201-210, 1996.
With permission.)
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scattering from coke shows parallel fractal behavior from a Q of 0.0015 to 0.01.
The coke also shows an aromatic particle peak (A) and an aromatic diffraction
peak (B), like asphaltenes. However, unlike asphaltenes, coke shows little or no
diffraction from paraffins (between A and B). Thus, coke contains similar aro-
matic structures as the asphaltenes, but with fewer paraffins, and is consistent
with other evidence that coke is formed from asphaltenes after thermally crack-
ing off paraffinic side chains.

2.7.2 ErrecT OF TEMPERATURE

The effect of temperature on asphaltene cluster size and solubility is somewhat
controversial in the literature. Storm, Barresi, and Sheu® report that asphaltenes
cluster more, but do not phase separate, at elevated temperatures above 200°C,
based on viscosity and small-angle x-ray scattering data. However, the viscosity
data are not definitive for structure, and the small-angle x-ray data were done at
room temperature after heating and cooling. In addition, their bombs containing
resid were heated to 350 to 400°C, temperatures known to cause thermal crack-
ing. In contrast, Winans and Hunt*® used small-angle neutron scattering data on
5 wt% asphaltenes in d,,-1-methyl naphthalene measured directly at temperature
and showed decreasing asphaltene aggregate size with increasing temperature to
340°C. Previously, Espinat and Ravey* showed that, by small-angle x-ray scat-
tering at temperature, the agglomerated size of asphaltenes in toluene decreased
in heating from —27°C to 77°C. This agreed with Andersen and Stenby*> who
observed increased asphaltene solubility on heating from 24 to 80°, and with
Wiehe*® who used hot-stage microscopy to show that insoluble asphaltenes redis-
solve in resid on heating from room temperature to 200°C. To add to the confu-
sion, it is known** that petroleum crude that contains large amounts of dissolved
gases (live oils) can precipitate asphaltenes on heating, and in deasphalting with
propane or butane, asphalt is precipitated on heating.*> However, this is due to
the well-known phenomenon® of the rapid change of density and other thermo-
dynamic properties as a mixture approaches the critical point of one of its major
components. Therefore, it is concluded that the solubility of asphaltenes always
increases by raising the temperature unless one of the major components is near
or above its critical temperature.

2.7.3 MODEL OF SIROTA

Sirota*’” points out that much of the data supporting the colloidal model of
asphaltenes, including small-angle x-ray and neutron scattering, may be caused
by the solution behavior of associating molecules (asphaltenes) near the solution
critical point and below the glass transition temperature of asphaltenes. He draws
the analogy of polystyrene (also soluble in toluene and insoluble in n-heptane)
with a glass transition temperature about 100°C, which, when rapidly precipitated
in isooctane at 0°C, exhibits a “morphological behavior similar to asphaltenes.”
This reminds us that one should keep an open mind about how good an approximation
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any model is, particularly for a complex system such as petroleum, and continue
to test it to determine its limits. However, there are also serious questions about
the Sirota model. If the scattering from asphaltenes is a result of concentration
fluctuations because the asphaltene solution is near a solution-critical point, one
would expect the scattering to disappear at a little higher temperature and insolu-
bility of asphaltenes to occur at a little lower temperature. Because Winans and
Hunt* observed asphaltene particles, albeit smaller ones, at 340°C in d,,-1-methyl
naphthalene by small-angle, and Espinat and Ravey* found asphaltene particles,
albeit larger ones, but not insolubility, at —27°C in toluene, it is difficult to accept
the Sirota critical solution point explanation near room temperature. Neverthe-
less, Sirota also mentions another explanation that might be more plausible. He
compares asphaltenes to block copolymers in which one block is insoluble in a
solvent, a second block is soluble in the same solvent, but the two blocks are con-
nected by a covalent bond. The polynuclear aromatic potions of asphaltenes could
act as an insoluble block, and the paraffinic side chain and the small-ring aromatic
portions could act as the soluble block. This would produce the observed particles
in solution that increase in size with lower temperatures and poorer solvents, and
decrease in size with higher temperatures and better solvents. This explanation
also fits well with the pendant-core model described in the next chapter.
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3 Pendant-Core Building
Block Model of
Petroleum Resids

3.1 APPROACH TO DEVELOP APPROXIMATIONS

In the previous chapter we learned that analytical tools do not yet exist to identify
and measure the concentration of each molecular species in heavy oils. Therefore,
our description of these petroleum macromolecules has to be an approximation.
The choice then is either to determine the best approximation to petroleum macro-
molecules that can be made with present instruments, or the simplest approxima-
tion that describes our phenomenological data. In this book our choice will be the
latter. The approach will be to try the simplest approximation that incorporates
concepts, previously determined, to compare the predictions with experimen-
tal data and adjust the approximation, when needed, to better describe the data.
Finally, the approximation will be tested by comparing the predictions with either
a different type of data or the same type, but at significantly different conditions.
As a result, if these data comparisons are successful, we are more confident at
predicting results not directly measured. However, more likely, the approxima-
tion will be verified at most, but not all, conditions. This provides the direction
to further improve the approximation. The result is that one continuously learns
more about the system through these constant combinations of approximations
and experimental challenges. It is this creation of knowledge that we call science,
and the utilization of the knowledge for commercial benefit that we call innova-
tion. The advantage of the simplest approximation approach is that it leads more
quickly to new innovations that provide the motivation for our research. In this
chapter and those that follow, examples will be provided where this approach
to research has led to new innovations in the process chemistry of petroleum
macromolecules. In addition, at the end of each chapter, the reader will be given
recommendations of how both the approximations and innovations can be further
improved.

One may instead wish to take the alternate approach of obtaining the best
approximation that can be made with the best instruments available, rather than
the simplest approximation. This is a more purely scientific approach. Although
this allows for a better approximation to the truth, one often spends more time
worrying about the trees and forgetting about the forest. It is difficult to select in
advance, with this approach, what are the most important problems to work on
to advance the field. As a result, one tends to work on all of the problems, and
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progress is thorough but slow. In the end, both are valid approaches and are often
made based on whether the motivation is more to obtain innovation or the best
approximation to the truth.

3.2 THE SIMPLEST APPROXIMATION TO THE DISTRIBUTION
OF PETROLEUM MACROMOLECULES

In the previous chapter we learned that each fraction of heavy oil can be defined
by a region on a plot of molecular weight versus hydrogen content, the solvent-
resid phase diagram (Figure 2.3). Thus, a natural starting point to approximate
each petroleum macromolecule is by a method that can be defined by a combina-
tion of molecular weight and hydrogen content. We also learned in the previous
chapter that the greatest intermolecular attraction between petroleum macromol-
ecules is between polynuclear aromatics. This will be emphasized in chapter 5
as the primary cause of the insolubility of petroleum macromolecules. In addi-
tion, aromatics are thermally stable, and polynuclear aromatics (PNAs) of five or
greater fused rings do not volatize appreciably at typical conversion conditions.
A bare 5-ring aromatic, benzopyrene has an atmospheric boiling point of 495°C
(923°F). With the expected addition of even methyl and ethyl groups, the boiling
point would put it in the vacuum resid range (565°C+ or 1050°F+). As a result,
these large PNAs within petroleum macromolecules remain when heavy oils are
completely thermally cracked in an open reactor to combine and form the carbo-
naceous by-product we call coke. Thus, these large PNAs are a thermal reaction
limit that prevent heavy oils from being completely converted to volatile liquid
products. Our approximation for petroleum macromolecules must allow for part
of the macromolecule forming distillable liquids, and part of the macromolecule
forming coke when thermally cracked.

The simplest approximation of petroleum macromolecules that provides for a
molecular-weight distribution would be as a polymer. This would have an identi-
cal repeating chemical group but varying number of these groups per molecule.
However, because each repeating group would have the same hydrogen content,
the hydrogen content of the macromolecules would be the same. If thermal crack-
ing would break the bonds between repeating groups, at complete conversion,
either all distillable liquids or all coke would be formed, depending on whether
the repeating group was volatile or nonvolatile. Thus, the polymer approximation
clearly does not describe our experimental data.

The next simplest approximation of petroleum macromolecules would be as
a copolymer. Thus, each macromolecule would be made up of combinations of
two repeating chemical groups. Because the repeating groups would have differ-
ent molecular weights and hydrogen content, these would vary according to the
number of groups of each type in each macromolecule. If one group, the cores,
represents the nonvolatile PNAs that become coke and the other group, the pen-
dants, represents the volatile fragments that become volatile liquids when cracked
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FIGURE 3.1 The Pendant-Core Building Block Model allows for a wide distribution of
species. (From IA Wiehe. Energy and Fuels 8: 536-544, 1994. Reprinted with permission.
Copyright 1994. American Chemical Society.)

off the petroleum macromolecule, it would meet our second requirement for an
approximation. This approximation is called the Pendant-Core Building Block
Model. The term building block is used instead of chemical group to emphasize
that the groups are assumed to be identical. Of course, we believe that petroleum
macromolecules have many more repeating groups than two. However, remember
that we are trying to arrive at the simplest approximation that describes the phe-
nomenological data and not necessarily the best approximation to reality. Later,
this approximation will be tested by comparing it with experimental data to deter-
mine its limitations.

Figure 3.1 shows how petroleum macromolecules of fractions of unconverted
and converted heavy oil may be represented by a distribution of pendant and core
building blocks. Later it will be shown how to estimate the molecular weight and
hydrogen content of each building block. Nevertheless, although this model will
not describe the millions of different molecules of a vacuum resid, it does introduce
some distribution, and it enables aromatic fractions to undergo thermal cracking
without converting to another fraction. In chapter 2, with the solvent-resid phase
diagram, we saw that this is a property of resid conversion, and more details will
be given in chapter 4 when thermal conversion kinetics will be discussed.

3.3 MODEL FOR CONRADSON CARBON RESIDUE (CCR)

Conradson carbon residue is a standard measure of coke formation tendency used
by the petroleum industry. It is used extensively as a feed property to predict the
yield of coke in petroleum processing by means of correlations. As a result, it is a
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very important property. However, it has been difficult to relate this measurement
in a functional test to any molecular property of the resid or other heavy oil. There
was no way to predict how the CCR would change during processing and when it
should and should not be used to predict coke yield at conditions much different
than it was measured. So far, the greatest success of the Pendent-Core Building
Block Model is to provide this needed insight about CCR.

The CCR test' originally involved heating a crucible containing 10 g of the
oil to cherry red with a Bunsen burner and measuring the residue as a weight
percent of the starting oil. However, this has largely been replaced by the micro-
carbon residue test? (see ASTM D4530). This test is designed to give the same
values as the CCR test but with much smaller samples and a more defined ther-
mal history. In this test, samples of the oil are weighed into glass vials and
heated by a prescribed rate under a prescribed nitrogen flow to 500°C and held
there for 15 min before cooling. The percentage of the sample not volatilizing
out of the vial during the test is taken as the CCR. An instrument manufactured
by Alcor (MCRT-120) enables measuring multiple samples simultaneously, of
which one sample should be a standard to assure that the test was run reproduc-
ibly. Although the microcarbon test is similar to a miniature coker, the yield of
residue, or coke, is typically less than that of commercial cokers, which recycle
the heavier volatile liquid product back to the coker and operate under some
pressure.

Despite its widespread use, little has been published on the chemical mech-
anism of CCR. Roberts?® found the surprising result that, for resids, the CCR
is a linear function of either hydrogen content or hydrogen-to-carbon (H/C)
atomic ratio that is independent of resid source or process history. However,
no mechanistic explanation was given for this correlation. Green et al.* showed
that fractions of residua generated by liquid chromatography gave close to
the same linear function of the CCR and hydrogen-to-carbon atomic ratio as
the whole resid. They also measured the concentrations of sulfur, nitrogen,
nickel, and vanadium in the residue from the microcarbon residue test and
determined that the concentrations of these heteroatoms in the residue usu-
ally were much higher than in the various feeds and feed fractions. Wiehe?
described the chemical mechanism of Conradson carbon, including the linear
relationship to hydrogen content, based on the Pendant-Core Building Block
Model as described here.

Figure 3.2 shows the reaction of a resid with a pendant-core distribution of
macromolecules to form distillable liquids and CCR in the microcarbon residue
test. Therefore, the Conradson carbon is pictured to give the weight fraction of the
resid that is cores. A hydrogen balance around this reaction shows that the CCR
should be a linear function of the hydrogen content of the resid.

The hydrogen content of the pendant is that at zero CCR on this line, and
the hydrogen content of the core is that at 100% CCR. A test of this prediction
is given in Figure 3.3, where the CCR is plotted against the hydrogen content for
a number of different vacuum resids. These data include Conradson carbon data



Pendant-Core Building Block Model of Petroleum Resids 79

Distillable Conradson
Resid Reactant Liquids Carbon Residue
P-P
P-P-P
P-e-P

P-P-e-P-@ é nP + -0-0-0-0-

P-e-e-P-o-P-P
P-e-P-e-P-@-P-0

Hydrogen
Content: H Hp Hc

H Balance: 100 H = (100 - CCR) Hp + CCR H¢
CCR = 100 (Hp — H)/(Hp - He)

FIGURE 3.2 Model shows Conradson carbon residue (CCR) is a linear function of hydro-
gen content. (From IA Wiehe. Energy and Fuels 8: 536-544, 1994. Reprinted with per-
mission. Copyright 1994. American Chemical Society.)
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FIGURE 3.3 Conradson carbon is a linear function of the hydrogen content. (From IA
Wiehe. Energy and Fuels 8: 536-544, 1994. Reprinted with permission. Copyright 1994.
American Chemical Society.)



80 Process Chemistry of Petroleum Macromolecules

on fractions (saturates, small-ring aromatics, resins, asphaltenes) of unconverted
resids; fractions of converted resids, including coke; and fractions of converted
fractions. The only data excluded were on fractions with molecular weights below
700 amu (atomic mass unit), which will be presented separately. The 240 data in
Figure 3.3 fall in a linear band and fit with a least-square line with 95% confi-
dence limits as shown. This measures the hydrogen content of the pendants to be
11.6 £ 0.4 wt%, and the hydrogen content of the cores to be 3.8 £ 0.3 wt%. The
averages calculated from the 114 data points of Roberts,* assuming an average
carbon content of 84 wt%, are 12.1 wt% for the hydrogen content of pendants,
and 4.0 wt% for the hydrogen content of cores. This pendant hydrogen content is
only slightly outside the confidence limits of the present data, whereas the core
hydrogen content is within the limits of the present data. Although the hydrogen
content of the cores can be considered a “universal” constant within experimental
error, that of the pendants depends on the boiling point range of the resid. Thus,
the pendants of an atmospheric resid should have higher hydrogen content than
the pendants of a vacuum resid.

To determine if there are feed variations in the pendant and core hydrogen
contents, Figure 3.4 to Figure 3.6 are Conradson carbon versus hydrogen content
plots for data on the vacuum resid feeds: Arabian Heavy, Cold Lake, and Hondo.
Of course, these include fractions of the vacuum resid and its conversion prod-
ucts. Although there may be some slight variation of pendant and core hydrogen
content with feed, they are within the 95% confidence limits of the total data.
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FIGURE 3.4 Conradson carbon is a linear function of the hydrogen content for Arabian
Heavy vacuum resid. (From IA Wiehe. Energy and Fuels 8: 536-544, 1994. Reprinted
with permission. Copyright 1994. American Chemical Society.)
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FIGURE 3.5 Conradson carbon is a linear function of the hydrogen content for Cold
Lake vacuum resid. (From IA Wiehe. Energy and Fuels 8: 536-544, 1994. Reprinted with
permission. Copyright 1994. American Chemical Society.)
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FIGURE 3.6 Conradson carbon is a linear function of the hydrogen content for Hondo
vacuum resid. (From IA Wiehe. Energy and Fuels 8: 536-544, 1994. Reprinted with per-
mission. Copyright 1994. American Chemical Society.)
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3.4 CONRADSON CARBON RESIDUE OF
LOW-MOLECULAR-WEIGHT FRACTIONS

The Conradson carbon versus hydrogen content is plotted in Figure 3.7 for frac-
tions of resids and resid thermal conversion products with molecular weights
between 350 and 700 amu. Included in these are coker scrubber bottoms, the
fractions that volatilize out of cokers, but are condensed and recycled back to
the cokers. Although some of the data are close to the least-square line on resid
fractions with molecular weights above 700 amu, most of the data lie below this
line. An explanation is that a substantial fraction of these moderate-molecular-
weight fractions volatilizes out of the microcarbon residue test without reacting.
By volatilizing part of the cores, the residue yield in the microcarbon residue test
is lower than expected, based on the hydrogen content. However, if these mod-
erate molecular-weight feeds are forced to completely react in a process, such
as by recycling the coker bottoms, the hydrogen content and the least-square
line should be a better predictor of expected coke yield than the measured Con-
radson carbon residue. Otherwise, the coke yield from these fractions cannot
be predicted without adding a model for the vapor-liquid equilibrium to pre-
dict which fraction volatilizes without reacting and which fraction reacts before
volatilizing.
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FIGURE 3.7 Conradson carbon is low for the hydrogen content for moderate-molecular-
weight (350-700) fractions. (From IA Wiehe. Energy and Fuels 8: 536-544, 1994.
Reprinted with permission. Copyright 1994. American Chemical Society.)
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3.5 ELEMENTAL ANALYSIS OF CONRADSON CARBON RESIDUE

With the Pendant-Core Building Block Model successfully predicting the linear
relationship between CCR and hydrogen content, it needs to be tested with a dif-
ferent type of data. Thus, we examine the elemental analysis of the residue from
the microcarbon residue test. In particular, we are interested in determining if
the hydrogen content of the residue falls within the 3.8 £ 0.3 wt% predicted by
the linear relationship. Although Green et al.* measured the heteroatom content
of the microcarbon residue, they did not report the hydrogen content. The vac-
uum resid feeds for this study have elemental analyses and molecular weights as
given in Table 3.1. After running the microcarbon residue tests on these vacuum
resids, elemental analyses of the residues were measured with the results shown
in Table 3.2. Indeed, the hydrogen content of the microcarbon residues are within
the 3.8 + 0.3 wt% predicted by the linear relationship of CCR and hydrogen con-
tent. Therefore, the Pendant-Core Building Block Model successfully passes this
test, and the hydrogen content of the cores can be considered as a resid-indepen-
dent constant.

The carbon content of the CCRs does not vary significantly about the mean
of 87 wt%. However, this is only slightly higher than the carbon content of the

TABLE 3.1
Properties of Vacuum Resids
VPO Average
Vacuum CCR C H S N \"% Ni Mol. Wt Molecular
Resid Wt%) (Wt%) (wWt%) (wt%) (wt%) (ppm) (ppm) (o-DCB) Formula
Arabian 223 8351 993 580 045 165 40 936 Cg Has S,
Heavy N;0,
Heptane 150 8407 1073 451 033 140 33 778 CsHg S,
solubles N, O,
ColdLake 258 8245 970 575 062 289 102 1040 C,H,;S,
N,S 0,5
Hondo 24.6  82.02 9.85 7.00 1.23 475 216
Heptane 13.7 81.20 1025 5.84 0.83 193 88
solubles
European 237 85.24 995 4.19 0.41 209 82
coker feed
Venezuelan 234 8503 1002 3.19 069 683 84 1071  CyHyy
coker feed S11N50;
Texas coker 25.9 84.37 10.11 4.63 0.66 375 112
feed

Source: 1A Wiehe. Energy and Fuels 8: 536-544, 1994. Reprinted with permission. Copyright 1994.
American Chemical Society.
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TABLE 3.2
Elemental Analyses of Conradson Carbon Residues
Resid Conradson Carbon Residue
Vacuum CCR C H S N \Y Ni
Resid (wt%) (wt%) (Wt%) (wWt%) (Wt%) (ppm) (ppm)
Arabian Heavy 22.3 85.76 3.73 8.56 1.30 808 165
Cold Lake 25.8 85.98 3.86 7.23 1.66 1290 542
Hondo 24.6 85.64 3.61 5.44 3.02 2040 848
European coker 23.7 89.28 3.73 5.58 1.31 846 309
feed
Venezuelan 23.4 88.19 3.79 4.46 1.35 2880 390
coker feed
Texas coker 259 89.14 3.73 4.85 2.03 1530 419
feed
Average 24.3 87.33 3.74 6.02 1.78 1565 456

Source: 1A Wiehe. Energy and Fuels 8: 536-544, 1994. Reprinted with permission. Copyright
1994. American Chemical Society.

feeds and, as discussed in chapter 2, the carbon content of all resid fractions and
products do not vary much. As found by Green et al.,* nearly all of the vanadium
and nickel in the resid end up in the CCR. Thus, the metal content of the residue
is predicted to be the metal content of the feed divided by the fraction of the feed
that is residue. As shown in Table 3.3, this provides a good prediction of vana-
dium and nickel in the CCR. If the measurements were accurate, the measured
metals in the residue could not be higher than those predicted to be in the residue.
Thus, when they are much higher, as for the nickel content of the Cold Lake resi-
due, either the measurement was not accurate or the sample got contaminated.

TABLE 3.3

All of Feed Metals Are in the Conradson Carbon Residue

Vacuum Resid FCCR Veer Vieed/ FCCR Niccr Nige.q/FCCR
Resid (Wt Fract.) (ppm) (ppm) (ppm) (ppm)
Arab Heavy 0.223 809 740 165 179
Cold Lake 0.258 1290 1120 542 395
Hondo 0.246 2040 1931 848 878
European coker feed 0.237 846 881 309 346
Venezuelan coker feed 0.234 2880 2919 390 359

Texas coker feed 0.259 1530 1448 419 432
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The sulfur and nitrogen partition somewhat differently between volatiles and
residue for each feed. Hondo resid even produces a coke with lower sulfur con-
tent than the resid, unlike the other five resids studied. Green et al.* also found
this to be the case for Wilmington resid, which, like Hondo, is from a California
crude. This results partly from a high fraction of the sulfur in the resid being as
aliphatic sulfides, which are released as hydrogen sulfide during the microcarbon
test. Indeed, George, Gorbaty, and Kelemen,*® using XPS and XANES, have
determined the aliphatic sulfide fraction of sulfur of Hondo resid (42%) to be
much higher than that for Arabian Heavy (24 to 27%) and Cold Lake (32 to 33%).
In addition, as will be shown later, the volatile liquid product of thermolysis of
Hondo resid has higher sulfur content than the other resids. Nevertheless, it is
clear that the cores from different resids have varying concentrations of sulfur,
nitrogen, and metals.

One of the challenges in the processing of vacuum resids is predicting the
properties of the products. Although measuring the Conradson carbon of resids is
quite common, only Green et al.* and Wiehe’ have reported measuring the elemen-
tal content of the residue from the microcarbon residue test. However, this would
be a good starting point if one wanted to predict the elemental analysis of the coke
in a coking process. Of course, one would need to make corrections for the differ-
ent coking temperature and coke yield of the coking process compared with the
microcarbon residue test. Actually, only the sulfur and nitrogen content need to
be measured because the metals can be calculated, and the hydrogen and carbon
content of the CCR are constant, independent of feed.

3.6 ELEMENTAL ANALYSIS OF DISTILLABLE LIQUID PRODUCTS

As a vacuum resid is thermally converted, and the gaseous and volatile liquid
products are removed, the remaining vacuum resid becomes enriched in hetero-
atoms and depleted in hydrogen. Despite this, the Pendant-Core Building Block
Model predicts that the volatile liquid products will not change properties with
conversion and the hydrogen content will be 11.6 + 0.4 wt%. Thus, to further
test the Pendant-Core Building Block Model, we examine the distillable liquid
product of the thermolysis of vacuum resids. Arabian Heavy vacuum resid and its
heptane-soluble fraction were thermally converted at various times at tempera-
tures from 400 to 470°C. in tubing bomb reactors. The elemental composition
determined on the distillable (atmospheric boiling points below 524°C) liquid
product are plotted in Figure 3.8 as a function of the yield of these distillable lig-
uids. There is no systematic variation of the cumulative hydrogen, carbon, sulfur,
or nitrogen content with yield of distillable liquids. Each cumulative elemental
content can be described by a random variation about a mean. This was verified
by regression analysis that gave a low slope (< 1.005I) for each regression line with
zero slope always well within the 95% confidence limits. In addition, there does
not appear to be any difference between the elemental composition of distillable
liquids from the heptane-soluble fraction and from the entire resid. Actually, the
average elemental analysis of the distillable liquids from both reactants agree
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Experimental Data
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FIGURE 3.8 The properties of Arabian Heavy distillable liquid products are independent
of conversion. (From IA Wiehe. Energy and Fuels 8: 536-544, 1994. Reprinted with per-
mission. Copyright 1994. American Chemical Society.)

within 0.01 wt%. Thus, the Pendant-Core Building Block Model correctly pre-
dicts for Arabian Heavy vacuum residuum that the quality of the distillable liquid
product is independent of conversion and is independent of which fraction of the
resid is the reactant.

The elemental composition of the distillable liquids as a function of yield for
Hondo vacuum resid and its heptane-soluble fraction is shown in Figure 3.9. The
cumulative hydrogen and nitrogen content are independent of conversion within
95% confidence limits. However, the cumulative sulfur content of Hondo dis-
tillable liquids definitely decreases with increasing conversion. This is the same
resid that has a higher sulfur content in the resid than in its CCR. The reason
is a high fraction of the sulfur in Hondo pendants existing as aliphatic sulfides
that have an increasing probability of forming hydrogen sulfide with increasing
reaction time and, thus, not being part of the liquid or coke products. Although
the heptane-soluble fraction has a higher hydrogen content and a lower sulfur
content than the entire resid, there is a slight bias for the distillable liquids from
the heptane-fraction to have lower hydrogen content and higher sulfur content
than the distillable liquids from the whole resid. This is consistent with the
heptane-insoluble fraction having a higher fraction of aliphatic sulfur (50%),?
than the whole resid (42%)’ because the evolution of hydrogen sulfide decreases
sulfur content and increases hydrogen content of the remaining resid. However,
the average nitrogen content of the distillable liquids from both reactants is the
same. Therefore, the Pendant-Core Building Block Model is not quite as good
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FIGURE 3.9 Hondo distillable liquid products decrease sulfur with conversion, but hydro-
gen and nitrogen remain constant. (From IA Wiehe. Energy and Fuels 8: 536-544, 1994.
Reprinted with permission. Copyright 1994. American Chemical Society.)

a model for Hondo resid as for Arabian Heavy resid, with the largest deviation
attributed to the high fraction of aliphatic sulfur. Nevertheless, for each resid, the
hydrogen content of the pendants, determined by the average hydrogen content
of the distillable liquids, agrees exactly with that determined by extrapolating the
linear variation of Conradson carbon with hydrogen content to a Conradson car-
bon of zero as shown in Figure 3.4 and Figure 3.6. This indicates that the linear
relationship between Conradson carbon and hydrogen content can be estimated
without measuring the Conradson carbon of the resid. The hydrogen content at
zero Conradson carbon can be estimated from the hydrogen content of the distill-
able liquid (C5 to 524°C atmospheric boiling points) product of thermolysis, and
the hydrogen content at 100% Conradson carbon can be taken as the universal
value of 3.8 wt%. On the other hand, the hydrogen content and Conradson carbon
of a resid enables one to estimate the average hydrogen content of the distillable
liquid products of the resid.

3.7 VARIATION OF CONRADSON CARBON
RESIDUE WITH PROCESSING

One of the main objectives of resid processing is to convert or separate the coke
precursors to make the lighter product suitable for more conventional down-
stream processing. Fuels deasphalting is an example process that is used to
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separate deasphalted oil with low concentrations of coke precursors from asphalt,
containing high concentrations of coke precursors. On the other hand, coking
processes separate the coke-forming functionality by thermal reaction into a solid
coke product, simultaneously forming a volatile liquid product with little or no
coke precursors. Only in hydroconversion processes are the overall concentration
of coke precursors actually reduced as measured by the CCR. However, no com-
mercial process is able to completely eliminate all the coke precursors in resids.
As a result, all resid processes produce a heavy by-product containing higher
concentrations of coke precursors than the resid feed. Because the understand-
ing of the effect of processing on coke precursors is based on experience and the
measure of CCR of feeds and products, it is important to utilize the insight of the
Pendant-Core Building Block Model to explain past experience, recognize excep-
tions to the empirical rules, and predict new ways to alter the concentration of
coke precursors through processing.

Previously it has been reported,*® that the total CCR is conserved for physical
separations, but the reason for this was elusive. However, hydrogen, as well as any
element, should be conserved. Thus, as the CCR is a linear function of hydrogen
content for fractions of residua with molecular weights greater than 700 amu, one
should expect that the CCR is also conserved. This is shown by the following
equations:

Hydrogen Balance:

(wt of resid) (Hy) = X (wt of fraction) (Hg,,.0n) (3.1
Pendant-Core Building Block Model for resid or fraction of resid:
H=H, - CCR (H; - Hp)/100 3.2)

Substitution of these equations for the hydrogen content, H, of the resid and the
fractions of the resid in the hydrogen balance gives

(wt of resid) (CCRy) = X (wt of fraction) (CCRp,,tion) (3.3)

Hydroconversion is known to decrease the total CCR, and this is called Con-
radson carbon conversion.'® Although the model compound results later in this
chapter allow for the possibility for Conradson carbon conversion without hydro-
gen addition, verified by laboratory coking data in chapter 9, no previous case
has been reported in the literature. Both of these results follow directly from
the linear relationship between Conradson carbon and hydrogen content. This
relationship even predicts the minimum hydrogen addition required for complete
conversion of a resid to pendants:

(100) (H,44e4+ Hp) = Hp (100 + H,g4cq) (34
For Arabian Heavy vacuum resid:

H,=993wit% and Hy=11.6wt%
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Thus, H,y4.4= 1.92 wt% of feed for 101.92 wt% conversion to pendants. However,
hydrogen consumption can be much higher than this minimum even though the
complete conversion of vacuum resids has not been practiced. The reason for
such hydrogen consumption is the formation of significant yields of hydrocar-
bon gases (methane, ethane, etc.) containing high concentrations of hydrogen.
In cracking a saturated ring, these hydrocarbon gases are the likely product. On
the other hand, the formation of hydrogen sulfide from thiophenic and aliphatic
sulfur during hydroconversion decreases the minimum hydrogen added because
the hydrogen content in hydrogen sulfide (5.88 wt%) is much less than the hydro-
gen content in vacuum resids. Notwithstanding, the Pendant-Core Building
Block Model provides no insight as to any barrier to complete hydroconversion
of resids to volatile products. However, the addition of hydrogen to large-ring
aromatics to crack off hydrocarbon gases and form a four-ring PNA by-product
usually makes little economic sense. As a result, one of the challenges in resid
hydroconversion is to determine the optimum conversion, as will be discussed
later in chapter 10.

In thermal conversion, the CCR of the liquid product is typically found to
be higher than that of the resid feed. An example is shown in Table 3.4 for eight
separate reactions of Arabian Heavy vacuum resid in closed reactors at the same
conditions of 60 min at 400°C. Even though the conversion is below the level at
which toluene-insoluble coke is formed, there is a small but discernible increase in

TABLE 3.4

Thermal Conversion Increases the
Total Conradson Carbon Residue
of Arabian Heavy Vacuum Resid
(400°C, 60 min)

CCR (wt%) H (wt%)
22.6 9.83
23.8 9.85
235 9.80
233 9.81
23.1 9.84
233 9.82
23.7 9.83
22.6 9.82
Average = 23.2 9.82
Feed = 22.3 9.93

Source: 1A Wiehe. Energy and Fuels 8: 536-544,

1994. Reprinted with permission Copyright
1994. American Chemical Society.
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Conradson carbon residue. This is paralleled by a small but discernible decrease
in the hydrogen content of the liquid product because of the thermal cracking
of a small amount of the distillable liquid product to form hydrocarbon gases of
high hydrogen content. A hydrogen balance for this reaction of the resid to form
thermally cracked resid (TCR) and gas is as follows:

100 Hy, = (Wt% Gas) Hg,, + (100 — wt% Gas) Hyg 3.5)

The hydrogen balances for the microcarbon residue tests on the resid and the
thermally cracked resid are as follows:

100 Hy = (100 — CCR) H, + CCR H. (3.6)

(100 — wt% Gas) Hg = (100 — wt% Gas — TCCR) H,+ TCCR H. (3.7)
Solving for the CCR after thermal cracking (TCCR):

H. -H
TCCR = CCR + (wt.% Gas) (He,, ~Hyp)
(Hp - Hc)

(3.8)
Thus, the Pendant-Core Building Block Model provides a way to estimate the
increase in the CCR of the liquid and solid products of the thermal conversion of
vacuum residua from the quantity and hydrogen content of the gas produced.

3.8 CONRADSON CARBON RESIDUE DISTRIBUTION

It is desirable not only to know the average CCR of resids, but also to understand
how it is distributed in resids and how this distribution is altered by processing.
As discussed in chapter 2, one way to measure the distribution of properties in
resids is to divide them and their conversion products into pseudocomponents,
such as saturates, aromatics, resins, asphaltenes, and coke, using solubility in
various solvents and adsorption on solids, and then measuring the properties of
the pseudocomponents. We saw in chapter 2 that each of these pseudocomponents
occupies a unique area on a plot of molecular weight versus hydrogen content,
the solvent-resid phase diagram (Figure 2.3). This diagram is useful in tracking
how the pseudocomponents are altered and converted during processing. How-
ever, it is exactly these two properties, molecular weight and hydrogen content,
that specify a species in the Pendant-Core Building Block Model. The hydrogen
content specifies the ratio of the number of pendants to the number of cores, and
the molecular weight determines the total number of building blocks. Thus, the
solubility characteristics of the fractions of resids are consistent with the Pendant-
Core Building Block Model. In addition, advantage can be taken of the relation-
ship between CCR and hydrogen content for fractions of molecular weight over
700 amu to display the distribution of CCR directly on the solvent-resid phase
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diagram as shown in Figure 2.3. The CCR merely becomes an additional axis to
the hydrogen content for the higher-molecular-weight fractions.

Figure 2.3 shows that the saturates have zero CCR, unlike the other pseudocom-
ponents. The aromatics always have molecular weights less than 700 amu, showing
that measured CCR values may not gauge their full coke-making potential. This
figure also demonstrates that thermal conversion greatly increases the width of the
distribution of CCR toward higher values and eventually includes values represen-
tative of toluene-insoluble coke. This, of course, is equivalent to cracking off vol-
atile pendants to leave species with higher proportions of cores in the nonvolatile
products until eventually only the cores remain. This analogy is carried further in
Figure 3.1 where several pendant-core species are shown that fall in each of the
solvent separation fractions. Thus, the path from aromatics to resins to asphaltenes
to coke is produced by both molecular-weight growth at similar proportions of
cores and by molecular-weight reduction to form species with increased propor-
tions of cores.

3.9 PENDANT-CORE MODEL COMPOUNDS:
DISCOTIC LIQUID CRYSTALS

One of the difficulties in investigating the thermal chemistry and mechanism
of coke formation of petroleum resids is that they are composed of millions of
different types of molecules, and the molecular structure of even one of these
molecules cannot be specified with any reasonable degree of certainty. Prog-
ress in understanding could be made much more rapidly if we could identify
pure compounds that mimic the chemistry and physical interactions of the mol-
ecules in resids. Because the Pendant-Core Building Block Model provides a
good approximation to the thermal chemistry of resids, it is logical to begin
the search for residuum model compounds with those that have aromatic cores
and paraffinic pendants. The first compound selected is 2,3,6,7,10,11-hexaoc-
toxytriphenylene. As shown in Figure 3.10, it has a triphenylene core with six
paraffinic side chains of eight carbons each. These side chains are connected
to the aromatic core by ether bridges. Although ether bridges are not expected
in resids, these were selected for their ease of synthesis to represent thermally
unstable bonds, such as aliphatic sulfur. This compound not only was selected
for its potential to model the thermal chemistry of resids, but also to mimic the
association of asphaltenes in resids. The large-ring aromatics in asphaltenes
are known to associate by stacking.!! Likewise, hexaoctoxytriphenylene is a
member of a family of discotic liquid crystals in which the molecules tend to
stack in columns.'? Another discotic liquid crystal and the second model com-
pound selected is benzenehexa-n-hexanoate'? with the structure also shown in
Figure 3.10. This has only a single aromatic ring core with six paraffinic side
chains of five carbons each. Ester bridges, which also are not expected in resids,
are used as the thermally unstable bridges between pendants and core. Table 3.5
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OCgH,;
OCgH,, O,CCHy,y
H;,C5CO, 0,CC;Hy;
H,,CsO
H,;,C;CO; 0,CCsHy,
H,,Cg,O
17 0,CCsHy,
Benzenehexa-n-hexanoate
OCgH;
OCgH,;

2,3, 6,7, 10, 11-Hexaoctoxytriphenylene

FIGURE 3.10 Discotic liquid crystals as Pendant-Core Building Block Model com-
pounds. (From IA Wiehe. Energy and Fuels 8: 536-544, 1994. Reprinted with permission.
Copyright 1994. American Chemical Society.)

shows the elemental analysis, molecular weight, and molecular formula of the
two pendant-core model compounds that can be compared with the average prop-
erties of the resids in Table 3.2. Hexaoctoxytriphenylene has a molecular weight,
carbon number, and hydrogen number in the range of a full resid, but much
higher heteroatom content with the six oxygen atoms per molecule. Nevertheless,
the measured CCR of 24.1 wt% is in the range of the vacuum resids. Although the
bonds between the ether oxygens and the paraffinic side chains are expected to
break thermally much easier than between the aromatic carbons and the oxygens,
this CCR value suggests that only one of the six oxygens remain in the residue.
Perhaps, some of the cores evaporated in the test before they combined chemi-
cally with other cores. However, the results with benzenehexa-n-hexanoate sug-
gest that this evaporation of cores should not have been significant.

TABLE 3.5
Properties of Pendant-Core Model Compounds
Mol.
CCR C H H/C o Wit Mol.
Compound Wt%) (Wt%) (wt%) (atomic) (wt%) (amu) Formula
Hexaoctoxytriphenylene 24.1 79.46 1091 1.64 9.62 998 Cgs Hys Og

Benzenehexa-n-hexanoate ~ 14.0 65.66 9.35 1.57 24.99 768 C,, He Oy

Source: 1A Wiehe. Energy and Fuels 8: 536544, 1994. Reprinted with permission Copyright 1994.
American Chemical Society.
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Benzenehexa-n-hexanoate has a molecular weight similar to that of the
heptane-soluble fraction of Arabian Heavy vacuum residuum, but lower carbon
and hydrogen contents because of the 12 ester oxygens per molecule. The CCR
of 14 wt% is close to the values (14 to 16 wt%) for the three heptane-soluble
fractions of residua. In this case, the bond between the ester oxygen and the
aromatic carbon is expected to break about as easily as between the oxygen
and the ester carbon, but the CCR suggests that two out of six oxygens bonded
to aromatic carbons remain in the residue. The surprising conclusion is that,
with only a single ring core, few of the cores evaporated during the microcar-
bon residue test. Thus, the requirement that the core be nonvolatile should be
relaxed. Instead, if small-aromatic-ring cores have multiple linkages to large
structures, they can form CCR and, thus, coke, by remaining nonvolatile with
the breakage of one or two linkages and giving time to combine with other
core-containing compounds.

The HPLC results discussed in chapter 2 showed that a significant portion
of resids contain one- to four-ring aromatics, and NMR data indicate that most
of the aromatic carbons are substituted. Thus, the coke-formation mechanism
demonstrated by benzenehexa-n-hexanoate is likely to occur in resids. This
coke formed by the combination of one- to four-ring aromatic cores containing
multiple substituted groups is called extrinsic coke. On the other hand, the coke
formed by cores containing five or more aromatic rings is called intrinsic coke
because there is no economical way to prevent its formation. This is in contrast to
extrinsic coke that forms molecules containing five or more aromatic rings during
the microcarbon residue test. As a result, most of the Conradson carbon conver-
sion during hydroconversion is the consequence of terminating free radicals by
donatable hydrogen and preventing the combination of smaller-ring aromatics to
form molecules containing five-ring or greater aromatics. Thus, during hydro-
conversion, Conradson carbon is actually prevented from being formed, rather
than being converted. Meanwhile, intrinsic coke can only be converted by hydro-
genating rings and cracking until reducing the number of aromatic rings to less
than five. This occurs by much slower kinetics than preventing the formation of
five-ring or greater aromatics.

These results with model compounds indicate that the Pendant-Core Building
Block Model is overly pessimistic as it assumes that all coke is intrinsic. Now we
realize that a substantial fraction of the coke is extrinsic. This opens the possibility
that the CCR of resids can be reduced by mechanisms other than hydrogenation
of large-aromatic-ring cores. As a result, methods were sought to achieve this
objective, and chapter 9 on coking will discuss two methods that were success-
ful. On the other hand, because part of the coke is intrinsic, a carbonaceous by-
product is still inevitable, preventing complete conversion of resids. A research
challenge is to devise a method to determine what fraction of Conradson carbon
is intrinsic and what part is extrinsic. One possible method will be discussed in
chapter 4 when natural hydrogen donors are discussed.
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3.10 LIMITATIONS AND FUTURE DEVELOPMENTS

3.10.1 SucCESSEs

The Pendant-Core Building Block Model has proved to be an excellent approxi-
mation, considering its simplicity. It passed one test by correctly predicting the
linear relationship between CCR and hydrogen content. The hydrogen content
of the pendants and cores, evaluated from this linear relationship, were inde-
pendently verified by direct analysis of the CCR and the distillable liquids from
thermal conversion. This model correctly predicted that the hydrogen content of
distillable liquids remain constant with increasing conversion. As a result, the
Pendant-Core Building Block Model provides insight into the cause of CCR, a
petroleum characteristic that has been measured for over 90 years. Now we have
a basis to estimate how and why the CCR varies with processing, including the
large increases resulting from recycling volatile aromatic products. As a result,
the aromatic core concept must capture the most important cause for the coke-
forming and insolubility tendencies of petroleum macromolecules.

The success of the pendant-core model compounds at producing both coke-
forming potential and aromatic stacking similar to macromolecules in residua
encourages us to search further for resid model compounds. An obvious next step
is to synthesize pendant-core compounds without heteroatoms, or with sulfur, in
the links.

3.10.2 LIMITATIONS

The single-ring model compound results show that not all coke from residua
comes from large-ring aromatic cores. Thus, a more detailed model should con-
tain aromatic cores of varying sizes from one to at least five rings. In addition,
the varying sulfur content of the distillable liquids from Hondo resid points to
the need to include aliphatic sulfur as a third building block. Finally, the fact that
distillable liquids contain liquids of varying boiling points and properties show
that pendants should be modeled with a distribution of molecular weight and
hydrogen content.

3.10.3 INNOVATIONS

The Pendant-Core Building Block Model provides a tool for predicting the coke-
forming tendency of petroleum macromolecules and for predicting the elemental
analysis of commercial coke. Because the Pendant-Core Building Block Model is
capable of describing both the solubility and coke-forming characteristics of vac-
uum residua, a logical next step is to replace the pseudocomponents in the Phase-
Separation Kinetic Model (chapter 4) for residua thermolysis with a distribution
of species composed of various combinations of pendants and cores. A sample
of such species has already been shown in Figure 3.1. Nevertheless, the greatest
innovation actually results from the failure of the Pendant-Core Building Block
Model to describe the coke formation of model compounds. This opens the door
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to the possibility of reducing the yield of coke or other carbonaceous by-product
from resid conversion without consuming large amounts of expensive hydrogen.
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4 Thermal Conversion
Kinetics

4.1 INTRODUCTION

4.1.1 POTENTIAL APPLICATIONS

The thermal conversion kinetics of petroleum macromolecules is not only important
for thermal conversion processes, such as visbreaking and coking, but it is also the
primary cracking mode for hydroconversion and an important, undesired side reac-
tion for fluid catalytic cracking. In addition, thermal conversion kinetics is required
for distillation furnace design to ensure that little or no cracking occurs to prevent
coking and gas formation. Except for coking, these operations do not allow for the
accumulation of solid coke that insulates surfaces from heat transfer and eventu-
ally blocks flow. Before the research described here, the prevailing opinion was
that coke is a direct reaction product. A certain degree of conversion was expected
to result in a certain yield of coke. Instead, this research proved that coke is the
result of a liquid-liquid phase separation. This opened the door for innovation—the
ability to increase resid thermal conversion without forming coke.

This chapter will use resid thermal conversion kinetics to show the evolutionary
process in the development of kinetic models. First, information in the literature and
experimental data will challenge us until a kinetic model is devised to describe the
experimental data. This model will be tested against additional experimental data.
Although the kinetic model will meet some of these challenges, it will fail to describe
some of the new data. This will encourage us to change the kinetic model to describe
this new data, while reducing the number of adjustable parameters. As a result, new
insight and understanding will be developed. Further challenging the kinetic model
will bring to light inconsistencies. Removing these inconsistencies will enable the
further reduction in the adjustable parameters and increase in power of the kinetic
model. The path to still more powerful kinetic models will be outlined. Meanwhile,
learnings from kinetic model development point the direction to new innovations in
resid conversion. Some of these will be described in this and subsequent chapters.

4.1.2 WisH List For A KINETIC MODEL

The following list of desired features of a kinetic model for the thermal conver-
sion of resids has been compiled:

1. Quantitatively describes kinetic data.
a. Concentration versus time
b. Effect of temperature

97
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Convenient to use.

Applies to a wide variety of feeds.

Predicts the effect of changing initial concentrations.

Has a minimum number of adjustable parameters and/or evaluates
parameters from characterization data.

Predicts the effect of changing reactor type.

Provides insight for new innovations.

8. Predicts properties of products.

ARE Il

=N

These should be kept in mind as the progress of kinetic model development is
described. At the end of this chapter, the current status of the kinetic model will
be compared against these desirable features.

4.1.3 NEeD FOR ResiD THERMAL CONVERSION RESEARCH

The author joined Exxon Corporate Research early in 1977 during an energy crisis
after holding teaching (University of Rochester) and industrial (Xerox) positions.
It is important for the career of an experienced industrial researcher to select a
research project that fits strategically and economically into his company’s future.
If successful, the research should have an excellent chance of being applied, add-
ing much to the company’s bottom line. Surprisingly, many industrial research
projects have low probability of being applied, even if successful. In addition, the
researcher should be uniquely qualified to conduct the research within the com-
pany, if not within the world. Although these requirements should be for inexpe-
rienced researchers, the manager of the inexperienced researcher should take the
responsibility for ensuring that the job assignment is a good match.

The author was assigned to a reaction engineering group even though he had
never done research in reaction kinetics or in catalysis. Thus, the uniqueness cri-
teria appeared to be a challenge. Before joining Exxon, the author projected coal
liquefaction to be a great technological area for research, a very active research
area within Exxon at that time. However, after joining Exxon, his analysis of coal
liquefaction revealed that the economics were not very favorable, even with opti-
mistic assumptions. On the other hand, there was a plentiful supply of very heavy
oils that were not being produced, and petroleum resids were under-converted at
most refineries. The economics for conversion of resids and heavy oils were much
more favorable. In addition, the author could take advantage of his background
in organic polymers by doing research on the largest molecules in petroleum,
the petroleum macromolecules. Therefore, the author decided to do research on
petroleum macromolecules and resid conversion even though no one else was
doing research in this area at Exxon Corporate Research at that time.

The author did an extensive literature search and talked with senior researchers
who had done research on resids and heavy oils previously. Two aspects were
being sought. First, what is the barrier that limits the conversion of heavy oils?
Second, how can the author’s background in solution thermodynamics and phase
behavior make an impact? It soon became clear that resid conversion was limited
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by the formation of solid coke, either on reactor walls or in catalyst pores. Little
was understood about how and why coke formed. The literature'* included a
proposal that coke formed by a phase separation step, but experimental proof
was lacking. As a result, it was largely ignored by subsequent researchers. Bob
Long, senior scientific advisor at Exxon Corporate Research, suggested that the
author learn about the carbonaceous mesophase and talk with a group that was
investigating making carbon fibers by spinning carbonaceous mesophase made
from thermal treating of the distillation bottoms of fluid catalytic cracking. More
reading and analysis of the literature led the author to propose the hypothesis
that the liquid-liquid phase separation of converted asphaltenes to carbonaceous
mesophase triggers the onset of coke formation during resid thermal conversion.
Thus, the combination of the literature review, analysis, and hypotheses became
the author’s first report at Exxon, titled Solution Thermodynamics of Petroleum
Macromolecules at High Temperatures, A Research Proposal. This proposed
research met the criteria of high potential company impact and uniquely fitted the
author’s background. Although the author ended up spending 22 years working at
Exxon on this proposal and extensions, the first critical step was testing the basic
hypothesis by measuring the thermal conversion kinetics of resids.

4.2 PSEUDOCOMPONENT MODEL WITH
STOICHIOMETRIC COEFFICIENTS

In order to approximate the thermal conversion kinetics of complex systems, one
needs to model the reactants, model the reactions to products, and determine the
reaction order and rate constant for each step. One approach is to represent the
petroleum macromolecules with a set of actual compounds and evaluate the large
number of rate constants from model compound data and estimation methods.
Then, Monte Carlo simulations are done to track the distribution of species with
time. Klein and Savage* have championed this approach. Although it is impres-
sive that a formalism can be devised to handle huge numbers of species and even
larger numbers of reactions, this does not fit our approach of applying the simplest
model first, and adding complexity when required, using experimental data. In
addition, as learned in chapter 2, we cannot specify the starting distribution of
petroleum macromolecules with a reasonable degree of certainty. As a result,
even this approach is quite approximate. However, as characterization methods
improve for petroleum macromolecules and as computers continue to increase
speed and storage, the Monte Carlo simulation approach is expected to become
the method of choice for modeling the thermal conversion kinetics of petroleum
macromolecules in the future.

The simplest model for the thermal conversion kinetics of petroleum mac-
romolecules that allows for coke formation is a pseudocomponent model that
treats solubility fractions as the reactants and products. However, the Solvent-
Resid Phase Diagram in chapter 2 and the Pendant-Core Building Block Model in
chapter 3 showed that solubility fractions can be partially converted to other
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fractions, especially to distillable liquids, but the major fraction can remain within
the original solubility class. Thus, one needs a minimum of two different pseu-
docomponents to represent unreacted and converted molecules in each solubility
class. Any species that is in between these two extremes can be represented by a
combination of these two pseudocomponents. Because of the laborious laboratory
work involved, it was important to keep the number of solubility classes to a mini-
mum. Therefore, the resid and its thermal conversion products were separated
into volatiles, coke (toluene insoluble), asphaltenes (toluene soluble, n-heptane
insoluble), and heptane solubles (or maltenes). Of these, asphaltenes and heptane
solubles require reactant and product pseudocomponents. Because volatiles and
coke are not present in an unreacted vacuum resid, only a product pseudocompo-
nent is required for each of these fractions.

As seen in chapter 3, a common reaction in resid thermal conversion is to
crack volatile pendant groups off nonvolatile aromatic cores. Thus, one needs to
represent the kinetics of such reactions. It was common practice of pseudocompo-
nent kinetics to represent reactions as separate parallel reactions of a reactant to
separate products. However, a closer approximation of the expected mechanism is
to represent a cracking reaction by one reaction to both lighter and heavier prod-
ucts. Then, stoichiometric coefficients were used to determine the fractional split
of converted reactant to each product. Because stoichiometric coefficients should
be relatively independent of temperature, although rate constants are temperature-
dependent, the reduction in temperature-dependent parameters is a clear advan-
tage. Later in this chapter it will be shown that hydrogen balance can be used to
evaluate stoichiometric coefficients, a third advantage of this approach.

Soon after the project on resid thermal conversion was initiated at Exxon, Bob
Schucker joined the same group, and he decided to do research on the hydrocon-
version of resids. As aresult, we learned from each other in developing experimen-
tal techniques and concepts about resid conversion. We had received permission
to present our individual kinetic models at the same American Chemical Society
session in 1980. However, at the last minute, the author was asked to withdraw his
paper, and the Schucker paper was presented.’ This was a result of the decision to
keep the phase-separation step for coke formation as a trade secret. As hydrocon-
version greatly extends the coke induction period, Schucker could present kinet-
ics that just covered the induction period. As a result, the use of stoichiometric
coefficients and an asphaltene aromatic core reaction limit in a pseudocompo-
nent kinetic model was first published by Schucker, even though first used by the
author within Exxon. Meanwhile, the author was not given permission to pres-
ent® and to publish’ the phase-separation kinetic model until 1993, even though
it was developed in 1978. Some Exxon managers opposed publication even after
15 years. In hindsight, the author could have been more clever in obtaining pat-
ent protection of the applications of the phase-separation step for coke formation.
Once a concept is patented, it is usually an advantage for a company to publish
the concept to inform others that they are excluded from practicing the patent. In
addition, even if the patent is contested, publication can often give one the right to
use without being excluded by others. In any event, this points out a disadvantage



Thermal Conversion Kinetics 101

of doing research in an area that has a strong strategic and economic fit with one’s
company. If it is decided to keep the research results as a trade secret, the publica-
tion of one’s research results can be delayed or prevented all together. However,
the excitement and satisfaction of doing research that influences the direction and
bottom line of a large corporation, such as Exxon, can be a compensation. This
is certainly better than publishing research that is never applied. Nevertheless,
it is still difficult to keep a concept a secret after it is widely publicized within
a corporation and becomes part of the technical culture. The phase-separation
mechanism for coke formation was even presented by an Exxon employee in a
1980 paper on resid hydroconversion.® Fortunately, without the complete research
being presented, the phase-separation kinetic model for coke formation was not
published by others during this delay period and was still well received when
published.

4.3 PHASE-SEPARATION MECHANISM FOR COKE FORMATION

4.3.1 BACKGROUND

In 1977, the prevailing view, following the lead of Levinter,>'° was that coke was
formed during resid thermolysis by a sequence of polymerization and condensa-
tion steps from the lightest to the heaviest fractions:

Oils — Resins — Asphaltenes — Carbenes — Coke

As we saw in chapter 2, this is also the approximate path taken by the aromatic
fragments on the Solvent-Resid Phase Diagram. However, the aromatic fragments
initially form lower molecular weight and more aromatic fragments, while remain-
ing in the solubility class. Only when such fragments combine to form higher-
molecular-weight species do they move to the lower solubility class. Nevertheless,
most researchers in 1977 believed that this sequence followed direct chemical
reactions with no phase-separation step for molecular weight growth. However,
kinetic models based on direct reactions fail to predict the coke induction period
before coke formation begins. This coke induction period had been observed by
many investigators, including Levinter,!*-1> and has made visbreaking possible.
One exception to this view was that of Magaril,'> who was the first to postulate
that coke formation is triggered by the phase separation of asphaltenes. Unfortu-
nately, his scattered kinetic data led him to use linear variations of the concen-
tration of each fraction with reaction time, or zeroth-order kinetics, rather than
first-order kinetics expected for thermolysis. As a result, this work was largely
ignored except by the author, who was looking for the application of phase behav-
ior to resid kinetics. Later, Yan'? in 1987 described coke in visbreaking as result-
ing from a phase-separation step, but did not include this step in his kinetic model
for coke formation. Likewise, Takatsuka'* in 1989 included a phase separation to
form “dry sludge” in his hydroconversion kinetic model, but neglected this step
to form coke in his thermal cracking model.!?
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4.3.2 EXPERIMENTAL PROCEDURE

Mike Lilga, who worked with the author for two years before going to graduate
school and getting a doctorate in chemistry, developed this procedure and ran these
experiments. Isothermal, batch reactors were used that may be open or closed to the
atmosphere. The open reactor was a quartz test tube containing about 3 g of reactant
that was heated to 95% of the 400°C reaction temperature within 4 min by inserting
it in a preheated, vertical tube furnace. Cold Lake vacuum resid with normal boiling
points above 566°C (1050°F) and its fractions were used as reactants for this study.
Thus, the resid had to be thermally cracked to become volatile under the experimental
conditions. Nitrogen flowing over the sample facilitated removal of volatile liquids
when they formed, while preventing refluxing as well as oxidation of the hot resid. At
the end of each reaction time, the quartz tube was removed from the tube furnace
and inserted into ice water to cool the sample to below 200°C within 20 sec.

The asphaltene fraction could not be reacted in an open reactor because of
its tendency to foam out of the reactor. For this reason, a closed tube reactor
was used. The experimental methods for closed reactors were developed by Bob
Schucker and applied by Jerry Machusak. The closed tube reactor was also later
used for the full resid, as will be discussed later in this chapter. This reactor was
a presulfided stainless steel tubing bomb, made with tube fittings and containing
about 5 g of asphaltenes and 1.2 MPa of nitrogen. It was heated to 95% of the
reaction temperature within 3 min by inserting it into a large preheated, fluidized
sand bath. Again, a thermocouple inserted in the sample assured that rapid heat
up, isothermal condition for the designated reaction time, and rapid cooling with
cold water were obtained.

Figure 4.1 shows the separation scheme used to fractionate the reactants
and the products. Gas and volatile liquids that were formed during the reaction
were allowed to escape the open reactor, resulting in the first separation class.
This was measured by the difference in weight of the reactor before and after the
reaction. The remaining reaction mixture was separated into toluene-insoluble

Insoluble Insoluble
Volatiles Coke Asphaltenes
Step 1 Step 2 Step 3
Residuum ——— | Thermal Toluene Heptane
Reaction Filtration Filtration
Heptane
Solubles
(Maltenes)

FIGURE 4.1 Separation scheme used to fractionate the reactants and products for kinetic
studies. (From IA Wiehe. Ind Eng Chem Res. 32: 2447-2454, 1993. Reprinted with per-
mission. Copyright 1993. American Chemical Society.)
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coke; toluene-soluble, heptane-insoluble asphaltenes; and the nonvolatile hep-
tane solubles or maltenes. In each of these solvent separations, the samples were
allowed to set overnight in 15 parts of solvent per part heavy oil. This mixture
was poured through a fine (4 to 5.5 pm pores), fritted glass filter. The solids on the
filter were washed with at least 25 parts additional solvent, and this was continued
until the solvent passed the filter without color. The insolubles were vacuum dried
on the filter at 100°C for at least 8 h. The solvent was removed from the soluble
oil by rotary evaporation at 50°C, followed by vacuum drying for 8 h at 50°C. The
same procedure was followed for the closed reactor without removing the volatile
oils. However, in the process of evaporating solvent, the more volatile oils also
evaporated. Therefore, the closed reactor was used to measure the rate of change
of asphaltenes and the rate of appearance of coke without any attempt to measure
the rate of change of volatile and nonvolatile heptane solubles separately. Later,
this problem was solved. A method was developed for distilling the volatile oils
directly out of tubing bombs before exposing the oils to solvents.

4.3.3 EXPERIMENTAL RESULTS

Cold Lake vacuum resid was separated into 25.0 wt% asphaltenes and 75.0 wt%
heptane solubles using the procedure just described. The unreacted resid contains
no toluene insolubles or volatiles. The heptane solubles and full resid were reacted
at various times at 400°C in the open reactor, and the products were separated
into fractions. For each of these reactants, the concentration of the solvent-vola-
tility fractions were determined as a function of reaction time. These data have
shown four common features of resid thermal conversion kinetics, which are
described below.

4.3.3.1 Coke Induction Period

Figure 4.2 shows the formation of coke as a function of reaction time for the three
reactants—heptane solubles (maltenes), asphaltenes, and the full resid. When the
reactant is the asphaltene fraction, coke forms immediately at a high rate without
an induction period. When the reactant is the maltene fraction, there is a 90 min
induction period, after which it forms at a slow rate. We might expect the full
resid, composed of 25 wt% asphaltenes, to form coke initially at about a quarter
of the rate as the asphaltenes. Instead, there is a coke induction period of 45 min.
This coke induction period is the first common feature of resid thermal conver-
sion kinetics. It demonstrates that the maltenes inhibit the formation of coke by
the asphaltenes. As pointed out earlier, many other investigators have observed
this coke induction period in resid thermal conversion kinetics.

4.3.3.2 Asphaltene Maximum

Figure 4.3 shows the conversion of heptane-soluble reactant to the four classes as
a function of reaction time. The asphaltenes increase from zero to a maximum
and then decrease. The maximum occurs at the same reaction time as the end of
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FIGURE 4.2 Coke formation from three reactants: asphaltenes, full resid, and heptane-
soluble portion of resid for Cold Lake vacuum resid at 400°C showing different coke
induction periods. (From IA Wiehe. Ind Eng Chem Res. 32: 2447-2454, 1993. Reprinted
with permission. Copyright 1993. American Chemical Society.)
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FIGURE 4.3 Plot of the weight fraction of four conversion products of heptane-soluble
fraction of Cold Lake vacuum resid versus reaction time at 400°C in open reactors.
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the coke induction period. This maximum is the second common feature of resid
thermal conversion kinetics. It is a result of maltenes reacting to form asphaltenes,
which in turn react to form coke. This maximum in the asphaltene concentration
has also been observed by other investigators.!:>11:12

4.3.3.3 Decrease of Asphaltenes Parallels Decrease of Heptane Solubles

As shown in Figure 4.3, during the period that coke is formed, the ratio of the
asphaltenes to heptane solubles approaches a constant. This approach to a con-
stant ratio is the third common feature of resid thermal conversion kinetics, but
this was not observed by previous investigators. It will be suggested that this ratio
is the solubility limit of converted asphaltenes in the heptane solubles.

4.3.3.4 High Reactivity of Unconverted Asphaltenes

A first-order reaction rate constant of 0.013 min~' was obtained by fitting the
decrease in heptane solubles with reaction time, as is shown in Figure 4.4. While

100
90
80
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50
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30 D

20

Fraction of Initial Heptane Solubles, Wt.%

Experimental Data
e Heptane Soluble Reactant
® Full Residuum Reactant

10 T T T T T T
0 20 40 60 80 100 120 140

Time at 400°C, Min.

FIGURE 4.4 Evaluation of the first-order rate constant for disappearance of heptane sol-
ubles of Cold Lake vacuum resid at 400°C in open-tube reactors, using the data for which
the coke concentration was less than 3%. (From IA Wiehe. Ind Eng Chem Res. 32: 2447—
2454, 1993. Reprinted with permission. Copyright 1993. American Chemical Society.)
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FIGURE 4.5 Evaluation of the first-order rate constant for disappearance of asphaltenes
of Cold Lake vacuum resid at 400°C in closed-tube reactors. (From IA Wiehe. Ind Eng
Chem Res. 32: 2447-2454, 1993. Reprinted with permission. Copyright 1993. American
Chemical Society.)

this data includes the full resid and the heptane-soluble fraction as reactants, data
for which the coke concentration exceeded 3 wt% were excluded. Once signifi-
cant coke begins to form, the data deviates from first-order behavior. As will be
discussed later, this has led to the hypothesis of a heptane-soluble by-product for
the coke-forming reaction.

Figure 4.5 shows that when the reactant is the asphaltene fraction, the disap-
pearance of the asphaltene fraction in the closed tube reactor can be described
with a first-order kinetic model using a reaction rate constant of 0.026 min~'. This
is within experimental error of the value of 0.025 min~' measured by Schucker
and Keweshan’ at 400°C under 6 MPa of hydrogen for the same asphaltenes.
Thus, unlike the refractory nature ascribed to the asphaltenes by most previous
investigators, the unconverted asphaltenes are actually the most thermal reactive
fraction of the vacuum resid. The asphaltenes just have a limited extent of reac-
tion. Nevertheless, the high reactivity of unconverted asphaltenes provides the
fourth common feature of resid thermal conversion kinetics.
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FIGURE 4.6 Phase-separation mechanism of the formation of coke from the thermoly-
sis of resids. (From KA Gould and IA Wiehe. Energy and Fuels 21: 1199-1204, 2007.
Reprinted with permission. Copyright 2007. American Chemical Society.)

4.3.4 PHASE-SEPARATION KINETIC MODEL

A kinetic model was developed that describes these four common features of resid
thermal conversion kinetics. It is based on the mechanism shown in Figure 4.6.
Based on the Pendant-Core Building Block Model, the asphaltenes have a ther-
mally stable, polynuclear aromatic core with saturate and aromatic pendants.
These pendants are thermally cracked with high reactivity to form free radicals.
It is hypothesized that the resid contains natural hydrogen donors (proof given in
section 4.7), saturated rings adjacent to aromatic rings, that can donate hydrogen
and terminate free radicals. This explains why the asphaltene molecular weight
decreases during thermal conversion, as observed in chapter 2. However, the solu-
bility of the asphaltenes decreases as they lose pendants and approach the reac-
tion limit of the asphaltene aromatic core. At some point, the asphaltenes become
insoluble in the reacting medium and undergo a liquid—liquid phase separation to
form a phase lean in hydrogen donors. In this heavy phase, asphaltene free radi-
cals combine by addition and recombination reactions to form high-molecular-
weight coke. This mechanism explains why the phase separation of asphaltenes
triggers the onset of coke formation and why, when asphaltenes are reacted alone,
they form coke without an induction period. In chapter 2, we saw direct evidence
that the coke that is formed from this reaction is higher in molecular weight.
However, there was no evidence at that time to show that resids contained natural
hydrogen donors, although an explanation was needed as to why asphaltenes in
solution decreased in molecular weight, but in a separate phase they increased
molecular weight. Previously, Langer’> of Exxon used partially hydrogenated
refinery process streams to provide donor hydrogen and, as a result, inhibit coke
formation during resid thermal conversion. In 1978, Exxon was developing a coal



108 Process Chemistry of Petroleum Macromolecules

liquefaction process using similar hydrogen donor solvents. As a result, the natu-
ral hydrogen donor explanation was a convenient one. Nevertheless, the testing of
this and other parts of the mechanism and kinetic model were done as part of the
process of challenging and looking for inconsistencies. The results of these chal-
lenges, including the natural hydrogen donor hypothesis, will be discussed later
in this chapter (section 4.7).

One should recognize that the development of a kinetic model is a long trial
and error process. Approximately 50 different kinetic models were tried before
arriving at the one presented here. This one was obtained by focusing on the
simplest model that described the common features, contained a liquid—liquid
phase separation step, and contained the aromatic core reaction limit for both
asphaltenes and heptane solubles. Finally, minimum complexity is added to
describe the experimental data. The resulting kinetic model, shown here, contains
two parallel first-order reactions for the thermolysis of unreacted heptane solubles
and unreacted asphaltenes. These are the only reactions that occur during the
coke induction period when only lower molecular weight products are formed.

Phase-separation kinetic model Nomenclature
M+ L) mA* +(1-m)V M = unreacted heptane solubles, wt%

M" = heptane soluble cores, wt%
A+ ka >aA*+bM*+ (1 —a—b)V A* = unreacted asphaltenes, wt%
A" = asphaltene cores, wt%
=S, (M*+M") V = volatiles, wt%
TI = toluene-insoluble coke, wt%

Solubility Limit: A"

max

A =A"—A" S, = solubility limit
A"« = maximum asphaltene cores that can be held
in solution
Ay ——> yH +(1-y)TI A"g, = excess asphaltene cores beyond the solubility

limit
ky = first-order rate constant for the thermolysis of
heptane solubles, min™!
k, = first-order rate constant for the thermolysis of
asphaltenes, min™!

m, a, b, and y = stoichiometric coefficients

As long as the asphaltene cores remain dissolved, the heptane solubles can
provide sufficient donor hydrogen to terminate asphaltene-free radicals. As the
conversion proceeds, the concentration of asphaltene cores continues to increase,
and the heptane solubles continue to decrease until the solubility limit, S;, is
reached. Beyond the solubility limit, the excess asphaltene cores, A*p,, phase sep-
arate to form a second liquid phase that is lean in donor hydrogen. As a result, in
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this new phase, asphaltene radical recombination is quite frequent, causing a very
rapid reaction to form solid coke and a by-product of heptane-soluble cores.

4.3.5 DERIVATION OF EQUATIONS FOR THE PHASE-SEPARATION KINETIC MODEL

The nomenclature is the same as previously given, with the addition of A;=initial
asphaltene concentration. Thus, on the basis of 100 parts of resid initially, the
initial heptane-soluble concentration is 100 — A, . The concentration of unreacted
asphaltenes, A*, unreacted heptane solubles, M*, and volatiles, V, are unaffected
by whether coke is forming or not. Because the thermolysis of asphaltenes and
heptane solubles are by first-order reactions:

dA* dM+
kLAY =k Mt
dt A dt M

Integrating these equations from time zero to time t yields

Ar= Ak M* = (100 - A )e bt

V=>1-m)100-A ))(I-e*)+(1-a—-b)A (1—e ")

During the coke induction period,

A*=m (100 - A,)(1 —e*ut) +aA (1 — e 1)
A=A*+A*

M = bA, (1 —e ")

M = M* + M*

TIT =0

The coke induction period ends when

A*=S, (M* +M*)

Thereafter, A* is given by the preceding solubility equation, and

M = (1y H) +bA,(1—eat)
-y

TI=[1-y][ m100— A1 —e ") +aA (1—e ") =S (M +M#)]
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Substituting for M* and solving for TI:

1—
= L+y§L }[m(]OO—AO)—(m+SL)(]()()_AO) ekut

+(@=bS A (1-e™ )]

For Cold Lake vacuum resid at 400°C, the following constants are used:

ky =0.013 min™ k, =0.026 min™
m = 0.221 y=0.30
a=0.825 b=0.02

For the full resid, A, = 25.0, M, =75.0, and S; = 0.49.
For the heptane-soluble fraction as the reactant, A; =0, M, =100 and S; = 0.61.

4.3.6 ComparisON OF KINETIC MODEL WITH QUANTITY DATA

To describe the temporal variation in the four classes when the reactant is the
heptane-soluble fraction, only four constants are required. The rate constant k,; at
400°C was determined as described previously (Figure 4.4). The other three con-
stants, S; , m, and y, were evaluated to fit the experimental data on the thermolysis
of Cold Lake vacuum resid and its heptane-soluble fraction using nonlinear least
square software. The resulting values of the four constants are as shown previ-
ously. Figure 4.7 shows that the kinetic model describes quite well the experimen-
tal data on the variation in quantity of each of the four compound classes with
reaction time. Because the four curves are all nonlinear, the agreement is more
than a curve fit.

As discussed previously, the asphaltene thermolysis data was used to evalu-
ate the asphaltene rate constant, k, , at 400°C. As the closed reactor conversion
could not provide the split between volatile and nonvolatile heptane solubles, it
could not be used to evaluate stoichiometric coefficients. Instead, the remaining
stoichiometric coefficients and a different solubility limit were evaluated, using
the full resid thermolysis data. Again, the agreement between the experimental
data of the variation of the four compound classes with reaction time and the
nonlinear kinetic model calculation is quite good, as is shown in Figure 4.8. How-
ever, the dependence of the solubility limit on the initial asphaltene concentration
indicates that a portion of the mechanism is not well-modeled. Nevertheless, this
kinetic model is a large advance beyond that of Magaril® and shows that a realistic
kinetic model with a phase-separation step for coke formation is consistent with
the experimental data. This is a condition necessary, but not sufficient to justify
the hypothesized mechanism for resid thermolysis. Considering that the model
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FIGURE 4.7 Replot of the weight fraction of four products of conversion of the hep-
tane-soluble fraction of Cold Lake vacuum resid versus reaction time at 400°C in open-
tube reactors, but with curves calculated from the phase-separation kinetic model. (From
IA Wiehe. Ind Eng Chem Res. 32: 2447-2454, 1993. Reprinted with permission.
Copyright 1993. American Chemical Society.)

was still fitted to the data with eight parameters, independent data is required to
justify the mechanism.

4.3.7 CompARISON OF THE KINETIC MODEL WiITH QUALITY DATA
4.3.7.1 Asphaltene Hydrogen Content and Molecular Weight

Figure 4.8 shows that asphaltene concentration varies little in the coke induction
period for the thermolysis of the full resid and then decreases once coke begins
to form. As a result, if thermolysis data were collected only on the full resid, one
might incorrectly conclude that asphaltenes are unreactive. On the contrary, it is
the high reactivity of the asphaltenes down to the asphaltene core that offsets the
generation of asphaltene cores from the maltenes to keep the overall asphaltene
concentration nearly constant. In addition, only by postulating two asphaltene
species, unreacted and cores, can the kinetic model simultaneously describe the
thermolysis data of the two resid fractions and the whole resid. Therefore, further
evidence was sought in the asphaltene quality data for the two asphaltene species
and high asphaltene reactivity.

Chapters 2 and 3 pointed out the importance of the combination of molecular
weight and hydrogen content as characterization tools for the Solvent-Resid Phase
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FIGURE 4.8 Plot of the weight fraction of four products of the conversion of full Cold
Lake vacuum resid versus reaction time at 400°C in open-tube reactors. Curves were
calculated from the phase-separation kinetic model. (From IA Wiehe. Ind Eng Chem Res.
32: 2447-2454, 1993. Reprinted with permission. Copyright 1993. American Chemical
Society.)

Diagram and the Pendant-Core Building Block Model. Because the kinetic model
provides the relative amount of the different type of asphaltenes, the overall
hydrogen content and molecular weight of the asphaltenes can be calculated as a
function of reaction time:

_ ATH,*+ AFH
A*+A*

CATM,* + ARM,

H
A At + A*

M,

where
H, = overall asphaltene hydrogen content, wt%

H,* = hydrogen content of reacted asphaltenes, wt%
H,* = hydrogen content of asphaltene cores, wt%

M, = overall asphaltene molecular weight, wt%
M,* = molecular weight of reacted asphaltenes, wt%
M, * = molecular weight of asphaltene cores, wt%

A*, A* = asphaltene-type concentrations as predicted by the kinetic model, wt%
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FIGURE 4.9 Temporal variation in the hydrogen content of asphaltenes from the ther-
molysis of the full Cold Lake vacuum resid at 400°C in open-tube reactors. Curve was
calculated from the phase-separation kinetic model using H,* = 7.94 wt% and H," = 5.95
wt%. (From IA Wiehe. Ind Eng Chem Res. 32: 2447-2454, 1993. Reprinted with permis-
sion. Copyright 1993. American Chemical Society.)

In Figure 4.9 and Figure 4.10, the hydrogen content and molecular weight (VPO in
o-dichlorobenzene at 130°C) are compared with the kinetic model for asphaltenes
from the thermolysis of the full resid. Although the properties of the unreacted
asphaltenes can be directly measured, the properties of the asphaltene core have to
be fitted to the data at long reaction times. The asphaltene core is expected to have
much higher hydrogen content at 400°C than the core determined at 500°C as
shown in chapter 3. Nevertheless, having fixed the initial and long time property
of the asphaltenes, Figure 4.9 shows that the kinetic model provides a quantitative
description of the hydrogen content between these limits. Although the molecu-
lar weight data is more scattered, Figure 4.10 shows a reasonable description of
molecular weight versus reaction time by the kinetic model. Thus, the ability of
the kinetic model to describe asphaltene hydrogen content data with a sharp initial
decrease and long time approach to a constant provides independent verification
of several parts of the underlying mechanism. This includes a high rate constant
for asphaltene thermolysis, the asphaltene core reaction limit, and the use of two
species of asphaltenes to represent the distribution that is actually present.

The kinetic model predicts that the asphaltenes from thermolysis of heptane
solubles will have a constant hydrogen content and molecular weight—those of
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FIGURE 4.10 Temporal variation in the number average molecular weight of asphaltenes
from the thermolysis of the full Cold Lake vacuum resid at 400°C in open-tube reactors.
Curve was calculated from the phase-separation kinetic model using M,* = 2980 and
H," = 1611. (From IA Wiehe. Ind Eng Chem Res. 32: 2447-2454, 1993. Reprinted with
permission. Copyright 1993. American Chemical Society.)

asphaltene cores. Table 4.1, with example data at a reaction time of 90 min, shows
that this prediction is not verified. Instead, the hydrogen content and molecular
weight of asphaltenes from thermolysis of heptane solubles are in between those of
unreacted asphaltenes and asphaltene cores—more similar to those from thermoly-
sis of the full resid when compared at the same reaction time. This leads to the con-
clusion that the asphaltenes formed from thermolysis of heptane solubles are better
approximated by unreacted asphaltenes than asphaltene cores. These asphaltenes

TABLE 4.1

Comparison of Properties of Asphaltenes Formed from Cold Lake
Vacuum Resid Maltenes and from the Full Resid with Unreacted
Asphaltenes and with Asphaltene Aromatic Cores after 90 min at 400°C
in Open Reactors

Maltene Full Resid Unreacted Asphaltene
Property Product Product Asphaltenes Aromatic Core
H Content, wt% 6.44 6.17 7.94 5.95

Mol. Wt. 1902 1820 2980 1611
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then would continue to react similar to unreacted asphaltenes. This insight led to
the series reaction kinetic model discussed in section 4.4.

4.3.7.2 Asphaltene Association Factor

In chapter 2, we learned that the measurement of molecular weight of petroleum
asphaltenes gives different values depending on the technique, the solvent, and
the temperature. Small-angle x-ray and neutron scattering showed that this phe-
nomenon is a result of asphaltenes tending to self-associate and form aggregates.
Eventually, it is this association tendency that causes reacted asphaltenes to phase
separate and form coke. Thus, it is of interest to investigate the relative tendency
for asphaltene association with thermolysis reaction time. In order to measure
the relative tendency for asphaltene association, advantage is taken of the effect
of the environment on the average molecular weight measured by vapor pressure
osmometry. Thus, the asphaltene association factor, ¢, is defined by

o = [Mol. Wt in toluene at 50°C] / [Mol. Wt in o-dichlorobenzene at 130°C]

This gives the associated molecular size of the asphaltene measured in toluene, the
poorest solvent required to dissolve asphaltenes, at a relatively low temperature
divided by the best measure of the unassociated molecular weight (chapter 2).
Figure 4.11 shows how this asphaltene association factor varies with reaction
time for the thermolysis of the full resid. Also, in Figure 4.11, the variation of
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FIGURE 4.11 Temporal variation of the asphaltene association factor for asphaltenes
from the thermolysis of the full Cold Lake vacuum resid at 400°C in open-tube reactors.
It shows that associated asphaltenes preferentially phase separate to form coke. (From IA
Wiehe. Ind Eng Chem Res. 32: 2447-2454, 1993. Reprinted with permission. Copyright
1993. American Chemical Society.)
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toluene-insoluble coke with reaction time is replotted. During the 45 min coke
induction period, the association factor is nearly constant at 1.9. However, once
coke begins to form, the remaining asphaltenes have less tendency to associate. As
more and more coke is formed, the association factor continually decreases until,
at 180 min, the remaining asphaltenes show almost no tendency to associate (0. = 1).
The explanation is that some asphaltenes are associated (denoted by circled As in
Figure 4.11) and some asphaltenes are not associated (denoted by individual As).
Both are distributed in a matrix of heptane solubles (denoted by Hs). The associ-
ated asphaltenes tend to preferentially phase separate to form coke as is indicated
by the product below the line. Thus, the asphaltenes that remain (those above
the line) in solution have, on average, a lower association factor. This process
continues with increasing reaction time until all of the associated asphaltenes are
phase separated to form coke, causing the association factor to reduce to unity.
Thus, this data is consistent with asphaltene insolubility initiating the formation
of coke.

4.3.7.3 Coke Molecular Weight

Once sufficient quantity of toluene-insoluble coke is formed from the thermoly-
sis of either the heptane-soluble fraction or the full resid, the coke is not com-
pletely soluble in the o-dichlorobenzene at 130°C used to measure the molecular
weight. However, because coke forms at high rates at short reaction times during
the thermolysis of asphaltenes, its solubility is high enough to measure its molecu-
lar weight, as shown in Figure 4.12. The molecular weight of the coke continu-
ously increases up to 60 min, until at 90 min the coke is not completely soluble
in o-dichlorobenzene at 130°C. Meanwhile, the asphaltenes that do not form coke
decrease in molecular weight with increasing reaction times by cracking off lower-
molecular-weight by-products. This is direct evidence that when the asphaltenes
are in a separate phase, they form coke by molecular weight growth that is better
characterized by oligimerization than as polymerization. On the other hand, dur-
ing the coke induction period for the thermolysis of the full resid, we saw that the
asphaltene molecular weight underwent a rapid decrease. This evidence is con-
sistent with a phase separation triggering the switch from asphaltene molecular
weight decrease to molecular weight increase, resulting in coke formation.

4.3.7.4 Carbonaceous Mesophase

Toluene-insoluble coke, resulting from the thermolysis of the full resid for 180
min, was dispersed in quinoline (an excellent solvent for carbonaceous materi-
als) and observed in transmitted light at 600x with an optical microscope, as
shown in Figure 4.13. All the quinoline-insoluble coke is in the form of spheres
or agglomerates of spheres. This is the most direct proof that at least part of the
coke was formed by a liquid—liquid phase separation and that interfacial tension
forced them into the spherical shape, much like oil dispersed in water, before they
formed a solid by oligimerization. Because only ordered structures appear bright
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FIGURE 4.12 Temporal variation of the molecular weight of the coke and of the
asphaltenes from the thermolysis of the asphaltene fraction of Cold Lake vacuum resid at
400°C in closed-tube reactors. (From IA Wiehe. Ind Eng Chem Res. 32: 2447-2454, 1993.
Reprinted with permission. Copyright 1993. American Chemical Society.)

under cross polarized light, it is significant that these quinoline-insoluble par-
ticles are anisotropic or ordered. Books and Taylor'® were the first to observe the
carbonaceous mesophase, or liquid crystalline coke, which has had an enormous
impact on the technology of producing carbon-based products. However, the feeds
are usually smaller-ring aromatics with fewer side chains and contain less hetero-
atoms than vacuum resids. These provide the carbonaceous mesophase precursors
with much lower reactivity than for resids, enabling the carbonaceous mesophase
to remain liquid at elevated temperatures for a long enough time to form carbon
products in the desired shape. Nevertheless, we can learn from carbon research
that the carbonaceous mesophase is caused by the preferential parallel align-
ment of large-ring aromatics. The drops of carbonaceous mesophase grow by the
coalescence of smaller drops. Oberlin,"” using transmission electron microscopy,
found that the carbonaceous mesophase only grows to sizes large enough (0.5 um
and larger) to resolve by optical microscopy if its viscosity and the viscosity of the
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Normal Light Cross Polarized Light

FIGURE 4.13 Optical micrographs of toluene-insoluble coke from thermolysis of the full
Cold Lake vacuum resid for 180 min at 400°C in open-tube reactors and dispersed in
quinoline. (From IA Wiehe. Ind Eng Chem Res. 32: 2447-2454, 1993. Reprinted with
permission. Copyright 1993. American Chemical Society.)

medium remain low. Thus, the coke that appears to be quinoline-soluble under an
optical microscope may be submicron spheres of ordered structures.

Later in this book, the carbonaceous mesophase will help us to understand
fouling causes. However, for the present, the spherical particles of carbonaceous
mesophase are significant for providing direct proof of the liquid-liquid phase
separation mechanism for coke formation. This verified the basic hypothesis that
the author made in his research proposal, not only about the phase separation
but also the role of the carbonaceous mesophase. By making this hypothesis in
advance, the author had justified the purchase of an expensive polarizing micro-
scope and the receiving of specialized training in optical microscopy. Otherwise,
optical microscopy would not normally be part of a study of resid thermal kinetics.
This turned out to be an extremely valuable tool. Although not quantitative, opti-
cal microscopy has provided qualitative insight to resid conversion and solubility
mechanisms. For instance, by observing only a drop of resid conversion product,
one can tell whether or not that coke is present by looking for the carbonaceous
mesophase. Thus, coke induction periods can be measured without mixing the
thermal product with toluene and filtering it. Likewise, during pilot plant runs of
resid conversion, one can determine if coke is forming in the reactor by the pres-
ence of carbonaceous mesophase in the heavy product. This enables the change
of the conditions before filling the reactor with coke. As a result, the development
of resid conversion processes was made much more rapid. Finally, by looking at
a foulant from a refinery under an optical microscope, one can determine if the
cause was thermal coking by the presence of the carbonaceous mesophase. These
applications and more will be covered later in this book.
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4.3.8 SUMMARY OF PHASE-SEPARATION KINETIC MODEL AND MECHANISM

It has been shown that most of the quantity and quality experimental data are
consistent with the Phase-Separation Kinetic Model and mechanism. The kinetic
model describes how the maltenes, asphaltenes, volatiles, and coke vary with
reaction time during the thermolysis of Cold Lake vacuum resid and its heptane
soluble fraction. The high thermal reactivity of asphaltenes to an aromatic core
reaction limit was verified by the kinetic model based on these hypotheses describ-
ing the variation of the hydrogen content and molecular weight of asphaltenes.
The liquid-liquid phase separation step triggering the onset of coke formation
was directly proved by the presence of spherical carbonaceous mesophase in the
coke. This was also consistent with the coke molecular weight increasing when
asphaltenes are thermally reacted alone, but decreasing during the coke induc-
tion period when thermally reacted with the heptane solubles in the full resid. In
addition, the more associated asphaltenes preferentially forming coke is consis-
tent with the phase-separation mechanism. The test of natural hydrogen donor
hypothesis will be discussed in section 4.7.

There were two inconsistencies in the comparison of the Phase-Separation
Kinetic Model with experimental data. First, different solubility limits had to be
used when applying this model to the thermolysis of the heptane soluble fraction
and full resid. Second, the hydrogen content of the asphaltenes from the ther-
molysis of the heptane solubles showed that these asphaltenes initially are more
similar to the unreacted asphaltenes than the asphaltene cores. This indicates that
the two reactions in the kinetic model should be in series, rather than in parallel.
In addition, the concept of a heptane soluble by-product of the reaction of asphal-
tene cores to coke seemed contrary to our view that any fragments that can crack
off asphaltene cores would be small enough to be volatile.

Before changing the kinetic model, the present one is a close enough approxi-
mation to be tested against a much wider range of data: longer reaction times,
different reactor type, more reaction temperatures, different initial asphaltene
concentrations, and different resids. This will test how general the present model
is and, if not general, it will provide both the motivation and direction of change.
This follows the research strategy of the author. Once a model describes the
experimental data, push that model to describe a greater range of data until it
fails. In order to develop a model to describe the greater range of data, one must
learn more about the mechanism. At each of these steps of learning, one should
investigate the practical significance toward new innovation. Although these
innovations are covered later in this book, in reality, they were pursued imme-
diately. The phase-separation mechanism for coke formation meant that resids
could be converted much more than previously thought without forming coke
by keeping the converted asphaltenes soluble. This had tremendous potential
impact on resid conversion and was being exploited almost immediately once the
research results in this section were publicized within Exxon. This also explains
why the permission to publish this research was withdrawn until 15 years after
it was completed.
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4.4 SERIES REACTION KINETIC MODEL

4.4.1 SoMe New ResiD THERMAL CONVERSION DATA

This section describes new resid thermal conversion data on Cold Lake vacuum
resid at 400°C using the open reactor and the comparison with that predicted by
the Phase-Separation Kinetic Model of section 4.3. In order not to be confused
with a new kinetic model that will be developed in this section, the previous
kinetic model will be called the “Parallel Reaction Kinetic Model” in this sec-
tion. Later, additional data at 370°C and 420°C will be described along with the
data using closed reactors and data on different resids. However, it makes sense
to focus first on obtaining a kinetic model that describes the thermal conversion
data on Cold Lake vacuum resid at 400°C using the open reactor and expanding it
to different temperatures, reactors, and resids after this is accomplished.

4.4.1.1 Cold Lake Vacuum Resid with 50% Initial Asphaltenes

A master batch was prepared by blending two parts by weight Cold Lake vacuum
resid (25 wt% asphaltenes) with one part Cold Lake asphaltenes at 250°C under
nitrogen to yield a homogeneous mixture containing 50 wt% asphaltenes. All of
the open tube reactions were done on samples from this master batch. No problems
were experienced with foaming as obtained from open reactor thermal reactions
on 100% asphaltenes. Figure 4.14 shows a comparison of the resulting thermal
conversion of this mixture at 400°C with the Parallel Reaction Kinetic Model.

70
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FIGURE 4.14 Deviations from the experimental data (points) for the thermolysis of Cold
Lake vacuum resid with 50 wt% asphaltenes shown by the Parallel Reaction Kinetic
Model calculations (curves).
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TABLE 4.2
Comparison of the Parallel Reaction Kinetic Model and 400°C Data
at 360 Min Reaction Time in Open-Tube Reactors

Calculated Kinetic Model (wWt%) Experimental Data (wt%)

Initial
Asphaltene Heptane Toluene Heptane Toluene
(Wt%) Volatil. Sol. Asph.  Insol.  Volatil. Sol. Asph. Insol.
0 713 6.2 3.8 12.7 774 3.8 2.6 159
25 61.1 11.0 6.7 21.3 66.3 52 3.6 249
50 44.9 16.6 6.5 32.0 56.7 3.7 2.3 36.8

Although previously a different solubility limit was used for 0 and 25 wt% initial
asphaltenes, the same solubility limit as for 25 wt% initial asphaltenes (S; = 0.50)
was used. The coke induction period predicted by the model is less than that shown
by the data, indicating that the solubility limit should be closer to the value of 0.61
used for 0 wt% initial asphaltenes. However, even greater deviations between the
model and data exist for all fractions at times beyond the coke induction period.

4.4.1.2 Longer Reaction Times at 400°C

The longest reaction time was doubled from 180 min to 360 min at each of the
initial asphaltene concentrations. A comparison between experimental concentra-
tions of each of the fractions and that calculated with the Parallel Reaction Kinetic
Model at 360 min for each initial asphaltene concentration is given in Table 4.2.
The volatiles and coke are predicted by the model to be lower than the data,
whereas the maltenes and asphaltenes are predicted to be higher than the data.

4.4.2 DERIVATION OF THE SERIES REACTION MODEL

The new data provided further motivation to change the kinetic model, but not the
direction. Therefore, advantage of the insight is gained from the hydrogen content
and molecular weight of the asphaltenes formed in the maltene thermolysis by mak-
ing unreacted asphaltenes as a product of this process rather than asphaltene cores.
In addition, the coke was made as a direct reaction product of asphaltene cores with-
out the maltene core by-product. Thus, the result is the Series Reaction Model.!®

Series reaction kinetic model

Mt —M 5 AY (1 —m)V
A —A 5 g A* b MF+ (I —a—b)V

Solubility Limit: A", =S, (M*+ M)

Nomenclature

M* = unreacted maltenes, wt%

M* = maltene cores, wt%

A* = unreacted asphaltenes, wt%

A" = asphaltene cores, wt%
V = volatiles, wt%
TI = toluene insoluble coke, wt%

S, = solubility limit
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A =A"— A" A" .« = maximum asphaltene cores that can be held
in solution
A, = excess asphaltene cores beyond the solubility
limit

Aty —> TI

ky; = first-order rate constant for the thermolysis of
maltenes, min™

k, = first-order rate constant for the thermolysis of
asphaltenes, min™!

m, a, and b = stoichiometric coefficients

This kinetic model contains one fewer stoichiometric coefficient than the Paral-
lel Reaction Kinetic Model, but the series reactions makes the Series Reaction
Kinetic Model more mathematically complex.

Based on the reactions being first order:

dM+
dt

=-kyM*
Integrating from time equal O to time equal t:
M+ =(100—-A,)eu

Likewise, for the rate of change of unreacted asphaltenes:

+ +
dAT L AMT
dt dt
dA*
= kM -k AT
dA*

S PR AT = mky (100 - A e

eatdA* +k, Atekatdt = mk,, (100 — A )e®a—kwtdt
J‘ d(e*a'A*) = mk, (100 — Ao)_[ e AT

0
AU

_ mky (100=Ag) iaoir

erat AT — A, —1]
kA - kM
At = Akt + mky (100 A,) [ekut —eka]
0 k, -k
A M

L _mky(100-Ay) o [mk, 100-A) |
kA _kM kA _kM ’
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mk,, (100 - A,)

mkM(lOO—AO)[l
kA_kM

kA_kM

At =A, +{ —A(,}[l—ek/&‘]— —ekut]

The volatiles, V, are by-products of both reactions:

V=(1-m)(100— A, - M*)+[I—a—b][m(100— A, - M*)+ A, — A*]
V=(100-A,-M")(1-m{a+b})+[1-a—bl[A, — A’]
V=(-mfa+b})100— A )1-e*n)—[I—a—b]

{mkM(IOO—AO) ~

A, |[1—ekat
K, —k, 0}[ ]

3 mk,,(100-A,) i
kA _kM

—ehmt]

k
V=|l-m+m(l-a-b)—A —
k, -k

A M

}[100 — A [ —et]

mk,, (100 - A,)

+[1-a-b]| A, -
[ ]{ 0 K, —ky

} [1—e*a]

The heptane soluble cores, M*, are by-products of the asphaltene reaction:
M#*=bm(100-A,-M*)+ A - A*]

mk,, (100 - A,)

100— A )1 —ekmt) —
m(100 - A )1 e )[ -

AO}[I —e ]
M*=b
mk,, (100 - A,)

1-— e—le
K —k, [ 1

M*=b- A —M {1—ekat}+ w {1—e*ut}
0 k, -k, k, —k,,

M = M* + M*

mk,, (100 — A
M=(100-A,) e *ut + bHAO - M(O)}{l —ekat)

kA - kM
Sfmka00-Ap |
kA - kM
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mk,, (100 — A
M=100—A0+b AO—M [l—e‘kA‘]+(lOO—AO)
kA_kM
k
o LI RS
kA_kM

During the coke induction period when all of the asphaltenes remain in solution
(A* < S H),

A*=a[m(100— A, - M*)+ A, — A*]

A*=a|<A —w {1—e*kAl}+ w {1_e—le}
0 k, —ky k, —k,,

A=A*+A*

AzA, —[l—a]{AO ~ mkM(100—AO)}[1_e_kAt]+ m(100 - A, )@k , —k,,)

kA_kM kA_kM

X [1—e7*ut]
After the coke induction period,
A* =S, (H* + H¥)

mk,, (100 — A
A=A, +SL(100—A0)—[1—bSL]{AO —M(O)}[l—e‘k/\‘]

ky —ky
S k,1-b =S,k
—[100- A, ]| ~- A(I=bm)+(m-S§, )k, [ ebut]
ky—ky
TI= A*Pmduced - A*Snln
mk, (100 - A mk, (100- A
TI=a AO—M {1-e*at}+ M {1—e*ut}
ky —ky ky—ky
mk, (100 - A
“s, [100- A, +b| A, ~ MO g1 100- Ay
K, -k,

| TOKs = ek
kA_kM
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mk,, (100 - A,)

TI:[a—bSL]{AO— —

}[1 —e k1=, (100— A,)

A M

_{makA +$, (k, —k,, —mbk,)

_ _ a—kyt
T }[100 A l[1—e ]

A M

If the reaction is allowed to go to completion, the Series Reaction Kinetic Model
predicts the following results:

V.=100—(a+b)[A, +m(100—A,)]
M.=b[A, +m(100—A,)]
A.=S,b[A,+m(100—A,)]
TI.=[a—bS, ][A, +m(100— A,)]

4.4.3 CoMPARISON OF THE SERIES REACTION MODEL wiTH 400°C DATA

The first step in utilizing the kinetic model is evaluating the parameters in the
model. However, the rate constants, k, and k,, , were already determined, inde-
pendent of the model specifics. The three stoichiometric coefficients were deter-
mined by fitting all the open reactor data at 400°C for the thermolysis of Cold
Lake 1050°F* fractions, containing 0, 25, and 50 wt% initial asphaltenes, using
a nonlinear least squares fitting program. These stoichiometric coefficients were
fitted to the experimental volatiles, heptane solubles, and the sum of asphaltenes
and coke. Then, the solubility limit was determined that best described the split
of asphaltene cores into asphaltenes and coke. It was found that only one solubil-
ity limit, S, , independent of initial asphaltene concentration, was sufficient. The
resulting set of constants is given in the following text.

Constants in Series Reaction Model at 400°C for Cold Lake Vacuum

Resid
k, = 0.026 min! ky = 0.013 min! S, =0.362
m = 0.302 a=0.602 b=0.108

It should be noted that the Series Reaction Kinetic Model has the advantage over
the Parallel Reaction Model of at least two less constants. One stoichiometric
coefficient, y, was eliminated by removing the maltene core by-product for the
conversion of insoluble asphaltene cores to coke. At least one solubility limit was
eliminated because previously a different solubility limit was used for the ther-
molysis of the maltenes and the full resid. Because it was not clear what the
solubility limit should be in the Parallel Reaction Kinetic Model at other initial
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FIGURE 4.15 Description of the weight fraction of four products of the thermolysis of the
heptane-soluble fraction of Cold Lake vacuum resid (points) versus reaction time (up to
360 min) at 400°C in open-tube reactors by the Series Reaction Kinetic Model (curves).

asphaltene concentrations, additional solubility limit parameters may have been
eliminated by the use of the new kinetic model.

Despite having fewer constants, Figure 4.15 to Figure 4.17 show that the Series
Reaction Kinetic Model quantitatively describes the experimental data quite well
for the thermolysis of Cold Lake 1050°F* at three initial asphaltene concentrations
at 400°C in an open reactor. This data includes the 50% initial asphaltene data
not described well by the Parallel Reaction Kinetic Model. In addition, Table 4.3
shows that the calculated results for the newer model describe the experimental
data at the longest reaction time of 360 min much better than the previous model
(Table 4.2). Thus, the changes from reactions in parallel to reactions in series and
the elimination of a heptane soluble core by-product in the asphaltene to coke reac-
tion have been substantiated by comparison with the experimental data.

4.4.4 LINEAR RELATIONSHIPS BETWEEN THE FRACTIONS

In this section, we follow the recommended strategy to look for independent evi-
dence of the reactions being in series, rather than in parallel. Previous to the
development of the Series Reaction Kinetic Model, it was observed that when the
fractions, maltenes, asphaltenes, and coke were plotted against volatiles, straight
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FIGURE 4.16 Description of the weight fraction of four products of the thermolysis of
the full Cold Lake vacuum resid (points) versus reaction time (up to 360 min) at 400°C in
open-tube reactors by the Series Reaction Kinetic Model (curves).
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FIGURE 4.17 Description of the weight fraction of four products of the thermolysis of the
Cold Lake vacuum resid with 50 wt% asphaltenes (points) versus reaction time (up to 360
min) at 400°C in open-tube reactors by the Series Reaction Kinetic Model (curves).
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TABLE 4.3
Comparison of the Series Reaction Kinetic Model and 400°C Data at 360
Min Reaction Time in Open-Tube Reactors

B Calculated Kinetic Model (wt%) Experimental Data (wt%)
:\nslsli‘ellltene Heptane Toluene Heptane Toluene
Wit%) Volatil. Sol. Asph.  Insol.  Volatil. Sol. Asph.  Insol.

0 719 4.0 1.8 16.3 714 3.8 2.6 159

25 65.7 5.7 2.4 26.3 66.3 5.2 3.6 24.9
50 53.5 7.4 2.9 36.2 56.7 3.7 2.3 36.8

lines were obtained. However, this observation did not seem to provide direction
to the development of a kinetic model. Instead, we try to use the kinetic model to
describe the linear behavior. An example is in Figure 4.18 where a plot of heptane
solubles versus volatiles compares the data points for the three initial asphaltene
concentrations with the curves calculated by the Series Reaction Kinetic Model.
Although we might draw a straight line through each of the sets of data, the
Series Reaction Kinetic Model only predicts complete linear behavior for the full
resid (25% initial asphaltenes). This model also predicts curved behavior at short
reaction times (low volatiles) for 0% and 50% initial asphaltenes that approaches
linear behavior at longer times (higher volatiles), which is parallel to the line that
is predicted for 25% initial asphaltenes.

Let us determine why all three curves approach parallel linear behavior at
large reaction times. Because k, is twice k,, , at large reaction times [exp(—k,t )]
approaches zero much before [exp(—k,t )]. In other words, the generation of A*
from M* decomposition becomes the rate-controlling reaction. At this condition
the weight percent of each fraction becomes as follows:

When exp(-k ,t) approaches zero

V:Vw_[lOO_AO]{(l—ma—mb)kA —kM(l—m)}e_le

kA_kM
kA_kM

M=M_+[100-A,] {a_nmkf\_kl\’l} ekt

S k, —k
A:Am+[100—Ao]{SL—m(bkL Ak M)}e-kmt

A M

—bS, )k
TI=TI_-[100— A,] {SL + m(aL)A} et

kA_kM
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FIGURE 4.18 Description of the variation in heptane solubles with reaction volatiles
(points) for the thermolysis of the Cold Lake vacuum resid with three different initial
asphaltene concentrations at 400°C in open-tube reactors by the Series Reaction Kinetic

Model (curves).

Because each of these fractions are linear functions of [exp(-k,, t)], any one can
be expressed as a linear function of any other fraction. For instance, the heptane
solubles can be expressed as a linear function of volatiles:

When exp(-k ,t) approaches zero

M:M&+(V—Vm)[

(mb—1)k, +ky }

(1-ma—-mb)k, —(1-m)k,,

(mb— 1Dk, +ky,

Slope =

(1-ma—-mb)k, —(1-m)ky,

Vinercepram=o = (1—m)(100 — A())(a +

(1-mb)k , +ky,

mb(ak, +ky)

|
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This predicts, as observed, that at long times the heptane solubles will approach a
linear function of the volatiles with a slope that is independent of initial asphaltene
concentration. Substitution of the values of the constants shows that this slope is
—1.06. Although the concentration of heptane solubles will never be predicted
to reach zero because of thermally stable heptane soluble cores, if the lines are
extrapolated to zero heptane solubles, the intercepts depend on the initial asphal-
tene concentration. These intercept volatile values are calculated to be 81.6, 71.0,
and 60.4 for initial asphaltene concentrations of 0, 25, and 50%, respectively.

The Series Reaction Kinetic Model explains the parallel linear behavior at long
reaction times as a result of the second reaction in the series being much faster than
the first. After sufficient time, the second reaction is forced to match the rate of the
first reaction. When this happens, the ratio of A* to M* becomes a constant:

A+ AO e kat
k, -k, k, —k

A M

_ mky, (100-A) _{mkM(IOO— A,)

M* = (100 — A, ekt

+ mk
Lim et ——0 AT _ MKy
M-k, —k,

However, what happens if the initial ratio of asphaltenes to maltenes is fixed
at this constant? A quick look at the model equations for each fraction shows that
at this condition all the terms involving [1 — exp (—k,t)] vanish and each fraction
becomes a linear function of any other fraction. For Cold Lake vacuum resid at
400°C, this condition occurs for
mk

A
0= M —0321
100-4, k, -k,

For the full Cold Lake vacuum resid with A, equal to 25, this ratio is 0.333 and
close enough to 0.321 to result in linear behavior over the entire set of reaction
times. Thus, it was only by chance that the full resid had the weight fraction of
asphaltenes to give complete linear behavior. In the general case, the compositions
change during the reaction so that A*/M*is directed toward this constant value.
Only when the ratio becomes sufficiently close is the linear behavior obtained.

The Parallel Reaction Kinetic Model also predicts a linear relationship
among the products at long reaction times. Because k, is much greater than k,,,
the asphaltene decomposition reaches its conversion limit, whereas the heptane
solubles are still reacting. Thus, during this period of only one active reaction, a
linear relationship among the products is obtained. However, for nonzero values
of the stoichiometric coefficients, the Parallel Reaction Kinetic Model cannot
predict a linear relationship among the products at all reaction times as the Series
Reaction Kinetic Model can. Thus, this is the independent evidence for a series of
reactions that we have been seeking.
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4.4.5 CoOMPARISON OF THE SERIES REACTION KINETIC
MobEeL witH DATA AT 370°C AND 420°C

Data were obtained at 370°C and 420°C using the open quartz tube reactor on
Cold lake 1050°F* and its maltene fraction to determine if the Series Reaction
Kinetic Model could describe the data over a range of temperatures. The stoichio-
metric coefficients, m, a, and b, were assumed to be temperature independent and,
thus, were fixed at the values determined using the 400°C data described in the
previous section. Thus, the rate constants, k, and k,, , were fitted to the data on
volatiles, maltenes, and the sum of asphaltenes and coke, using a nonlinear least
square fitting program. The resulting rate constants, k, and ky;, at the three tem-
peratures fell on straight lines when plotted versus the reciprocal of absolute tem-
perature on semilogarithmic graph paper (Figure 4.19). The activation energies
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FIGURE 4.19 The two rate constants in the Series Reaction Kinetic Model for the ther-
molysis of Cold Lake vacuum resid, described by Arrhenius relationships.
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TABLE 4.4
Values of the Six Parameters Used in the Series Reaction Kinetic Model
for Cold Lake 1050°F Thermolysis in Open Reactors

k, ky A, Range of Data
T (°C) (min™") (min™) S, m a b (wt%)
370 0.00754 0.00286 0.349 0302 0.602 0.108 0, 25
400 0.260 0.0134 0.362  0.302 0.602  0.108 0, 25, 50
420 0.0553 0.0350 0.284  0.302 0.602  0.108 0, 25

for asphaltene decomposition, 35.3 kcal/g-mol, and for maltene decomposition,
44.3 kcal/g-mol, seem a bit low. However, a wider temperature range with data at
many more temperatures are required for the accurate determination of activation
energies. Nevertheless, the Arrhenius relationships clearly describe the tempera-
ture dependency of the two rate constants for the data collected so far.

The values for the solubility limits at 370°C and 420°C were determined to
best split the sum of asphaltenes and coke into these two fractions. The values of
the solubility limits and the other constants used in the kinetic model are given
in Table 4 4.

Surprisingly, the solubility limit is higher at 400°C than at 370°C or 420°C.
Because the difference in solubility limit at 370°C and 400°C may not be sig-
nificant, the value at 420°C is definitely lower. This is opposite to the direction
expected because solubility usually increases with increasing temperature. Nev-
ertheless, Figure 4.20 to Figure 4.23 show that the Series Reaction Kinetic Model
provides a good quantitative description of the reaction data at 370°C and 420°C
for the thermolysis of both the full Cold Lake vacuum resid and its maltene frac-
tion. The model provides an observed decrease in the coke induction period with
increasing thermolysis temperature. Otherwise, at each temperature once coke
formation is initiated, the experimental data is described by asphaltenes and hep-
tane solubles decreasing in parallel. The one case where deviations appear to be
larger than random experimental error is the thermolysis of heptane solubles at
420°C. Figure 4.20 shows that the kinetic model predicts higher volatiles and
lower asphaltenes than the experimental data at large reaction times.

4.4.6 LINEAR RELATIONSHIPS BETWEEN FRACTIONS
AT DIFFERENT TEMPERATURES
It is informative to revisit the relationships among the fractions and include the

temperature dependency. Surprisingly, Figure 4.24 shows that the data for the
three temperatures all fall on the same line when the heptane soluble fraction is
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FIGURE 4.20 Description of the weight fraction of four products of the thermolysis of the
heptane-soluble fraction of Cold Lake vacuum resid (points) versus reaction time at 420°C
in open-tube reactors by the Series Reaction Kinetic Model (curves) with the following
data: 0 = volatiles, ® = heptane solubles, A = asphaltenes, and O = toluene-insoluble coke.

plotted versus volatiles for the thermolysis of the full resid and a different line
when the reactant is the heptane soluble fraction of Cold Lake resid. The coke
(Figure 4.25) also shows temperature independent linear behavior when the full
resid is the reactant. However, when the heptane soluble fraction is the reactant
(Figure 4.26), the data at 400 and 420°C fall on separate lines. This is what may
have required different solubility limits for these two temperatures. Nevertheless,
Figure 4.27 compares the data on the thermolysis of the full resid at the three tem-
peratures with that calculated by the Series Reaction Kinetic Model in terms of
toluene insoluble coke versus reaction volatiles. The model gives three different
coke induction values of volatiles for the three different temperatures, whereas
the data only justifies one.
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FIGURE 4.21 Description of the weight fraction of four products of the thermolysis of
full Cold Lake vacuum resid (points) versus reaction time at 420°C in open-tube reactors
by the Series Reaction Kinetic Model (curves).

With increasing volatiles beyond the induction values, the three slightly non-
linear curves converge. Thus, the data show a simpler relationship than the kinetic
model exists, but the kinetic model only approximates this simpler relationship.
These are clues that solubility limits should be temperature independent as shown
in section 4.4.9 after hydrogen balance constraints are applied, and the kinetic
model can be further simplified as shown in section 4.4.10.

4.4.7 OpreN Reactor DATA ON ArABIAN HEAVY VAcuuM RESID

To further test the Series Reaction Kinetic Model, it is applied to the data col-
lected on a different resid, Arabian Heavy 1050°F* (A, =23.8 wt%) and its heptane
soluble fraction, at 400°C in an open quartz tube reactor. The Parallel Reaction
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FIGURE 4.22 Description of the weight fraction of four products of the thermolysis of the
heptane-soluble fraction of Cold Lake vacuum resid (points) versus reaction time at 370°C
in open-tube reactors by the Series Reaction Kinetic Model (curves) with the following
data: 0 = volatiles, ® = heptane solubles, A = asphaltenes, and O = toluene insolubles.
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FIGURE 4.23 Description of the weight fraction of four products of the thermolysis of
full Cold Lake vacuum resid (points) versus reaction time at 370°C in open-tube reactors
by the Series Reaction Kinetic Model (curves).
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FIGURE 4.24 The yield of heptane solubles as different temperature-independent linear
functions of the yield of volatiles for the heptane-soluble reactant and for the full resid
reactant for Cold Lake vacuum resid in open-tube reactors.

Kinetic Model was found to describe the heptane soluble thermolysis, but not the
full resid thermolysis. On the other hand, as shown in Figure 4.28 and Figure
4.29, the Series Reaction Kinetic Model described quantitatively the experimen-
tal data with both Arabian Heavy reactants. Of course, the values of the param-
eters for Arabian Heavy are different from those for Cold Lake:

Constants in Series Reaction Model at 400°C for Arabian Heavy
Vacuum Resid

k,, = 0.0204 min™! ky = 0.00773 min! S, =0.291

m=0.383 a=0.611 b=0.0194

Arabian Heavy vacuum resid is slower reacting than Cold Lake vacuum resid, but
it has a larger asphaltene core and a lower solubility limit. Arabian Heavy vacuum
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FIGURE 4.25 The yield of coke as a temperature-independent linear function of the yield
of volatiles for the thermolysis of full Cold Lake vacuum resid in open-tube reactors with
the following data: O at 370°C, A at 400°C, and o at 420°C.
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FIGURE 4.26 The yield of coke (toluene insolubles) as different linear functions of the
yield of volatiles at 400°C and at 420°C for the thermolysis of the heptane-soluble fraction
of Cold Lake vacuum resid in open-tube reactors with the following data: O at 370°C, A
at 400°C, and o at 420°C.
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FIGURE 4.27 Approximation by the Series Reaction Model (curves) of the temperature-
independent linear relationship between coke and volatile yields (points) for the thermoly-
sis of full Cold Lake vacuum resid in open-tube reactors.
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FIGURE 4.28 Description of the weight fraction of four products of the thermolysis of
the heptane-soluble fraction of Arabian Heavy vacuum resid (points) versus reaction time
at 400°C in open-tube reactors by the Series Reaction Kinetic Model (curves).
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FIGURE 4.29 Description of the weight fraction of four products of the thermolysis of
the full Arabian Heavy vacuum resid (points) versus reaction time at 400°C in open-tube
reactors by the Series Reaction Kinetic Model (curves).

resid also forms very little heptane soluble cores (b = 0.0194) that probably could
be approximated to be zero.

In Figure 4.30 and Figure 4.31, the heptane solubles, asphaltene, and the
toluene insolubles are plotted against the reaction volatiles for the thermolysis
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FIGURE 4.30 The Series Reaction Kinetic Model (curves): Prediction of the linear variation
in the yield of heptane solubles, asphaltenes, and coke (toluene insolubles) as a function of
the yield of volatiles (points) beyond an initial amount of volatiles for the thermolysis of the

heptane-soluble fraction of Arabian Heavy vacuum resid at 400°C in open-tube reactors.
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FIGURE 4.31 Prediction of the linear variation in the yield of heptane solubles,
asphaltenes, and coke (toluene insolubles) as a function of the yield of volatiles (points)
beyond an initial amount of volatiles for the thermolysis of the full Arabian Heavy vac-
uum resid at 400°C in open-tube reactors by the Series Reaction Kinetic Model (curves).

of Arabian Heavy vacuum resid and its heptane soluble fraction. As for Cold Lake
vacuum resid, much of the data can be represented by linear relationships. Again,
the Series Reaction Kinetic Model predicts linear behavior at long reaction times
(or high volatiles production) because the asphaltene decomposition constant, k,,
is again much larger than the heptane solubles decomposition constant, ky,. The
kinetic model would predict complete linear behavior when

Ay _ mky
100-A, k,—ky

=0.234

but this constant for the full Arabian Heavy vacuum resid is 0.310. Thus, unlike
for Cold Lake vacuum resid, there is a significant period before a linear relation-
ship between the products is obtained. However, the fact that both vacuum resids
approach linear behavior at long reaction times provides evidence that this might
be a common feature of resid thermolysis.

4.4.8 CLoseD ReacTOR DATA

This section describes experimental data applied to closed reactors. These
reactors are enclosed tubing bombs with a small amount of gas space that force
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volatile liquid products to remain in the liquid phase during thermolysis. This
is the opposite vapor—liquid condition of the open reactor that allows volatile
liquid products to escape the reactor when they form. Although coke is triggered
by a liquid-liquid phase separation, it will be interesting to see if the change in
vapor-liquid equilibrium will affect the coke induction period.

4.4.8.1 Thermolysis of Cold Lake Vacuum Resid at 400°C

The same experimental procedure was used, as described previously, for react-
ing Cold Lake asphaltenes in a closed tubing bomb reactor. In both cases, part
of the volatile liquids was lost during the evaporation of separating solvents. For
this reason, mass balances were normally only 76 to 99 wt%, and no attempt was
made to separate the volatile and nonvolatile heptane solubles. As a result, only
the asphaltenes and toluene insoluble coke were measured accurately as a function
of reaction time. Later, an improved experimental procedure will be used where
the volatile liquids will be distilled out of the tubing bombs before the products
are exposed to solvent separation. This procedure yields both good mass balances
and a way to directly measure volatile and nonvolatile heptane solubles.

Because the volatile liquid products remain in the liquid phase for closed
reactors, the Series Reaction Kinetic Model needs to include volatile liquids, V,
as part of the solvent for asphaltene cores:

4.4.8.2 Closed Reactor Solubility Relationship

A* =S (H*+H*+V)

The solubility limit, S, , is used rather than S, for the open reactor model to
allow for the possibility that making the volatile liquids part of the reactor sol-
vent could alter the quality of the solvent. Otherwise, the kinetic model for the
closed reactor should have the same reaction rate constants and stoichiometric
coefficients as for the kinetic model for the open reactor. The best value of S
was determined that fit closed reactor kinetic data on Cold Lake vacuum resid
thermolysis at 400°C:

S, =0.137

This is less than half the value of the solubility limit of 0.379 determined previ-
ously for the same conditions, but an open reactor. Thus, the volatile liquid prod-
ucts are not nearly as good as a solvent for asphaltene cores as the nonvolatile
heptane solubles. This is because the volatile liquid products are more saturated,
and they can even be nonsolvents for asphaltene cores. This will be covered in
detail later in this book. At present, the important point is that the change in
the solubility relationship for closed reactors provides a good description of the
asphaltene and coke data as a function of reaction time (Figure 4.32).
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FIGURE 4.32 Description of the weight fraction of the asphaltenes and of coke (toluene
insolubles) from the thermolysis of full Cold Lake vacuum resid (points) versus reaction
time at 400°C in closed-tube reactors by the Series Reaction Kinetic Model (curves).

In Figure 4.33, the coke formation curves are compared for closed reactor
(data points and kinetic model with solid curve) and the open reactor (kinetic
model with dashed curve) models. The closed reactor has a shorter induction
period because holding the volatile liquids in the liquid phase produces a solvent
with much lower ability to dissolve asphaltene cores. However, at longer reac-
tion times the curves cross and the closed reactor forms less coke than the open
reactor. This is because the open reactor continuously decreases the quantity of
solvent (nonvolatile heptane solubles) with increasing reaction time, whereas the
quantity of solvent for the closed reactor remains almost constant. Eventually,
the high quantity of a poor solvent (closed reactor) dissolves more asphaltene
cores than the small amount of a good solvent (open reactor). Nevertheless, the
earlier reaction time data highlights the most practical way to delay the onset of
coke formation, preferentially evaporating the volatile liquid products out of the
reactor. As will be discussed, this has applications to visbreakers, delayed coker
heaters, and hydroconversion reactors. Although adding a solvent to the reac-
tor feed is the most obvious way to delay the precipitation of asphaltene cores,
removing the nonsolvent in the form of volatile liquid products is usually the
most practical way.

No advantage has been devised for the lower coke yield at large reaction times
for closed reactors as compared to open reactors. Although commercial cokers
are open reactors that operate at long reaction times, they measure coke yield as
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FIGURE 4.33 Coke induction period and coke yield in open and closed reactors. The
coke induction period is shorter in a closed reactor than in an open reactor, but the yield of
coke is less for a closed reactor at long reaction times for the full Cold Lake vacuum resid
at400°C. The points are only for the closed reactor data, but the two curves are calculated
for the open and closed reactors by the Series Reaction Kinetic Model.

total nonvolatiles, not as toluene insolubles. Thus, a closed reactor coker would
be a huge disadvantage because it would produce more coke as nonvolatiles, even
though the yield of toluene insolubles would decrease. In addition, at the high
temperatures of cokers, as discussed later in this chapter, the valuable volatile
liquid products tend to react to form low-valued coke and gas. This provides
more incentive to remove volatile liquid products from the reactor as quickly as
possible.

4.4.8.3 Thermolysis of Arabian Heavy Vacuum Resid at 400°C

Two separate Arabian Heavy vacuum resids have been thermally converted in
closed tubing bomb reactors. An Arabian Heavy 1050°F* resid (A, = 23.8 wt%)
was reacted at 400°C as a continuation of the open reactor thermolysis study
discussed in section 4.4.6. As for the closed reactor thermolysis of Cold Lake
vacuum resid, some volatile liquids escaped during solvent separation with the
exception of the one data point at 60 min. Later, an Arab Heavy 975°F resid (A, =20.2
wt%) from a different source was also thermally reacted in closed tubing bomb
reactors at 400°C. However, when the thermal conversion study on this resid was
initiated, a routine procedure of vacuum distilling volatile liquids directly out of
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tubing bombs prior to solvent separation had been developed. For vacuum resids,
this distillation was done at 315°C and 1.4 mmHg using a small laboratory sand
bath and a vacuum pump. The distillation enabled obtaining both a good material
balance and directly measuring the conversion of volatile liquid products. How-
ever, a method needed to be developed to apply a kinetic model developed for the
conversion of Arabian Heavy 1050°F* resid to Arabian Heavy 975°F* resid. The
Arabian Heavy 975°F* resid contains a fraction, V,,, of vacuum gas oil that boils
at atmospheric pressure between 975 and 1050°F and remain as a part of the vola-
tile liquids during thermal conversion. When unconverted heptane solubles from
Arabian Heavy 975°F* resid was vacuum distilled out of a tubing bomb, 5.6 wt%
distilled overhead. This represents 4.5 wt% of the whole Arabian Heavy 975°F*
resid because the heptane solubles are the lightest 79.8 wt% of the unreacted
resid. Thus, the following transformations in the model were used to calculate the
thermal conversion product distributions using the constants in the Series Reac-
tion Kinetic Model determined for Arabian Heavy 1050°F* resid.

Calculation of 975°F+ Results from the 1050°F* Model

202 202

A, = —_ ==
T 1=V, 1-0.045

=21.15 (value inserted in 1050°F model)

Dyys = 0.955 Vg0 + 4.5
Hyys = 0.955 Hygq,
Agrs = 0.955 A5
Tlyys = 0.955 Tlgs,

The thermolysis data on both Arab Heavy 1050°F* and 975°F* were used to deter-
mine the closed reactor solubility limit in fitting asphaltene and coke data. The
value of S, so determined was

S, =0.126

This value is less than half of the value of the solubility limit for the open reactor.
Again, this indicates that the volatile liquids are much poorer solvents for asphal-
tene cores than the nonvolatile heptane solubles.

A comparison between the experimental data and values of the reaction frac-
tions calculated by the kinetic model at each of the experimental reaction times is
given in Table 4.5. The closed reactor model again gives a good description of the
experimental data with only one different parameter than that used in the open
reactor kinetic model.

4.4.8.4 Thermolysis of Hondo Vacuum Resid at 400°C

The thermolysis of Hondo 975°F* (A, = 29.5 wt%) and its heptane soluble and
asphaltene fractions were done in closed tubing bomb reactors at 400°C. As
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TABLE 4.5
Comparison of the Kinetic Model with Closed Reactor Data for Arabian
Heavy Resids

Calculation with Kinetic Model
Arabian Reaction Experimental Data (wt%) (wWt%)
Heavy Time Heptane Toluene Heptane Toluene
Reactant (min) Dist. Sol. Asph. Insol. Dist. Sol. Asph. Insol.

1050°F+ 60 269 476 21.4 42 25.5 48.3 22.3 39
90 — — 212 7.0 34.2 38.6 19.0 8.3
90 — — 18.8 10.3 34.2 38.6 19.0 8.3
120 — — 17.0 12.1 41.0 30.8 16.6 11.7
975°F* 60 28.1 477 222 1.7 28.8 47.7 20.9 2.6
70 349 402 20.1 39 31.8 44.2 19.9 4.0
120 44.1 312 15.7 9.2 43.8 30.4 16.0 9.8
Hept. sol. 60 28.0 602 11.3 0.0 29.4 59.5 11.1 0.0
of 975°F+ 120 464 372 14.9 0.5 46.4 37.6 16.0 0.0

discussed in chapter 3, section 3.6, Hondo is an offshore California oil that is high
in aliphatic sulfur. In this case, no thermal reactions were done in open reactors
so that the six constants in the closed reactor form of the Series Reaction Kinetic
Model were determined to fit the closed reactor data as shown in the following
table:

Constants in Series Reaction Model at 400°C for Hondo Vacuum Resid
k, =0.0315 min.”! Ky = 0.0353 min.”! S,/ =0.144
m = 0.263 a=0.640 b=0315

Hondo is an extremely thermally reactive resid with the heptane solubles being
even more reactive than the asphaltenes. Thus, Hondo reactivity is different than
the reactivity of Cold Lake and Arabian Heavy that have the rate constant of
asphaltenes and about twice that for heptane solubles. Still, the Series Reac-
tion Kinetic Model gives a good description of the Hondo thermolysis data
(Figure 4.34), including describing the very short coke induction period (17.8 min).
The aliphatic carbon—sulfur—carbon bond is typically the weakest in resids and,
thus, should provide resids their thermal reactivity by initiating free radicals. This
conclusion is consistent with the data shown in Table 4.6.

4.4.8.5 Thermolysis of Refinery Blend Atmospheric
Resid in a Closed Reactor

The thermolysis of a 650°F* fraction (A, = 9.2 wt%) of a refinery blend and
its heptane soluble and asphaltene fractions were done in closed tubing bomb
reactors at 400°C. The thermal kinetics of atmospheric resids can only be done
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FIGURE 4.34 Description of the weight fraction of four products of the thermolysis of the
full Hondo vacuum resid (points) versus reaction time at 400°C in closed-tube reactors by
the Series Reaction Kinetic Model (curves).

in closed reactors. Otherwise, in open reactors part of the resid can evaporate
without thermal reactions, and one cannot separate vaporization by reaction
from evaporation without reaction. Instead, the 650°F- fraction was distilled
out each of the tubing bombs after the thermal reaction and before solvent sepa-
ration. The distillation was done at 215°C and 1.4 mmHg using a laboratory
sand bath and a vacuum pump to simulate a 650°F cut-point. The six constants
in the closed reactor form of the Series Reaction Kinetic Model were deter-
mined to fit the closed reactor data on the refinery blend atmospheric resid, as
shown below.

TABLE 4.6
Relation of Rate Constants to Aliphatic Sulfur
XANES and XPS'%20.21 400°C 400°C
Aliphatic S Heptane Soluble k Asphaltene k
Vacuum Resid (Wt%) (min™") (min™")
Arab Heavy 1.51 0.00773 0.0204
Cold Lake 1.84 0.0134 0.0260

Hondo 2.94 0.0353 0.0315
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FIGURE 4.35 Description of the weight fraction of four products of the thermolysis of
the heptane-soluble fraction of refinery blend atmospheric resid (points) versus reaction
time at 400°C in closed-tube reactors by the Series Reaction Kinetic Model (curves).

Constants in Series Reaction Kinetic Model at 400°C for Refinery Blend
Atmospheric Resid

k, =0.0321 min™! ky = 0.00432 min-! S’ =0.0966

m =0.262 a=0.716 b =0.209

As shown in Figure 4.35 to Figure 4.37, the Series Reaction Kinetic Model pro-
vides a good description of the thermolysis data of the refinery blend atmospheric
resid and its asphaltene and heptane soluble fractions.

4.4.9 HYDROGEN BALANCE CONSTRAINTS ON STOICHIOMETRIC COEFFICIENTS

In this section, as part of a continuing effort to simplify and to improve the kinetic
model for resid thermolysis, hydrogen balance constraints on stoichiometric
coefficients are added to reduce the number of adjustable parameters. Although
pseudocomponent or lumped models are commonly used to describe the reaction
kinetics of heavy hydrocarbon streams, the application of elemental balance con-
straints appears to be the first.?2 This is surprising because for reactions of known
compounds it is atomic balance of the elements that determines the stoichiometry.
With no limits on the proposed products from a given reactant, lumped models
often are merely curve fits of conversion data with little or no predictive power.
For example, one or more light hydrocarbon streams are often proposed to be
the only products from a heavy aromatic stream. However, by only requiring



Process Chemistry of Petroleum Macromolecules

148
100
Curves Calculated with Model
80
=
§ 60 91 o 650°F Liquids H
- e Heptane Soluble Oil T
R A Asphaltenes
s 40 -
= = Toluene Insoluble Coke /
8
20 4 o/
A A A
A—20 3
y————————
0 T T bl T T T T T
0 20 40 60 80 100 120 140 160 180

Time at 400°C, Min.

FIGURE 4.36 Description of the weight fraction of four products of the thermolysis of the
full refinery blend atmospheric resid (points) versus reaction time at 400°C in closed-tube
reactors by the Series Reaction Kinetic Model (curves).

elemental balance, particularly hydrogen balance, it becomes clear that every
lighter, higher hydrogen content product requires an even heavier, more aromatic
by-product. Unfortunately, in resid conversion there is a limit in the number of
elements that can be balanced. Only carbon, hydrogen, and sulfur are of high
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FIGURE 4.37 Description of the weight fraction of four products of the thermolysis of
the asphaltene fraction of refinery blend atmospheric resid (points) versus reaction time at
400°C in closed-tube reactors by the Series Reaction Kinetic Model (curves).
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enough concentration to be used. However, the carbon content does not vary sig-
nificantly between reactant and product fractions, and sulfur is very difficult to
balance experimentally. The hydrogen sulfide by-product reacts with steel and
readily dissolves in both hydrocarbons and water. This leaves only hydrogen bal-
ance to reduce the number of constants and to provide a reality check.

4.4.9.1 Evaluation of Parameters

The three reactions in the Series Reaction Kinetic Model are now required to
balance hydrogen:

M+ — 5 mA* + (1-m)V

At —5 SaA* DM + (1—a—b)V

AL =TI
Hydrogen Balance Equations Nomenclature
HM* — mHA+ +(1- m)HVL H,+ = hydrogen content of an unreacted heptane

soluble.

H,.=aH,. + bHM* +(I-a—b)Hy H,,=hydrogen content of an unreacted asphaltene.

H,.=Hpy Hy, = hydrogen content of a volatile liquid product.

H,. =hydrogen content of an asphaltene core.
Hy- = hydrogen content of a heptane-soluble core.

H, = hydrogen content of a mixture of gas and
volatile liquid products.

Hy, = hydrogen content of toluene-insoluble coke.

The hydrogen content of the unconverted heptane solubles and the unconverted
asphaltenes can be directly measured to give

Hy, =1034 wt%  H,, =794 wt%

The hydrogen content of the asphaltene aromatic cores, by the earlier equation, is
equal to the hydrogen content of the toluene insoluble coke. However, the hydro-
gen content of the coke slowly decreases with increasing thermal reaction time.
This is because small fragments continue to crack off coke to form hydrocarbon
gases. As the hydrocarbon gas mixture has a hydrogen content of about 20 wt%,
the reduction of the hydrogen content does not represent a significant reduction in
the weight of coke. Therefore, this reaction was ignored and the hydrogen content
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of the coke was obtained by averaging the data over the coke formed during the
first 180 min of reaction time:

H,. =Hy =531 wt%

The volatile products were not collected, but were measured by weighing the
quartz tube reactor before and after the reaction. However, the hydrogen content
of the volatiles was calculated by hydrogen balance, using the measured hydrogen
contents of the heptane solubles, asphaltenes, and coke fractions. These showed
that the volatiles had a hydrogen content that was nearly independent of reaction
time, but increased with increasing initial asphaltene concentration. The vola-
tiles are mostly distillable liquids with the remaining being gases of much higher
hydrogen content. Therefore, it was reasoned that the reaction of unconverted
heptane solubles could be best approximated by forming only volatiles that were
liquids, whereas the reaction of unconverted asphaltenes produced volatiles that
were a constant ratio of gases to distillable liquids. Previous thermal reactions of
Cold Lake vacuum resid in closed reactors (chapter 3) showed that the volatile
liquids have a hydrogen content that is independent of reaction time:

Hy, = 11.6 wt%

When all the hydrogen contents in the equation for unconverted heptane solubles
are evaluated, the stoichiometric coefficient, m, can be calculated:
m = (Hy, - Hy,)/(Hy, —Hy))
m=(11.6 — 10.34)/(11.6 — 7.94)
m=0.344
The hydrogen content of the volatiles formed from unconverted asphaltenes,
H,, and the hydrogen content of maltenes cores, H,;., could not be determined
directly. Fortunately, their values are not very sensitive to the details of the kinetic
model. Therefore, they could be determined by a few trial-and-error cycles by fit-
ting volatile and hydrogen content data, and substituting in the hydrogen balance
for unconverted asphaltene decomposition:
H, =14.1 wt%
H,. = 6.40 wt%
H, =794=53la+640b+14.1(1 —a-Db)
a=10.703 - 0.876b

With the hydrogen balance constraints only two parameters, the stoichiometric
coefficient, b, and the solubility limit, S;, remain to be determined. The value of
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b was determined to minimize the deviation of the model from the experimental
volatiles and maltenes data, and the solubility limit was determined to best split
the remaining portion into asphaltenes and coke. The result is as follows:

b=0110  a=0.607
S, =0.400

Unlike previously, a temperature independent solubility limit, S;, was sufficient
to describe the asphaltene and coke data.

4.49.2 Comparison of Model with Experimental Data

Figure 4.38, Figure 4.40, and Figure 4.42 present the comparison between the
experimental data and the model for data at 400°C at initial asphaltene concen-
trations of 0, 25, and 50 wt%. Figure 4.39, Figure 4.41, and Figure 4.43 show
how well the model describes hydrogen content data at the same conditions.
Figure 4.44 to Figure 4.47 demonstrate that the model with the same stoichio-
metric coefficients and solubility limit, determined at 400°C, can describe
experimental thermal conversion kinetic data at 370°C and 420°C. Previously,
the Series Reaction Kinetic Model described a greater range of experimental
data than the original Phase-Separation (Parallel Reaction) Kinetic Model with
one less stoichiometric coefficient and a solubility limit that was independent of
initial asphaltene concentration, but dependent on temperature. Now, by using
hydrogen balance and hydrogen content data, only one of the remaining three
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FIGURE 4.38 Comparison of curves calculated by the Series Reaction Kinetic Model
constrained by hydrogen balance with experimental open-tube reactor data points at 400°C
for the thermal conversion of the heptane-soluble fraction of Cold Lake vacuum resid.
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FIGURE 4.39 Comparison of curves calculated by the Series Reaction Kinetic Model
constrained by hydrogen balance with experimental hydrogen content data points for the
thermal conversion of the heptane-soluble fraction of Cold Lake vacuum resid at 400°C

in open-tube reactors.
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FIGURE 4.40 Comparison of curves calculated by the Series Reaction Kinetic Model
constrained by hydrogen balance with experimental open-tube reactor data points at
400°C for the thermal conversion of Cold Lake vacuum resid with 25 wt% asphaltenes.
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FIGURE 4.41 Comparison of curves calculated by the Series Reaction Kinetic Model
constrained by hydrogen balance with experimental hydrogen content data points for the
thermal conversion of Cold Lake vacuum resid with 25 wt% asphaltenes at 400°C in

open-tube reactors.
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FIGURE 4.42 Comparison of curves calculated by the Series Reaction Kinetic Model
constrained by hydrogen balance with experimental open-tube reactor data points at
400°C for the thermal conversion of Cold Lake vacuum resid with 50 wt% asphaltenes.
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FIGURE 4.43 Comparison of curves calculated by the Series Reaction Kinetic Model
constrained by hydrogen balance with experimental hydrogen content data points for the
thermal conversion of Cold Lake vacuum resid with 50 wt% asphaltenes at 400°C in
open-tube reactors.
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FIGURE 4.44 Comparison of curves calculated by the Series Reaction Kinetic Model
constrained by hydrogen balance with experimental open-tube reactor data points at
370°C for the thermal conversion of the heptane-soluble fraction of Cold Lake vacuum
resid.
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FIGURE 4.45 Comparison of curves calculated by the Series Reaction Kinetic Model
constrained by hydrogen balance with experimental open-tube reactor data points at
370°C for the thermal conversion of Cold Lake vacuum resid with 25 wt% asphaltenes.
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FIGURE 4.46 Comparison of curves calculated by the Series Reaction Kinetic Model
constrained by hydrogen balance with experimental open-tube reactor data points at
420°C for the thermal conversion of the heptane-soluble fraction of Cold Lake vacuum

resid.
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FIGURE 4.47 Comparison of curves calculated by the Series Reaction Kinetic Model
constrained by hydrogen balance with experimental open-tube reactor data points at
420°C for the thermal conversion of Cold Lake vacuum resid with 25 wt% asphaltenes.

stoichiometric coefficients are adjustable and the solubility limit is independent
of temperature. Despite this large reduction in adjustable parameters, the result-
ing model still provides a quantitative description of very nonlinear thermal
kinetic data over the complete range of initial asphaltene concentrations and over
a 50°C temperature range. In addition, the model provides a good description of
hydrogen content data for the full resid (25% initial asphaltene concentration)
and for the volatiles of all the data. As previously noted, the model does not
describe the decrease in hydrogen content of coke at long reaction times. Also,
at an initial asphaltene concentration of 50%, the model predicts a jump in the
hydrogen content of the asphaltene when asphaltenes cores phase-separate to
form coke that is not verified by the experimental data. These discrepancies pro-
vide direction for future improvements in the model. Nevertheless, the present
significant improvements to form a simple model that quantitatively describes
very complex hydrocarbon reaction data demonstrate the value of using hydro-
gen balance constraints. It is hoped that the use of elemental balance will become
expected practice for future lumped kinetic models as it now is for the kinetics
of elementary reactions.

4.4.10 SimpriFiep KINETIC MODEL

Although the Series Reaction Kinetic Model is not very complex, there are appli-
cations that would benefit from a simpler set of equations. These include cases
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where reaction kinetics is only a small part of a larger, more complex mathe-
matical simulation of a refinery used for optimization. Consider the case of an
atmospheric resid that usually has a low concentration of asphaltenes and a much
higher rate constant for the asphaltene decomposition than the heptane solubles
decomposition. These suggest two approximations:

ky=o and b=0

This was applied to the data in section 4.4.8.4 on the thermolysis of a refinery
blend atmospheric resid (A, =9.2 wt%) at 400°C in closed reactors plus additional
data on the same resid at 420 and 440°C. The resulting model after applying the
approximation and fitting the constants is as follows:

Simplified Kinetic Model

M— 5 mA* +(1-m)D

15t order

At————aA"+(1-a)D

15t order

A*soln: S,L (D + M)

sk — A% _ Ak
A insol — A A soln

A*insol L) TI
M= (100 A,) e

D=(1-m)(100—A,—M)+(1—a)A, = (1—m)(100— M)+ (m —a)A,

The end of the coke induction period occurs when

A*=8 (M +D)
A=A*=m(100—A,— M)+a A, =m(100— M)+ (a—m)A,

ST M+D)=S"7 [M+ ({1 -m)(100 — M) + (m — a)A,]

_100m +(a—m)A, —S{ [100 - (1—m) + Ay(m —a)]

M =
Induction m(S'L+l)

When M >M Induction

A=m(100- M)+ (a—m)A,
TI=0
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When M <M

Induction

A=S, M+D)=5 [M+ (1 - m)(100 - M) + (m — a)A,]
TI=m(100 — M) + (@ — m) A, — S, [M + (1 — m)(100 — M) + (m — a)A,]
TI=[m- S (1 - m)][100 - M] — 8, M + (a — m)(1 + S") A,

Constants in Simplified Kinetic Model for Refinery Blend Atmospheric Resid

m=0.241 a=0716 S,/=0.135

ky =0.00402 exp 54'8(1— ! )
0.001987\ 673 T°K

at 400°C: k,, = 0.00402 min"!
at 420°C: ky = 0.0401 min™'
at 440°C: ky, = 0.131 min™!

These equations are certainly simplified. They predict a temperature indepen-
dent linear relationship between the fractions as was implied by even Cold Lake
vacuum resid thermolysis data in section 4.4.5. Figure 4.48 shows that indeed this
temperature independent linear behavior in terms of heptane solubles versus dis-
tillable liquids is a good approximation for the thermolysis of the refinery blend
atmospheric resid. The exception is at short reaction times where the instanta-
neous reaction of initial asphaltenes into asphaltene cores and distillable liquids
is not a good approximation.

Table 4.7 shows that the simplified kinetic model describes the thermolysis
both of the full refinery blend atmospheric resid and of its heptane soluble frac-
tion as well as the Series Reaction Kinetic Model beyond early reaction times.
However, the model also describes the thermolysis of resids with initial asphal-
tene concentrations as high as 100%. Nevertheless, in applications where it is
desired to predict thermolysis product distributions of the full atmospheric resid
or lower initial asphaltene concentrations, the simplified kinetic model should be
a good approximation.

4.4.11 THermoLysis oF CoLb LAk Vacuum ResiD AT 475°C

The kinetic models for resid thermolysis in closed reactors at temperatures of
370 to 440°C did not allow for distillable liquids recracking after being formed
from cracking the resid. The good descriptions of the experimental data by the
kinetic models justify this assumption. In addition, the kinetic models do not
allow for significant hydrocarbon gas formation. Section 4.4.8 showed that in
order to describe hydrogen content data hydrocarbon gases must be a product of
asphaltene and coke thermolysis. However, this amount of gas is never more than
a percent or two. Thermodynamics tells us that if hydrocarbons are kept at high
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FIGURE 4.48 Comparison of the line calculated with Simplified Kinetic Model with
experimental data points of the yield of heptane solubles versus 650°F distillable liquids
for refinery mix atmospheric resid at 400°C in closed-tube reactors.

temperatures long enough all will form only coke and gas. Thus, in this section
we determine if 475°C is a high enough temperature to cause secondary cracking
of the distillable liquids and to increase the production of coke and gas.

Just two closed tubing bomb runs, at 5 and 15 min, were done at 475°C on Cold
Lake vacuum resid. Gas was vented from the tubing bombs prior to distillation,
and the amount of gas was determined by the weight lost by the tubing bomb. As is
shown in Figure 4.49, the amount of gas formed was quite significant. Because the
amount of distillable liquids formed at 15 min was less than that formed at 5 min,
we conclude that the secondary cracking of distillable liquids is quite significant at
475°C. By 15 min at 475°C, the asphaltenes disappear and only a few percent hep-
tane solubles remain. Meanwhile, the amount of coke is above 40 wt% and increas-
ing, when at 400 to 420°C the coke never reached 30 wt% at long reaction times.
Therefore, we conclude that at elevated temperatures, such as 475°C, secondary
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TABLE 4.7
Description of Refinery Blend 650°F Thermolysis Data by the Simplified
Kinetic Model

Initial
Asphalt.
(wt%)

S o O

9.2
9.2
9.2
9.2
9.2
9.2
9.2
9.2

Reaction  Reaction wt% as Calculated

Temperature  Time by the Model wt% as Measured Data
°O) (min) D M A Tl D M A Tl
400 30 8.6 88.6 2.7 00 114 8.1 25 0
400 60 16.3 78.6 52 00 191 756 53 O
400 120 29.0 61.7 9.2 00 308 623 69 0
400 180 39.1 485 118 06 397 504 85 14
400 30 10.4 80.5 9.1 0.0 94 788 118 0
400 60 17.4 713 113 00 174 705 134 12
400 120 29.0 560 115 35 306 561 106 2.7
400 120 29.0 56.0 115 35 287 580 9.7 3.6
400 180 38.1 440 111 6.8 350 49.0 10.1 5.6
420 60 40.2 413  11.0 75 414 388 9.6 6.5
440 10 25.4 60.8 11.6 2.1 308 529 128 25
440 20 40.6 40.7 110 7.6 400 408 10.7 6.2
440 27 48.2 30.8  10.7 104  48.1 30.8 102 9.7

cracking of distillable liquids to produce coke and hydrocarbon gases is quite sig-
nificant. This secondary cracking of distillable liquids is especially important for
coking processes. One direction that will be discussed in chapter 9 for improving
the yield from coking is to minimize this secondary cracking.

Wt.% of Cold Lake Vacuum Resid

80
9 - Gas
70 - -o- Dist Liq
-o- Heptane Sol
60 -+ Asphaltenes
-# Toluene Insol

0 2 4 6 8 10 12 14 16

Reaction Time, Min.

FIGURE 4.49 Thermal cracking of distillable liquid product to gas and coke: At 475°C,
significant in closed-tube reactors for Cold Lake vacuum resid.
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4.5 TGA KINETICS OF RESIDS

Thermal gravimetric analysis (TGA) is an instrumental method to heat a sample
in a small pan by a programmed temperature change when flushing with an inert
gas and at the same time continuously weighing the pan. Thus, one may suspect
that thermal gravimetric analysis should provide a convenient method to measure
coking kinetics. However, attempts?® to apply this to resids have required suspect
kinetic models, such as rate constants that change value with conversion or are
second order. On the other hand, isothermal TGA of asphaltenes gives normal
first-order reactions.?* Therefore, the author proposed the hypothesis that under
the high flow of inert gas in commercial TGAs at coking temperatures, vacuum
resids can partially evaporate without reacting, but the nonvolatile asphaltenes
require chemical reactions before volatilizing fragments. Thus, TGA data on
vacuum resids cannot be simulated by a purely reaction model. As a result, two
colleagues of the author, Bill Olmstead and Howard Freund,?>?¢ investigated the
TGA of Arabian Heavy 1300°F*, short-path distillation (Distact) bottoms, the
less volatile 50% of Arabian Heavy 975°F*. By only following the generation of
volatiles, at most one rate constant can be measured. Therefore, the Simplified
Kinetic Model is used, despite the short-path distillation bottoms containing a
very high fraction of asphaltenes.

V =(1-m)(100— M) + (m—a)A,
V.= (1-m)(100— A,) +(1-a)A,
av

dM
m = —(l—m)E =(1-m)(100—A,) ky ekt

Voo o
jdV =(1-m)(100— A,) ky, je*kM‘dt
\ t

V.-V =(1—m)(100— A,)e*ut

ln{l—v}:ln{ (1=m)A00=A,) }—kMt
V. (1-m)(100— Ay) +(1-a)A,

oo

Thus, if the log of [100 — 100 V/V_] is plotted against time as in Figure 4.50, the
expected linear behavior is obtained after an initial heat-up time to the isothermal
temperature of 404°C and the rate constant, k,,, is the negative of the slope. The
volatiles at infinite time, V,,, are easily measured with a TGA as the weight loss
obtained after a long time. Therefore, the Simplified Kinetic Model is a good
approximation to the TGA data on resid short-path distillation bottoms. However,
the rate constant so measured is not necessarily the same as the rate constant for
the thermolysis of the full resid. This is not only because the full resid contains
more and different molecules, but the TGA is for conversion at a much higher
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FIGURE 4.50 A first-order kinetic plot for TGA data of Olmstead and Freund? collected
on Arabian Heavy 696°C* at 513°C.

cut-point. In addition, the TGA data cannot separately determine the two stoichio-
metric constants, a and m. Nevertheless, the TGA rate constant can be a better
approximation for coking processes where the lighter portion of the vacuum resid
is evaporated and only the higher boiling fraction is completely converted.

Olmstead and Freund found that rate constants determined by TGA on Ara-
bian Heavy Distact bottoms, using both isothermal and constant heating rate con-
ditions, fit an Arrhenius relationship (Figure 4.51) with a single activation energy
of 51.5 kcal/g-mol over more than a 100°C temperature range and three orders
of magnitude of rate constants. Similar data on Cold Lake short-path distilla-
tion bottoms determined an activation energy of 50.9 kcal/g-mol. These are much
more accurate activation energies than those determined from open and closed
reactor data because there is much more TGA data and it spans a much greater
range of temperatures. Freund and Kelemen?” have combined TGA data with low
temperature data on Green River kerogen to find that first order kinetics with a
constant activation energy of 51.3 kcal/g-mole applies from 209 to 500°C and
over nine orders of magnitude of rate constants. This has significance in devel-
oping models for kerogen maturation? in petroleum formation by being able to
extrapolate to geological times and temperatures (50 to 160°C). It also provides
evidence that a thermal activation energy of about 51 kcal/g-mol may be common
for petroleum macromolecules.

Previous studies?®=3! have hypothesized that complex hydrocarbons, such as
petroleum resids, must have a distribution of activation energies and rates and, as
such, their thermal kinetics should exhibit second order behavior. This chapter
has displayed considerable evidence that thermal kinetics of petroleum resids is
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FIGURE 4.51 An Arrhenius plot for the thermolysis of Arabian Heavy 696°C* using
TGA data of Olmstead and Freund? giving an activation energy of 51.8 kcal/g-mol. Open
points were constant rate TGA data and solid points were isothermal TGA data.

actually first order, and this section shows that a single activation energy applies
for a given feed with little variation among feeds. According to the theoretical
analysis of Golikeri and Luss,? a single activation energy over a wide range of
conversions for a lump of species can only happen if the activation energies of
the individual species are about equal. Thus, the thermal kinetics of resids is a lot
simpler than most have imagined. As one proceeds through the book, this will be a
common theme when applied to other properties of petroleum macromolecules.

4.6 COMPARISON WITH WISH LIST

In section 4.1.2, a wish list was given of the desirable attributes of kinetic models
for complex hydrocarbons. In this section, the kinetics models in the chapter will
be compared with the wish list.

4.6.1 QUuUANTITATIVELY DEscriBEs KINETIC DATA

There is no doubt that the Series Reaction Model with a phase-separation step
quantitatively describes the kinetic data in terms of the weight percent of volatiles,
heptane solubles, asphaltenes, and coke versus reaction time over a modest range
of temperatures. Evaluation of all but one stoichiometric coefficient by hydrogen
balance and having a temperature independent solubility limit reduces the quan-
titative fit, but that is expected for the large reduction in adjustable parameters.
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The simplified kinetic model is even a good approximation in applications where
it is desired to predict thermolysis product distributions of an atmospheric resid,
or lower initial asphaltene concentrations beyond very early reaction times. In
addition, the Simplified Kinetic Model is quantitative for TGA data of Distact
distillation bottoms.

4.6.2 CONVENIENT TO USE

The Series Reaction Model with a phase-separation step is certainly more con-
venient to use as compared with Monte Carlo simulations of Klein and Savage.*
If these equations seem too complex, for many applications the Simplified Kinetic
Model may be used.

4.6.3 ArpLIES TO WIDE VARIETY OF FEEDS

The Series Reaction Model with a phase-separation step has been successfully
applied to three vacuum resids, Cold Lake, Arabian Heavy, and Hondo, and to
one atmospheric resid, refinery mix.

4.6.4 Prepicts THE EFFECT OF CHANGING INITIAL CONCENTRATIONS

The Series Reaction Model with a phase-separation step has been successfully
applied to initial asphaltene concentrations of 0, 25, 50, and 100 for Cold Lake
vacuum resid, three initial asphaltene concentrations for Arabian Heavy vacuum
resid, and for refinery mix atmospheric resid.

4.6.5 MobeL Has A MINIMUM NUMBER OF ADJUSTABLE PARAMETERS
AND/OR EVALUATES PARAMETERS FROM CHARACTERIZATION DATA

It was shown that the stoichiometric coefficients for the Series Reaction Model
with a phase-separation step are temperature-independent over 370 to 420°C for
Cold Lake vacuum resid and all but one could be evaluated by hydrogen balance.
The solubility limit was shown also to be temperature independent over 370 to
420°C. This is close to the minimum number of adjustable parameters. Chapter 5
will provide a method to independently predict the coke induction period and,
thus, the solubility limit. Therefore, one independent stoichiometric coefficient
remains to be evaluated by some, as yet unknown, characterization method. As
rate constants cannot typically be predicted with high accuracy for single com-
pounds, one should not expect to determine rate constants for petroleum macro-
molecules from characterization data. However, one should never underestimate
the simplicity of petroleum resids without trying. At least, all data indicate that
the temperature dependency of the rate constants of petroleum macromolecules
fit an Arrhenius relationship. The TGA data in Figure 4.51 shows a fit of the
Arrhenius relationship over a greater range of temperatures than the reactions of
most single compounds.
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4.6.6 Prebpicts THE EFFECT OF CHANGING REACTOR TYPE

It was shown that the Series Reaction Model with a phase-separation step could
quantitatively describe the two extremes of reactors: open and closed. It could not
predict the closed reactor data from open reactor data because some closed reac-
tor data are needed to evaluate the different value of the solubility limit. However,
all the other parameters are the same. As yet there is no way to calculate the yields
if the reactor is in between being open or closed. A vapor-liquid equilibrium
model would be required to determine the split between heptane solubles in the
liquid phase and volatiles in the vapor phase.

4.6.7 PrOVIDES INSIGHT FOR NEW INNOVATIONS

Of course, the Series Reaction Kinetic Model with a phase-separation step can be
used as a part of a process simulator to predict conditions when coke is expected
to form so that it can be avoided. However, now that it has been proved that coke
formation is triggered by a phase-separation step, it is clear that the onset of coke
formation can be delayed by improving the solvency of converted asphaltenes.
The comparison of open-tube and closed-tube reactors shows that the easiest
method to delay the onset of coke is by removing the volatile liquids from the
reacting medium because the volatile liquids are often nonsolvents for converted
asphaltenes. Later, we will see that this is even more important for hydroconver-
sion than thermal conversion. One also can add a refinery oil to the feed, which
acts as a solvent for reacted asphaltenes. However, in the next section, we will
find that there are hydrogen donor requirements on such refinery oils. Another
innovation that resulted from this kinetic model is the presence of carbonaceous
mesophase when coke forms from the phase-separation mechanism. This can be
used to detect coke formation in the heavy product during thermal conversion
and hydroconversion so that process conditions can be modified before reactors
are plugged up with coke. Also, the presence of the carbonaceous mesophase in
a foulant can be used to determine the cause of fouling and lead to mitigation
methods, as will be discussed in chapter 6.

4.6.8 Prebpicts PROPERTIES OF PRODUCTS

The Series Reaction Kinetic Model with a phase-separation step has not yet been
used to predict the properties of resid thermal conversion products. However, it
has been shown that this model can describe hydrogen content of the four reac-
tion products as a function of reaction time. In addition, this model was shown
to describe the average molecular weight of the asphaltene fraction with reaction
time. If the description of the molecular weight could be extended to the other
fractions, the combination of hydrogen content and molecular weight could be
used to predict many properties of the products. However, prediction of the boil-
ing point distribution of the volatile liquid product would require greatly increas-
ing the number of pseudocomponents.
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4.7 NATURAL HYDROGEN DONORS

As was described in section 4.3.4, in order to rationalize why the phase separation
of converted asphaltenes triggered the formation of coke, the hypothesis was made
that the heptane soluble fraction of resids contained high concentrations of natu-
ral hydrogen donors®? and the asphaltene fraction contained little or no hydrogen
donors. Oddly, after it was published in 1993° and had been generally accepted,
no one but the author demanded proof of this hypothesis. Because many naturally
occurring substances, such as cholesterol, are hydrogen donors,3 the hypothesis
of natural hydrogen donors in petroleum is not out of the blue. Nevertheless, the
testing of the natural hydrogen donor hypothesis in this section continues the
author’s practice of testing every element of the kinetic model to determine how
the model and the basic concepts need to be improved and revised.

4.7.1 MEASUREMENT OF DONOR HYDROGEN CONCENTRATION

The methods for measuring donor hydrogen concentration and relative reactivity
were devised by the author’s former colleague, Ken Gould. Because organic chem-
istry is a field that relies heavily on observations, his accomplishments as a legally
blind, organic chemist are remarkable. (His hobby of making his own furniture is
another example of his practice of overcoming his challenged sight.) Gould used
a chemical dehydrogenation agent, 2-3-dichloro-5,6-dicyano-p-benzoquinone
(DDQ), commonly used in organic synthesis,** to abstract hydrogen from model
compounds and petroleum oils to form the corresponding hydroquinone.

Figure 4.52 shows this reaction of DDQ with tetralin, a common model com-
pound hydrogen donor. However, the procedure was made more complex because
DDQ formed strong charge transfer complexes with polynuclear aromatics in
the petroleum oils. Therefore, 1 to 2 g of sample was reacted with 3 to 4 g (an
excess) of DDQ in 200 mL of dry toluene at reflux temperature for 2 h. To this
mixture, 2.78 g (an excess) of 9,10-dihydroanthracene was added and reacted at
reflux temperature for an additional 2 h. Thus, the amount of unreacted DDQ
could be measured by how much 9,10-dihydroanthracene was dehydrogenated.
The product mixture was centrifuged at room temperature to remove solids that
might be formed because of the dehydrogenation of petroleum oils. The solid-free
solution was analyzed by gas chromatography for 9,10-dihydroanthracene and the

o OH
+2 — +2
Cl CN cl CN
0o OH
Tetralin DDQ Naphthalene DDQ-H,

FIGURE 4.52 DDQ abstraction of two donor hydrogens per molecule. (From KA Gould and
IA Wiehe. Energy and Fuels 21: 1199-1204, 2007. Reprinted with permission. Copyright
2007. American Chemical Society.)
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1,2,3,4-THQ 10-D
Tetralin 9, 10-DHP

FIGURE 4.53 Chemical structures of model compound hydrogen donors: tetralin;
1,2,3,4-tetrahydroquinoline; 9,10-dihydroanthracene; and 9,10-dihydrophenanthrene.
(From KA Gould and IA Wiehe. Energy and Fuels 21: 1199-1204, 2007. Reprinted with
permission. Copyright 2007. American Chemical Society.)

dehydrogenation product, anthracene. Because the moles of unreacted DDQ
equals the moles of anthracene formed and the moles of donatable hydrogen in
the feed equals two times the moles of DDQ reacted, the grams of donatable
hydrogen per 100 g of sample and the percent hydrogen that is donatable could be
calculated. This procedure was successfully checked with the model compound
hydrogen donors: tetralin; 1,2,3,4-tetrahydroquinoline; 9,10-dihydroanthra-
cene (using tetralin in the procedure); and 9,10-dihydrophenanthrene (chemical
structures in Figure 4.53). Then the procedure was applied to other model com-
pounds, various resids, and the saturate, aromatic, resin, and asphaltene fractions
of Arabian Heavy vacuum resid, using the separation procedure described in
chapter 2. The results are shown in Table 4.8.

Clearly, the natural hydrogen donor hypothesis in the phase-separation mecha-
nism of coke formation is validated because the six resids in Table 4.8 have higher
concentrations of donor hydrogen than model compound hydrogen donors: dihy-
droanthracene and dihydrophenanthrene. Hondo vacuum resid even has almost
as high a concentration of donor hydrogen as tetralin and tetrahydroquinoline,
much higher than expected. However, Arabian Heavy asphaltenes have as high a
concentration of donor hydrogen as the total Arabian Heavy resid, and Hondo has
a concentration of donor hydrogen in its asphaltene fraction only slightly less than
its full resid fraction. This high donor hydrogen in the asphaltenes contradicts the
phase-separation mechanism of coke formation that assumed that the asphaltene
fraction has little or no donor hydrogen. With 25% of the hydrogens in Arabian
Heavy asphaltenes and 32% of the hydrogens in Hondo asphaltenes being on satu-
rated rings fused to aromatic rings, those who worry about the average asphaltene
chemical structure will probably have to add these to their average asphaltene
chemical structure. In comparison, through proton NMR (nuclear magnetic
resonance) only 10% of the hydrogens in Arabian Heavy asphaltenes are bonded
to the 54% aromatic carbons (3C NMR).

Completely saturated compounds cannot donate hydrogen to free radicals in
agreement with DDQ dehydrogenation values of zero for decalin and cholestane
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TABLE 4.8
Concentrations of Donor Hydrogen in Various Model Compounds and
Resids

DDQ Donor H DDQ Donor H

Sample (g/100 g Sample) (% of Total H)
Tetralin 3.0 33
1,2,3,4-Tetrahydroquinoline 3.0 33
9,10-Dihydroanthracene 1.1 17
9,10-Dihydrophenanthrene 1.1 17
Cholesterol 1.3 11
Cholestane 0.0 0.0
Deacalin 0.0 0.0
Brent atmospheric resid 1.2 11
Dan-Gorm atmospheric resid 1.6 14
Hondo vacuum resid 29 30
Hondo asphaltenes 2.7 32
Arabian Heavy vacuum resid 1.9 19
Arabian Heavy vacuum resid saturates 1.1 9.6
Arabian Heavy vacuum resid aromatics 2.1 19
Arabian Heavy vacuum resid resins 2.0 21
Arabian Heavy vacuum resid asphaltenes 1.9 25
Arabian Light vacuum resid 1.6 16
Brent vacuum resid 1.4 13

Source: KA Gould and IA Wiehe. Energy and Fuels 21: 1199-1204, 2007. Reprinted with permission.
Copyright 2007. American Chemical Society.

(fully hydrogenation product of cholesterol). However, the saturate fraction of
Arabian Heavy contains donor hydrogen, albeit a lower concentration than the
other fractions. This is a result of the separation procedure producing a fraction
more saturated than the other fractions, but still containing small ring aromatics,
as discussed in chapter 2.

4.7.2 MEASUREMENT OF HYDROGEN DONOR RELATIVE REACTIVITY

Ken Gould measured the reactivity of hydrogen donors relative to the hydrogen
donor reactivity of tetralin by setting up a direct competitive reaction with DDQ.
Thus, the sample (1 to 2 g), an equivalent amount of donor hydrogen of tetralin,
and a large excess of dry toluene for complete solubility (50 to 200 mL) were
mixed. Sufficient DDQ to abstract 25% of the total donor hydrogen was added
and this mixture was reacted at reflux temperature for 2 h. The product mixture
was centrifuged at room temperature and the solid-free solution was analyzed by
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TABLE 4.9
Hydrogen Donor Relative Reactivities of Various Model

Compounds and Resids
Hydrogen Donor

Sample Relative Reactivity
Tetralin 1.0
1,2,3,4-Tetrahydroquinoline 50
9,10-Dihydroanthracene 28
9,10-Dihydrophenanthrene 0.63
Dan-Gorm atmospheric resid 6.0
Hondo vacuum resid 79
Arabian Heavy vacuum resid 2.7
Arabian Heavy vacuum resid saturates 1.2
Arabian Heavy vacuum resid aromatics 2.0
Arabian Heavy vacuum resid resins 2.9
Arabian Heavy vacuum resid asphaltenes 4.2
Arabian Light vacuum resid 5.4
Brent vacuum resid 5.7

Source: KA Gould and IA Wiehe. Energy and Fuels 21: 1199-1204, 2007.
Reprinted with permission. Copyright 2007. American Chemical Society.

gas chromatography for tetralin and naphthalene. The hydrogen donor reactivity
relative to tetralin, R, was calculated as follows:

Ryp =[50 — % Conversion of Tetralin]/[% Conversion of Tetralin]

The resulting hydrogen donor relative reactivities are shown in Table 4.9 for many
of the model compounds, resids, and resid fractions in Table 4.8. Surprisingly,
tetralin is not an ideal hydrogen donor in terms of reactivity. All the resids and
resid fractions, and two of the other three model hydrogen donors, are more reac-
tive hydrogen donors than tetralin. Only dihydrophenanthrene is a less reactive
hydrogen donor than tetralin of the samples measured. On the other hand, tet-
rahydroquinoline (THQ) is a superreactive hydrogen donor being 50 times as
reactive as tetralin. Hondo vacuum resid with the highest concentration of donor
hydrogen of the resids tested also has the highest hydrogen donor reactivity.

The hydrogen donor reactivity of the fractions of Arabian Heavy increases
from saturates to aromatics to resins to asphaltenes. This is in the same direc-
tion as increasing aromaticity and probably, as increasing ring size of the aro-
matic fused to the saturated ring with the donor hydrogen. Because the hydrogen
donors in asphaltenes are more reactive than those in the other resid fractions, the
fast depletion of donor hydrogen in asphaltenes is likely the cause of asphaltenes
forming higher molecular weight coke when in a separate phase than the other
resid fractions. In addition, when an asphaltene donates hydrogen, the ring size of
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TABLE 4.10
Rapid Decrease in H-Donor Concentration of Asphaltenes Due
to Thermolysis of Arabian Heavy Vacuum Resid

DDQ Donor H Percent Aromatic
Time at 400°(min) (g/100 g Sample) Carbon
Unreacted 1.89 54
02 1.78 63
55 1.64 67
90 1.51 71

2 Taken to temperature and quenched.

Source: KA Gould and IA Wiehe. Energy and Fuels 21: 1199-1204, 2007. Reprinted
with permission. Copyright 2007. American Chemical Society.

the aromatic core in the asphaltene increases and the possible extent of thermal
conversion decreases. Of all the fractions of the resid, we would have preferred
asphaltenes to have the least donor hydrogen.

4.7.3 Errect OF THERMOLYSIS ON DONOR HYDROGEN OF RESIDS

Arabian Heavy vacuum resid was reacted at various times at 400°C in closed
tubing bomb reactors and the asphaltenes were separated. The donor hydrogen
concentration was measured on the asphaltene fraction as well as the percent aro-
matic carbon by 3C NMR. The result is in Table 4.10. Only heating the resid to
400°C and immediately quenching caused the asphaltenes to decrease in hydro-
gen donor concentration and increase in aromaticity. Further reaction time at
400°C caused the asphaltenes to decrease hydrogen donor concentration rapidly
while increasing aromaticity. In contrast, the full Arabian Heavy vacuum resid as
in Table 4.11 only slightly decreased the concentration of hydrogen donors after
reacting for 55 min at 400°C even though the aromaticity increased. Reacting for

TABLE 4.11
Decrease in Donor Hydrogen Concentration Due to
Prolonged Thermolysis of Arabian Heavy Vacuum Resid

DDQ Donor H Percent Aromatic
Time at 400°(min) (g/100 g Sample) Carbon
Unreacted 1.94 31
55 1.90 38
120 1.70 —
180 1.55 —

Source: KA Gould and IA Wiehe. Energy and Fuels 21: 1199-1204, 2007.
Reprinted with permission. Copyright 2007. American Chemical Society.
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TABLE 4.12
In Situ Generation of H-Donors during Thermolysis of Arabian
Heavy Vacuum Resid Saturates

DDQ Donor H Percent Aromatic
Time at 400°(min) (g/100 g Sample) Carbon
Unreacted 1.10 13
100 1.29 18

Source: KA Gould and IA Wiehe. Energy and Fuels 21: 1199-1204, 2007. Reprinted
with permission. Copyright 2007. American Chemical Society.

longer times caused the full resid to decrease hydrogen donor concentration more
rapidly, but not as fast as the asphaltene fraction. The decrease in hydrogen donor
concentration of the full resid after 180 min and the asphaltene fraction after 90
min was about the same. Because one fraction of the resid decreased hydrogen
donor concentration rapidly, but the full resid barely changed hydrogen donor
concentration for the first 55 min, donor hydrogen must have been generated by
at least one fraction.

Indeed, the saturates do generate hydrogen donors as the hydrogen donor
concentration increases when Arabian Heavy saturates are reacted for 100 min
at 400°C while the aromaticity increases (Table 4.12). An example of how this
might happen is shown in Figure 4.54. Fully saturated rings are not hydrogen
donors. A two-ring saturated structure (2-decalyl phenyl sulfide) is attached to a
pendant group by a sulfur bridge that is expected to break thermally and form a
free radical at the saturated ring. Donating a hydrogen could form an olefin and
donating four more hydrogens would form tetralin that can donate four more
hydrogens to form naphthalene. Therefore, the conversion of a substituted satu-
rated ring structure into an aromatic can generate substantial donor hydrogen.
This example mechanism was confirmed by thermally reacting 2-decalyl phenyl
sulfide in a tubing bomb reactor for 60 min at 400°C and forming 36 wt% tetralin
and 5 wt% naphthalene, as analyzed by gas chromatography.

Naphth A
vl (@ Wrel () G IIRTE
S—Ph
Hydroaromatic

FIGURE 4.54 Mechanism for generating hydrogen donors during thermolysis of 2-deca-
Iyl phenyl sulfide. (From KA Gould and IA Wiehe. Energy and Fuels 21: 1199-1204,
2007. Reprinted with permission. Copyright 2007. American Chemical Society.)
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TABLE 4.13
Generation of H-Donors during Thermolysis
of Naphthenic Vacuum Resid

DDQ Donor H
Time at 400°(min) (g/100 g Sample)
Unreacted 1.50
45 1.96
65 1.68
80 1.60

Source: KA Gould and IA Wiehe. Energy and Fuels 21:
1199-1204, 2007. Reprinted with permission. Copyright
2007. American Chemical Society.

It is also demonstrated by the thermolysis at 400°C of a vacuum resid of a
crude oil used for making naphthenic lube base stocks (Table 4.13). The con-
centration of donor hydrogen increased at short reaction times and then slowly
decreased with further reaction time. However, even after a reaction time of 80
min, the hydrogen donor concentration was still higher than in the unreacted
vacuum resid. Therefore, saturated ring structures (naphthenes) in resids can gen-
erate donor hydrogen during thermolysis. As a result, the combination of the gen-
eration of donor hydrogen by saturates and the high hydrogen donor reactivity of
asphaltenes causes the difference between the hydrogen donor concentration in
the reacting resid and in the asphaltene fraction to increase rapidly with reaction
time. It is this difference in hydrogen donor concentration that is responsible for
asphaltenes to increase molecular weight to form coke when in a separate phase,
but to decrease molecular weight when soluble in the rest of the reacting resid.

Although the improved understanding of the role of natural hydrogen donors
does not require changing the Series Reaction Kinetic Model, it improves our
insight in how to delay the onset of coke formation. It is now clear that adding
an aromatic oil with better solvency for asphaltenes than the resid is not suf-
ficient. This coprocessing oil also must have at least the concentration of donor
hydrogen as the resid. As the resid already contains a high concentration of donor
hydrogen and the capacity to generate more, this is not an easy condition to meet.
Determining the effect of high donor hydrogen reactivity will enable us to define
further the requirements of the coprocessing oil.

4.7.4 ErrecT OF VERY ReacTivVE HYDROGEN DONORS ON RESID THERMOLYSIS

As the model compound, THQ (tetrahydroquinoline), is such a reactive hydrogen
donor, it was used to determine how hydrogen donor reactivity affects resid ther-
molysis. Given that the reactivity measurements showed that very little other donor
hydrogen reacts in the presence of THQ, little molecular growth reactions or dehy-
drogenation reactions of the resid is expected. Therefore, equal weight mixtures
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of the asphaltenes and heptane solubles of Arabian Heavy vacuum resid and THQ
were reacted in closed tubing bomb reactors at 400°C by immersing the reactors
in a large sand bath at various times, followed by quenching the reactors in water
at room temperature. THQ, quinoline, and distillable liquid product were distilled
directly out of the tubing bomb. This distillation was done at 315°C and 1.4 mmHg
using a small laboratory sand bath and a vacuum pump to simulate a vacuum resid
cut-point. The remaining converted resid was separated into toluene insoluble
coke, toluene soluble-n-heptane insoluble asphaltenes, and n-heptane solubles. The
amount of distillable liquids were determined by subtracting the starting weight of
THQ from the total weight of liquids distilled out of the tubing bomb.

The kinetic model for asphaltene conversion without THQ was more straight-
forward because asphaltenes started in a separate phase and, therefore, all reacted
asphaltenes formed coke and lighter products. The kinetic model for asphaltenes
dissolved in THQ is similar to that of asphaltenes in the full resid in that unreacted
asphaltenes can form asphaltene cores without forming coke. Also, in both cases,
toluene-insoluble coke forms after an induction period, indicating that asphal-
tene cores are not soluble beyond a certain concentration in the mixture of THQ,
quinoline, heptane solubles, and distillable liquids in the closed reactor. The data
was not sufficient to determine a solubility limit, so the change in the sum of
asphaltenes and toluene insolubles was modeled. Similarly, the formation of dis-
tillable liquids was unusual when asphaltenes were reacted in 50% THQ in that
none was formed at 60 min, although considerable nonvolatile heptane solubles
were formed. In contrast, without THQ, asphaltenes from Arabian Heavy resid
form very little nonvolatile heptane solubles at 400°C (section 4.4.7). As a result,
the sum of distillable liquids and heptane solubles were modeled. A comparison
of the kinetic models for the thermolysis of Arabian Heavy asphaltenes with and
without THQ are shown here:

No THQ: A*— 0.611 TI+0.389 (H + D); rate constant = 0.0204 min~!
50% THQ: A*— 0.442 A* +0.558 (H + D); rate constant = 0.0103 min~!

where A* represents unreacted asphaltenes, A* represents asphaltene cores, T1
represents toluene-insoluble coke, H represents nonvolatile heptane solubles, and
D represents distillable liquids. Based on the reaction in 50% THQ, the equations
for the sum of heptane solubles and distillable liquids, and the sum of asphaltenes
and coke are given as follows:

H + D =100 [0.558][1 — exp(- 0.0103 t)]

A +TI=A"+ A* =100 exp (—0.0103 t) + 100 [0.442][1 — exp(- 0.0103 t)]
where t is the reaction time in minutes. The stoichiometric coefficient and rate
constant were determined by fitting the data in Table 4.14 for the thermolysis of

asphaltenes with 50% THQ in closed reactors at 400°C. The stoichiometric coef-
ficient and rate constant for Arabian Heavy asphaltenes without THQ are part of
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TABLE 4.14
Comparison of Experimental Data and Calculated Yields (wt%) for Arabian
Heavy Asphaltenes Reacted in 50 wt% THQ in Closed Reactors at 400°C

60 Min 60 Min 120 Min 120 Min 240 Min 240 Min

Product Data Calculated Data Calculated Data Calculated
Distillable liquids 0.0 — 16.1 — 23.0 —
Heptane solubles 25.8 — 23.5 — 20.5 —
Dist liq + hept sol 25.8 25.7 39.6 39.6 49.2 51.1
Asphaltenes 74.6 — 53.9 — 37.8 —
Toluene insolubles 0.0 — 3.7 — 13.0 —
Asph + tol insol 74.6 74.3 57.6 60.4 50.8 48.9

Source: KA Gould and IA Wiehe. Energy and Fuels 21: 1199-1204, 2007. Reprinted with permission.
Copyright 2007. American Chemical Society.

the series reaction kinetic model for Arabian Heavy vacuum resid given previ-
ously in section 4.4.7.

Therefore, the superreactive hydrogen donor, THQ, can reduce the fraction of
asphaltenes that form asphaltene cores and increase the fraction of lower molecu-
lar weight products (heptane solubles and distillable liquids). This is probably a
result of more effectively decreasing or eliminating molecular growth of aromatic
fragments of cracking, but may include the thermal cracking of saturated rings
that would otherwise aromatize. Although, 50% THQ delays the onset of coke for-
mation from asphaltene thermolysis, coke still eventually forms when asphaltene
cores become insoluble in the reaction medium. However, these improvements are
at the expense of greatly reduced thermal reaction rate constant. Thermal crack-
ing occurs primarily as a result of radical attack, not radical initiation. Therefore,
when the superreactive hydrogen donor, THQ, rapidly terminates free radicals,
the free radical concentration drops and thermal reactivity suffers.

The heptane-soluble fraction of Arabian Heavy vacuum resid was reacted in
50 wt% THQ for 120 min at 400°C in closed tubing bomb reactors and compared
with the same reactant and conditions without THQ. The products were separated
into distillable liquids, nonvolatile heptane solubles, asphaltenes, and toluene-insol-
uble coke with yields as shown in Table 4.15. It is clear that THQ greatly reduced the
rate of conversion of heptane solubles because, with the same reaction conditions,
61.5% of the heptane solubles converted without THQ and 22.3% of the heptane
solubles converted in the presence of 50% THQ. Of the heptane solubles that were
converted, 25.0% formed asphaltenes and coke without THQ and 13.9% formed
asphaltenes with 50% THQ. Although the superreactive hydrogen donor did not
eliminate the formation of asphaltenes from heptane solubles, it did improve the
selectivity to distillable liquids. Therefore, when pendants are cracked off poly-
nuclear aromatic cores in the heptane solubles, they become n-heptane insoluble
without requiring molecular weight growth reactions to form asphaltenes.
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TABLE 4.15

Comparison of Experimental Yields for Arabian Heavy
Heptane Solubles Reacted in Closed Reactors at 400°C
for 120 Min, Neat and with 50 wt% THQ

Neat Heptane-Soluble  50% THQ Yield

Product Yield (Wt%) (wt%)
Distillable liquids 46.4 18.4
Heptane solubles 37.2 71.7
Asphaltenes 14.9 3.1
Toluene insolubles 0.5 0.0

Source: KA Gould and TA Wiehe. Energy and Fuels 21: 1199-1204, 2007.
Reprinted with permission. Copyright 2007. American Chemical Society.

4.7.5 ImpLicATIONS OF DONOR HYDROGEN IN THE CONVERSION OF RESIDS

It is now clear that natural hydrogen donors are very important in resid conver-
sion. The addition of partially hydrogenated refinery aromatic oils to resids, to
increase visbreaker conversion (donor diluent cracking), is well known."> The
effect of greatly reducing the thermal reaction rate by adding high hydrogen
donor concentrations is not well known. As discussed in section 4.6.7, the bet-
ter solution may be to more effectively strip out the distillable liquid product
during conversion. The distillable liquid product of resid thermal conversion is
usually a nonsolvent for converted asphaltenes and is low in concentration of
donor hydrogen. However, we also learned from the THQ experiment that reac-
tive hydrogen donors do not just delay the onset of coke formation, but reduce
the formation of asphaltenes from heptane solubles and reduce the formation of
asphaltene cores from asphaltenes in favor of a greater selectivity to distillable
liquids. Thus, one would like to add the reactive hydrogen donor slowly during
the conversion to maintain a minimum concentration for better selectivity with-
out greatly slowing the reaction rate. The saturate fraction or naphthenic oils do
this function to a limited extent by generating donor hydrogen during the conver-
sion. An alternative is to use hydrogen pressure and hydrogenation catalysts as is
practiced by hydroconversion processes. This is why hydroconversion can attain
much higher conversions of resids than visbreaking (<30%) without forming coke.
More will be discussed on this feature in chapter 10 on hydroconversion.

The ability of reactive hydrogen donors to inhibit thermal cracking reactions
can be an advantage as a coprocessing oil when thermal cracking is undesirable.
Examples are the furnace coils during vacuum distillation of reactive resids and
the heaters of delayed cokers. However, one needs to measure the thermal reac-
tion rate of the coprocessing oil. For instance, although Hondo contains the most
reactive hydrogen donors of the resids reported here, we saw in section 4.4.8.3
that Hondo has a very high thermal cracking rate constant because of its high
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concentration of aliphatic sulfur. Therefore, coprocessing another resid with
Hondo vacuum resid would probably increase the thermal cracking rate of the
other one.

4.8 ACCOMPLISHMENTS, LIMITATIONS,
AND FUTURE DEVELOPMENTS

4.8.1 ACCOMPLISHMENTS

The research described in this chapter set a new standard for the kinetic model-
ing of complex hydrocarbons. More importantly, kinetic modeling was used as a
method to test hypotheses about resid thermal conversion mechanisms and arrive
at new concepts for resid conversion. It should be clear to the reader that continu-
ously testing and challenging a model or mechanism to determine its limitations
is a good procedure not only to develop a more robust one, but also to acquire
insights into making innovative process improvements.

Before this research, lumped kinetic models of complex hydrocarbons were
usually parallel reactions from a single reactant to many products, each with a
different reaction rate. There was strong suspicion that solubility fractions could
not be used to define lumps for a chemical reaction model. It was believed that
coke was a direct reaction product, but asphaltenes were relatively unreactive.
Hydrogen donors could be added to resids in donor diluent cracking, but they
were not present naturally. No one even dreamed of finding liquid crystalline
particles in coke from resids. It was proved that reactions of complex hydrocar-
bons were closer to second order than first order and could not have an activation
energy that was constant over more than a short range of temperatures. No one
had even tried to input elemental balance in lumped models although every one
did it for reactions of single compounds. Few, if any, tested their lumped model by
changing the initial concentration or the reactor type from open to closed.

But in this chapter, it was demonstrated that solubility fractions can be used to
define lumps, reactions of these lumps are first order, and TGA kinetics of Distact
bottoms have activation energies over a greater temperature range than most single
compounds. Each element of the phase-separation mechanism for coke formation
and the Series Reaction Kinetic Model has been verified or modified to agree with
independent evidence. The liquid crystalline coke (carbonaceous mesophase) is
the key proof of liquid—liquid phase separation. Indeed, asphaltenes are the most
reactive fraction in resids to an asphaltene core reaction limit. Similarly, resids
contain high concentrations of reactive donor hydrogen that provides new insight,
which has not been completely exploited. The Series Reaction Model was found
to describe the kinetics when varying the initial asphaltene concentration and
changing the reactor from open to closed. The use of stoichiometric coefficients
not only enabled reducing the number of reaction rate constants, but also forced
the model to allow for a lighter product by having a heavier by-product. Only
then was it possible to evaluate all but one stoichiometric coefficient by hydrogen
balance that enabled the solubility limit to be temperature-independent. If this
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was not simple enough, it was shown under a significant range of conditions that
a simpler kinetic model could be used with a single independent reaction rate
constant.

The insight gained from this research can lead to innovations in resid pro-
cessing. Some techniques that have been mentioned include increasing the coke
induction period in visbreaking by stripping out the distillable liquid product, or
by adding a coprocessing oil that is a better solvent for converted asphaltenes and
contains equal or greater concentration of hydrogen donors. Another technique is
to use the carbonaceous mesophase in the heavy product of visbreaking or hydro-
conversion to detect and control coke formation. Reactive hydrogen donors can
be used to suppress thermal reactions in furnace coils of vacuum distillation units
and in heaters of delayed cokers. Other innovations will be discussed in subse-
quent chapters. Still others are limited only by the imagination of the reader.

4.8.2 LIMITATIONS AND FUTURE DEVELOPMENTS

The Series Kinetic Model is only the beginning; there is much more to be accom-
plished. The solubility limit in the kinetic model should be determined indepen-
dently by solubility data. However, this requires the concepts on solubility of
asphaltenes described in the next chapter and thus, will be covered in section 5.3.13.
As described in section 4.4.11 the secondary cracking of distillable liquid prod-
ucts ought to be included in the kinetic model in order to apply it to higher tem-
peratures. The kinetic model needs to be improved further to predict the boiling
point distribution of the products. In order to accomplish this, one needs to go to
a pendant-core model with a distribution of types and sizes of the pendants. High
performance liquid chromatography (HPLC) data of the reactants and products
will be invaluable to accomplish this. A pseudo free radical model is needed to
describe the effect of donor hydrogen and subsequently make the transition to a
hydroconversion kinetic model. Perhaps this will require a Monte Carlo simula-
tion.* The kinetic model should include aliphatic sulfur as a way to predict kinetic
rate constants of various resids without having to measure the reaction kinetics of
each resid separately. At least we need to be able to predict the reaction kinetics
of mixtures of resids from the kinetics of each resid separately. Of course, the
kinetic model should be combined with models for vapor-liquid equilibria, fluid
mechanics, and heat and mass transfer to form process models for each of the
resid processes.
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5 Phase Behavior

5.1 INTRODUCTION

This chapter addresses the reasons for the insolubility of asphaltenes, develops a
tool, the Oil Compatibility Model, for predicting and avoiding asphaltene insolu-
bility, applies this tool in a number of cases, reveals the limitations of this tool,
and provides the direction for future improvements.

5.1.1 TARGET AND APPROACH

In chapter 4, we learned that during thermal conversion, coke formation is trig-
gered by the phase separation of converted asphaltenes. As aresult, the insolubility
of asphaltenes is a clear limit to the thermal processing of petroleum macromol-
ecules. In this chapter, we will learn that even blending of crude oils can precipi-
tate unconverted asphaltenes and form coke when the insoluble asphaltenes are
heated. In addition, during the production of petroleum, asphaltenes can precipi-
tate and plug wells just by the decrease in pressure as the petroleum flows to the
surface. Finally, converted asphaltenes that are soluble at conversion conditions
can become insoluble on cooling after conversion to foul and plug process equip-
ment downstream of conversion, as will be discussed in chapter 6. Thus, it is clear
that to process petroleum macromolecules more effectively one needs to acquire
the knowledge and the tools to predict when asphaltenes are soluble and insolu-
ble. Such insight might be expected to lead to innovative ways to avoid asphal-
tene insolubility and result in step-out improvements in processing of petroleum
macromolecules.

Although vapor-liquid equilibria might be included in a chapter on phase
behavior as distillation is the most popular separation process in petroleum
refining, it is not addressed in this chapter. This topic is well covered elsewhere.
Petroleum macromolecules have little tendency to evaporate, and improved
understanding offers little promise for process improvements. Instead, we con-
tinue the research approach, introduced in the preface, of directing the creation
of knowledge along a priority path designed to give the biggest bang for the buck.
For the processing of petroleum macromolecules, this approach clearly improves
our ability to predict the solubility and insolubility of asphaltenes. Therefore, this
chapter is devoted to this topic. In addition, this research was a good fit with the
expertise of the author in solution thermodynamics and in polymer science. As
will be seen, solution thermodynamics of polymers provides an excellent start-
ing point for understanding the solubility of asphaltenes. In fact, as described
in chapter 4, section 4.1.3, the author chose to do research on asphaltene solubility

181



182 Process Chemistry of Petroleum Macromolecules

because of its strategic importance and because he was uniquely qualified in
his organization to do it. As will be seen, the author follows another approach,
described in the preface, which starts with simple models and only adds com-
plexity when required by the experimental data. As in chapters 2 to 4, we will be
surprised how well simple models describe petroleum macromolecules.

The phase behavior of waxes is not covered in this chapter. Wax phase behav-
ior is dominated by its crystalline phases. However, as refining and upgrading
of petroleum macromolecules for producing fuels is done at temperatures well
above the wax melting points, wax phase behavior is not an issue in refining and
upgrading for fuels. Conversely, wax deposition can be an important problem
during production by plugging well bores and deep-sea pipelines. The ocean
floor can be only a few degrees centigrade and often deep-sea pipelines can be
many miles long. Therefore, it is important to determine in advance whether a
crude oil will have a wax deposition problem. If a wax deposition problem is
predicted, the mitigation strategy needs to be designed before the pipeline is
built. Such mitigation methods include insulating the pipe, pigging the pipe-
lines, or adding chemicals. Wax is removed from crude oils during the process
of manufacturing lube oils by either a low temperature crystallization process
or a catalytic process that isomerizes or cracks the wax, or both. Actually,
wax is a low-volume, high-value product of refining. Edible (very pure) wax
for crayons, for coating milk cartons, apples, etc., is usually the highest-price
product of the refinery. Finally, wax can cause a problem during cold starting
of diesel engines by plugging diesel fuel filters. Often chemicals are added to
diesel fuels to modify wax crystallization to only make small crystals that pass
through filters. Thus, the omission of wax phase behavior from this chapter is
not done because of its low importance. On the contrary, wax phase behavior is
so important and interesting scientifically that it would distract the reader from
the emphasis on asphaltene phase behavior and require too much space to be
described properly.

5.1.2 CAUSES OF INSOLUBILITY

There are only a limited number of causes for insolubility in the liquid phase. In
this section, we will discuss those that have been attributed to asphaltenes and
other petroleum macromolecules.

5.1.2.1 Hydrogen Bonding or Other Electron
Donor-Acceptor Interaction

Hydrogen bonding is when an electronegative atom, such as oxygen or nitrogen,
pulls the electron cloud away from the covalent bonded hydrogen. This more
positive and small hydrogen atom is attracted, at close approach, to the more
negative electronegative atom of a different molecule to form the hydrogen bond.
Hydrogen bonding of water is responsible for its insolubility with hydrocarbons,
and hydrogen bonding of alcohols is responsible for its insolubility with alkanes.
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Many researchers have attributed the insolubility of asphaltenes in paraffins and
petroleum oils to hydrogen bonding. However, in section 5.2.3, we will learn that
hydrogen bonding is not the principal cause for the insolubility of asphaltenes. On
the other hand, hydrogen bonding is the major cause for the insolubility of coal-
derived liquids with petroleum-derived liquids.

5.1.2.2 High Molecular Weight

Large molecules, such as organic polymers, have fewer possible arrangements
than small molecules because of the covalent bonds between repeating units. This
results in much lower entropy of mixing than the random mixing required for
ideal solutions. In addition, the interaction energy between large molecules is
greater than between small molecules just because of their greater surface of
interaction. This results in greater heat of mixing for large molecules as opposed
to small molecules. Because the Gibbs free energy of mixing is equal to the heat
of mixing minus the absolute temperature times the entropy of mixing, the Gibbs
free energy of mixing is greater for large molecules than small molecules and,
thus, more susceptible to insolubility. Hence, organic polymers are more insoluble
in a range of liquids than low-molecular-weight organic compounds. The most
insoluble case is when two different organic polymers are blended, rarely result-
ing in solubility.

Asphaltenes are of much lower molecular weight than commercial organic
polymers, which typically have molecular weights of more than 100,000. How-
ever, it will be shown in section 5.3.15 that the moderate molecular weights of
asphaltenes contribute to their low solubility.

5.1.2.3 Difference in Dispersion Interactions
between Like and Unlike Molecules

Insolubility can be caused when the dispersion interaction energy is much greater
between like molecules than unlike molecules. Although this rarely causes insol-
ubility between low-molecular-weight liquids, it can commonly cause a polymer
to be insoluble in a low-molecular-weight liquid. We will find that this is the pri-
mary reason that large aromatic molecules, such as asphaltenes, are insoluble in
n-alkanes and in some oils. The polynuclear aromatics in asphaltenes allow for a
close parallel approach of large areas of interaction. This results in high disper-
sion interaction energies between asphaltene molecules, producing low solubility.
In addition, the insolubility is promoted because of the asphaltenes’ moderate
molecular weight.

5.1.2.4 The Solute below Its Crystalline Melting Point

Since solid asphaltenes are amorphous (noncrystalline), crystallinity is not a
cause for asphaltene insolubility. However, as mentioned earlier, crystallinity is
the cause for insolubility of waxes in petroleum and in petroleum products at
room temperature and below.
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5.1.2.5 A Component of the Mixture Near or Above Its Critical Point

In this case the near-critical liquid or the gas component (above its critical point)
expands much more rapidly than the solute and drops the solute out of solution.
This can happen during production of petroleum when the pressure decreases as
the oil with dissolved gases, such as methane, is brought to the surface, making
asphaltenes precipitate and plug the well. This cause is used to advantage in the
solvent recovery of the deasphalting process in refining. Instead of evaporating
the solvent, such as propane or butane, the solvent and the deasphalted oil are
heated above the critical point of the solvent causing the deasphalted oil to pre-
cipitate. As a result, considerable energy that would be required to supply the heat
of vaporization is reduced.

5.1.2.6 Polarity

Asphaltenes are often said to be insoluble because of their polarity. This is a mis-
conception. First, asphaltenes are not very polar, only more polar than the other
fractions of petroleum. Second, polarity, as measured by dipole moment, is not
a very significant influence on solubility (section 5.2.2.1). Electronegative atoms
that cause dipole moment cause complex formation of the electron donor-electron
acceptor type that can greatly affect solubility. However, even complex formation
is a minor influence on asphaltene solubility compared with dispersion interac-
tions (section 5.2.3).

5.2 TWO-DIMENSIONAL SOLUBILITY PARAMETERS

The author was introduced to solubility parameters in his doctoral research by
his research advisor, Ed Bagley. Although the author’s research at that time was
to develop an alternative to solubility parameters for hydrogen bonding liquids,
when the author needed to select solvents for polymer processes in his research
at Xerox, he turned to solubility parameters. Not finding existing solubility
parameter methods to be adequate, he developed the two-dimensional solubil-
ity parameter method described in this section. Then, when joining Exxon, he
applied two-dimensional solubility parameters to fuel systems, described in sec-
tion 5.2.3.

5.2.1 PREVIOUS SOLVENT SELECTION METHODS

This section is devoted to the study of the range of solvents and nonsolvents for
materials. It is an unusual application of solution thermodynamics, in which the
dependency of chemical potential on concentration, temperature, and pressure
has received the greatest attention. However, it has applications in the selection
of liquids or liquid mixtures for processing materials in solution. In addition, the
range of solvents and nonsolvents for a material can be used to elucidate the type and
strength of the forces holding the material together. Although the procedure of
solvent selection is still a trial-and-error process, one would like to minimize the
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number of trials. For instance, one would like to use a limited set of solvents and
nonsolvents for a material to predict which of the remaining liquids are solvents
and which are nonsolvents for that material. However, the major application is to
predict what proportions of mixtures of liquids are solvents for a material based
on the solubility of that material in pure liquids. It is clear that the purely trial-
and-error procedure breaks down for mixtures of liquids because the possibilities
are infinite. It will be shown that one cannot even rule out mixtures of liquids that
are individually nonsolvents for the material because there are cases in which
such mixtures are solvents. What is needed is a guide or a set of rules for making
solvent selection. This is one of the applications of the two-dimensional solubility
parameter. Often, controlling the “solvent power,” the measure of the goodness
of a solvent, is desirable. However, there is a scarcity of methods to predict, even
qualitatively, whether a given solvent for a material barely dissolves the material
or whether it is such a good solvent that only large dilutions with a nonsolvent
produces insolubility. This is a second application of the two-dimensional solubil-
ity parameter.

Solvent selection science has been developed and applied in the paint and
coating industry because of the limited solubility of polymers and because of
the many environmental, safety, economic, and performance demands on solvent
systems. Most utilize a variation of the solubility parameter from the regular solu-
tion theory of Hildebrand and Wood' and Scatchard?:

E
5 ="
v 5.1)

where
0 = solubility parameter (positive root), (cal/cc)"/?
E, = energy of vaporization to an ideal gas, cal/g-mol
V =molar volume, cc/g-mol
E./V = cohesive energy density, cal/cc

The regular solution theory was derived for nonpolar liquids and not intended
for hydrogen bonding and highly polar liquids. However, the energy of vaporiza-
tion measures all forms of interaction energy. As a result, Hansen?- divided the
energy of vaporization into dispersion, polar, and hydrogen bonding contributions
to form the three-dimensional solubility parameter:

&:Eis’ ﬁ_FEi{]’ (52)
A\ \% \' \% '
8 =083+82+68; (5.3)

This three-dimensional solubility parameter has found wide application. A strong
advantage of Hansen’s method is that he used the parameter from the regular solu-
tion model, the solubility parameter, but not the regular solution model for the



186 Process Chemistry of Petroleum Macromolecules

chemical potential itself. Instead, Hansen mapped the solvents in three dimensions
for each material using the three solubility parameter components as coordinates
This took advantage of the work of Burrell,® Lieberman,” and Crowley et al.,® who
made solubility maps with the solubility parameter as one coordinate and various
measures of hydrogen bonding or polarity (or both) as other coordinates. Thus,
the three-dimensional solubility parameter resulted in a graphical technique for
predicting solubility in which the solvent power of each liquid is represented by a
point in three-dimensional solubility parameter space, the solubility parameter vec-
tor. The solvent power of all mixtures of two liquids is on the line between the two
points that represent the two liquids. The lever rule based on volume fraction is used
to determine the point on that line for a given ratio of liquids in the mixture.

Even with modern computer graphics, it is not easy to determine if a given
point is inside or outside an arbitrary three-dimensional volume. Therefore,
Hansen3-3 approximated the solubility volumes by spheres after multiplying the
dispersion solubility parameters by two and, thus, greatly eased this graphical
problem. However, as a result, the errors so introduced may have canceled out any
advantage of three solubility parameter components over two components.

5.2.2 DEVELOPMENT OF THE TWO-DIMENSIONAL SOLUBILITY PARAMETER?

Two dimensions are much more convenient to use than three dimensions for
graphical solutions, such as determining if a mixture of liquids is a solvent or a
nonsolvent. Thus, the two-dimensional solubility parameter was developed with
the objective of having equal, or better, predictive ability as the three-dimen-
sional solubility parameter.

5.2.2.1 Relative Importance of Polar Interactions

Several early investigators of solubility parameters (Hildebrand and Scott,'
Small,"" and Burrell®) had already come to the conclusion that dipole interactions
could be neglected for most liquids. This encouraged the author to determine
if the polar solubility parameter component could be eliminated. Actually, the
interaction energy between two permanent dipoles depends on their relative ori-
entation as well as their separation distance, r. If they are lined up in their most
favorable orientation, the interaction energy, &, is given by

g=—2 5.4

3

where u; and u, are the dipole moments of the two dipoles. However, usually
this orientation is greatly disrupted at normal temperatures because of thermal
agitation. Including this effect, Keesom'?!? derived the expression for the average
potential energy:

_ 2ujuj
3rokT

£= (.5)
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One can compare this equation with that for the interaction energy due to disper-
sion forces as predicted by London!41>:

eo— 3a,0,1,1, 5.6)
2r6(1, +1,)

where I is the ionization potential and o is the polarizability. In most cases the
dispersion interaction energy is much greater than the polar interaction energy.
The exceptions include associated liquids, such as ammonia, alcohols, and water,
where rotation is strongly hindered and the polar interaction energy is closer to
equation (5.4) than equation (5.5).° Examination of the di-substituted benzene
isomers offers further proof that dipole moment is not a significant parameter in
solubility. The three isomers of dichlorobenzene and of dinitrobenzene have only
slight differences in the ability to dissolve many solutes even though differences
in dipole moment are large.! However, the number and type of substituents pro-
duce large differences in the ability to dissolve solutes.

The same electronegative atoms that cause dipole moment also provide mole-
cules with the means to form electron donor—electron acceptor interactions. Thus,
if an interaction requires a specific orientation of an atom of one molecule with a
specific atom of another molecule, the energy of interaction can be large; here it
is given the term “complexing interaction.” Hydrogen bonds are just one type of
electron donor—electron acceptor interaction. Compounds that have electronega-
tive atoms and are spatially balanced, such as 1,4 dioxane or p-dichlorobenzene,
have no dipole moment and yet have the capacity to form electron donor—electron
acceptor complexes. Otherwise, polar interactions will be a small part of the over-
all interaction energy and can be grouped with the dispersion interaction that will
also have an inverse sixth power dependency on the separation distance [equation
(5.5) and equation (5.6)]. As these interactions act over a field and are not destroyed
by orientational changes, they are grouped as “field force interactions.”

5.2.2.2 Solubility Parameter Components

The two solubility parameter components are now identified as the field force
solubility parameter component, &, and the complexing solubility parameter
component, .. Obviously, dispersion interaction energy is part of the field force
solubility parameter component and hydrogen bonding interaction energy is part
of the complexing solubility parameter component. However, the interaction
energy between randomized orientations of the molecules, caused by the dipole
moment of the molecules, is part of the field force solubility parameter compo-
nent. Conversely, the interaction energy between an electron-rich atom of one
molecule and an electron-deficient atom of another molecule, requiring a specific
orientation of the two molecules, is part of the complexing solubility parameter
component. Therefore, a separate solubility parameter for interactions between
polar molecules is no longer required, reducing the number of solubility param-
eter components from three to two.
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5.2.2.3 Basic Postulates

The two-dimensional solubility parameter formalism is articulated by five postu-
lates. Previous applications of three-dimensional solubility parameter suggested
the first four postulates, but the fifth postulate was not used by previous applica-
tions of solubility parameters. Let us postulate that

1. The ability of a liquid or a liquid mixture to dissolve any other material
is determined by two, and only two, variables:

6 =20 and 0.20

Thus, the solvent power of a liquid or liquid mixture can be repre-
sented by a point in (J, J,) space.

2. The two variables &; and 8, for each liquid are related to the solubility
parameter, 6, by

5 = % _ 52452 57)

This, plus the addition rule below, allows 6 to be represented as a vec-
tor with components &; and J..
3. Mixtures of N liquids may be represented in (;, 8,) space using the

mixing rules:
N N
oM = Zq)iaﬁ oY = Z(Piaci (5-8)
i=1 i=1

where superscript M refers to the mixture, subscript i refers to liquid i,
and ¢, is the volume fractions of liquid i. These mixing rules indicate
that the solubility parameter components of any mixture of two liquids
1 and 2 lie on a line between points (8, J,,), and (8, O,)-

4. The probability of a material, A, being dissolved by a given liquid or
liquid mixture, B, increases as the absolute differences between their
solubility parameter components,

[0pa — Ogl and 15,4 — O]

are decreased.

5. If each of two liquids individually dissolves a material up to a certain
concentration, then any mixture of the two liquids also dissolves that
material at least up to the given concentration.

Postulate 1 gives one the ability to represent the range of solvents for a given
material at a given concentration by an area in (J;, 8,) space.

Postulate 2 recognizes &; and 8, as components of the vector 8. Therefore, if one
of the solubility parameter components and its cohesive energy density are known,
its point in (J;, 8,) space is determined. Even if the individual solubility parameter
components are not known, postulate 2 restricts its location in (J;, 8,) space to a point
on the positive quadrant of a circle of radius |8l with its center at the origin.
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Postulate 3 is a rule for predicting the solvent power for a mixture of liquids.
This is the most practical application of solubility parameters because the number
of combinations of liquids to form solvents, even at discrete ratios of liquids, is far
too many for one to attempt in a given application.

Postulate 4 comes from the basic conclusion of the regular solution theory that
solubility is more likely in a mixture as the solubility parameters of the components
of the mixture become closer in magnitude. Postulate 4 just extends it to two solubil-
ity parameter components. However, the chemical potential derived from the regular
solution theory generally does not provide a good description of the experimental
solubility data. Although section 5.3.15 will indicate that the regular solution model
for chemical potential for petroleum mixtures is actually a good approximation, it is
not for most other liquid mixtures. Therefore, in the general case, the solubility or
insolubility in a series of test liquids is used to determine the area in (J;, J,) space that
defines solubility for each material. Then the solubility parameter components of the
material can be estimated by the components at the center of the solubility area.

Exact matching of the solubility parameter components only assures solu-
bility if the material is a liquid. A material may still be insoluble in a liquid of
identical solubility parameter components if the material is a crystalline solid
with a high heat of fusion and the temperature is well below the melting point. In
addition, highly cross-linked polymers cannot be dissolved by any liquid. How-
ever, the liquid may dissolve into the polymer to form a swollen gel, a condition
that is more likely achieved by more closely matching the solubility parameter
components of the liquid to that of the polymer.

Postulate 5 is based on observations by the author and others as long as the
liquids do not chemically react with each other or with the material to form a
compound, salt, or complex that can be isolated as a stable species from the mix-
ture. Although postulate 5 still applies with a chemical reaction, one needs to
consider the stable species that forms additional components of the mixture and
determine their solubility parameter components. A practical significance of pos-
tulate 5 is that it enables sharp boundaries of the area of solubility to be defined
in (6, 0,) space. For example, all concave mappings of solubility areas are elimi-
nated because all points on a line between two points known to represent liquids
that dissolve a material are also predicted to dissolve the material. Therefore, the
combination of postulates 3 and 5 predict solubility areas to be polygon shaped
with linear borders between the external points of the areas.

5.2.2.4 Experiments

Solubility tests were run using 32 pure liquids on 38 materials (35 polymers and 3
dyes). A given amount of the material was weighed in a glass vial, a given volume of
the liquid or liquid mixture was added, a cap with an aluminum insert was screwed
on the top, and the vial was shaken and let stand at room temperature for three to four
weeks. Aftereach vial was shaken and checked once a day and no change foraweek was
noticed, the solubility results were recorded. As crystalline polymers have slower rate
of dissolution, they were given at least six weeks before determining their solubility.
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Later, it was determined that the time could be greatly reduced in solubility tests by
putting them on a shaker rack. Nevertheless, the concentrations used for this work
were 0.1 g of polymer per 25 cc of liquid and 0.5 g of dye per 25 cc of liquid.

The solubility results consisted in judging which of three groups to place each
liquid—material combination:

Group Symbol Condition
1 . Liquid completely dissolves the material.
2 u Liquid swells or partially dissolves the material.
3 X Liquid does not appear to affect the material.

This is all that is required for most applications because one usually wants either a
liquid that completely dissolves a material or a liquid that has no noticeable effect
on the material. In most cases the classification was obvious. However, in those
cases in which there was any doubt, a drop of the mixture was placed between a
glass slide and a cover slip and observed at 600x under an optical microscope. If
particles could not be resolved (less than 0.5 ), the material was called soluble.

5.2.2.5 Evaluation of Solubility Parameter Components

Hansen’s dispersion solubility parameter components, ,, were used for initial
estimates of J,. Where possible, the overall solubility parameters of Hoy'® were
used because of their high accuracy and consistency to calculate §,, using equation
(5.7). Then the solubility data of Hansen?® on 33 polymers and the present data on
38 materials were used to check for consistency in the two-dimensional solubil-
ity parameter diagrams for each material. The values of the solubility parameter
components for each liquid were adjusted, when required, along their solubility
parameter circles to best fit this large amount of data. After several trial-and-error
cycles, the assignments grouped all the solvents for each material in an area that,
except for a very few exceptions, excluded all nonsolvents. Fortunately, there are
several features that confined the trial-and-error procedure. First, the location for
each liquid is one point in (J;, 8,) space for all 71 materials. Second, the location of
each liquid point is limited to the positive quadrant of a circle, with a radius equal
to the magnitude of the solubility parameter. Finally, the alkanes and carbon disul-
fide with no electronegative atoms or 1 electrons have zero complexing solubility
parameter components. Thus, they are fixed on the J; axis with no adjustments.
These serve as reference points when evaluating J; and J, values for the other lig-
uids while defining a solubility area for each material.

The assignment of the solubility parameter components of 56 liquids are
shown in Table 5.1. These points remain fixed for all materials. Liquids with simi-
lar chemical functionalities are generally grouped together at locations approxi-
mately expected for measuring complex and field force interactions. For instance,
aromatic and halogenated compounds are low in &, and high in J;; ketones and
esters have moderate &, and low §;, except aromatic and naphthenic ketones, which
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TABLE 5.1
Solubility Parameter Components for Liquids in (cal/cc)'/?

Overall  Field Force Solubility Complexing
Liquid Liquid Solubility Parameter Solubility Parameter
Name Symbol  Parameter Component Component
Acetone Ac 9.62 7.31 6.25
Acetonitrile AcN 12.11 7.50 9.51
Acetophenone AcPH 10.58 8.55 6.23
Aniline An 11.04 8.00 7.61
Benzene B 9.16 8.95 1.95
1-Bromonaphthalene BN 10.25 9.70 3.31
n-Butanol ButA 11.60 9.42 6.78
n-Butyl acetate BA 8.69 743 4.50
Carbon disulfide CS2 9.92 9.92 0.00
Carbon tetrachloride CCl4 8.55 8.55 0.25
Chlorobenzene CB 9.67 9.39 2.30
Chloroform C 9.16 8.65 3.01
Cyclohexane CYH 8.19 8.19 0.00
Cyclohexanol CYHOL 10.95 9.48 5.48
Cyclohexanone CYHONE 10.42 8.50 6.03
Decalin D 8.80 8.80 0.00
Dibromomethane DBM 10.40 9.25 4.74
o-Dichlorobenzene oDCB 10.04 9.66 2.74
Diethylamine DEA 8.04 7.40 3.14
Diethylether DEE 7.62 7.05 2.88
N,N-Dimethylacetamide DMA 10.80 8.50 6.66
N,N-Dimethylformamide DMF 11.79 8.52 8.15
Dimethyl sulfoxide DMSO 12.93 9.00 9.28
1,4 Dioxane 1,4D 10.13 8.00 6.21
Dipropylamine DPA 7.97 7.16 3.50
Ethanol EtA 12.78 9.25 8.82
Ethyl acetate EA 8.91 7.44 4.90
Ethylbenzene ETB 8.84 8.73 1.40
Ethylene dichloride EDC 9.86 9.39 3.00
Furan FUR 9.09 8.82 2.20
n-Heptane HEP 7.50 7.50 0.00
n-Hexane HEX 7.27 7.27 0.00
Isophorone ISOP 9.36 7.78 5.20
Methanol MtA 14.50 9.04 11.35
Methyl acetate MA 9.46 7.60 5.87
Methylcyclohexane MCYH 7.80 7.80 0.00
Methylene chloride MC 9.88 9.03 4.00
Methy] ethyl ketone MEK 9.45 7.72 5.45
Nitrobenzene NITROB 10.62 9.47 4.80

(Continued)
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TABLE 5.1 (CONTINUED)
Solubility Parameter Components for Liquids in (cal/cc)'/?

Overall  Field Force Solubility Complexing

Liquid Liquid Solubility Parameter Solubility Parameter
Name Symbol  Parameter Component Component
Nitroethane NE 11.09 7.50 8.17
Nitromethane NM 12.90 7.95 10.16
2-Nitropropane 2-NP 10.02 7.36 6.80
n-Pentanol PentA 11.12 9.51 5.76
n-Propanol PrA 12.18 9.34 7.82
Propylene carbonate PC 13.30 8.20 10.47
Pyridine PY 10.62 9.36 5.00
Quinoline Q 10.80 9.93 425
Styrene STY 9.35 9.13 2.00
Tetrahydrofuran THF 9.52 8.22 4.80
Tetrahydroquinoline THQ 11.06 9.60 5.50
Tetralin Tet 9.50 9.35 1.72
Toluene T 8.93 8.83 1.30
Trichlorobenzene TCB 10.45 9.90 3.36
1,1,1-Trichloroethane 111TCE 8.57 8.25 2.33
Trichloroethylene TCEY 9.16 8.88 2.25
p-Xylene XYL 8.83 8.82 0.40

Source: 1A Wiehe. Fuel Sci Technol Int 14: 289-312, 1996. With permission.

have moderate &;; and secondary amines and linear ethers have low 8, and ;. The
alkanols are located on a line at high &, and high &;. If water is on this line, it is
expected to be located at 8; = 8.12 and 8, = 22.08, based on §=23.53 at 25°C.16

5.2.2.6 Evaluation of Polygon Solubility Areas

The solubility area for each material is the minimum area in (J;, 8,) space that
includes all solvents while satisfying the requirements of the postulates, such as
any mixture of solvents is also a solvent. These conditions are met by polygon sol-
ubility areas formed by connecting the external solvent points with line segments
for each material. Figure 5.1 shows an example of a two-dimensional solubility
parameter diagram for poly(phenylene oxide) copolymer. The area between the
polygon and the nonsolvent points remains uncertain (whether to contain solvents
or nonsolvents) until mixtures of solvents and nonsolvents are tested to obtain
a sharper definition of the solubility area. When the solubility area extends in a
direction not to exclude any nonsolvent points, such as the right side of the solubil-
ity area in Figure 5.1, the solubility area cannot be further defined by testing mix-
tures of solvents and nonsolvents. Even with these uncertain regions, the polygon
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FIGURE 5.1 Two-dimensional solubility parameter diagram for poly(phenylene oxide)
copolymer with a polymer concentration of 4 g/L. (From 1A Wiehe. Ind Eng Chem Res 34:
661-673, 1995. Reprinted with permission. Copyright 1995. American Chemical Society.)

solubility areas usually can be used to predict solubility or insolubility of liquids
or liquid mixtures not previously tested. For instance, using Figure 5.1, one can
predict that furan and tetralin are solvents for poly(phenylene oxide) copolymer
as well as mixtures of nonsolvents from one side of the solubility area with non-
solvents on the opposite side, such as ethylene dichloride with ethyl benzene.

5.2.2.7 Mixtures of Solvents and Nonsolvents

By using liquid mixtures, the solubility areas can be better defined and the predic-
tive ability of the areas can be tested. For instance, Figure 5.2, the solubility param-
eter diagram for poly(N-vinyl carbolzole), contains 13 mixtures (of solvents and
nonsolvents) that are solvents (denoted by triangles). Three of these mixtures (car-
bon tetrachloride and carbon disulfide, methyl ethyl ketone and tetrahydrofuran,
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FIGURE 5.2 Two-dimensional solubility parameter diagram for poly(N-vinyl carbolzole)
with a polymer concentration of 4 g/L. (From IA Wiehe. Ind Eng Chem Res 34: 661-673,
1995. Reprinted with permission. Copyright 1995. American Chemical Society.)

and methyl ethyl ketone and 1,4 dioxane) are external points, whereas the other 10
mixtures are correctly predicted by the solubility area to be solvents. Figure 5.3 for
a polyamide provides an even better example, in which mixtures were used to better
define the solubility region. Only two pure solvents, chloroform and tetrahydrofu-
ran, were found to dissolve this polymer. However, the eight liquid mixtures found
to be solvents enabled the solubility line to be extended into a solubility area.

5.2.2.8 Solvents from Mixtures of Nonsolvents

The prediction of solvents from mixtures of nonsolvents is one of the most useful
applications of multidimensional solubility parameters. Figure 5.2 contains nine
examples for poly(N-vinyl carbolzole), as denoted by the open circles, and numer-
ous other cases were determined previously® for different materials.
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FIGURE 5.3 Two-dimensional solubility parameter diagram for a polyamide with a poly-
mer concentration of 4 g/L. (From IA Wiehe. Ind Eng Chem Res 34: 661-673, 1995.
Reprinted with permission. Copyright 1995. American Chemical Society.)

5.2.2.9 Degree of Success

As described by Hansen,? the three-dimensional solubility parameter method has
problems predicting solubility near the borders. However, even discounting points
near the border of the spherical solubility volume, the three-dimensional solubil-
ity parameter was only correct 95% of the time. On average 2.5% of the liquids
lying at a distance greater than the spherical radius plus 0.5 actually dissolved the
material even though they were predicted to be nonsolvents. Meanwhile, 2.5%
of the liquids at a distance less than the radius minus 0.5 were actually non-
solvents even though they were predicted to be solvents. However, for the pres-
ent two-dimensional solubility parameter, the overall accuracy in the placement
of solvents and nonsolvents is 99.5%, including the data of Hansen? and of the
author,” with no exclusion of points near the border.
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There are at least three reasons for the large improvement in accuracy over
previous techniques: (1) better accounting of interactions involving electronega-
tive atoms and dipoles, (2) the perceptual advantage of two dimensions over three
dimensions, and (3) the use of polygon solubility areas, rather than spherical
volumes or circular areas. Because Hansen arbitrarily used the simplest three-
dimensional shape, a sphere, to define each solubility volume, the inaccuracies so
introduced more than eliminated the advantage of three dimensions.

The application of the two-dimensional solubility parameter to the selection
of solvents for the spray drying of encapsulated polymers® was an important part
of the innovation process. However, this is outside the scope of this book, which
is limited to applications to petroleum macromolecules and related materials.

5.2.3 APPLICATION TO PETROLEUM MACROMOLECULES!?
5.2.3.1 Fractions of Cold Lake Vacuum Resid

In this section, the two-dimensional solubility parameter is applied to the
fractions of Cold Lake 1050°F*, discussed in chapter 2, to characterize their
solubility behavior. The two-dimensional solubility parameter diagrams of
the heptane-soluble fractions, saturates, aromatics, and resins, are shown in
Figure 5.4 to Figure 5.6. The concentration was kept constant at 0.1 g/25 mL,
and the resid fractions were judged to be soluble, partially soluble, or insoluble
in each liquid. A minimum of two weeks at room temperature elapsed before the
solubility was determined. In case of doubt, a drop of the mixture between glass
slides was examined at 600X with an optical microscope. Solubility required no
second phase to be resolved (0.5 u or larger). The sets of solvents so determined
defined polygon solubility areas in two-dimensional solubility parameter space
as described in the previous section. Figure 5.4 shows that the saturates fraction
has low solubility in even moderately complexing liquids. For example, this sat-
urates fraction is insoluble in quinoline, one of the best solvents for asphaltenes.
The solubility area of aromatics (Figure 5.5) is the largest among the fractions
because it is the fraction of lowest molecular weight and because it has smaller
aromatic rings than the other fractions with a high concentration of aromat-
ics. As a result, the aromatics fraction is soluble in liquids from no complexing
ability to those, such as aniline and dimethylformamide, with moderately high
complexing ability.

All the solvents for resins are solvents for aromatics, but not all the solvents
for aromatics are solvents for resins. The solubility of the resins is more limited
because of its higher molecular weight and because it contains larger aromatic
rings than the aromatics. As a result, acetophenone is the solvent for resins with
the highest complexing solubility parameter component, and the lower alkanes,
pentane and hexane, are nonsolvents for resins. To check the solubility areas,
nonsolvents on one side of the solubility area can be mixed with nonsolvents on
the other side to form solvents. Figure 5.6 provides an example in which an equal-
volume mixture of the nonsolvents hexane and methyl ethyl ketone is shown to
be a solvent for resins.
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FIGURE 5.4 Two-dimensional solubility parameter diagram for the saturates fraction of
Cold Lake vacuum resid at a concentration of 0.1 g/25 mL. (From IA Wiehe. Fuel Sci
Technol Int 14: 289-312, 1996. With permission.)

Figure 5.7, the solubility parameter diagram for the asphaltenes from Cold
Lake vacuum resid, shows that all the solvents for asphaltenes are solvents for
resins, but the converse is not true. This is because the asphaltenes are higher in
molecular weight and have more and larger aromatic rings than the resins. In fact,
this only slightly lowered the maximum complexing solvent slightly from ace-
tophenone to cyclohexanone. The largest difference is that only one liquid with
zero-complexing solubility parameter component, carbon disulfide, is a solvent
for asphaltenes, whereas all but only two were solvents for resins. Mixtures of
nonsolvents were also correctly predicted to be solvents for asphaltenes. Equal-
volume mixtures of tetrahydroquinoline with cyclohexane and with decalin are
solvents for asphaltenes. Figure 5.7 shows that asphaltenes are insoluble in liquids
of low field force solubility parameter component and in liquids of moderate and
high complexing solubility parameter component. The large ring aromatics in
asphaltenes (50% aromatic carbon) results in a high field force solubility param-
eter component and a preference for liquids with a low complexing solubility
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FIGURE 5.5 Two-dimensional solubility parameter diagram for the aromatics fraction
of Cold Lake vacuum resid at a concentration of 0.1 g/25 mL. (From IA Wiehe. Fuel Sci
Technol Int 14: 289-312, 1996. With permission.)

parameter component. On the other hand, it is the 50% aliphatic carbons and the
high molecular weight that cause asphaltenes to be insoluble in even moderately
complexing liquids.

Although asphaltenes are the least soluble fraction of Cold Lake vacuum
resid, as seen in chapter 4, a lower soluble fraction, coke, can be formed by ther-
molysis. Most coke is insoluble in any solvent. The exception is coke formed
by thermolysis of asphaltenes at short reaction times at moderate temperatures,
such as at 30 min at 400°C, to form the coke used for the solubility parameter
diagram in Figure 5.8. This coke has higher molecular weight, is more aromatic
than asphaltenes, and has only three pure liquid solvents: quinoline, trichloroben-
zene, and o-dichlorobenzene. In addition, the equal-volume mixture of the non-
solvents pyridine and carbon disulfide is also a solvent. These solvents are also
asphaltene solvents and determine the best solvents for the large-ring aromatics in
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FIGURE 5.6 Two-dimensional solubility parameter diagram for the resins fraction of
Cold Lake vacuum resid at a concentration of 0.1 g/25 mL. (From IA Wiehe. Fuel Sci
Technol Int 14: 289-312, 1996. With permission.)

petroleum. This is a reason o-dichlorobenzene was selected for measuring the
molecular weight of resid fractions by vapor pressure osmometry, as discussed
in chapter 2. None of these coke solvents are hydrocarbons, but they contain
nitrogen or chlorine atoms. Apparently, the aromatic interactions in coke are too
strong to be broken up by single-ring aromatics alone. However, the addition of
two or more chlorine atoms to the ring or a nitrogen atom within an aromatic ring
structure increases the complexing ability of the solvent enough to break up aro-
matic interactions. An additional requirement for a liquid to be a solvent for coke
is that the field force solubility parameter needs to be high.

All solvents for coke are solvents for asphaltenes. All solvents for asphaltenes
are solvents for resins, and all solvents for resins are solvents for aromatics. Thus,
the range of solvents gets larger as the molecular weight and aromaticity of the
fractions are decreased. This causes the solubility areas of the more aromatic
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FIGURE 5.7 Two-dimensional solubility parameter diagram for the asphaltenes fraction
of Cold Lake vacuum resid at a concentration of 0.1 g/25 mL. (From IA Wiehe. Fuel Sci
Technol Int 14: 289-312, 1996. With permission.)

fractions to be concentric and demonstrates that the solubility of petroleum frac-
tions is limited by molecular weight and aromaticity. As a result, there are no
solvents that can extract, or dissolve, the most aromatic and highest-molecular-
weight fraction without also dissolving the rest of the resid or resid reaction
product. Thus, asphaltenes cannot be extracted from resid, crude oil, or their reac-
tion products, but can only be separated by precipitation.

The resid fractions have the solubility characteristics of liquids of relatively
low complexing ability. Thus, as the molecular weight of the aromatic fractions is
increased, the highest complexing solubility parameter component of the solvents
decreases to less than 5 (cal/cc)2. This indicates that the primary interaction
energy in petroleum fractions is caused by dispersion forces. In some cases, such
as in asphaltenes and coke, these forces can be large because they are between
large, flat rings of polynuclear aromatics. Nevertheless, this provides the justifi-
cation for only using the overall solubility parameter to predict the solubility of
resid fractions in purely hydrocarbon liquids. For low-molecular-weight liquids
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FIGURE 5.8 Two-dimensional solubility parameter diagram for the coke fraction formed
from the thermolysis of Cold Lake asphaltenes at a concentration of 0.1 g/25 mL. (From
IA Wiehe. Fuel Sci Technol Int 14: 289-312, 1996. With permission.)

that contain atoms other than carbon, hydrogen, and sulfur, the two-dimensional
solubility parameter is still required.

5.2.3.2 Coal-Derived Liquids

Coal-derived liquids have much higher oxygen content, even in volatile fractions,
than petroleum-derived liquids. As a result, coal-derived liquids are often found
not to be miscible with petroleum liquids. Table 5.2 shows the properties of a fuel
0il (177 to 538°C atmospheric boiling points) and its gas oil fraction (343 to 538°C)
produced from the Exxon Donor Solvent Process operating on Wyodak coal. Their
solubility parameter diagrams in Figure 5.9 and Figure 5.10 show that these vola-
tile coal-derived fractions meet the definition of coke in that they are insoluble in
toluene. Even two of the three best solvents for petroleum resids, trichlorobenzene
and o-dichlorobenzene, fail to completely dissolve these coal derived fractions.
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TABLE 5.2
Chemical Characteristics of Coal-Derived Liquids

C H (0] N S Atomic THF
Coal Liquid wWt%)  (wt%) (wt%) (wt%) (wt%) H/C VPO MW
Wyodak VGO~ 8893 7.09 333 090 0.1 0.950 385
Wyodak fuel oil 8933 832 206 050 031 L11 280
Hydrogenated
Wyodak fuel oil ~ 89.79 994 067 0.3 005 1.32 230

Source: 1A Wiehe. Fuel Sci Technol Int 14: 289-312, 1996. With permission.
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FIGURE 5.9 Two-dimensional solubility parameter diagram for the fuel oil fraction
(177 to 538°C) formed from Wyodak coal by the Exxon Donor Solvent process at a con-
centration of 0.1 g/25 mL. (From IA Wiehe. Fuel Sci Technol Int 14: 289-312, 1996. With
permission.)
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FIGURE 5.10 Two-dimensional solubility parameter diagram for the gas oil fraction
(343 to 538°C) formed from Wyodak coal by the Exxon Donor Solvent process at a con-
centration of 0.1 g/25 mL. (From IA Wiehe. Fuel Sci Technol Int 14: 289-312, 1996. With
permission.)

In contrast, these coal-derived liquids are soluble in moderately complexing lig-
uids and would be soluble in highly complexing liquids, except for the precipita-
tion of white, saturated waxes. The principal reason for this marked difference in
solubility behavior of coal-derived liquids as compared with petroleum liquids is
because oxygen functionality, such as phenolic oxygen, in the coal liquids allows
for hydrogen bonding between the molecules.

Hydrotreating of Wyodak fuel oil removes two-thirds of the oxygen and
reduces the aromaticity (higher H/C [hydrogen-to-carbon] atomic ratio), as shown
in Table 5.2. Theresultis a greatly increased solubility area (Figure 5.11) to include
toluene and carbon disulfide as solvents. The hydrotreated Wyodak fuel oil is also
completely miscible with petroleum fuel oil. Again, this shows that hydrogen bond-
ing caused by oxygen functionality limits the solubility of coal-derived liquids.
This also demonstrates the contrast in solubility behavior of fractions containing
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FIGURE 5.11 Two-dimensional solubility parameter diagram for the hydrogenated fuel
oil fraction formed from Wyodak coal by the Exxon Donor Solvent process at a concen-
tration of 0.1 g/25 mL. (From IA Wiehe. Fuel Sci Technol Int 14: 289-312, 1996. With
permission.)

significant hydrogen bonding (coal-derived liquids) from fractions without sig-
nificant hydrogen bonding (petroleum resid fractions).

5.2.3.3 Discussion of Results and Conclusions

This section shows that solvent mapping with two-dimensional solubility parameters
applies as well for petroleum and coal-derived liquids as it does for organic poly-
mers. In both cases, the groups of solvents form polygons in two-dimensional
solubility parameter space, and solvents can be formed by mixing nonsolvents on
opposite sides of the polygon.

The insolubility of petroleum asphaltenes has often been ascribed to polar
and hydrogen bonding interactions. However, by examining the solvents and non-
solvents for petroleum fractions, one concludes that the solubility characteris-
tics are dominated by aromaticity and molecular weight. Thus, solvents of the
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aromatic fractions form concentric solubility areas on the two-dimensional
solubility parameter diagram. As the molecular weight and the aromaticity are
increased, the solubility area shrinks to a region of high field force solubility
parameter component and low, but nonzero, complexing solubility parameter
component. Some complexing ability of a liquid is needed to break up aromatic
interactions, but too much prevents the liquid from dissolving paraffinic side
chains attached to the aromatics. However, this low range of complexing solubil-
ity parameter components of the best solvents, those that dissolve coke, is a strong
indication that the dominant interaction between petroleum macromolecules is
not hydrogen bonding. On the other hand, hydrogen bonding is the dominant
interaction of coal-derived liquids as demonstrated by the high complexing sol-
ubility parameter components of solvents for coal-derived liquids. As a result,
hydrogen bonding keeps the coal-derived liquids from being soluble in petroleum
liquids. If petroleum liquids exhibited extensive hydrogen bonding, they would
be compatible with coal-derived liquids. Instead, they are only compatible after
much of the oxygen of coal-derived liquids is removed by hydrogenation.
Although the complexing solubility parameter is needed to characterize the
solvent power of many liquids containing oxygen, nitrogen, or halogen function-
alities, the solvent power of liquids containing only carbon, hydrogen, and sulfur
atoms can be approximated with the one-dimensional solubility parameter. As a
result, the solubility of petroleum liquids in hydrocarbons can be described by the
overall solubility parameter, which is a linear function of the reciprocal of hydro-
gen content. This allows the solvent-resid phase diagram in chapter 2 to display
the distribution of solubility parameters of the fractions of unconverted and con-
verted resids. This again demonstrates that the solubility behavior of petroleum
resids is determined by a combination of aromaticity and molecular weight.

5.3 THE OIL COMPATIBILITY MODEL'

As concluded in the previous section, the overall solubility parameter is sufficient
to describe the solubility of oils in other oils. However, it was about 15 years after
the author reached this conclusion that he applied it in a model. This is because
there was not a defined need for such a model. Then, the group within Exxon that
purchased crude oils wanted a method to predict fouling tendency of crude oils
because some refineries turned down some of their purchases of crudes that were
rumored to be high fouling. They needed a way to determine fouling tendency
based on easily run laboratory tests on the crude so that it can be included in
crude purchase decisions. They funded Pat Dennis, a retired Exxon “molecular
planner,” who asked the author to help after he had already promised the sponsors
that he would arrive at a way to measure the “insolubility number” and “solubility
blending number” of crude oils. Dennis suspected that crude oil incompatibility,
asphaltenes precipitating on blending of different crudes, played a major role.
The author was dubious because the blending of unconverted resids in his lab-
oratory never caused the precipitation of asphaltenes. Although it is well known
that visbreaker tars and other processed oils can deposit asphaltenes when blended
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with paraffinic oils and that some suspected incidents of incompatible crude oils
are mentioned in the patent literature,'® there was no previous direct evidence of
incompatible blends of crude oils in the scientific literature. However, the author
decided to test the hypothesis by selecting two pairs of crude oils from the Exxon
Crude Assay Laboratory that were most likely to be incompatible. These were
blended and, amazingly, examination with an optical microscope showed that
both pairs precipitated asphaltenes. Once the possibility of crude oil incompat-
ibility was established, it took only about a month to derive and experimentally
verify the Oil Compatibility Model because the research 15 years before had
paved the way. Consequently, not only was it discovered that incompatible crudes
are relatively common, but that the order of mixing is important. This provided
the tests to measure the “insolubility number” and “solubility blending number”
of crude oils and, based on these, to predict the fouling tendency as sought by
those who purchase crude oil. Within six months after the Oil Compatibility
Model was developed, it was applied to solve a refinery fouling problem caused
by blending crude oils in the wrong order, to solve the plugging of the inlet of a
hydrotreater at a second refinery, and to reject the purchase of a self-incompatible
crude oil that would have severely fouled a third refinery.

5.3.1 PHysicAL MODEL OF PETROLEUM

The phase behavior of petroleum is complex because of the large mixture of diverse
molecules and because petroleum has some properties of a colloidal dispersion and
some properties of a solution. Based on the class separation described in chapter
2, the million or so different molecules in petroleum are simplified to just four
types: asphaltenes, resins, small ring aromatics, and saturates. Following the model
of Pfeiffer and Saul?® and, based on x-ray and neutron scattering data in chapter
2, the physical structure of petroleum, as shown in Figure 5.12, was obtained.?”!
The largest, most aromatic molecules, the asphaltenes (A), are actually submicro-
scopic solids at room temperature dispersed in the oil by the resins (R), the next

SSs
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A = Asphaltenes (Solute)
R = Resins (Dispersant)

a = Aromatics (Solvent)

s = Saturates (Nonsolvent)

FIGURE 5.12 More approximate physical model of petroleum. (From IA Wiehe. Energy
and Fuels 14: 56-59, 2000. Reprinted with permission. Copyright 2000. American
Chemical Society.)
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FIGURE 5.13 More realistic physical model of petroleum.

largest, most aromatic group of molecules. This asphaltene—resin dispersion is dis-
solved into petroleum by small ring aromatics (a), which are solvents, but opposed
by saturates (s), which are nonsolvents. Thus, asphaltenes are held in petroleum in
a delicate balance, and this balance can be easily upset by adding saturates or by
removing resins or aromatics. Because the blending of oils can greatly change the
overall concentrations of these molecular types, it can upset this balance and pre-
cipitate asphaltenes. Probably, the physical structure shown in Figure 5.13 is closer
to reality, with equilibrium between unassociated asphaltenes and asphaltenes
associated with other asphaltenes and a separate equilibrium between unassoci-
ated resins and resins associated with asphaltenes. The aromatics and saturates are
more randomly distributed. However, making the simplifying assumption that the
asphaltenes are always associated with each other and all the resins are associated
with asphaltenes, the phase behavior is based on solubility and on aromatics—satu-
rates balance. This approximation provides both the power and the limitation of the
resulting model. The power is that a relatively simple solubility parameter model
is capable of describing a complex system, involving both colloidal dispersion and
solubility. However, the limitation is that the predictions will not always be exact,
but fortunately, as will be shown, it will err on the conservative side. As a result, a
very practical tool was developed with a clear path for improvement in the future.

5.3.2 FrLoccuLATION AND OIL SOLUBILITY PARAMETER

The square root definition of the solubility parameter (equation 5.1) results from
the regular solution model. As the regular solution model is not used here, the
cohesive energy density, the energy of vaporization divided by the molar volume,
could be used instead. However, the rule for calculating the solubility parameter
for a mixture is well established to be the volumetric average.>'%!” Although the
solubility parameters at 25°C for pure liquids are well known because the energy
of vaporization and the molar volume can be directly measured, they are not for
asphaltenes that do not evaporate. The solubility parameter of an unconverted
asphaltene has been estimated!” to be about 9.5 (cal/mL)"2, the highest solubil-
ity parameter of any component in unprocessed oil. Nevertheless, what is more
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important is the solubility parameter at which asphaltenes just begin to precipi-
tate, the flocculation solubility parameter.

The use of flocculation testing of oils by adding various amounts of a solvent,
such as toluene, and titrating with a nonsolvent alkane to predict the compatibility
of asphalts and of marine fuels that might contain processed oils, such as visbreaker
tars, has been common in the petroleum industry.???* However, the compatibility
predictions are either empirical or based on the regular solution model. This work
takes advantage of flocculation testing, but uses a model with a clear basis without the
known limitations of the regular solution model. Although the resulting model also
has limitations, the predictions will be conservative for well-understood reasons.

5.3.2.1 Basic Hypothesis

The basic hypothesis of the Oil Compatibility Model is that the flocculation
solubility parameter for a given oil is the same whether the oil is blended with
noncomplexing liquids or other oils. This hypothesis is supported, first, by the
conclusion in section 5.2.3 that the primary interaction energy in petroleum frac-
tions is caused by dispersion forces. Second, Buckley?#?’ observed that the onset
of precipitation of asphaltenes occurs over a narrow range of solution refractive
index, a measure of dispersion interaction energy.'® By ordering the liquids that
contain only hydrogen, carbon, and sulfur atoms by increasing the solubility
parameter, the author has found that all liquids below a certain solubility parame-
ter precipitate asphaltenes and all liquids of a higher solubility parameter dissolve
the oil completely at the given concentration (see Ref. 17 and section 5.2.3). After
developing the Oil Compatibility Model, the author discovered that this find-
ing does not hold true for chain-type molecules, such as long-chain alkanes. For
instance, n-hexadecane is a poorer solvent than n-heptane for oils in dilute mix-
tures even though n-hexadecane has a higher solubility parameter than n-heptane.
The reasons for this will be discusses later in this chapter. Nevertheless, here we
will neglect long-chain molecules. Thus, for Souedie crude (Figure 5.14), the floc-
culation solubility parameter lies between 7.80 (for methylcyclohexane, highest
solubility parameter of the nonsolvents) and 8.19 (for cyclohexane, lowest solubil-
ity parameter of the solvents). Because solubility parameters for pure liquids only
have discrete values, testing the oil with mixtures of solvents and nonsolvents is
required to determine the value of the flocculation solubility parameter. However,
one needs to account for the solubility parameter of the oil in the mixture to deter-
mine the exact flocculation solubility parameter because the oil contributes to the
solvency of the mixture. Therefore, one needs to vary the oil to liquid volume
ratio and extrapolate the measured flocculation solubility parameter to infinite
dilution in oil. As a result, one can actually measure both the flocculation and the
oil solubility parameters.

5.3.2.2 Insolubility Number and Solubility Blending Number

In determining asphaltene flocculation solubility parameters, one is focused on
only a small portion of the solubility parameter scale. Because asphaltenes are
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FIGURE 5.14 Solvents and nonsolvents for Souedie crude oil at a concentration of 0.1
g/25 mL of liquid. (From IA Wiehe. Energy and Fuels 14: 56-59, 2000. Reprinted with
permission. Copyright 2000. American Chemical Society.)

defined as toluene soluble and n-heptane insoluble, it is convenient to stretch out
this region of the solubility parameter scale by putting the solubility parameters
on a scale referenced to n-heptane and toluene. It would also be helpful to avoid
the cumbersome square root units of solubility parameters by using dimension-
less solubility parameters. Therefore, two such dimensionless solubility param-
eters, the insolubility number, Iy, and the solubility blending number, Sgy, are
defined as follows:

(5f _51-[)
I, =100~ “H” 59
=6 6 69
_ (60il _5H)
Sux =100 21—t (5.10)

where
;= flocculation solubility parameter
Oy = solubility parameter of n-heptane
O= solubility parameter of toluene
8,;;=solubility parameter of the oil
If the oil is completely soluble in n-heptane, and thus, contains no asphaltenes, the
insolubility number is assigned a value of 0. As resins can be precipitated out of
oils by blending with liquids of solubility parameter below that of n-heptane, oils
without asphaltenes can have negative insolubility numbers. However, because
fouling of oils by the precipitation of resins without asphaltenes is very rare, it
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almost always is not necessary to determine negative insolubility numbers. This
is the reason that the insolubility number for oils without n-heptane insolubles is
almost always set at 0. On the other hand, if the oil is barely soluble in toluene, the
insolubility number is 100. Processed oils, such as slurry oil from fluid catalytic
cracking, often contain soluble components with insolubility numbers above 100.
Although these are strictly not asphaltenes because they are toluene insoluble,
they can be treated in the same way by the Oil Compatibility Model. Likewise, if
an oil is as poor a solvent as n-heptane, it has a solubility blending number of 0,
and if an oil is as good a solvent as toluene, it has a solubility blending number of
100. Both heavy crude oils and processed oils frequently have solubility blending
numbers above 100. Although oils with negative solubility blending numbers are
uncommon, the author has observed these in oils containing high concentrations
of long-chain waxes.

It should be noted that, besides being convenient, the definition of the insolubil-
ity number and the solubility blending number satisfied the promise of Pat Dennis to
the sponsors of this research that the fouling tendency of crude oils will be measured
by two properties: the insolubility number and the solubility blending number.

5.3.3 MixTures ofF OiL AND TesT LiQuiD

To measure the solubility parameters, one blends the oil with various volume
ratios of toluene and n-heptane and determines if each dissolves or precipitates
asphaltenes. Each mixture of toluene and n-heptane is called a “test liquid.” As
discussed earlier, the ratio of the volume of oil to the volume of test liquid also
needs to be varied. The best method to detect insoluble asphaltenes is to observe
a drop of the mixture between a cover slip and a glass slide in transmission light
with an optical microscope at about 100 to 200x. One does not look for a single
particle. Instead, if asphaltenes are insoluble, they are observed throughout the
entire view in the form of brownish chain agglomerates, as shown in Figure 5.15.

ﬁi ) i_"\

Test Mix Oil and
Liquid Test Liquid
See if Insoluble Chain
Agglomerates of
Asphaltenes

Insoluble Asphaltenes at 100X

FIGURE 5.15 Schematic of the measurement of flocculation points for oils.
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The minimum volume percent toluene in the test liquid required to keep the
asphaltenes in solution is determined at various oil-to-test-liquid volume ratios.
The solubility parameter of the mixture of oil, toluene, and n-heptane at each of
these flocculation points is the flocculation solubility parameter, J;, determined
with the volumetric mixing rule:

_ VTaT + VH6H + Voil6oil

1) 5.11
! Vi + Vi + Vi G
Cross-multiplying, rearranging, and substituting yields
100 V. 100 V, -
T — IN oil [IN SBN il (512)
Vi Vo 100

where V; is the volume of test liquid (toluene and n-heptane). Therefore, this
model predicts that if the minimum percent toluene in the test liquid to keep
asphaltenes soluble is plotted against 100 times the volume ratio of oil to test
liquid, the data will fall on a line and the y-axis intercept will be equal to the
insolubility number. If the x-axis intercept of the line is Hp,, then,

100 v,
SBN = IN |:1+Hj|= IN |:1+\/H:| (513)
V=0

D oil

By determining the maximum n-heptane that can be added to the oil without pre-
cipitating asphaltenes, this x-axis intercept can be evaluated directly by what is
called the “heptane dilution test.” The volume ratio of n-heptane to oil determined
by the heptane dilution test measures the reserve solvency of the oil beyond that
required to dissolve the asphaltenes (Sgy > I).

The plot of the minimum percent toluene in the test liquid to keep asphaltenes
soluble against 100 times the volume ratio of oil to test liquid has indeed been
found to lie on straight lines for crude oils and for processed petroleum oils.
Figure 5.16 for Arab Light crude is an example. However, at least two measure-
ments are most commonly done for experimental efficiency. The heptane dilution
with 5 mL of oil is usually one test, with the exception of very high viscosity oils,
whereas the other test is typically the toluene equivalence test?* at a concentration
of 2 g of oil and 10 mL of the test liquid.

5.3.4 MixTures ofF OILs

Once the insolubility numbers and the solubility blending numbers are evaluated
for individual oils, they can be applied to the prediction of the compatibility of mix-
tures of oils. As the mixing rule for solubility parameters is the volumetric average,
the solubility blending number of a mixture of oils can be calculated from

S ~ ViSeai t VaSpe + ViSps - (5.14)

BNmix V4V, +V, +...
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FIGURE 5.16 As predicted, a plot of toluene percentage in the test liquid versus volume
ratio of oil to test liquid for Arab Light crude oil falls on a line. (From IA Wiehe. Energy
and Fuels 14: 56-59, 2000. Reprinted with permission. Copyright 2000. American
Chemical Society.)

By the definition of flocculation solubility parameter, if the solubility parameter
of a mixture of oils (or oil with noncomplexing liquids) is above the flocculation
solubility parameter of each oil in the mixture, the mixture is compatible. There-
fore, the maximum insolubility parameter of all the oils in the mixture is the only
one required. As a result, for a mixture of oils,

Compatibility criterion: Sgyi> 1 (5.15)

Nmax

Because the solubility number of an oil never exceeds the solubility number of its
asphaltenes, the theoretically possible incompatibility condition when the solubil-
ity parameter of the mixture of oils is much higher than the solubility parameter
of the asphaltenes does not happen in practice for oils. As a result, the compat-
ibility criterion (5.15) avoids the need to evaluate the asphaltene solubility param-
eter and to determine the difference between the solubility parameters of the
asphaltenes and the oil that causes incompatibility as required by applications of
the regular solution model.

5.3.5 BLENDING OF SOUEDIE AND FORTIES CRUDES

Figure 5.17 shows the evaluation of the insolubility numbers and solubility blend-
ing numbers for Souedie and Forties crudes from the heptane dilution and toluene
equivalence tests. Although the insolubility numbers are the y-axis intercepts, the
insolubility numbers can also be calculated from

TE

1_25d
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FIGURE 5.17 The evaluation of the compatibility numbers for Souedie and Forties crude
oils. (From IA Wiehe. Energy and Fuels 14: 56-59, 2000. Reprinted with permission.
Copyright 2000. American Chemical Society.)

where
TE = toluene equivalence
Vy = maximum amount (mL) of n-heptane that can be blended with 5 mL of oil
without precipitating asphaltenes from the heptane dilution test
d = density of the oil, g/mL

The solubility blending number can be calculated from equation (5.13). As the
insolubility number of each of these two crude oils is less than its own solubility
blending number, each crude is compatible with itself. However, as the solubility
blending number of Forties, 27, is less than the insolubility number of Souedie,
39, some mixtures of the two crudes are incompatible.

As shown in Figure 5.18, if one begins with a tank partially filled with Souedie
crude and starts adding Forties crude, the blend remains compatible, but the solu-
bility blending number of the mixture decreases until it reaches 39 at 67% Forties,
when it equals the insolubility number of Souedie. Thereafter, any additional For-
ties that is added is predicted and found experimentally to precipitate asphaltenes.
Now, if one begins with a tank partially filled with Forties and starts adding
Souedie, from the first drop of Souedie until adding 33%, Souedie asphaltenes
will continue to precipitate. Although precipitated asphaltenes can be redissolved
when the proportions are brought in the compatibility region, it might take days or
weeks because petroleum is both a dispersion and a solution. Meanwhile, such a
blend has high potential for fouling and coking in the refinery timescale of minutes.
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FIGURE 5.18 Both the proportions and the order of blending are important for compat-
ibility. (From IA Wiehe. Energy and Fuels 14: 56-59, 2000. Reprinted with permission.
Copyright 2000. American Chemical Society.)

As coke formation is triggered by the phase separation of asphaltenes at thermal
cracking temperatures (chapter 4), insoluble asphaltenes that hit a metal surface above
350°C almost immediately form coke. Therefore, one should try to blend oils in the
sequence of decreasing solubility blending number, from the highest to the lowest.

5.3.6 REFINERY PROCESSING OF SOUEDIE AND FORTIES CRUDE BLENDS

A refinery had run blends of Souedie and Forties crudes for some time without
fouling problems. Typically, these crudes were blended by adding Forties crude
to a tank of Souedie crude. However, because of scheduling problems and not
knowing the consequences, one day the refinery added Souedie crude oil to a tank
containing Forties crude oil. As a result, although the crudes were blended in a
tank in the correct proportions for compatibility (about equal volume), they were
blended in the wrong order. The result was black sludge in the desalter, high foul-
ing of preheat exchangers, and rapid coking of vacuum distillation furnace tubes.
Once the problem was analyzed, this refinery continued to mix these crudes, but
in the correct order and proportions without unusual fouling or coking. Therefore,
blending order is important. One should blend potentially incompatible oils in
the order of decreasing solubility blending number. The process of blending oils
to ensure compatibility based on the Oil Compatibility Model is the subject of a
patent?® by the author, and is assigned to Exxon (now ExxonMobil).

5.3.7 THE P-Test

Long after this research was completed and applied, the similarity to an old Shell
proprietary test, the “P-Test,””’ was pointed out to the author." As the author

“Thanks to Frans van den Berg of Shell for providing the English translation of Ref. 27.
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worked for a competitor and the test was not widely published, the derivation
of the P-Test was not available to him. This test typically has been applied to
residual fuel oils,?® used to control visbreaker operation, and has been applied to
asphalts,?? vacuum resids used to construct roads after blending with gravel.

5.3.7.1 Derivation of the P-Test

Similar to the Oil Compatibility Model, in the P-Test one blends the oil with
a diluent, composed of a mixture of an aromatic hydrocarbon and an aliphatic
hydrocarbon, to determine flocculation points. At the flocculation point,

X =ratio of volume of diluent to the volume of oil
FR = flocculation ratio = volume fraction of aromatic hydrocarbon in the
diluent

It was reasoned that there is some flocculation ratio, FR ., above which the
oil and diluent are compatible in all proportions and below which at some dilu-
tion they will precipitate asphaltenes. The peptizability, p,, of the asphaltenes is
defined as follows:

P.= 1- FRmax (517)

The peptizing power of the oil, p,, is defined as the fraction of aromatic hydrocar-
bon in the diluent that has the same peptizing power as the oil. Finally, the state
of peptization, P, of the asphaltenes is defined as

P — po — po

=15 TR (5.18)

max

It is reasoned that all the flocculation points of a given oil have equal peptizing
power of the diluted oil medium. Two flocculation points are selected. One is for a
diluent of only aliphatic hydrocarbon, FR =0 and X =X, ;. The second flocculation
point selected is (FR, X). On the basis of the volume of oil = 1 and the volume of
diluent = X, the volume average peptizing power of the oil and diluent at X =X ; is

(1)p0 + Xmin(o) — Po
14+ X in 14+ X i

(5.19)

and at X it is

Mp, +X (FR) _p,+X FR
1+X 1+X

(5.20)
Equating and solving for FR,

p Xmin
FR=—-"°%> |- —mn
X +1[ X :| 5.2

min
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At infinite dilution, FR approaches FR ,, and thus,

P,
FR =—"— 5.22
X .+1 ( )

min

X .
FR=FR,,, [1 = m} (5.23)
X

This indicates that if one plots FR versus 1/X, one obtains a line with a y-axis inter-
cept of FR,,, and an x-axis intercept of 1/X_ ;.. Finally, P may be calculated:

P= Po — FRmax[Xmin + 1] (524)
FRmax FRmax
P=X, +1 (5.25)

The criterion to keep the asphaltenes peptized is for P to be greater than 1 (Ref. 27
incorrectly allows P = 1). To avoid being close to precipitating asphaltenes, it is
more common to operate visbreakers so that P > 1.1.

5.3.7.2 Comparison of the P-Test and the Oil
Compatibility Model for Single Oils

There are clearly a lot of similarities between the P-Test and the Oil Compatibility
Model. If the aromatic hydrocarbon in the P-Test is toluene and the aliphatic hydro-
carbon is n-heptane, then both techniques involve plotting the volume percent toluene
in the test liquid or diluent (FR is defined as volume fraction, but sometimes plotted
as volume percent) versus the ratio of the volume of oil to the volume of test liquid (the
Oil Compatibility Model uses 100 times this ratio). The y-axis intercept is

Iy=100 FR . (5.26)
The x-axis intercept is

HD = 100/X,,, (5.27)

The P-Test assumes all flocculation points have equal peptizing power, whereas
the Oil Compatibility Model assumes all flocculation points are at equal solubility
parameter of the mixture. Both the peptizing power and the solubility parameter
of a mixture are assumed to be the volumetric average of that of the components
in the mixture. The value of P in terms of the Oil Compatibility Model is

P=X,,+1=100/HD + 1 (5.28)
From equation (5.13),
S S
P= BN d — BN
TN and  p, 100 (5.29)
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Thus, both agree that an oil is compatible with itself if P > 1 or Sy > I . How-
ever, this is obvious because if one does not need to add any n-heptane to get an
oil to precipitate asphaltenes, then clearly the oil is incompatible with itself. As
the P-Test is designed for resids, the viscosity is often too high for the heptane
dilution test, and one then needs to extrapolate the line to get 1/X ;.. In that case
one should obtain positive values of 1/X,;, (thus, of X, ) and values of P > 1 if
the oil contained no insoluble asphaltenes. As will be described in section 5.3.9,
if the oil contains insoluble asphaltenes, the flocculation points will lie on a line
parallel to the x-axis so that 1/X;, will be infinite, X, will be zero, and P = 1.
Ref. 27 also allows for negative values of 1/X;, and, thus, P < 1. However, this is
not allowed at thermodynamic equilibrium and shows that during the flocculation
test the asphaltenes were not completely dissolved before adding the nonsolvent.
This will be explained in section 5.3.10.

min

5.3.7.3 Comparison of the P-Test and the Oil
Compatibility Model for Oil Mixtures

One significant difference between the P-Test and the Oil Compatibility Model is
that the Oil Compatibility Model logically enables conservative prediction of the
compatibility of mixtures of oils after making measurements on the individual
oils, whereas the P-Test does not. In addition, the Oil Compatibility Model was
the first to be applied to the compatibility of crude oils and, as will be shown in
section 5.3.12, was the first to be applied to oils without asphaltenes. It is just this
predictive ability for mixtures that is the greatest use of the Oil Compatibility
Model. The P value does tell one if the oil one tested is compatible with itself or
not and, if compatible, how far it is away from incompatibility (reserve solvency).
However, that is the present state of the oil and only requires one flocculation
test, the heptane dilution test. It does not naturally predict a future event, such
as when the oil is blended with another oil. At the end of the original paper on
the P-Test,”” a method for predicting the compatibility of oils is promised. They
did arrive at the value of p, for a mixture to be the volume average, equivalent to
the volume average solubility blending number in the Oil Compatibility Model.
Although there is no logical mixing rule for p, (equivalent to 1 — I;/100), they?’
empirically selected the weight average. This is equivalent to using a weight aver-
age insolubility number for a mixture, rather than the largest insolubility number
of any component in the mixture. As a result, a later Shell paper” on fuel oils?®
recommended these mixing rules for predicting the compatibility of fuel oils.
However, use of the weighted average leads to many cases when blends of incom-
patible oils are predicted to be compatible. As a result, after the publication of the
Oil Compatibility Model, Shell now recommends using the equivalent maximum
insolubility number (minimum p,) for predicting the compatibility of crude oil
mixtures.

* Thanks to Rudolph Kassinger of DNV Petroleum Services for providing this paper.
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5.3.8 SovrusiLiTY PARAMETER MODEL OF MERTENS USED BY ANDERSEN??

Another model similar to the Oil Compatibility Model was published much ear-
lier, 1960, but also in an obscure part of the literature, an ASTM Bulletin on
asphalt, by Mertens®® of Chevron. The author still has not seen a copy of this
paper, but Andersen? published an application of the method to the stability of
crude oils and processed oils. According to Andersen, the flocculation point is
determined for several oil/solvent ratios by flocculation titration with nonsolvent.
The volume of nonsolvent at the flocculation point divided by the mass of oil
(Vys/m,) is plotted versus the volume of solvent divided by the mass of oil (V/
m,), and a straight line is obtained. In order to relate this to the Oil Compatibility
Model, let us assume the solvent is toluene and the nonsolvent is n-heptane. The
mass of oil is equal to the volume of oil, V;;, times the density of oil, d. The criti-
cal solubility parameter of Mertens is the same as what is called the flocculation
solubility parameter, J;, in the derivation of the Oil Compatibility Model. Using
the volume average mixing rule for the flocculation solubility parameter in a mix-
ture of oil, toluene, and n-heptane,
V0o + Velr + VS  (m,/d)8,; + Vidy + Vi 6y

5 — oil Yoil )
! Vo + Vi + Vg (m,/d) + V; + Vg (5:30)

oil

Cross-multiplying and rearranging, one obtains

Vu _ 0ot — O 1 Or = O Vr
m {&—5}{ a"15.-5, |m, 63D

o

This is an equation of a line when V/m, is plotted versus V/m,. Using the defi-
nition of insolubility number and solubility blending number (equation 5.9 and
equation 5.10), one may put the slope and y-axis intercept of this line in terms of
the insolubility number and the solubility blending number:

Slope = 110—0 -1 (5.32)

N
S
I: IBI:\] l:l

y-axis intercept = d

(5.33)

Andersen® used the criterion that the oil is unstable if the y-axis intercept is nega-
tive. From equation (5.33) this is clearly the same as when the insolubility num-
ber, I, is greater than the solubility blending number, Sgy. Nevertheless, as for
the P-test, the Mertens model does not provide a logical method for predicting the
compatibility on blending of oils. Thus, although at least two similar models were
developed well before the Oil Compatibility Model, this model appears to be
the first to provide a logical and conservative prediction of the compatibility on blend-
ing of oils, based on flocculation titration of the individual oils in the mixture.
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FIGURE 5.19 Over 100 pairs of crude oils have been found to be incompatible, but some-
times pairs predicted to be incompatible are found to be compatible.

5.3.9 INcompraTiBLE PAIRs oF CRUDE OlLs

Once the insolubility and the solubility blending numbers of a number of crude
oils have been measured, the set of potentially incompatible pairs of crudes can be
predicted and compared by experimentally blending a number of pairs of crudes
in different proportions. Figure 5.19 is a plot of the higher insolubility number of
a pair of crudes versus the lower solubility blending number of the pair of crudes.
Incompatibility is predicted for some blends of each pair of crudes for points that
fall on or above the diagonal line. Although over 100 pairs of crude oils have
been experimentally found to be incompatible (solid circles in Figure 5.19), none
that were predicted to be compatible in all proportions (below the diagonal in
Figure 5.19) were experimentally found to be incompatible in some proportion.
However, there are a number of crude pairs that were predicted to be incompatible
(open squares in Figure 5.19), but found to be compatible. This happens when the
lower insolubility number crude has an excess of resins and little or no asphaltenes
and the high insolubility number crude has a low resin to asphaltene ratio. As a
result, the maximum insolubility number decreases on blending because of the
dispersant ability of resins.

To predict this effect is clearly outside the scope of the present model, but the
subject of future investigations. Nevertheless, because reality is always equal to
or better than the prediction, the present model provides a conservative prediction
for preventing high rates of fouling and coking caused by incompatible oils. As
the flocculation experiments are performed near room temperature and applied
to elevated temperatures in the refinery, this also contributes to the conserva-
tive nature of the prediction. Asphaltene solubility in oils always increases with
increasing temperature as long as no major fraction of a gas or other component at
temperatures near its critical point is in the oil. Of course, a future direction is to
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FIGURE 5.20 For the self-incompatible crude oil, Yme, the toluene percentage in the test
liquid at incipient asphaltene precipitation is independent of oil concentration. (From [A
Wiehe. J Dispersion Sci Technol 25: 333-339, 2004. With permission.)

improve the Oil Compatibility Model so that the predictions are less conservative,
but an incompatible blend is never predicted as being compatible.

5.3.10 SeLr-INcomMPATIBLE OiLs31/32

Crude oils often contain salt, iron sulfide, rust, clays, and other inorganic sol-
ids, as well as wax, that can be observed with an optical microscope. Although
these inorganic solids can be sources of fouling, waxes invariably dissolve on
mild heating without fouling in the crude preheat train. However, the author has
discovered that more than 20 commercial crude oils contain insoluble asphaltenes
that can cause catastrophic fouling of crude preheat trains and coking of distilla-
tion furnace tubes. These can be observed with an optical microscope in a drop of
the oil between a microscope slide and a cover slip. However, they can be verified
by diluting the oil in toluene and seeing the insoluble asphaltenes disappear, but
remain when diluting the oil in an equal volume of n-heptane. Another distin-
guishing feature of self-incompatible oils is that the volume percent toluene in
the test liquid at the point of incipient asphaltene insolubility is independent of oil
to test liquid volume ratio, as shown in Figure 5.20, for a commercial crude oil,
Yme,* which contains less than 1 wt% asphaltenes. This is because the chemical
potential of a solute remains constant when the soluble and insoluble solute are in
phase equilibrium. As a result, for a self-incompatible oil the insolubility number,
the solubility blending number, and the toluene equivalence are all equal.

* Thanks to Statoil for permission to publish the data on Yme crude oil.
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One of the first applications of the Oil Compatibility Model early in 1995
was the discovery of a self-incompatible crude oil. This crude oil was being
considered for purchase at a refinery that already had experienced furnace cok-
ing problems in their vacuum distillation unit and could not afford another.
With the author’s discovery and prediction of the consequences, the purchase
was stopped within hours of signing the contract. Further probing revealed that
this self-incompatible crude caused fouling and coking problems at other refin-
eries. Thus, the refinery fouling problem was solved before it happened. This
helped greatly to authenticate the Oil Compatibility Model as a tool for crude
oil purchase.

It takes time for asphaltenes to precipitate during flocculation tests, depend-
ing on the viscosity of the medium. Thus, it is recommended that each bottle con-
taining the oil and test liquid be held for at least 5 min at 60°C for the flocculation
test before it is determined if the asphaltenes are in solution. There are automatic
titrating instruments available for performing flocculation measurements. How-
ever, it is easy for these to titrate nonsolvent too quickly and overshoot because
the time for precipitation is not taken into account. Nevertheless, the time to
redissolve asphaltenes is much longer than the time to precipitate asphaltenes. As
a result, for a self-incompatible oil if one tries to add toluene until the asphaltenes
redissolve (toluene dilution test), one cannot help but overshoot the amount of
toluene because of the very slow kinetics for redissolving. Therefore, it is recom-
mended, for flocculation tests on incompatible oils, to add excess toluene, make
sure the asphaltenes are in solution, and then add n-heptane to determine if the
asphaltenes are in solution until reaching the flocculation point. Only after using
this procedure were consistent results obtained and it was established that the
percent toluene in the test liquid was independent of the volume ratio of oil to
test liquid.

The existence of commercially traded crude oils that are self-incompatible
means that the refiner even needs to be concerned of crude incompatibility when
running only one crude at a time. It can be difficult to believe that a self-incom-
patible crude can be produced through the porous media of a petroleum reservoir.
However, self-incompatible crudes may be the result of blending crudes or gas
condensate with crudes at the production site or by asphaltenes precipitating on
cooling and depressurizing after being produced from reservoirs at elevated tem-
peratures and pressures. On the other hand, several self-incompatible crudes are
known to have asphaltene plugging problems during production. The self-incom-
patible crude oil in the example, Yme (Figure 5.20), contains low amounts of very
soluble asphaltenes as do many crudes that exhibit asphaltene production prob-
lems. In this case, the incompatibility is because the crude is quite paraffinic and,
thus, is a poor solvent for asphaltenes. However, this is not always the case. Self-
incompatible crudes can also have quite high insolubility numbers. The author
has discovered self-incompatible crude oils that span insolubility numbers (thus,
solubility blending numbers) from 12 to 58. However, the identity of these self-
incompatible crude oils is quite proprietary because of the competitive advantage
of refineries to avoid these highly fouling crude oils.
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5.3.11 NEeArLy IncompraTiBLE OILs33

It is known that even compatible oils can undergo asphaltene fouling, albeit at a
much slower rate than incompatible oils. Therefore, this section introduces the
concept of fouling by the adsorption of asphaltenes at surfaces that depends on
the dista