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Introduction and General Aspects

Hydrocarbon chemistry is essentially abiological organic chemistry although
methane and fossil fuels and derivatives have biological origin.

1.1 Hydrocarbons and Their Classes

Hydrocarbons, as their name indicates, are molecular compounds of carbon
and hydrogen. As such, they represent one of the most significant classes of
organic compounds (i.e., of carbon compounds).! In methane (CH,), the sim-
plest saturated alkane, a single carbon atom is bonded to four hydrogen atoms.
In the higher homologs of methane (of the general formula C, H,, . ,), all atoms
are bound to each other by single [(sigma (o), two-electron, two-center] bonds
with carbon displaying its tendency to form C—C bonds. Whereas in CH,, the
H/C ratio is 4, in C,Hg (ethane) it is decreased to 3, in C3Hg (propane) to 2.67,
and so on. Alkanes can be straight chain (each carbon attached to not more
than two other carbon atoms) or branched (in which at least one of the carbon
is attached to either three or four other carbon atoms). Carbon atoms can be
aligned in open chains (acyclic hydrocarbons) or can form rings (cyclic hydro-
carbons).

Cycloalkanes are cyclic saturated hydrocarbons containing a single ring.
Bridged cycloalkanes contain one (or more) pair(s) of carbon atoms common
to two (or more) rings. In bicycloalkanes, there are two carbon atoms common
to both rings. In tricycloalkanes, there are four carbon atoms common to three
rings such as in adamantane (tricyclo[3.3.1.137]decane) giving a caged hydro-
carbon structure.

Carbon can also form multiple bonds with other carbon atoms. This results
in unsaturated hydrocarbons such as olefins (alkenes, C,H,,), specifically,
hydrocarbons containing a carbon—carbon double bond or acetylenes (alkynes,
C,H,,_,) containing a carbon—carbon triple bond. Dienes and polyenes contain
two or more unsaturated bonds.
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Aromatic hydrocarbons (arenes), a class of hydrocarbons of which benzene is
parent, consist of cyclic arrangement of formally unsaturated carbons, which,
however, give a stabilized (in contrast to their hypothetical cyclopolyenes) delo-
calized & system.

The H/C ratio in hydrocarbons is indicative of the hydrogen deficiency of the
system. As mentioned, the highest theoretical H/C ratio possible for hydrocar-
bons is 4 (in CH,), although in carbocationic compounds (the positive ions of
carbon compound) such as CHs* and even CHy?* the ratio is further increased
(to 5 and 6, respectively). On the other end of the scale, in extreme cases, such
as the dihydro or methylene derivatives of Cy, and C, fullerenes discovered in
the 1980s, the H/C ratio can be as low as ~0.03!

An index of unsaturation (hydrogen deficiency) i can be used in hydrocar-
bons, whose value indicates the number of ring and/or double bonds (a triple
bond is counted as two double bonds) present (C and H = the number of carbon
and hydrogen atoms); i = 0 for methane, for ethene i = 1 (one double bond), for
acetylene (ethyne) i = 2, etc.

(2C+2)—H
2

The International Union of Pure and Applied Chemistry (IUPAC) has estab-
lished rules to name hydrocarbons. Frequently, however, trivial names are also
used and will continue to be used. It is considered not very important to
elaborate on the question of nomenclature. Systematic naming is mostly fol-
lowed. Trivial (common) namings are, however, also well extended. Olefins or
aromatics clearly are very much part of our everyday usage, although their
IUPAC names are alkenes and arenes, respectively. Straight-chain saturated
hydrocarbons are frequently referred to as n-alkanes (normal) in contrast to
their branched analogs (isoalkanes). Similarly, straight-chain alkenes are fre-
quently called n-alkenes as contrasted with branched isoalkenes (or olefins).
What needs to be pointed out, however, is that one should not mix the system-
atic IUPAC and the still prevalent trivial (or common) namings. For example,
(CH3),C=CH, can be called isobutylene or 2-methylpropene but should not be
called isobutene as only the common name butylene should be affixed by iso.
On the other hand, isobutane is the proper common name for 2-methylpropane
[(CHj3)3;CH]. We discuss, for example, the isobutane—isobutylene alkylation for
production of isooctane (a major component of high-octane gasoline) but it
should not be called isobutane—isobutene alkylation.

1.2 Energy-Hydrocarbon Relationships

Every facet of human life is affected by the need for energy. The sun is the
central energy source of our solar system. The difficulty lies in converting
solar energy into other energy sources and also to store them for future use.
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Photovoltaic devices and other means to utilize solar energy are intensively
studied and developed but at the enormous level of our energy demands, Earth-
based major installations using the present day technology are inadequate. The
size of collecting devices would necessitate to utilize large areas of the earth.
Atmospheric conditions in most of the industrialized world are unsuitable to
provide constant solar energy supply. Perhaps a space-based collecting system
beaming energy back to Earth can be established at some time in the future,
but except small-to-medium-scale installations, solar energy is of limited sig-
nificance for the foreseeable future. Other unconventional energy sources, such
as wind, ocean wave, tides of the seas, and geothermal energy as well as energy
from the combustion of biomass represent a rapidly increasing yet still small
fraction of our energy production. Nevertheless, search for alternate renew-
able energy sources to produce clean, safe, and sustainable energy is vital for
the future sustenance of mankind.

Our major energy sources are fossil fuels (i.e., oil, gas, and coal) as well
as atomic energy. Fossil energy sources are, however, nonrenewable (at least
on our timescale) and their burning causes serious environmental problems.
Increased carbon dioxide levels are considered to contribute to the “green-
house” effect. The major limitation, however, is the limited nature of our fossil
fuel resources. The world total proven coal reserves at the end of 2015 were
estimated to be 892,000 M/t lasting about 114 years at the current rates of con-
sumption.? (The timeframe for the United States with the largest coal reserve of
237,000 M/t is 292 years.) The corresponding data for total petroleum oil and
natural gas are 1,697,600 million barrels (50.4 years) and 186.9 trillion cubic
meters (52.8 years). In human history, these are short periods and we will need
to find new solutions.

The United States still relies overwhelmingly on fossil energy sources, with
only 8.3% coming from atomic energy and 9.6% from renewable sources
(Table 1.1). Other industrialized countries utilize to a much higher degree of
nuclear and hydroenergy? (Table 1.2). Since the 1980s, concerns about safety
and difficulties in disposing fission by-products dramatically limited the growth
of the otherwise clean atomic energy industry.

Table 1.1 U.S. Energy Consumption by Sources (%)?

Power Source 1990 2000 2005 2010 2014
Coal 226 228 197 213 179
Petroleum 396 388 404 367 34.8
Natural gas 233 242 226 252 275
Nuclear energy 7.2 7.9 8.1 8.6 8.3
Hydroenergy, geothermal, 7.2 6.2 6.1 8.2 9.6

solar, wind, biomass
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Table 1.2 Power Generated in Industrial Countries by
Nonfossil Fuels (2010)

Nonfossil Fuel Power (%)

Country Hydroenergy  Nuclear Energy
Canada 60 14
France 11 77
Germany 3.5 23.7
Japan 7.4 24.2

Italy 14 0
United Kingdom 1.4 13.8

USA 6.2 8.6

A way to extend the lifetime of our fossil fuel energy reserves is to raise the
efficiency of thermal power generation. Progress has been made in this regard,
but the heat efficiency even in the most modern power plants is limited. Heat
efficiency increased substantially from 19% in 1951 to 38% in 1970, but for
many years since then 39% appeared to be the limit. Combined-cycle thermal
power generation—a combination of gas turbines and steam turbines—allowed
in Japan to further increase heat efficiency from 35 to 39% to as high as 43%.
Conservation efforts can also greatly contribute to moderate worldwide growth
of energy consumption, but the rapidly growing population of our planet
(7.2 billion today, but should reach about 10 billion by 2050) will put enormous
pressure on our future needs.

Estimates of the world energy consumption till 2040 are shown graphically in
Figure 1.1 in relationship with data dating back to 1970. A rise in global energy
consumption of about 95% for the year 2025 is expected compared with 1990.
Even in a very limited growth economic scenario, the global energy demand is
estimated to reach 12 billion tons of oil equivalent (toe) by the year 2025.%

Mankind’s long-range energy future clearly must be safe nuclear energy,
which should increasingly free still remaining fossil fuels as sources for conve-
nient transportation fuels and as raw materials for synthesis of plastics, chem-
icals, and other substances. Eventually, however, in the not too distant future,
we will need to make synthetic hydrocarbons on a large scale.

1.3 Hydrocarbon Sources

All fossil fuels (coal, oil, gas) are basically hydrocarbons, varying, however,
significantly in their H/C ratio® (Table 1.3). These are formed over eons by the
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Figure 1.1 World energy consumption history and projections.

anaerobic decay of living organisms that is, they are fossilized solar energy. Con-
sequently, all hydrocarbons available for mankind are of biological origin. Since
the industrial revolution, fossil fuels have been used up rapidly. When burned
they undergo oxidation to form carbon dioxide and water and, consequently,
they are not renewable on a human timescale. Furthermore, their burning
(oxidation) results in a large anthropogenic CO, emission causing harmful
effect in the environment (global warming, rising sea levels, acidification of
oceans, etc.).

1.3.1 Coal

Abundant coal resources can be a major source for conversion to hydrocar-
bons.® Coals (the plural is deliberately used as coal has no defined, uniform
nature or structure) are fossil sources with low hydrogen content.'®” The

“structure” of coals means only structural models depicting major bonding

Table 1.3 H/C Ratio of Natural Hydrocarbon Sources

Methane 4.0
Natural gas 3.8
Petroleum crude 1.8
Tar sands bitumen 1.5
Shale oil (raw) 1.5

Bituminous coal 0.8
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types and components, relating changes with coal rank. Coal is classified—or
ranked—as lignite, subbituminous, bituminous, and anthracite. This is also the
order of increased aromaticity and decreased volatile matter. The H/C ratio of
bituminous coal is about 0.8, whereas anthracite has H/C ratios as low as 0.2.

From a chemical, as contrasted to a geological point of view, the coal for-
mation (coalification) process can be grossly viewed as a continuum of chem-
ical changes, some microbiological, some thermal involving a progression in
which woody or cellulosic plant materials (the products of nature’s photosyn-
thetic recycling of CO,) in peat swamps are converted during many millions
of years and increasingly severe geological conditions to coals. Coalification is
grossly a deoxygenation—aromatization process. As the “rank” or age of the coal
increases, the organic oxygen content decreases and the aromaticity (defined as
the ratio of aromatic carbon to total carbon) increases. Lignites are young or
“brown” coals containing more organic oxygen functional groups than subbi-
tuminous coals, which in turn have a higher carbon content but fewer oxygen
functionalities.

The organic chemical structural types believed to be characteristic of coals
can be schematically represented as shown in Figure 1.2 showing probable
structural groups and connecting bridges that are present in a typical bitumi-
nous coal.”?

OH SH

Figure 1.2 Schematic representation of structural groups and connecting bridges in
bituminous coal. Source: Wiser 1984.”° Reproduced with permission of Springer. Copyright
2017.
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The principle type of bridging linkages between clusters are short aliphatic
groups (CH,), (where n = 1-4), different types of ether linkages, and sulfide
and biphenyl bonds. All but the latter may be considered scissible bonds in that
they can readily undergo thermal and chemical cleavage reactions.

The conversion of coal to hydrocarbons is discussed in Section 1.5.1

13.2 Petroleum Oil

Petroleum or crude oil is a complex mixture of many hydrocarbons.'>8 It is
characterized by the virtual absence of unsaturated hydrocarbons consisting
mainly of saturated, mainly straight-chain alkanes, with smaller amounts of
slightly branched alkanes, cycloalkanes, and aromatics. Petroleum is generally
believed to be derived from organic matter deposited in the sediments and sed-
imentary rocks on the floor of marine basins. The identification of biological
markers such as petroporphyrins provides convincing evidence for the biologi-
cal origin of our oil reserves. The question of abiological deep petroleum oil was
considered, but no conclusive evidence was obtained (for abiological hydrocar-
bons, see Section 1.3.9). The effect of time, temperature, and pressure in the
geological transformation of the bituminous coals and other heavy organics to
petroleum oil is not yet clear. However, considering the low level of oxidized
hydrocarbons and the presence of porphyrins, it can be surmised that organic
precursors were acted upon by anaerobic microorganisms and moderate tem-
peratures, <200 °C. By comparing the composition of typical crude oils with
typical bituminous coals, it becomes clear why crude oil is a much more suitable
fuel source. It is indicated by its higher H/C atomic ratio, generally lower sul-
fur and nitrogen contents, very low ash contents, (probably mostly attributable
to some suspended mineral matter and vanadium and nickel associated with
porphyrins), and essentially no water content.

Itis interesting to mention that recent evidence shows that varied extraterres-
trially formed abiologic hydrocarbon derivatives indeed reached earth through
comets and asteroids. The earth continues to receive some 40,000 tons of inter-
planetary dust every year. Mass-spectrometric analysis revealed the presence
of hydrocarbons attached to these dust particles including polycyclic aromat-
ics such as phenanthrene, chrysene, pyrene, benzopyrene, and pentacene of
extraterrestrial origin (indicated by anomalous isotopic ratios”). No petroleum
oil formation from these, however, can be concluded particularly under the
earth’s oxygen-rich atmosphere and needed long time for their formation.

Petroleum—a natural mineral oil—was referred to as early as in the Old
Testament. The word petroleum means “rock oil” [from the Greek petros (rock)
and elaion (oil)]. It had been found over the centuries seeping out of the ground,
for example, as in the Los Angeles basin (practically next door, where this book
is written) and what are now the La Brea Tar Pits. Vast deposits were found
in varied places ranging from Europe, to Asia, to the Americas, and to Africa.
In the United States, the first commercial petroleum deposit was discovered

7
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in 1859 near Titusville in western Pennsylvania when Edwin Drake and Billy
Smith struck oil in their first shallow (~20-m-deep) well.1® The well yielded
400 gallons (gal) of oil a day (about 10 barrels; 1 bbl = 42 gal). The area was
known before to contain petroleum that residents skimmed from a local creek’s
surface, which was thus called “oil creek.” The first oil-producing well opened
up a whole new industry. The discovery was not unexpected, but provided
evidence for oil deposits in the ground that could be accessed by drilling. Oil
was used for many purposes, such as in lamp illumination and even for med-
ical remedies. The newly discovered Pennsylvania petroleum was soon also
marketed to degrease wool, prepare paints, fuel steam engines, to power light
railroad cars, and for many other uses. It was recognized that the well oil was
highly impure and had to be refined to separate different fractions for varied
uses. The first petroleum refinery, a small distillation operation, was established
in Titusville in 1860. Petroleum refining was much cheaper than producing
coal oil (kerosene) and soon petroleum became the predominant source for
kerosene as an illuminant. In the 1910s, the popularity of automobiles spurred
the production of gasoline as the major petroleum product. California, Texas,
Oklahoma, and more recently Alaska provided large petroleum deposits in the
United States, whereas areas of the mid-east, Asia, Russia, Africa, South Amer-
ica, and more recently of the North Sea became major world oil production
centers. Recently discovered very large oil sources backed up in shale forma-
tions (shale oil) are in numerous locations around the world including the USA.
The forecast of daily oil consumption by the International Energy Agency
for 2016 is about 96 million barrels [about 12 million tons per year (Mt)] with
a daily oil output of 97.2 million bbl/d (September, 2016). This is a significant
increase from 58 million barrels in 1973. The United States and China’s daily oil
consumption was, respectively, about 20 and 11 million barrels in 2015. Most
of this is used for the generation of electricity, space heating, and as transporta-
tion fuel. About 8.5% of the petroleum and natural gas is used as feedstocks for
the manufacturing of chemicals, pharmaceuticals, plastics, elastomers, paints,
and a host of other products. Petrochemicals from hydrocarbons provide great
many necessities of modern life, to which we have become so accustomed that
we do not even notice our increasing dependence on them, and yet the con-
sumption of petrochemicals is still growing at an annual rate of 10%. Advances
in the petroleum—hydrocarbon industry, more than anything else, may be cred-
ited to the high standard of living that we have enjoyed in the past century.

1.3.3 Heavy Oils, Tar Sand, and Bituminous Deposits

Whereas light crudes are preferred in present-day refining operations, increas-
ingly heavier petroleum sources also processed to satisfy our ever-increasing
needs. These range from commercially usable seavy oils (California, Venezuela,
etc.) to the huge bituminous formations locked up in tar sands.'>112 These
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more unconventional sources of oil represent additional oil deposits in the
world taken together. The largest is located in Alberta, Canada (Athabaska,
Cold Lake), in the form of enormous tar sand and carbonate rock deposits
containing some 2.5 trillion barrels of extremely heavy oil, called bitumen. It
is followed by the heavy oil accumulations in the Orinoco Valley, Venezuela
(over 1.2 trillion barrels) and in Siberia. The practical use of these potentially
vast reserves depend on finding economical ways to extract the oil (by thermal
retorting or other processes) for further processing. The peak production in the
Athabaska region was 2.2 million barrels per day in 2015. Profitability of these
operations requires market prices for oil to be above $40 a barrel.

The quality of petroleum varies and, according to their specific gravity and
viscosity, classified loosely as light, medium, heavy, and extra heavy crude oils.
Light oils of low specific gravity and viscosity are more valuable than heavy
oils with higher specific gravity and viscosity. In general light oils are richer
in saturated hydrocarbons, especially straight-chain alkanes, than heavy oils
and contain <75% straight-chain alkanes and <95% total hydrocarbons. Extra
heavy oils, the bitumens, have a high viscosity, and thus may be semisolids with
high levels of heteroatoms (nitrogen, oxygen, and sulfur) and a correspondingly
reduced hydrocarbon content, of the order of 30—-40%.

Heavy oils and especially bitumens contain high concentrations of resins
(30—-40%) and asphaltenes (<20%). Most heavy oils and bitumens are thought
to be derivatives of lighter, conventional crude oils, which have lost part or all of
their n-alkane contents along with some of their low-molecular-weight cyclic
hydrocarbons through geochemical processes taking place in the oil reservoirs.
Heavy oils are also abundant in molecules containing heteroatoms (N, O, S),
organometallics, and colloidally dispersed clays and clay organics. The promi-
nent metals associated with petroleum are nickel, vanadium (mainly in the form
of vanadyl, VO?* ions), and iron. The former two are (in part) bound to por-
phyrins to form metalloporphyrins.

Table 1.4 compares the difference in composition of typical light and heavy
oils.

Processing of heavy oils and bitumens presents challenges for majority of the
refineries, as heavy oils and bitumens can poison the metal catalysts used in the

Table 1.4 Composition (%) of Typical Light and Heavy Oils

Fraction Light Oil Heavy Oil
Saturates 78 17-21
Aromatics 18 36-38
Resins 4 26-28

Asphaltene Trace-2 17

9
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current refineries. The use of superacid catalysts,gb which are less sensitive to
these feeds, is one of the possible solutions to this problem.

Tight sands (sandstone), shale, and other tight-rock formations lying deep
underground hold large amounts of trapped natural gas and oil. These are
hard to extract because of the low porosity and low permeability of the reser-
voir rocks. The new hydraulic fracturing (hydrofracturing, hydrofracking) tech-
nique also called “fracking,” however, allows tapping the underground shale oil
and shale gas and their utilization.

1.3.4 Natural and Shale Gas

Natural gas as we know it is of biological origin (not unlike petroleum oil).
Large gas reservoirs were discovered and utilized in the last century. Increas-
ingly deeper wells are drilled, and deposits under the seas are explored and
tapped.

Natural gas depending on its source contains—besides methane as the main
hydrocarbon component (present usually in 75-90%; Table 1.5)—some of the
higher homologous alkanes. In “wet” gases the amount of C,—C; alkanes is
more significant.!>13

Homologous hydrocarbons of two to five carbon numbers (with low vapor
pressures, ethane, propane, butanes, pentane) of which ethane is present in the
largest amount, are called natural-gas liquids. These can be separated with the
use of a gas-absorbing oil. A heavier hydrocarbon fraction of medium vapor
pressure (pentane plus) is classified as liguefied petroleum gas (LPG). Natural-
gas liquids, which are generally of only thermal value, are also dehydrogenated
to alkenes. Their direct upgrading to gasoline-range hydrocarbons has also
been developed.

Typical composition of natural gas of various origin!# is shown in Table 1.5.

Natural gas in the early decades of oil exploitation was either vented to the
atmosphere or flared. Significant improvements in pipeline technology after
World War II allowed the safe, though still challenging, transportation of nat-
ural gas over pipelines over long distances (e.g., from Siberia to Central and

Table 1.5 Composition of Natural Gas [weight percent (wt%)]

Location CH, C,Hg C3Hg C4Hqo

United States ~ 89.5-92.5 51-2 21-07 1.6-05
Algeria 86.9 9.0 2.6 1.2
Iran 74.9 13.0 7.2 3.1
North Sea 90.8 6.1 0.7 0.1
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Western Europe). Across the oceans (e.g., from the Middle East to Europe
and North America), natural gas transportation is not feasible because of its
gaseous voluminous nature (low boiling point of —161.5 °C). Intercontinental
transportation, consequently, requires its liquefaction to liquefied natural gas
(LNG). This process reduces the volume by 600 times and achieves nearly the
same energy density as gasoline or ethanol. Specially designed, well-insulated,
double-walled tankers are used for this purpose. LNG can be stored in cryo-
genic storage tanks and shipped to LNG terminal where it is regasified and
distributed through pipelines. Obviously, both liquefaction and transportation
of LNG are highly expensive operations. Furthermore, LNG is also potentially
dangerous and blowing up of a tanker (Cleveland, Ohio, 1944) and a liquefac-
tion facility (Algeria, 2003) had devastating effects. Similar accidents in a major
port city could be highly destructive with the possible end of all LNG opera-
tions. A terrorist attack would certainly have similar consequences.

Large amounts of natural gas were found more recently in shale deposits,
which can be extracted by using fracking techniques. First, a deep well is made
by vertical drilling followed by horizontal drillings and then fracturing the
rocks with hydraulic pressure (hydrofracking). Large amounts of fracking fluid,
composed of water (90%), sand, and chemical additives are injected creating
microfractures in the rock. The breaking up of rock formations results in the
release of natural gas and oil trapped within. This technique, however, in some
respect, is controversial because of contamination of ground and drinking
water sources by exposure to harmful substances and the observed increase
in seismic activity. According to the U.S. Energy Information Administration
report in 201 1,15 21 trillion cubic meters of technically recoverable shale
gas and 24 billion barrels of shale oil resources have been discovered. The
exploitation of shale gas has become economically viable in the last decade. In
2012, all unconventional gas sources provided 67% of the U.S. gas production
with shale gas accounting for 40% (up from only 4%, 7 years before!). The U.S.
daily shale gas production in 2016 was 28 million cubic meters. Countries with
significant amounts of technically recoverable shale gas are China, Argentina,
Algeria, Russia, and numerous others.

To avoid the use of water, Olah and Prakash have developed the concept of
dry fracking with carbon dioxide.!® Injecting gaseous CO, with inert additives
(sand) at high pressures allows the extraction of shale gas without use of water.
The obtained shale gas containing CO, can be further processed with water ina
bireforming process (see discussion later) to obtain metgas for the production
of methanol.

Significant amount ( <500 Mt/y) of natural methane is also released into the
atmosphere from varied sources ranging from volcanic sources to marsh lands
to landfills and farm animals. Significantly, large amounts of methane hydrates
are deposited in Antarctica, the permafrost regions in Siberia, and over the con-
tinental shelves of the oceans (see subsequent discussion). Declining ice sheets

n
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due to global warming will increasingly release methane. Future technologies
may also allow to use these resources. Microbes digesting biomass and subse-
quent conversion to biogas (biomethane) is another developing technology.

Although methane in the atmosphere represents only a small amount, its
increase contributes to a significant greenhouse effect (23 times more green-
house warming, compared to CO,).

1.3.5 Other Natural Methane Sources

There exist a number of other unconventional methane sources attracting
increasing attention.!3

Natural gas can be extracted from coal beds. Since it is free from hydrogen
sulfide, it is a high-quality methane. Called coalbed methane, it is adsorbed in
the solid matrix of the coal as well as in cracks and fissures. In fact, it causes a
significant fire risk in coal mines. Coal has six times more gas storage capacity
than sandstone. Coalbed methane is extracted from coal by lowering the reser-
voir pressure via dewatering. Similar to other unconventional gas extractions,
wells produce relatively small amounts of gas and production from a single well
decreases by about 90% during the first few years. Consequently, a large num-
ber of wells are to be drilled scattered across a large area. In contrast to other
methane sources, it does not contain propane, butane, and natural gas conden-
sate. Coalbed methane, together with tight-sand gas, started to be developed in
the United States in 2005.

As mentioned, vast, yet untapped reserves of natural gas (methane) are
locked up as hydrates under the permafrost in Siberia. Methane gas hydrates
are crystalline, ice-like, solid inclusion compounds of CH,-nH,O composi-
tion. They have cage-like structure also called clathrates.!” These were found
as a naturally occurring constituent in Siberian gas fields. They have also been
observed in oceanic and deepwater sediments as well as in polar sediments.
Most methane hydrates occur in oceanic sediments hundreds of meters below
the sea floor at water depths greater than 500 m. The amount of methane in
gas hydrates is estimated to greatly exceed known conventional natural-gas
reserves. The present estimate is about 21,000 trillion cubic meters that is
about 100 times of our conventional gas reserves. The economical utilization of
methane in hydrates, however, remains a challenge. Two major technical issues
that need to be solved are recovery and the release of methane in an economic
way. These require first significant research and development.

1.3.6 Carbon Dioxide

Mankind faces two serious challenges threatening the suitable life conditions
nature provided us through coal, oil, and gas deposits. First of all, our fossil
fuel resources are limited and nonrenewable and their oxidative use renders
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them nonrenewable on the human timescale. We thus have to find new ways
to replace them. Burning (oxidative use) of coal and hydrocarbons increases
the concentration of carbon dioxide in air contributing to greenhouse warming
and global climate change. We have addressed these problems previously in a
monograph on “Methanol Economy.’* The concept is based on chemical carbon
capture and recycling (CCR). Captured CO, can be transformed by catalytic
hydrogenation or bireforming with natural gas to metgas (a 2:1 mixture of H,
and CO) followed by well-established industrial methods to produce methanol.
This methanol is considered regenerative methanol as contrasted to renewable
methanol, which is made from continuously renewed sources and alternative
energies. Needed hydrogen can be generated by reforming of methane (natu-
ral gas) as long as it is available or by electrolysis of water using any available
energy sources (solar, hydro, wind, nuclear). Regenerative methanol by capture
and recycling of CO, is thus a source of fuel and derived hydrocarbon prod-
ucts essentially replacing oil.!® Further readings about assessments of methanol
synthesis using captured CO, in varied syngas production technologies are
available.!®

The methanol economy based on CO, chemical recycling via methanol,
would increasingly free us from our dependence on fossil fuels and, at the same
time, it helps to alleviate climate change caused by excessive burning of carbon-
based materials. Further discussions of the methanol economy are given in
Sections 1.7, 3.2 and Chapter 14. Details of varied possibilities of chemical
hydrogenerative reduction and recycling of CO, including transformations to
hydrocarbons are given in Section 3.2.

1.3.7 Biosources

By-products from living organisms (agricultural products, animal waste,
sewage, etc.) called biomass can potentially be an energy source. Biomass
(natural biomass) is any source of organic carbon renewed in the natural pho-
tosynthetic carbon cycle. Biomass is used for energy production by thermolysis
and can also be transformed to chemicals and fuels.?’ At the same time, it may
also be utilized as a source of hydrocarbons.?!

Biomethane (biogas, synthetic natural gas) from landfills of solid municipal
waste and animal manure generated by bacteria (anaerobic digestion) has been
used for heating purposes or generating electricity. Burning biogas produces
CO,. However, since the source of biogas is organic (carbon) material, biogas
production can be considered carbon neutral.

Cellulosic biomass can be converted to liquid products including bio-based
hydrocarbons by a number of processes.22 Most of these, however, require mul-
tistep transformations. For example, in the Sylvan process, 2-methylfurfural
derived from biomass is trimerized under acidic conditions and then
hydrodeoxygenated to an alkane mixture.?3 A jet fuel feedstock of cycloalka-
nes can be produced by acid-catalyzed hydrolysis of hemicelluloses-derived
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sugars to form furfural followed by aldol condensation with acetone.?* In the
final steps, varied oligomers formed are hydrogenated over Rh/Al,O5 and then
treated in the presence Pt/SiO,/Al, O3 to achieve hydrodeoxygenation.

Another possibility is to use catalytic fast pyrolysis. However, the product
called pyrolysis oil, also known as bio-oil,>> cannot be directly used as a trans-
portation fuel. It is a mixture of hydrocarbons and contains a high amount of
oxygenated products (~40%). In addition, it has high acidity, low heating value,
and high water content. More importantly, it is not miscible with petroleum and
cannot be fed directly into existing refineries. Additional hydrogen treatment
(hydroconversion) for upgrading is difficult and expensive. Integrated hydropy-
rolysis and hydroconversion is a better method for the direct production of
transportation fuel.?® It is a catalytic process carried out in a fluidized bed reac-
tor (25—30 bar hydrogen pressure, 350—480 °C) and eliminates oxygen in the
form of CO, and H, O, and gives high-quality gasoline (called renewable gaso-
line) and diesel oil (renewable diesel).

Chemo-, bio-, and integrated catalytic processes for hydrocarbon produc-
tion?” and biomass-derived oil-processing technologies?® have recently been
reviewed.

1.3.8 Minerals (Carbonates) and Metal Carbides

Metal carbonates have the potential to be used as a source to manufac-
ture hydrocarbons. Reller and coworkers studied the thermal degradation of
mixed alkaline earth—transition metal carbonates (Co, Ni, Cu, 10% loading) to
generate methane (>90%) under reductive conditions.?’ Similar results were
reported subsequently.3° Carbonates of varied compositions have recently been
found to afford high yields of methane®! [Eq. (1.1)]. Transformation of Ca and
Mg carbonate catalyzed by Co/CoO/CaO afforded the best result (carbonate/
catalyst ratio = 1:1, 100% conversion, 100% methane yield).

MCa(COs), or M'M2Ca(COs) H flow CH, + CO
a or a S — +
3)2 3)2 550°C.5h 4 2
M = Co, Ni, Fe, M/Ca = 1 conversion 4-100%
M'MZ = CoNi, NiFe, FeCo; MM2Ca = 1/1/2  CH, yield 80-100%

(1.1)

A few metal carbides can also be transformed to hydrocarbons. Notably,
Mg,C, Be,C, and aluminum carbide (Al,C;) produce methane upon hydrol-
ysis, whereas Mg,C; forms propyne.>? More importantly, calcium carbide
(CaC,)*? used to have much higher significance in the manufacture of acety-
lene.3* Produced from lime and coal at high temperatures, the transforma-
tion of CaC, to acetylene was the single most important process before the
oil age and started the industrial production of hydrocarbon products first in
Germany. However, after a peak production in the 1960s, the manufacture of
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acetylene and its products significantly decreased because it has been replaced
by other, cheaper and more readily available oil-based processes.

1.3.9 Abiological Hydrocarbon Sources

An interesting but unproven concept of the possible abiogenic origin of terres-
trial hydrocarbons was put forward by Gold3” in 1981 following a similar sug-
gestion, the so-called Russian—Ukrainian concept®® (see also a related review
of this topic3”). It was suggested that our hydrocarbons may also be formed by
slow outgassing of methane from vast abyssal deposits dating back to the origin
of our planet. Besides biologically derived oil and gas, “deep” carbon com-
pounds trapped in the Earth’s crust should be subjected to intense heat, causing
them to release hydrocarbons, which migrate toward the earth’s surface, where
they are trapped in different strata. Methane seepage is also observed at the
bottom of the oceans. However, it was shown that sea bottom wells are usually
do not went methane but H,S, which subsequently may reduce CO, of the
seas. Finds of oil during drilling into formations (such as granite) where no
“biogenic” oil was expected, was cited as proof for “abiogenic” hydrocarbons.
However, this evidence proved questionable because other explanations
including geological origin of H,S and CO, and their conversion to methane
as well as oil contamination of drill bits were involved.

According to recent studies, abiogenic methane may, however, be formed in
specific geologic environments. Either high-temperature magmatic processes
or gas—water—rock reactions at low temperature (<100 °C) are suggested to be
involved.?8

If abiogenic methane and other hydrocarbons reserves would exist (although
generally geologist disagree), it was hoped that these reserves could become
available when improved drilling technology is developed to reach deeper into
earth’s crust.3> Increasing temperature and pressure, however, may put a limit
on the feasibility of such drilling operations.

Extraterrestrial Hydrocarbons In recent years, significant observations were
made by high-tech space explorations. Direct observations and studies have
provided solid proof for the existence of abiogenic (extraterrestrial) hydrocar-
bon derivatives and their suggested astrochemistry (see Chapter 14). Astro-
physical observations by advanced telescopes (including space telescopes)
absorbing the light emitted by stars allowed spectroscopic analysis showing the
presence of methane, methanol and many of their derivatives.

Direct observation and analysis of extraterrestrial molecular matter started
with the joint NASA and European Space Agency Cassini—Huygens mission
launched in 1997. The Cassini spacecraft landed the Huygens probe on the sur-
face of Titan, one of the moons of Saturn, in 2005.3° The probe using a range of
sophisticated instrumentations [Huygens atmospheric structure instrument,

15
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Doppler wind experiment, GC-MS, descent imager/spectral radiometer
(DIRS)] collected data for 69 min. Analysis of the transmitted data revealed
that the atmosphere of Titan contains 1.6% methane of primordial origin
with methane clouds and a surface methane humidity of ~50%. The surface
temperature of —180 °C allows the existence of rivers and lakes of methane.
Other hydrocarbons including ethane were also detected on the surface with
cyanogen and benzene tentatively identified. It is further considered that vast
deposits of methane, other organic molecules, and CO, may exist beneath
Titan’s crust.

At the same time, Cassini surveyed Titan’s upper atmosphere (900—1300 km)
by means of plasma spectrometer, ion neutral mass spectrometer, and ion beam
and electron spectrometer. It is believed that methane and nitrogen photo-
chemistry is initiated in this region leading to the generation of hydrocarbons
and nitriles.*® These eventually precipitate and form hydrocarbon—nitrile lakes
on the moon’s surface.

Another set of important data has been collected by the Rosetta space-
craft having probed the surface composition of the nucleus of comet 67P/
Churyumov—Gerasimenko with the use of visible, infrared, and thermal imag-
ing spectrometer (VIRTIS) in 2014.%! It has provided evidence for hydrocarbon
compounds based on complex aliphatic and aromatic C—H vibrations as well
as OH and COOH groups (ethanol, acetic acid) inserted in a macromolecu-
lar solid. These results are in accord with the spectroscopically observed sim-
ple carbon molecules CH,, CO, CO,, methanol, and H,O already observed by
astrophysicists, which are precursors to the more complex hydrocarbons and
their ions. These were formed upon the immense radiation in space [ultravi-
olet (UV) photons, proton beams, electron impact, energetic particles] on the
surface of ices (space dust) or by the polymerization (polycondensation) of mix-
tures on ices even at more moderate temperatures.

Olah and coworkers have discussed important questions relating to these
new discoveries?? including the role of methanol and hydrocarbon derivatives
to serve as carbon sources in the initial stage of biological evolution of cells
leading eventually to life*? (see further discussion in Chapter 14).

1.4 Hydrocarbon Production from Natural Sources

Whereas hydrogen was formed from energy of the Big Bang event, all other
essential elements were formed subsequently in young stars and space dust
by thermonuclear reactions. Nova explosions dispersed carbon (oxides) into
space forming with hydrogen varied molecular matter including hydrocarbons.
These were then transported to different celestial bodies and formed abiolog-
ical extraterrestrial hydrocarbons as recently discussed. Earth must have also
received its share, but its “goldilocks” conditions simply allowed lasting hydro-
carbon formations (fossil fuels).
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1.4.1 Coal Mining and Conversion

Coal played a significant role in the launching of the industrial revolution in
the 18th century. The steam engine and the manufacturing of iron using coke
were the two main driving forces of the so-called “coal economy”” The downside,
however, was environmental pollution resulting from coal burning producing
smoke laden with heavy metals and other pollutants such as sulfur dioxide,
nitrogen oxides, and particulates.

Coal reserves are enormous and geographically widespread estimated to last
about a century.> However, there has been a significant switch in coal mining
operations from underground to surface mining. At present, much of the coal
is produced in open-pit surface mines operating with higher productivity
and lower costs. As a result of advanced mining and efficient transportation
technologies, the price of coal has not increased much. At the same time,
strict health and environmental regulations resulted in decreasing the harmful
effects of the use of coal to generate electricity. It is to be noted that China has
become both the main coal producer (47.7% of global production as of 2015)
and the main consumer (50% of coal produced worldwide).? Other countries
with high output are the United States (11.9%), India (7.4%), and Australia
(7.2%).

The main approaches employed in converting coal to liquid hydrocarbons
revolve around breaking down the large, complex “structures” generally by
hydrogenative cleavage reactions and increasing the solubility of the organic
portion. Alkylation, hydrogenation, and depolymerization—as well combina-
tions of these reactions followed by extraction of the reacted coals—are major
routes taken. This can provide clean liquid fuels, for example, gasoline and heat-
ing oil.

Three types of direct coal liquefaction processes have emerged to convert
coals to liquid hydrocarbon fuels.”® The first is a high-temperature solvent
extraction process in which no catalyst is added. The liquids produced are those
that are dissolved in the solvent or solvent mixtures. The solvent usually is a
hydroaromatic hydrogen donor, while molecular hydrogen is added as a sec-
ondary source of hydrogen.

The second, catalytic liquefaction process is similar to the first except that
there is a catalyst in direct contact with the coal. ZnCl, and other Friedel-Crafts
catalysts, including AICl;, as well as BF;—phenol and other complexes cat-
alyze the depolymerization—hydrogenation of coals, but usually forceful high-
temperature conditions (375-425 °C, 100-200 atm) are needed. Superacidic
HF-BF;-induced liquefaction of coals’ involves depolymerization—ionic
hydrogenation at relatively modest temperatures of 150-170 °C.

The third coal liquefaction approach is direct catalytic hydrogenation (pio-
neered by Bergius) in which a hydrogenation catalyst is intimately mixed with
the pulverized coal. Little or no solvent is employed, and the primary source of
hydrogen is molecular hydrogen in the latter case.

17
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The ultimate “depolymerization” of coal occurs in Fischer—Tropsch chem-
istry, wherein the coal is reacted with oxygen and steam at about 1100 °C
to break up, or gasify, the coal into carbon monoxide, hydrogen and carbon
dioxide.** A water—gas shift reaction is then carried out to adjust the hydro-
gen/carbon monoxide ratio, after which the carbon monoxide is catalytically
hydrogenated to form methanol, or to build up liquid hydrocarbons (see Sec-
tions 1.5.1 and 3.3 for detailed discussion of Fischer—Tropsch chemistry).

1.4.2 Petroleum Oil Refining and Processing

Crude oil (petroleum), a dark, viscous liquid, is a mixture of virtually hundreds
of different hydrocarbons. Distillation of the crude oil yields several fractions
(Table 1.6),>*> which then are used for different purposes.

The relative amounts of usable fractions obtainable from a crude oil do not
coincide with the commercial needs. Also, the composition of the fractions
obtained directly by distillation of the crude oil does not usually meet the
required specifications for various applications. For example, the octane rating
of the naphtha fractions must be substantially upgraded to meet the require-
ments of internal combustion engines in today’s automobiles. These same
naphtha liquids must also be treated to reduce sulfur and nitrogen contents to
acceptable levels (desulfurization and denitrogenation) in order to minimize
automotive emissions and pollution of the environment. Therefore, each
fraction must be upgraded in the petroleum refinery to meet the requirements
for its end-use application. Hydrocarbon feeds of the refining operations
are further converted or upgraded to needed products, such as high-octane
alkylates, oxygenates, and polymers. Major hydrocarbon refining and con-
version processes include cracking, dehydrogenation (reforming), alkylation,
acylation, isomerization, addition, substitution, oxidation—oxygenation,
reduction—hydrogenation, metathesis, oligomerization, and polymerization.
They and their uses can be schematically characterized in the followings cases:

Table 1.6 Fractions of Typical Distillation of Crude Petroleum

Boiling Point

Range (°C) Compositions

<30 C,-C, Natural gas, methane, ethane, propane, butane, LPG
30-200 C,—Cy, Petroleum ether (C;, Cy), ligroin (C,), straight-run gasoline
200-300 C;,—Cis Kerosene, heating oil

300-400 Ci5—Cys Gas oil, diesel fuel, lubricating oil, waxes

>400 >Cyg Residual oil, asphalt, tar
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Cracking*®=%: to form lower molecular weight products and to supply alkenes
for alkylation [Eq. (1.2)].

\i/g+/l\/+/§+= (1.2)

Dehydrogenation (reforming)®®=53: to increase octane number of gasoline, to
produce alkenes from alkanes [Eq. (1.3)], as well as aromatics, such as benzene,
toluene, and xylenes [Eq. (1.4)].

catalyst
CHgCHa —y> CH,=CH, (1.3)

Me Me

© catalyst © (1.4)

Dehydrocyclization®®°2: to produce aromatics such as toluene [Eq. (1.5)].
Me

P catalyst (1.5)

Isomerization [of alkanes, Eq. (1.6); alkylaromatics, Eq. (1.7)]%°2~50: to increase
octane number of gasoline, to produce xylenes and so on.

acid

CHs(CHy)4CHs s, 4\/ )Y )\/\+ /\(\ (1.6)

R
© __acid catalyst @\ @/ (1.7)
R

Alkylation [alkenes with alkanes, Eq. (1.8); aromatics, Eq. (1.9)]°>°%5758; to
produce high-octane gasoline and jet-fuel components, detergent alkylates,
plastics, intermediates, and other products.

CHs
>=CH2 + HaC- C H HZ‘T‘_T;“ )\/|\ (1.8)
HaC CH or

3

RCHCH3

© + RCH=CH, ACleto @ (1.9)
4
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Metathesis®®~°! [Eq. (1.10)]:

RﬁH HﬁR' metathesis catalyst c
+ RCH=CHR'
e (1.10)

62,63 and polymerization®*~"1 [Eq. (1.11)]:

2n XCH=CH, ——— \I\CH/CHZ\CH/CHZ‘]\ (111)
X X " ’

Oligomerization

Further transformation (functionalization) reactions include varied addi-
tions,”* carbonylative conversions,”® acylations,”™”> substitutions,”76=80 oxi-
dations (oxygenations),3' =88 and reductions (hydrogenations).8°-%°

Major petroleum refining operations are discussed in Chapter 2, whereas
Chapters 4—13 discuss the chemistry of prototypical hydrocarbon transforma-
tion reactions.

1.4.3 Natural and Shale Gas Processing

Natural and shale gas as discussed are mixtures of light hydrocarbons from
available natural sources. Shale formation trapped light hydrocarbons, which
are generally composed mainly of methane and some ethane. Shale gas has
recently gained high significance and rejuvenated the natural gas industry in
the United States.

Processing of natural and shale gas is a complex industrial technology to pro-
duce clean methane by separating it from other, light hydrocarbons (ethane,
propane, butanes), and even higher homologs (if methane comes from oil
wells) as well as impurities. Major impurities are water, CO,, H,S, and mer-
captans. Purified natural gas, or pure methane, may be used as a “clean” fuel
[for heating, generating electricity and in compressed form (compressed nat-
ural gas) in place of gasoline]. More importantly, however, it is a feedstock to
be transformed into value-added products. Any carbon-containing fuels and
compounds upon oxidative use (combustion) form CO, a significant green-
house gas. Consequently, without CO, capture and recycling (use) they cannot
be considered environmentally benign.

1.5 Hydrocarbon Synthesis
1.5.1 Fischer-Tropsch Synthesis via Syngas (CO + H,) from Coal or Natural Gas
Hydrocarbon synthesis is not a new challenge. Germany realizing its very

limited resources in the 1920s and 1930s developed a technology for the
conversion of coal into liquid hydrocarbons. The work of Bergius®” and that of
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Fischer and Tropsch®® culminated in the development of catalytic coal lique-
faction, and more significantly in an industrial process utilizing coal-derived
mixtures of carbon monoxide and hydrogen gas (called synthesis gas or syngas),
to catalytically produce hydrocarbons.”?~102 Syngas was obtained from the
reaction of coal with steam (but can more recently also obtained by the partial
burning of natural gas). The Fischer—Tropsch syngas-based synthesis was used
during World War II in Germany on an industrial scale, with a peak production
of around 60,000 barrels per day. For comparison, the U.S. daily domestic oil
consumption was 19.1 million barrels per day. South Africa starting in the
1960s developed an updated Fischer—Tropsch synthetic fuel plant (Sasol) using
improved engineering and technology. The capacity of this project is coinci-
dentally estimated to be about the same as the peak World War II production of
Germany.

In contrast, if the United States would rely overnight solely on synthetic oil
for our overall needs, the United States would need some 330 Sasol-size plants.
Whereas our coal reserves may last for three centuries, mining coal on the scale
needed for conversion to hydrocarbons would be a gigantic task. If the United
States would today convert to coal-based synthetic fuels for the 330 synthetic
fuel plants mentioned above, some 10 million metric tons of coal would be
needed daily. Even if our coal reserves could sustain such demand over a long
period of time, not only would an enormous investment needed (in the tril-
lions of the dollars), we would also need to recruit millions of young people to
become coal miners, create an entirely new transportation system, and in gen-
eral adjust our standard of living and lifestyle to pay for the enormous cost of
coal-based synthetic oil—a hardly feasible scenario. Direct underground gasifi-
cation of coal to methane (and subsequently pumping it out through pipelines)
may also become feasible in advantageous locations. Nevertheless, many of the
coal reserves would remain difficult to access. Further and very significantly,
combusting coal for energy, without capturing and storing of formed CO,,
results in a major environmental greenhouse problem.

Syngas itself also cannot be piped over long distances. The Fischer—Tropsch
process is also overall energetically wasteful as it burns half of the coal (or nat-
ural gas) to generate syngas in the first step, followed by an equally energetic
second step in converting it into a hydrocarbon mixture of such complexity
that no existing refinery could handle it. The strongest argument for Fischer—
Tropsch chemistry is, of course, that it works and can produce synthetic fuels
on an industrial scale. We must, however, disregard economics, labor, social,
and ecological problems (for which wartime Germany and South Africa in the
1960s and 1970s were hardly acceptable models). With the relative stability of
the world oil supplies for the foreseeable near future, it seems to be the right
time to look for more feasible alternatives and to explore new chemistry. Dur-
ing the short-lived alternate fuel research boom of the 1970s and early 1980s
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(following the two oil crises), extensive research on updating Fischer—Tropsch
chemistry was carried out in the United States, Western Europe, and Japan.
Because of the proven commercial feasibility of the Fischer—-Tropsch synthe-
sis, it is still customary to refer to C; chemistry as the conversion of syn-
gas into higher hydrocarbons. Its scope, however, has developed much further
(C, chemistry is discussed in Chapter 3 where relevant references are also to
be found).

1.5.2 Methane Oligocondensation

There are a number of ways to transform methane to practical products through
oligocondensation. 103

Oxidative condensation of methane can be mediated by varied metal oxides
to form C, hydrocarbons with high selectivity (see Section 3.5.1).194 The best
catalysts are nonreducible group IIA metal oxides, alkali oxides, and carbon-
ates as well as lanthanide sesquioxides. Many other metal cations (Sm, Ga, Bi,
Mn, Re, etc.) can be used as dopants with alkali metal oxides.'%> For industrial
applications, an overall yield of 35% would be required. At present, the best
yields are around 30%.

High-temperature self-condensation that is direct dehydrogenation to yield
C, hydrocarbons is favorable above 1200 °C and used for the manufacture of
acetylene applying specific techniques (see Section 3.5.2). Nonoxidative activa-
tion, in turn, has not reached commercialization (see Section 3.5.3). Catalytic
oligomerization of methane can be attained by combining catalysis and input of
high energy (microwave heating, photocatalysis) to form >C, hydrocarbons. In
two-step homologation, methane is adsorbed on metal surfaces at high temper-
ature followed by hydrogenation. Methane can also be converted to aromatics
called dehydroaromatization. The best catalysts are Mo/H-ZSM-5 preparations
(see Section 3.5.4).19¢ High selectivities (up to 90%) can be achieved with gal-
lium as a promoter, albeit, at low conversions.

1.5.3 Conversion through Methanol (Mobil Process) or Methyl Halides

One of the shortcomings of the Fischer—Tropsch synthesis is its lack of selectiv-
ity giving complex product mixtures. In an attempt to improve the selectivity
of syngas-based hydrocarbon synthesis, Mobil researchers developed a process
consisting of converting methanol (itself, however, produced from syngas) to
gasoline (or other hydrocarbons) over a shape-selective intermediate pore size
zeolite catalyst (H-ZSM-5)°>107.108 [Eq (1.12)]:

H-ZSM-5, 350 °C
n CH30OH _— hydrocarbons
8 -n HZO v (1'12)
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The process, referred to as methanol-to-gasoline-conversion (Mobil MTG pro-
cess) with other variants (methanol to olefin, to aromatics, and to hydrocarbon;
see Section 3.6.1), The transformation starts with dehydration of methyl alcohol
to dimethyl ether. In early studies, a carbenoid-type reaction with the involve-
ment of an oxonium ylide-type intermediate undergoing ready methylation by
excess methanol (dimethyl ether) was proposed.'%® This product of crucial C;
to C, conversion step then cleaves to ethylene. Once a C; precursor is con-
verted into a C, derivative (i.e., ethylene), the further transformation to higher
hydrocarbons of the gasoline range (or to aromatics) follows the well-known
acid catalysis chemistry. Now there appears to be a wide consensus about the
highly complex chemistry involved. Olefin methylation and cracking, aromatic
methylation and dealkylation, as well as hydrogen transfer and cyclization are
the major transformations.

Independent research has shown that bifunctional acid—base catalysts such
as WOj; on Al,O; or tungstophosphoric acid, lacking shape-selective nature
can also bring about the methanol-to-hydrocarbon conversions.!!® Shape
selectivity of the catalyst thus is important in controlling product distributions
and also to limit coking over the catalysts.

The Mobil process still uses syngas in its initial step. Olah has shown,!
however, that it is possible to convert methane directly via catalytic selective
electrophilic halogenation to methyl halides and through them to olefins and
hydrocarbons [Eq. (1.13)]. When bromine is used, the HBr by-product of the
reaction is readily reoxidized to bromine, allowing a catalytic process in which
bromine acts only as a redox catalyst. Methyl halides themselves readily con-
dense over bifunctional acid—base catalysts such as zeolite or WO3; on Al, O3 to
ethylene (and propylene) and subsequently to higher hydrocarbons (gasoline,
aromatics) [Eq. (1.14)].

10

CH, + ClporB CAaSt o CHaCl or CHgB
+ orBr, —————> or r
¢ T YETTR HBrorHel ¢ ¢ (1.13)

H-ZSM-5 or

WO3/Al,03 (1 14)
—_— — .
CH3Cl or CH3Br “HBr or HCI CHo=CH, —>—> | hydrocarbons

1.5.4 Carbon Dioxide Conversions

C; hydrocarbon chemistry cannot anymore be equated mainly with syngas
chemistry. Nature’s own CO, photosynthesis and bacterial methane conversion
are also C; conversion processes. We are far from approaching these processes
for practical synthetic use efficiently. Production of methane from carbon diox-
ide (similarly to carbon monoxide) and hydrogen is a feasible process (metha-
nation).!'! Similarly, reduction of carbon dioxide with hydrogen to methyl
alcohol'!? is industrially developed [Eq. (1.15)] (see Section 3.2.1). Recent
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thorough analyses of CO, fixation!! and the use of varied reductions'!* are
highly advised for interested readers.
Cu-based catalysts
CO, + 3H, CHiOH + Hp0 (1.15)

It has been shown by Olah et al. that transformation of methane with CO,
and H,O exclusively to metgas, a H,/CO mixture of 2:1 ratio can be effected
by metal oxides (NiO and CoO) supported on MgO (830-910 °C, 42 bar).!1®
The significance of the 2:1 ratio is that it is optimal for efficient synthesis of
methanol an emerging fuel and a feedstock of varied chemicals and consumer
products. The process is called bireforming and, in fact, is a convenient combi-
nation of steam reforming [Eq. (1.16)] and dry reforming [Eq. (1.17)] in a single
step [Eq. (1.18)].

steam reforming

2CH, + 2H,0 ———> 2CO + 6H, AHagex = +98.2 kcal/imol (1.16)
dry reforming

CHy + CO, ———» 2CO + 2H, AMoogk = +59.1 keal/mol (1.17)
bireforming

3CH, + 2H,0 + CO, ——— 4CO + 8H,  AHeosk= +157.3 keal/mol (1.18)

However, all three reactions are endothermic requiring available external heat
source. A self-sufficient solution to the problem called oxidative bireforming
was developed by generating heat by the combustion of one quarter of overall
methane used. In addition to heat, this also provides a H, + CO mixture in a
ratio of 2:1 needed for bireforming [see Eq. (1.18)]. Accordingly, methane com-
bustion is performed in step 1 followed by mixing the reaction product with 3
equiv of methane. Bireforming in step 2 produces again H,+CO in the required
ratio of 2:1 [Eq. (1.19)]. If the product metgas is transformed to methanol then
the three-step overall process is exothermic [Eq. (1.20)]. As shown, oxidative
bireforming is an efficient and economic method for the selective oxygenation
of methane to methanol without any by-product formation.

oxidative bireforming

33H4
tep 2
CHy + 20, —P 1 O, + 2H,0 P25 4CO + 8H, (1.19)
—191.9 kcal/mol +157.5 kcal/mol
methane
t.
4CH, + 20, ~2YeNANON _ 4GH,0H (1.20)

—121.2 keal/mol

Another transformation of carbon dioxide to hydrocarbon products is electro-
chemical reduction.!'® The hydrogenatively reduced CO, to CO is then used
in Fischer—Tropsch synthesis. Silver and gold electrodes are capable of trans-
forming CO, in aqueous media quite efficiently into CO and H, in the same
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reactor, which allows direct use of the mixture for further transformation to
Fischer—Tropsch hydrocarbon products. Reduction by Ag and Au is character-
ized by relatively high-energy efficiency and high current density. The major
obstacle, however, is poisoning of Ag and Au electrodes. Gold nanoparticles,
in turn, show significant resistance to poisoning compared to bulk gold.

More extensive hydrogenation of CO, can be achieved with copper and its
oxides to afford methane and higher hydrocarbon products.!1® 17 The use of
pyridinium ion as cocatalyst results in the formation of methanol.!!® The major
products of electrochemical reduction of CO, in flow cells and under high pres-
sure as well as in methods assisted by molecular catalysts are formate or CO in
most cases (see Section 3.2 for further details of CO, reduction).

1.5.5 Additional Methane Sources, Production, and Conversion Reactions

The conversion of methane as a building block for higher hydrocarbons and
derived products is presently the most used route for hydrocarbon synthe-
sis (see Sections 3.4 and 3.5). Methane is still abundant on earth; it is the
major component of natural (or shale) gas and methane hydrates. If we would
stop burning natural gas for its energy content, our reserves as a hydrocarbon
source could last for a long time. Even after our natural-gas reserves would be
exhausted, the conversion and recycling of CO, will provide an inexhaustible
source of methane as well as methanol and derived hydrocarbons. Biomass
(sustained as long as there is life on our planet) can also be easily and efficiently
converted by microorganisms into methane. Research work has shown the fea-
sibility of growing algae or kelp in the vast expanses of oceans. They can be
harvested and biologically converted into methane, and the gas can be pumped
ashore. In some of the large U.S. cities, landfill refuse is already biologically
converted into methane gas and used for energy generation. It is also known
that aluminum carbide, which can be produced similarly to calcium carbide
in electric arcs, upon hydrolysis gives primarily methane. Thus, atomic power
plants in off-peak periods could be producing aluminum carbide and through
it methane. Regardless of its source, methane and thus its conversion to higher
hydrocarbons and their functionalized products will be feasible.

Biological conversion of methane to higher hydrocarbons or to methyl alco-
hol is clearly of great significance for the future, but it is not included in the
scope of the present discussion.

The reactivity of methane to hydrocarbon products was for long mostly con-
sidered only in terms of its free-radical reactions. We burn large amounts of
natural gas (methane) to produce energy and combustion processes are free-
radical chain reactions. So is the high-temperature conversion of methane
to acetylene. Other radical reactions such as chlorination, nitration, and sul-
fochlorination of methane also became industrial processes. These reactions
show generally limited selectivity characteristics of radical reactions (e.g.,
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the chlorination of methane under radical conditions gives all four possible
chloromethanes).

Direct catalytic oxidative condensation of methane to ethane (with metal
oxides),3> 1197121 a5 well as to ethylene and acetylene (via high-temperature
chlorinative conversion), was also explored.102 In all these processes, however,
a significant portion of methane is lost by further oxidation and soot formation.
The selectivity in obtaining ethane and ethylene (or acetylene), respectively, the
first C, products, is low. Recently, there has, however, been much progress in
metal oxide catalyzed oxidative condensation of methane to ethane.

An alternative approach of methane conversion is via ionic electrophilic reac-
tions. The electrophilic conversion of methane is based on the feasibility of
electrophilic reactions of single bonds and thus saturated hydrocarbons.!??
C-H and C-C bonds can act as electron donors against strongly electrophilic
reagents or superacids. Olah’s studies showed that even methane is readily pro-
tonated or alkylated under these conditions. Methane with SbF;-containing
superacids was also found to undergo condensation to C,—C; hydrocarbons
at 50-60 °C.

Condensing two methane molecules to ethane and hydrogen is, however,
endothermic by some 16 kcal/mol [Eq. (1.21)].

2 CHy4 —_— CoHg + Hp (1.21)

Any condensation of methane to ethane and subsequently to higher hydrocar-
bons must overcome the unfavorable thermodynamics. This can be achieved
in condensation processes of oxidative nature, where hydrogen is removed by
the oxidant. Superacid system containing SbF; or FSO;H also act as oxidants;
however, these are economically not feasible. The oxidative condensation of
methane was subsequently found to take place with more economical cooxi-
dants such as halogens, oxygen, sulfur, or selenium!?3 [Eq. (1.22)].
halogens, O,, Sy, Se

CH hyd b
4 superacid catalyst ydrocarbons (1'22)

Significant practical problems, however, remain to carry out the condensation
effectively. Conversion was so far achieved only in low yields. Because of the
easy cleavage of longer chain alkanes, C;—C; products predominate.

Natural gas instead of pure methane can also be used in condensation reac-
tions.!?3 When natural gas is dehydrogenated, the C,—C, alkanes it contains are
converted into olefins. The resulting methane—olefin mixture can then with-
out separation be passed through a superacid catalyst, resulting in exothermic
alkylative condensation [Eq. (1.23)]. Chapter 3 discusses in more detail C;-
based synthetic reactions of hydrocarbons.

R
+ |
CH, + RCH=CH, — > CHiCHCH; etc. (1.23)
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A third approach to the chemical conversion of methane involves organometal-
lic reactions.}>* Extensive works with iridium complexes and other transition
metal insertion reactions (rhodium, osmium, rhenium, etc.) were carried out.
Even iron organometallics were studied. These reactions take place in the coor-
dination spheres of the metal complexes, but so far the reactions are stoichio-
metric and noncatalytic. In terms of synthetic hydrocarbon chemistry, these
conversions are thus not yet practical, but eventually it is expected that cat-
alytic reactions will be achieved.

Fuel cells use an electrochemical process to convert the energy of a chem-
ical reaction directly into electricity.!?® The chemical reaction is catalytically
activated. In fuel cells, generally hydrogen (produced in a separate converter,
e.g., from natural gas) and oxygen (from air) were reacted to produce elec-
tricity, heat, and water. Hydrocarbons (or oxygenated hydrocarbons) preferably
methanol can also be used as fuels acting as hydrogen sources. The direct oxi-
dation fuel cells use liquid oxygenated hydrocarbons (methanol!?®) or hydro-
carbon fuels. They are much more convenient for transportation and other
applications in view of their liquid nature. The further advantage of direct oxi-
dation fuel cells is that they do not require any preprocessing (converter) equip-
ment to produce hydrogen. In fact, direct oxidation methanol fuel cell (DMFC;
see Section 1.9.2), where methanol reacts with air without the need of reform-
ing, has already been used in a wide range of commercial applications (portable
electronic devices, vehicles). It is expected that fuel cells will play a significant
role in the future, providing cleaner and efficient propulsion systems for trans-
portation vehicles.

1.6 Nonrenewable and Renewable Hydrocarbons

Our oil and natural gas reserves are finite and not renewable (except on a geo-
logical timescale).” The dire predication of the early 1970s following the first
Arab oil crises that we will exhaust our oil reserves by the end of the 20th cen-
tury, turned out to be overly pessimistic. Reserves have, in fact, since tripled,
and our gas reserves quintupled (Table 1.7).

If we take into account less accessible petroleum and gas reserves or those
locked up in the form of tar sands, oil shale, or methane hydrates, etc. our over-
all hydrocarbon reserves could be even three to five times higher. This would
give us a century’s supply, whereas our coal reserves may stretch to two or three
centuries.

Despite this more favorable outlook, it is necessary to point out the existing
close relationship between mankind’s ever-increasing overall energy needs and
hydrocarbon sources essential in a rapidly developing technological society.

Hydrocarbons are required in our modern-day life not only as energy sources
(including convenient transportation fuels for our cars, tracks, airplanes) but
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Table 1.7 World Oil and Natural Gas Reserves (in Billion
Tons of Oil Equivalent) from 1960 to 20152

Year Oil Natural Gas
1960 43 15
1965 50 22
1970 78 33
1975 87 55
1980 91 70
1986 95 87
1987 121 91
1990 137 108
1995 140 130
2002 160 160
2005 164 162
2006 165 163
2012 236 168.6
2015 240 168.2

also to produce commonly used products ranging from chemical products,
polymers to textiles to pharmaceuticals. At the early 21st century, we can look
back with substantial satisfaction at our technological and scientific achieve-
ments. We should, however, also realize that we continue to deplete the non-
renewable resources of our planet, particularly fossil fuels and hydrocarbons
and at the same time create ecological and environmental problems. As men-
tioned earlier, dire predictions of the early exhaustion of our natural hydrocar-
bon sources by the end of the 20th century proved to be grossly exaggerated.
Together with the discovery of new oil and gas finds we are assured of supplies,
although with the inevitably higher cost to open up less accessible sources, at
least through the 21st century. We must realize, however, that natural hydro-
carbon supplies remaining for about half of century are not changing the basic
predicament; we will need to find feasible and economical ways to syntheti-
cally produce hydrocarbons on a very large scale to satisfy our future needs.
The challenge truly is a global one and we need to unite mankind’s efforts to
find practical solutions.*

In the biological carbon cycle, plants absorb carbon dioxide from the air and
use sunlight to convert (through photosynthesis) the carbon dioxide and water
into sugar (glucose) and oxygen. Sugar is used up in life processes and stored
in tissues. Stored carbon is consumed by herbivores and, again, used up in
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herbivore’s life processes, stored in animal tissues and given off in respiration
as CO,. This step is repeated when a herbivore is eaten by a carnivore convert-
ing it to tissue and CO,. Decay of dead plants and animals also releases carbon
dioxide into the atmosphere to be used again by plants. In a net process, car-
bon is taken up by photosynthesis and then released into the atmosphere. A
small amount of carbon enters the oceans and the geological cycle; however,
the latter operates over large timescales (millions of years).

1.7 Regenerative Hydrocarbons from CO, Emission Capture
and Recycling

We use nonrenewable (on human timescale) fossil fuels for our technology
and society at an increasing rate and, consequently, we face the challenge that
our fossil fuels will be depleted in the foreseeable future. In addition, excessive
industrial burning of coal and hydrocarbons results in a large anthropogenic
CO, emission. The present level of atmospheric CO, (~400 ppm, 0.04%) com-
pares unfavorably with that of preindustrial level (270 ppm). Therefore, it is
necessary to decrease our dependence on fossil fuels and, at the same time,
alleviate the issue of CO, with its harmful environmental consequences.

The technique of carbon capture and sequestration (or storage, CCS) for
environmental reasons is an evolving approach.!?’ First, CO, after emission
at coal- and gas-fired power plants and large industrial sources (fermenta-
tion, calcination of limestone) is captured, concentrated, pressurized, and then
transported to the storage sites to be injected for geological sequestration.
These are carefully selected deep underground porous geological formations
located under nonporous, impermeable rock layers to prevent upward migra-
tion. Alternatively, liquid CO, may be injected to the bottom of the seas forming
a deep-sea liquid pools. This technology, although was extensively tried at great
cost, offers only a temporary solution and unpredictable events, for example,
earthquakes and slides may result in sudden release of stored carbon dioxide.
Additional difficulties are the leakage of CO, into groundwater and soil and
finding of suitable sites. Furthermore, the process is economically very expen-
sive and therefore has found no real practical application.

A more promising approach is CCR (or utilization) of carbon dioxide.
Capture and hydrogenative reductive recycling of CO, offers an economic, per-
manent source for regenerative carbon-based fuels and derived hydrocarbons.
In a way, this is the anthropogenic version of photosynthesis, nature’s carbon
cycle with the aim of replacing fossil fuels by producing synthetic hydrocarbons
and chemicals.

In either of the above two solutions, capture (absorption) of CO, is the
first, essential step. Of different capturing technologies, amine solutions have
been used in industry since the 1960s.!2° Typically, 25-30% aqueous solutions
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of alkanolamines (monoethanolamine, diethanolamine) are used, which react
with CO, to form carbamates and bicarbonates. However, both absorption and
regeneration are highly energy demanding. A new, more efficient, regenerable
and robust CO, sorbent is based on nanostructured fumed silica or alumina
loaded with polyethyleneimine (Scheme 1.1). With such advanced techniques
in hand, CO, recovery is feasible and economical not only from concentrated
sources (large-scale industrial emitters) but also from the air. An additional
important advantage is that carbon capture from air coupled with CCR may
be used to lower the concentration of atmospheric CO, and thus mitigating
global warming.

Following the pioneering development of CCR, many uses were developed to
what is called carbon capture and utilization (CCU).!3 It is the use of captured
CO, as a chemical feedstock to build it into varied carbon-containing products
such as chemicals, materials, and fuel. It is a practical useful extension of CCR.

According to the methanol economy concept, carbon dioxide, once captured,
can be reduced by using any available energy source (alternative energies such
as solar, wind, geothermal, and atomic energy) for producing needed hydro-
gen and chemical conversion of CO, to methanol.# Renewable and regenerative
methanol thus produced can then be further processed into simple basic chem-
icals (dimethyl ether, ethylene, propylene), gasoline, and all products obtained
at present from natural gas and petroleum oil.

Analyses and comparison of CCS and CCU based on their significance
and environmental impacts and cost-effectiveness on a life cycle basis is
described.!3!

1.8 Hydrocarbon Functionalization Reactions

Using Cornforth’s definition of chemical synthesis'3? as an intentional con-

struction of molecules by means of chemical reactions, hydrocarbon synthesis
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is a systematic construction of hydrocarbons including alkanes, alkenes, aro-
matics, and the like. The simplest hydrocarbon, methane itself, can be prac-
tically produced from carbon monoxide (or carbon dioxide) and hydrogen
(methanation). Generally, however, hydrocarbon synthesis relates to obtaining
varied hydrocarbons from one-carbon (C,) precursors, including syngas (i.e.,
synthesis gas: CO + H,), metgas (CO + 2H,), carbon dioxide, methanol, methyl
halides, or methane itself.
The scope of C; chemistry we know it today is depicted in Scheme 1.2.

1.8.1 Homolytic (Free-Radical) Reactions

The chemistry of the high-temperature conversion and transformation pro-
cesses of hydrocarbons is based on homolytic (free-radical) processes.!3>

The combustion of hydrocarbons for energy generation or in propulsion
systems is itself a radical chain process. Thermal cracking, oxygenation,
hydrogenation—dehydrogenation, cyclization, and so on proceed through free
radicals. In the discussion of the transformation of hydrocarbons, the reaction
chemistry as well as relevant mechanistic aspects will be treated throughout
the book.
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Free-radical reactions play an important role not only in high-temperature
refining and processing operations (cracking, reforming, hydrocracking,
dehydrogenation, etc.) but also in oxidation chemistry (Chapter 9) and in many
addition and substitution reactions (Chapters 6, 10, and 11) as well as in poly-
merization (Chapter 13). The high-pressure polymerization of ethylene, for
example, played a key role in the development of the plastic industry.

1.8.2 Heterolytic (lonic) Reactions

In electrophilic acid-catalyzed reactions of unsaturated hydrocarbons (alkenes,
alkynes, arenes) positive hydrocarbon ions—carbocations—are formed, which
are then responsible for the electrophilic transformations!®* [Eqs. (1.24)—
(1.26)].

R
RCH=CH I
2> RAHCH,CHCHs (1.24)
RCH=CH, == R&H—CH R
e ¢ H CHCHj RCHCH,
benzene (1.25)
—— .
_H+
H , g OHg - OHs
CHaCH,CH=CH, === CHyCHoCHCHs == CH,CHCH3 == HsC—C+ =<—==CHeCHCH;  (1.26)

CHs

The carbocations involved in these reactions are trivalent carbenium ions, of
which CH3* is parent. It was Whitmore in the 1930s, who first generalized
their importance in hydrocarbon transformations based on fundamental
studies by Meerwein, Ingold, Pines, Schmerling, Nenitzescu, Bartlett, and
others.

Subsequently, it was realized that hydrocarbon ions (carbocations) also
encompass five (or higher) coordinate carbonium ions for which CH;™ is par-
ent.!®> Alkanes having only saturated C—H and C—C bonds were found to be
protonated by very strong acids, specifically, superacids, which are billions or
even trillions of times stronger than concentrated sulfuric acid.”*

Protolytic reactions of saturated hydrocarbons in superacid media®* were
interpreted by Olah as proceeding through the protonation (protolysis) of the
covalent C—H and C-C single bonds. The reactivity is due to the electron donor
ability of the o bonds involving two-electron, three-center bonds. Protolysis of
C-H bonds leads via five coordinate carbocations with subsequent cleavage of
H, to trivalent ions, which then themselves can further react [Eq. (1.27)]. The
reverse reaction of carbenium ions with molecular hydrogen can be considered
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as alkylation of H, through the same pentacoordinate carbonium ions that are
involved in C-H bond protolysis. Indeed, this reaction is responsible for the
long used (but not explained) role of H, in suppressing hydrocracking in acid-
catalyzed reactions.

ReCH + HY =—=

H

H +
g H
RaC-% } RsC* + Ili (1.27)

Protolysis can involve not only C—H but also C-C bonds [Eq. (1.28)]; this
explains why alkanes can be directly cleaved protolytically by superacids, which
is of significance, for example, in hydrocracking heavy oils, shale oil, tar-sand
bitumens, and even coals.

\ / H * -4 \
—/C—C\— + HY —— ;C‘*"Cé E— (IJ +/;3-—H (1.28)

In contrast, cracking of longer-chain alkanes with conventional acid catalysts
is considered to proceed via p-scission involving initial formation of trivalent
carbocations [Eq. (1.29)].

— R+ o=c( (1.29)

N/

Acid-catalyzed alkylation and isomerization processes all proceed through car-
bocations. Typical is the isobutylene—isobutane alkylation giving high-octane
isooctane. In this and other conventional acid-catalyzed reactions, the key is
the reactivity of alkenes, giving on protonation alkyl cations that then readily
react with excess alkene, giving the higher alkylate cations. These carbocations
then abstract hydrogen from the isoalkane, yielding the product alkylate and
forming a new alkyl cation to reenter the reaction cycle. Chapter 5 discusses
acid-catalyzed alkylations and their mechanism.

In the acid-catalyzed isomerization of straight-chain alkanes to branched
higher-octane ones, after initial protolytic ionization alkyl and hydrogen shifts
in the formed carbocations lead to the most branched and therefore thermo-
dynamically preferred, generally tertiary, carbocations. Intermolecular hydro-
gen transfer from excess alkane then produces the isomeric isoalkane with the
formed new carbocation reentering the reaction cycle.

In alkane—alkene alkylation systems, it is always the n-donor alkene that is
alkylated by carbocations formed in the system. In the absence of excess alkenes
(i.e., under superacidic conditions), however, the o-donor alkanes themselves
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are alkylated. Even methane or ethane, when used in excess, are alkylated by
ethylene to give propane and n-butane, respectively [Egs. (1.30) and (1.31)].

+

H
CHa CH3CHy ==, — > CH3CH,CHs (1.30)
H . CHs _H*+
CHz=CHz —— CH3CH, — H N
L T ——> CH3(CHpCHs  (1.31)
“CHaCHs o 3(CH2)2CH3 .

1.8.3 Nucleophilic Reactions

Nucleophilic base-catalyzed hydrocarbon conversions, although generally less
common as acid-catalyzed reactions, also play a significant role in hydrocar-
bon chemistry. They proceed through proton abstraction giving intermediate
carbanions'3>13° [Eq. (1.32)].

R-H _—H+> R~ (1.32)

Base-catalyzed carbanionic alkylation, isomerization, and polymerization reac-
tions are of major significance. Base-catalyzed alkylation of alkylarenes, in con-
trast to acid-catalyzed ring alkylation, leads to alkylation of the side chain in the
benzylic position [Eq. (1.33); see also Chapter 5]; of particular interest is the
alkylation of toluene to ethylbenzene (for styrene production).

CHj CH,CH(CH3)» CH,CH,CH,CH3
Na or K x
+ CH3CH=CHy —— >
@ ° ? 180200 °C ol (1.33)
major minor

Selective double bond migration of linear and cyclic alkenes without skeletal
rearrangement is achieved by treatment with basic reagents ([Eq. (1.34)]; see
also Chapter 4).

P Na on Al,O3 \=/ (1'34)
Base-catalyzed anionic oligomerization and polymerization are also of great
significance (see Chapter 13). Styrene derivatives and conjugated dienes are the
most suited for anionic polymerization. Generally good control of molecular
weight distribution can be achieved, which is of great practical use. An inter-
esting and significant characteristic of anionic polymerization is the ability to
obtain “living” polymers that contain active centers for further polymerization
(copolymerization) to give unique monodispersed products.

Reactions of hydrocarbons, particularly those with relatively low ionization
potentials (aromatics and © systems but not necessarily alkanes) frequently
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proceed via single-electron transfer processes involving radical ions.'3” These
reactions are particularly significant in oxidation reactions (Chapter 9).

1.8.4 Organometallic Reactions

Unreactive hydrocarbon C-H bonds can also be activated through
organometallic transformations.!** Soluble metal complexes can be used
in the homogeneous phase or applied as supported (heterogenized) solid cata-
lysts.!38139 The two basic reactions are oxidative addition typical of electron-
rich, low-valent complexes of late transition metals (Ru, Rh, Pd, Re, Os, Ir,
Pt) [Eq. (1.35)] and o-bond metathesis'*” 14! characteristic of d- and f-block
metals with d° configuration (Zr, W, Lu, Sc) [Eq. (1.36)].

R
(LM R-H oxidative l(x+2)+ functionalization R_X
+ R-H —mM88> — T » R-
" addition LM (1.35)
H
R—H R-h]¥
M—R' + R—H —> M R — M—R + R—H
M—R (1.36)
c-coplex

intermediate

Specific early examples, respectively, are Shilov’s chemistry to convert methane
to methanol induced by a Pt(IV) complex [Eq. (1.37)] (see Chapter 9) and a
12CH,;-!3CH; exchange [Eq. (1.38)]'*? and a similar CH;—CDj exchange!®3
first observed with the use of pentamethylcyclopentadienyl sandwich
complexes.

CHs-H + PIClZ + HyO —————3 CHg—OH (CHsCl) + PICl2~ + 2HCI
H,0, 120 °C (1.37)

N el
M-"2CHg + TioH, === | T WM H| =—== M-13CH, + 12GH,
‘% ‘%( 1203_13 %

M = Lu, Sc
(1.38)

1.9 Use of Hydrocarbons, Petroleum Oil

Hydrocarbons are used primarily as fuels to generate and deliver energy
and heating. Petroleum products provide gasoline, diesel fuel, heating oil,
lubricating oil, waxes, and asphalt. A portion of petroleum oil (8.5%) is used
as raw material to produce a great variety chemical products essential to our
everyday life ranging from plastics to textiles to pharmaceuticals, and so on (see
Section 1.9.3).
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1.9.1 Energy Generation, Storage, and Delivery. Heating

The main use of natural gas is in heating, cooking, and electricity generation.
The bulk amount of oil is used as heating fuel, for generating electricity, for
industrial processes and predominantly as transportation fuels.

Methanol can be a convenient substitute of gasoline and diesel for effi-
cient, reversible storage of energy.!** Dimethyl ether, readily produced from
methanol, is an excellent substitute for diesel fuel as well as a household gas for
cooking and heating, replacing natural gas or LPG.

1.9.2 Transportation Fuels

A specific role is assigned to fuels to propel our cars, trucks, ships, airplanes,
and other vehicles. They are generally referred to as transportation fuels. The
impact of the internal-combustion engine on our life is fundamental. It allowed
mankind to achieve mobility via easy means of transportation of persons and
goods alike. In less than a century this revolution transformed and eased our
life, but at the same time raised new challenges. By far the most oil-dependent
sector in our modern economy is transportation accounting for about 60% of
the petroleum oil consumed worldwide.

Gasoline and diesel fuels are used worldwide in enormous amounts and are
produced by the petroleum industry by oil refining (see Chapter 2). Beside the
conventional diesel engines, the recently developed spark-assisted diesel engine
runs on methanol (methanol engine is gaining use and significance). Liquid
transportation fuels are conveniently transported, distributed, and dispensed
directly into our vehicles and aircraft. Increased environmental concerns have
led to the development of cleaner burning engines. In the United States, law
requires significant reduction of emissions and resulted in lead-free and more
recently reformulated gasoline (RFG) containing oxygenates for cleaner burn-
ing. At the same time, they did not fundamentally change the existing technol-
ogy. To find alternate fuels to supplement our oil reserves and to ensure cleaner
fuels, much further effort is needed.

As long as the internal combustion engine will remain as the mainstay of our
transportation technology, liquid fuels by their convenience and ease of distri-
bution through the existing infrastructure will be preferred. LNG or methane
certainly are clean-burning, high-energy content fuels, but their widespread use
in transportation systems is limited by the difficulty of storing highly volatile
and inflammable gases. This necessitates the use of heavy pressure vessel fuel
tanks (with associated safety hazards). Nevertheless, compressed natural gas
is widely used in large vehicles (buses, trucks), which can accommodate large
pressurized tanks.

Commercial gasoline must provide sufficiently high-octane numbers for
present-day engines. Organometallic additives, such as tetraethyl lead used
to achieve higher octane numbers, interfere with catalytic converters (which



JWST855-c01

JWST855-Olah July 21, 2017 10:55 Printer Name: Trim: 6in X 9in

1 Introduction and General Aspects

assure cleaner exhausts) and were phased out. To maintain needed octane num-
bers, oxygenated additives, such as alcohols or ethers (e.g., tert-butyl methyl
ether or tert-butyl ethyl ether—MTBE or ETBE) are added to gasoline. These
oxygenates are produced on large scale by the petrochemical industry. In the
United States about 85% of RFG contained MTBE and 8% contained ethanol in
1999.14> In the early 2000s, however, there was growing concern about the use
of MTBE following its detection in underground water in California, Maine,
and other states.'*® MTBE is soluble in water, moves rapidly in groundwater,
and has unpleasant taste and odor. In addition, it is difficult to remove from
water and resistant to microbial degradation. Also its health effects are also of
concern. Regulations have led to ban of its use, particularly in the USA. Other
places have limited MTBE use.

As elaborated in the methanol economy concept,* methanol itself can be
blended with gasoline and can directly be used in both combustion engines
and, with only minimal modifications. The mentioned new diesel type engines
(modified spark-assisted engines) with methanol as the preferred fuel (in
methanol engines) are gaining extensive use. In addition, it can be the trans-
portation fuel of the future in electric cars using fuel cells.

Furthermore, methanol, being a convenient energy storage medium and a
high-density liquid hydrogen carrier, can be used in DMFC.'4*” DMFC is a safe,
convenient, and greatly simplified system of high efficiency. When methanol
is reacted with oxygen or air over a suitable metal catalyst in DMFC, it forms
CO, and H,O and produces electricity. The high efficiency of the fuel cell will
allow its use in electric cars. Compared with efficiencies of internal combustion
engines (less than 20%), DMFC efficiency is close to 40% with possible further
improvements (theoretical efficiency at ambient conditions is 97%).

Isomerization of straight chain to branched alkanes also increases the octane
number, as do alkylates produced by alkene—isoalkane alkylation (such as that
of isobutane and propylene, isobutylene). These large-scale processes are by
now an integral part of the petroleum industry. Refining and processing of
transportation fuels became probably the largest scale industrial operation.

A much pursued alternative to the internal combustion engine in transporta-
tion vehicles is electric propulsion. Electric vehicles, thus far have been used
for only specific and limited applications, although they are clean, noiseless,
and safe. The main difficulty is that existing batteries are relatively inefficient in
providing suitable range at reasonable weights. Pending a major breakthrough
in battery technology, this will greatly hinder the wider use of electric vehicles.
As mentioned, CO,-based methanol can be directly used in fuel cells (DMFC).
It must also be kept in mind when considering clean battery based electricity-
powered vehicles that we are only transferring the potential environmental
pollution from individual vehicles to the electric power plants where electricity
is generated by combustion of fossil fuels (if not nuclear). In large power plants,
CO, capture and recycling to methanol (CCR) can alleviate this problem
significantly.
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1.9.3 Chemical Products, Plastics, and Pharmaceuticals

About 8.5% of petroleum is used as raw material for the production chemi-
cals and plastics. It was coal tar—based aromatics and calcium carbide—based
acetylene that led to the establishment of the chemical and plastic industries.
World War II, however, brought about rapid development of the petrochemi-
cal industry with ethylene becoming the key starting material. A large variety of
the chemical and plastics products are now produced. A multitude of synthetic
hydrocarbons and their derivatives, fertilizers for agriculture, pharmaceuticals,
dyes, cosmetics, synthetic fibers, polymers, and countless other products that
are essential for everyday life are manufactured worldwide.

The reader will find discussion and references to the practical applications,
as well as the underlying chemistry of the diverse and significant use of hydro-
carbons in the following chapters.
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