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I Preface

Petroleum based fuels are being used for over 100 years and the specifications of such
fuels have evolved to meet the changing demands of the users. New processes have
been used to convert maximum refinery streams into useful distillate fuels of accept-
able quality at reasonable profits. Technically many products can be conveniently used
as fuels, such as methanol, ethanol, other alcohols, gasoline, diesel, gas oil, dimethyl
ether, natural gas, liquefied petroleum gas, compressed natural gas, coal derived liquid
fuels, bio fuels, hydrogen and many others. However, engine technologies have devel-
oped around gasoline and diesel fuels over others. The pricing of the crude oil also
favors petroleum fuels in the engines. Whenever, crude oil prices go up, alternate fuels
are extensively discussed and investigated. Based on the current oil availability and
prices, the use of petroleum based fuels and lubricants will continue in the current
century. However, alternate fuels will find their place wherever, cost benefit analysis
permits or regulations force their use. According to an IFP study, gasoline demand
seems to be static and is likely to decrease in future, whereas diesel and kerosene mar-
kets will grow by 5%. It is an indication that in future, the use of hydro-conversion
technologies will increase in their refineries and FCC throughput will decrease.

Environmental considerations, regulation of emission norms, energy efficiency
and new engine technologies during the last twenty years have been responsible for
dramatic changes in the fuels and additive quality. The dynamics of these changes
and their interrelationship need to be properly understood, since the subject has now
become quite complex. The present book on the “Fuel and Fuel-additives” is a unique
effort to bring out these aspects. It discuss the science and technology involved in the
production and application of modern conventional and alternate fuels, and fuel
additives. Additives can be incorporated into fuels to improve a product’s properties
or to introduce new properties. Generally, they are produced synthetically and are
used in low concentrations (1-500 mg/kg) in the finished product. A separate chapter
on fuel additives has been incorporated, providing complete details of chemical
additives used in oil industry.

This book has been jointly authored by an oil industry professional Dr. S. P.
Srivastava and a chemical engineering professor Dr. Jené Hancs6k; combining both
industrial and fundamental experience in their respective fields.

The book discusses the production of gasoline, diesel, aviation turbine fuel, and
marine fuels, from both crude oil and alternative sources and discusses the main
properties of these products in a simple language. Related environmental issues, fuel
quality up gradation and application of fuel additives have been discussed in greater
details.
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Dr. Jen6 Hancsdk is grateful to Zoltdn Varga, and Zoltan Eller, as well as to his
postgraduate students, for their assistance in preparing the manuscript.

This book would thus be useful to all those engaged in the teaching, research,
application and marketing of petroleum products.

S. P. SRIVASTAVA AND JENG HANCSOK

October 2013



I CHAPTER 1

Petroleum-Based Fuels — An Outlook

1.1 INTRODUCTION

Petroleum-based fuels have been used to power automotive vehicles and industrial
production for well over 100 years [1-2]. Petroleum is one of the most important
fuels derived fossil energy sources.

Currently, global annual energy consumption is about 12.2 x 10° tons of crude oil.
Energy consumption is expected to increase to 17.5x 10° tons of oil by 2035 [3-9].
Southeast Asia’s energy demand alone will expand by about 75% by 2030 based
on the strong economic growth trends in China and India [8—-11]. The reserves of
oil, gas, and coal that we depend on are therefore declining, and oil production
is becoming ever more expensive, and causing significant environmental impact
as well.

The industrial sector uses more energy than any other end-user sector, and cur-
rently it consumes about half of the world’s total delivered energy [7]. Huge amounts
of energy are consumed in manufacturing, mining, and construction, mainly by
processing and assembly equipment but also by air conditioning and lighting.
Worldwide, industrial energy consumption is expected to grow by 1.75x10° tons
from 2010 to 2030, while transportation by about 0.6 x 10° tons and other energy con-
sumption by about 0.8 x 10° tons during the same time period [7].

Industrial energy demand varies across countries depending on the level and
mixes of economic activity and technological development. About 90% of the
increase in world energy consumption is projected to occur in the non-OECD
countries, where rapid economic growth is taking place. The key countries—
Brazil, Russia, India, and China—will account for more than two-thirds of the
growth of non-OECD industrial energy use by 2030 [7,9]. The transportation sec-
tor follows the industrial sector in world energy use, and it is of particular interest
worldwide, as extensive improvements are being continually made in the quality
of engine fuels.

To comply with climate change regulations, the energy sector is required to limit
the long-term concentration of greenhouse gases to 450 ppm (mg/kg) of carbondiox-
ide equivalent in the atmosphere so that the global temperature rise can be contained

Fuels and Fuel-Additives, First Edition. S. P. Srivastava and Jend Hancsok.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.



2 PETROLEUM-BASED FUELS — AN OUTLOOK

to about 2°C above the pre-industrial level [12]. In order for this target to be met,
energy-related carbon dioxide emissions need to fall to 26.4 gigatonnes (ca. 26.4 x 10°
tons) by year 2050 from the level at 28.9 Gt in 2009 [7,13]. Even given this outlook,
fossil fuel demand will peak by year 2020.

The projected growth of energy consumption is based on the fast increase in the
world population and in the standard of living. The world population was estimated
to increase to about 7.03 billion (7.03 x 10%) by April 2012 [14]. The fastest population
growth rate (about 1.8%) were witnessed during the 1950s and then for a longer time
period during the 1960s and 1970s. At this rate the world population is expected to
reach about 9 billion (9 x 10%) by year 2040 [4,14].

In North America and Western Europe, the automobile population has been
growing roughly in parallel to the human population growth. But in the developing
world, the automobile population growth is becoming almost exponential, due to
effect of faster economic growth [15].

Globally, the number of vehicles on the road may reach 1 billion (10°) by 2011
[15]. The growth is being fueled primarily by the rapidly expanding Asian market,
which will see 5.7% average compound annual growth in vehicles in operation in the
next three years. Asia will account for more than 23% (231 million vehicles) of
global vehicles in use by 2011 [15]. Thus every seventh person in the world will have
a vehicle by 2011. Europe and the Americas will account for 34% and 36% of
the global share of automobiles by 2011, respectively. The Americas and Western
Europe will continue to see approximately 1.3% and 2.0% compound annual growth
in the next three years respectively, while Eastern Europe’s vehicle population growth
rate is forecasted to be 4.3% [15].

With the growth in the number of vehicles, especially passanger cars with internal
combustion engines, fuels consumption has gone up significantly [9,16,17]. This has
had a deleterious effect on the environment.

A large part of energy consumption is in form of engine fuels. Fuels for internal
combustion engines produced from primarily sources are composed of combustion-
able molecules. Heat energy is a derivative of fuel’s oxidation, which is converted to
kinetic energy. Different gas, liquid, and solid (heavy diesel fuel, which is solid
below 20°C) products are usable as engine fuels [8,9,18-20]. These fuels are
classified as crude oil based—namely gasoline, diesel fuels, and any other gas and
liquid products [18-21]—and non-crude oil based—namely natural gas based
fuels—compressed natural gas (CNG) and dimethyl-ether—biofuels, like methanol,
ethanol, any other alcohols and different mixtures of them; biodiesel; biogas oil
(mixtures of iso- and n-paraffins from natural tryglicerides). Liquefied petroleum
gases (LPG), which can be crude oil or natural gas based, and hydrogen are deriva-
tives from different fuel sources [22-38].

Over the years fuel specifications have evolved considerably to meet the changing
demands of engine manufacturers and consumers [20,39-42]. Both engines [43—45]
and fuels [9,20,39,41,42] have been improved due to environmental and energy
efficiency considerations. New processes have been developed to convert maximum
refinery streams into useful fuels of acceptable quality at reasonable refinery margins
[8,9,46,47].
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Gasoline and diesel fuels have been preferred [20] in the development of engine
technology. The price of crude oil is also often at a level that makes petroleum—based
fuels in engines desirable for economic reasons [46,47,53-54]. Whenever crude oil
prices do rise, the issue of alternative fuels comes up [9,22-27,48-51], but the discus-
sions and investigations get dropped out soon after crude oil prices settle down [28]. The
oil crises of the 1970s and 2008 reflect this tendency. However, oil is not going to last
forever, and it is also not going to be exhausted in the near future [5,7,9,10]. So, while
the use of petroleum-based fuels and lubricants may continue in the current century, it
is likely that a significant decrease will occur after crude oil usage peaks [3,7,10,11,52].

The application of alternative fuels will find a place wherever cost—benefit analyses
permit or wherever regulations force their use. (The use of compressed natural gas in
all of New Delhi’s city transportation vehicles is an example. This was decreed by the
Supreme Court of India and is now being enforced in the other cities of India as well.)

While world gasoline demand is expected to be static and possibly to decrease in
future, the consumption of diesel and kerosene, the rail and water transport fuel, will
likely expand 1,3% to 15% by 2030 [9,16,17]. With the demand for heavy fuel oil
expected to decrease [9,16,17], heavy fuel oil is being converted into lighter products
such as LPG, gasoline, and diesel [53-55].

The world demand for middle distillate fuel, mainly diesel oil and heating fuel,
will grow faster than that for any other refined oil products toward 2030 [9,56].
Globally, new car fleets are shifting to diesel from gasoline, and therefore the demand
for middle distillates will grow and account for about 60% of the expected 20 million
barrels per day (bpd) (2.66 x 10°t/day) rise in global oil production by 2030. In 2008,
the difference in demand between gasoline and diesel was around 3 million bpd
(0.4x10°t/day). By 2020, the projected gas oil/diesel demand is 6.5 million bpd
(0.9 % 10°t/day), higher than for gasoline, and by 2030, the difference exceeds 9 million
bpd (1.2 x 10%t/day). The expected global demand for diesel and gas oil (mainly used
for heating) will grow to 34.2 million bpd (4.5 x 10%/day) by 2030 from 24.5 million
bpd (3.3 x10°t/day) in 2008. Gasoline demand will rise to about 25.1 million bpd
(2.9x 10%t/day) by 2030 from 21.4 million bpd (2.5 10°t/day) in 2008. Jet fuel/
kerosene demand will rise to 8.1 million bpd (1.0x 10%t/day) from 6.5 million bpd
(0.8x 10°t/day), while residual fuel demand, used as a refinery feedstock and as
marine fuel, will fall to 9.4 million bpd from 9.7 million bpd.

The United States accounts for most of the world’s gasoline demand, whereas in
Europe the demand for diesel is increasing [4,9,42] due to the rising number of diesel
vehicles [15]. India and several other Asian countries also consume more diesel fuel
than gasoline [4,49]. With the development of more fuel-efficient diesel vehicles, the
demand for diesel will increase significantly and its use might have to be restricted to
meet future demand. However, gasoline-powered engines seem still to be favorable
for hybrid vehicles.

Among the primary energy carriers, in absolute terms, coal demand will increase
to the highest rate, followed by gas and oil over the projected time period [4].
Nevertheless, oil still remains the largest single fuel source by 2030, even if its share
drops from the present 34% to about 30% (in 2010 ca. 92.3% and in 2030 ca. >85%
fuels from petroleum) [4,11].
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The projected worldwide crude oil demand reflects the leading role of crude oil in
engine fuel production. The global total crude oil demand in 2011 was 4.05x 10°t,
and this is expected to increase to 4.4 x 10°t/year by 2015, and to 5.25x 10°t/year by
2030 [25-27]. Non-OECD countries contribute to the increase by more than 90%;
China and India account for more than 50% alone [4,49].

Among the alternative fuels, the biofuels (e.g., first-generation ethanol and bio-
diesel, second-generation bioethanol from lignocelluloisic materials and the biogas
oil blends of iso- and n-paraffins processed from natural triglycerides) [40,51,57,58]
will become an increasingly important unconventional source of the liquid fuel
supply, likely reaching around 5.9 million barrels per day by 2030. Particularly
strong growth in biofuel consumption is projected for the United States [58], where
the production of biofuels could increase from 0.3 million barrels per day of the 2006
level to 1.9 million barrels per day by 2030 [58,59]. The Energy Independence and
Security Act passed in 2007 has made the use of biofuels compulsory in the United
States. Sizable increases in biofuels production are projected for other regions as
well: the OECD countries with 10% biofuel energy by 2020 [60], non-OECD coun-
tries in Asia [49], and Central and South America [58]. The total biofuel production
of the world was ca. 60 million tons oil equivalent. For bioethanol, in 2012, Middle
and South America: ca. 12.1 Million tons oil equivalent, Europe and Eurasia: ca. 2.2
million tons oil equivalent and North America: ca. 25.7 million tons oil equivalent
and production of other countries was ca. 2.0 million tons oil equivalent. For
Biodiesel, Middle and South America: ca. 4.5 million tons oil equivalent, Europe and
Eurasia: 7.6 million tons oil equivalent and North America: ca. 2.8 million tons oil
eq. (BP Statistical review 2013), and production of other countries was ca. 3.1 million
tons oil equivalent.

1.2 ENVIRONMENTAL ISSUES

Environmental pollution from fossil fuel use has long been a major government con-
cern, and over the past 20 to 30 years, attempts have been made to control pollution
by improving the quality of fuels and lubricants. The combustion of fossil fuels leads
to the formation of CO,, CO, unburned hydrocarbons, NO , SO , soot, and particulate
matter. Liquid fuels, by nature, are volatile and produce volatile organic compounds
(VOC), as emitted especially by gasoline. From time to time different countries have
attempted to enforce regulations to minimize these harmful emissions. Their legisla-
tors have prompted major inter industry cooperation to improve fuel quality, lubri-
cant quality, and engine/vehicle designs (Figure 1.1) [39].

Environmental issues thus drive the development of modern fuels, engines, and
lubricants. The advances in these industries are interrelated, although biofuel
development has the strongest linkages to environmental concerns, binding
government legislation, engine development, exhaust treatment catalysts, tribology,
and the fuel economy [39,60].

Greenhouse gas emission, global warming, and climate change are other impor-
tant issues related to fuels and lubricants. About 10,000 years passed between the last
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FIGURE 1.1 The mechanism of the development of vehicles and fules

Ice Age and the Industrial Revolution. During that time period the atmospheric CO,
level varied by only about 5% [12,13]. From the start of the Industrial Revolution
to 2030, in about 150 years, the amount of atmospheric CO, will have doubled
[7,12,13]. World carbon dioxide emissions are projected to rise from 28.8 billion
(28.8 x 10°) metric tons in 2007 to 33.1 billion (33.1 x 10°) metric tons by 2015 and
40.4 billion (40.4 x 10°) metric tons by 2030—an increase of 39% over the examined
period [7,12,13]. The only way to reduce carbon dioxide emissions is to reduce the
consumption of hydrocarbon fuels and/or improve the energy efficiency of engines
and equipment using hydrocarbons. The biggest single contributor to the rise in
greenhouse gases is the burning of fossil fuels. Since in hydrocarbon fuels the CO,
emission is proportional to the amount of energy produced, a reduction in energy
consumption will reduce the CO, emission as well [12,13]. Improving energy
efficiency is the first step in reducing carbon dioxide emission. This calls for a
combined engineering effort to introduce more efficient fuels, better power systems,
and new materials and processes.

Through coordinated action, it may be possible to lower the long-term
concentration of greenhouse gases in the atmosphere to around 450 ppm (mg/kg) of
the carbondioxide equivalent. This would correspond to the global temperature goal
of environmentalists of not exceeding the 2 °C rise of the pre-industral period tem-
peratures. To meet this target, energy-related carbon dioxide emissions must be low-
ered to around 26.4 gigatonnes (26.4x 10° tons) by 2030 from the 28.8 gigatonnes
(28.8 x 10° tons) of 2007 [7].
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1.3 CLASSIFICATION OF FUELS

Engine fuels can be any liquid or gaseous hydrocarbons used for the generation of
power in an internal combustion engine. There are several materials that can be used
in the internal combustion engine either alone or blended as a component. These
materials are classified as follows [19]:

* Drivetrains:
o Otto engines (gasolines, PB, CNG, ethanol, etc.)
o Diesel engines (diesel gas oils, CNG, dimethyl-ether, etc.)
¢ Origin:
o Produced from exhaustible energy carriers,
o Produced from renewable energy carriers (biofuels based on biomass)

* Number of feedstock resources:
o One resource (e.g., fatty acid methyl esters from only triglyceride and fatty
acid containing feedstocks)

o Multiple resources (e.g., ethanol; from sugar crops, from crops containing
starch, lignocellulose, hydration of ethylene)

Alternative fuels are those fuels that are other than gasoline or gas oil derived from
petroleum. The main types of motor fuels are shown in Figure 1.2. [61].

The choice of fuel to use depends on the engine design, availability of the energy

source, environmental protection issues, energy policy, safety technology, human
biology, the aftertreater catalytic system, lubricants, additives, economy, traditions, and
so forth [62,106]. The fuel industry categorizes the different types of fuels as follows:

Gasoline A volatile mixture of liquid hydrocarbons generally containing small
amount of additives suitable for use as a fuel in a spark-ignition internal
combustion engine.

Unleaded gasoline  Any gasoline to which no lead have been intentionally added
and which contains not more than 0.013 gram lead per liter (0.05g lead/US
gal).

E85 fuel A blend of ethanol and hydrocarbons in gasoline with 75-85% of
ethanol. E85 fuel ethanol must meet the most recent standard of a region or
country.

MS8S5 fuel A blend of methanol and hydrocarbons where the methanol is nomi-
nally 70% to 85%.

Racing gasoline A special automotive gasoline that is typically of lower vola-
tility, has a narrower boiling range, a higher antiknock index, and is free of
significant amounts of oxygenates. It is designed for use in racing vehicles,
which have high compression engines.

Aviation gasoline A fuel used in an aviation spark-ignition internal combustion
engine.
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FIGURE 1.2 Classification of conventional and alternative fuels

Petroleum gases (LPG) Gas phase hydrocarbons, mainly C, and in low quantity
C,. Their quality is determined by the country or regional standards.

Compressed natural gas (CNG) Predominantly methane compressed at high
pressures suitable as fuel in internal combustion engine.

Aviation turbine fuel A refined middle distillate suitable for use as a fuel in an
aviation gas turbine engine.

Diesel fuel A middle distillate from crude oil commonly used in internal
combustion engines where ignition occurs by pressure and not by electric
spark.

Low or ultra-low sulfur diesel (ULSD) Diesel fuel with less than 50 and 10 mg/
kg respectively.

Biodiesel A fuel based on mono-alkyl esters of long-chain fatty acids derived
from vegetable oils or animal fats. Biodiesel containing diesel gas oil is a blend
of mono-alkyl esters of long chain fatty acids and diesel gas oil from petro-
leum. A term B100 is used to describe neat biodiesel used for heating, which
does not contain any mineral oil based diesel fuel.
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Biogas oil Mixture of iso-paraffins and normal-paraffins, produced by catalytic
hydrogenation of triglyceride-containing feedstocks.

Ethanol/gasoil(/biodiesel) Emulsions A fuel that contains at a minimum 80%
diesel gas oil. Stability of the emulsion is assured with additives and some-
times with biodiesel too.

Bunker oil  Used for marine ships.

Some other alternate fuels are less dispersed, such as dimethyl ether (DME) and
hydrogen. These fuels are discussed in chapter 4.

Among the engine fuels, fiel oil belongs to the energy products of the oil industry.
Fuel oils can be refined middle distillates (heating oils), heavy distillates, or residues
after atmospheric and vacuum distillation, and a blend of these is also suitable for use
as a fuel for heating or power generation.

There are several standards for fuels. This book mainly concentrates on those fuels
that require additives to improve the performance characteristics of the base fuel.
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I CHAPTER 2

Emission Regulation of Automotive
Vehicles and Quality of
Automotive Fuels

Four parameters influence the emissions from automotive vehicles: engine design,
vehicle design, fuel, and lubricant quality. Automotive emissions can be regulated
directly (by emission standards) or indirectly by directives (predetermined data for
5-20 years), fuel quality standards, government regulations, engine oil specifications
such as low-SAPS (SAPS: sulphated ash, phosphorus and sulfur), and regulation on
utilization of aftertreatment catalysts [1].

Over the last two decades tighter emission norms and strict fuel quality specifica-
tions have been worked out to improve all four parameters. Currently, emission stan-
dards on fuel quality and vehicle technology follow the year 2000 recommendations
of the Auto Oil Programmes in Europe, the United States, and Japan [2-7].

2.1 DIRECT REGULATION OF EMISSIONS

Compounds that contaminate the environment are formed in internal combustion
engines by the oxidation of hydrocarbon-type fuels. The key contaminants are
carbon-dioxide, carbon-monoxide, hydrocarbons, nitrogen-oxides, particles, and
sulfuric compounds—SO,—aldehydes. Their damaging effects manifest as acid
rain, the greenhouse effect, destruction of ground and atmospheric ozone layers,
respiratory diseases, and soil and water pollution, among other deleterious effects to
life on earth [1].

Recently the contribution of carbon dioxide emissions from deforestation has
attained importance, since the removal of CO, consuming trees contributes further
to the carbon dioxide imbalance in the atmosphere. Carbon dioxide molecules trap
energy from the sun (the greenhouse effect) and thus cause global warming.
Current estimates of anthropogenic carbon dioxide show the increases to be about

Fuels and Fuel-Additives, First Edition. S. P. Srivastava and Jend Hancsok.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.

1



12 EMISSION REGULATION OF AUTOMOTIVE VEHICLES AND QUALITY OF AUTOMOTIVE FUELS

0.5% per annum [8-11]. Emission of carbon dioxide from vehicles can only be
reduced by lowering the consumption of fuels from fossil energy sources.

Reductions in the emissions of CO,, CO, NO_and, particle matter, for example,
have been possible with engine design changes combined with fuel quality upgrad-
ing. A major advancement in engine hardware has been the development of a variable
geometry turbocharger with inter cooling, ultra high injection pressures of 1500 bars
and higher (common rail injection technology), electronic fuel injection and control,
a multi-valve with swirl and variable valve timing, an exhaust gas recycle with
temperature management, onboard diagnostics (OBD), catalytic exhaust converters
(aftertreatment systems), lean de-NO_ catalyst and regenerative diesel particulate
filters [1,12,13]. Newer technologies are still emerging and being tested to reduce
fuel consumption, emissions and improve engine performance.

About 21.5% of the anthropogenic carbon dioxide emission in 2009 can be attributed
to the transport sector [8—11]. To comply with Kyoto Protocol, the European Union has
voluntarily decided to cut down CO, emission from the transport sector by one-third. Key
to reducing CO, emissions is to cut fuel consumption, since the final combustion products
of hydrocarbons are always carbon dioxide and water. It has been estimated that a vehicle
consuming 3L/100km will achieve a 25% CO, reduction [2-4].

The European Parliament voted to adopt a Regulation on CO, for cars based on a
proposal by the EU Commission in December 2008. Some highlights of the text
follow [14]:

Limit value curve: The fleet average to be achieved by all new cars registered in
the European Union is 130 grams per kilometer (g/km). A limit value curve is
used to allow heavier cars higher emissions than lighter cars, while preserving
the overall fleet average.

Phasing-in of requirements: In 2012, 65% of each manufacturer’s newly registered
cars must comply, on average, with the limit value curve set by the legislation.
This will rise to 75% in 2013, 80% in 2014, and 100% from 2015 onward.

Lower penalty payments for small excess emissions until 2018: A manufac-
turer whose fleet exceeds the CO, limit value in any year after 2012 will have
to pay an excess emissions premium for each registered car. This premium will
amount to €5 for exceeding the first g/km, €15 for the second g/km, €25 for the
third g/km, and €95 for each subsequent g/km. After 2019, the cost of exceeding
the first g/lkm of will be €95.

Long-term target: A target of 95 g/km is specified for the year 2020. The modal-
ities for reaching this target and the implementation details, including the
excess emissions premium, will be defined in a review by 2013.

Eco-innovations: The test procedures used for vehicle type approval are out-
dated. Revised standards are to be completed by 2014. To demonstrate the
CO,-reducing effects of innovative technologies, an interim procedure grants
manufacturers a maximum of 7 g/km of emission credits on average for their
fleet if they equip vehicles with innovative technologies, based on indepen-
dently verified data.
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Many countries have introduced their own measures to control automotive exhaust
emissions. Some important decisions are provided in the following pages.

2.1.1 Emission Standards in Europe

The stages are typically referred to as Euro 1, Euro 2, Euro 3, Euro 4, Euro 5, and
Euro 6 fuels for light duty vehicle standards. The corresponding series of standards
for heavy duty vehicles use roman numbers (Euro I, IT, III, IV, V, and VI).

The legal framework consists of a series of Directives, each amendment to the
1970 Directive 70/220/EEC. A summary of the standards and the relevant EU direc-
tives providing the definition of the standard is provided below:

Euro 1 (1993): For passenger cars—91/441/EEC (EEC: European Economic
Community)

Also for passenger cars and light trucks—93/59/EEC.

Euro 2 (1996): For passenger cars—94/12/EC (and 96/69/EC)
Euro 3 (2000): For any vehicle—98/69/EC

Euro 4 (2005): For any vehicle—98/69/EC (and 2002/80/EC)

Euro 5 (2008/9) and Euro 6 (2014): For light passenger and commercial
vehicles—2007/715/EC

These limits supersede the original Directive on emission limits 70/220/EEC.

In the area of fuels, the 2003/30/EC Directive [15] required that 5.75% of all
transport fossil fuels (petrol and diesel) should be replaced by biofuels by December
31, 2010, with an intermediate target of 2% by the end of 2005. However, MEPS
(Members of the European Parliament) have since voted to lower this target in the
wake of new scientific evidence about the sustainability of biofuels and the impact on
food prices. In a vote in Strasbourg, the European Parliament’s environment
committee supported a plan to reduce the EU target for renewable sources in trans-
port to 4% by 2015 and a thorough review to bring the target to the 8—10% mark by
2020 [16].

Emission Standards for Passenger Cars [17-19] Emission standards for
passenger cars and light commercial vehicles (vehicle categories M, and N, respec-
tively) are summarized in the Tables 2.1 through 2.4. Since the Euro 2 stage, EU
regulations have introduced different emission limits for diesel and gasoline vehicles.
Diesels have more stringent CO standards but are allowed higher NO . Gasoline vehi-
cles are exempted from PM standards through the Euro 4 stage, but vehicles with
direct injection engines will be subject to a limit of 0.005 g/km for Euro 5 and Euro 6.

Euro 5/6 regulations introduce PM mass emission standards, numerically equal to
those for diesel and gasoline cars with DI engines. All dates listed in the tables refer
to new type approvals. The EC Directives also specify a second date one year later
(unless indicated otherwise) that applies to first registration of existing and previ-
ously type-approved vehicle models.
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TABLE 2.1 European emission standards for passenger cars (category M,):
gasoline

Emission Implementation Emission (g/km)

Stage Date CO HC HC+NO_ NO, PM
Euro 1 July 1992 2.72 (3.16) — 0.97(1.13) — —
Euro 2 January 1996 22 — 0.50 — —
Euro 3¢ January 2000 2.3 0.20 — 0.15 —
Euro 4° January 2005 1.0 0.10 — 0.08 —
Euro5¢ September 20094 1.0 0.10¢ — 0.06 0.005%¢
Euro 6¢ September 2014 1.0 0.10° — 0.06 0.005%

Note: At the Euro 1-4 stages, passenger vehicles>2500kg were type approved as category N, vehicles.
Values in brackets are in conformity with production (COP) limits. The dash means no regulation.

“Euro 3 stage—80,000km or 5 years, whichever occurs first.

?Euro 4 stage—100,000km or 5 years, whichever occurs first.

“Euro 5/6 stage—in-service conformity: 100,000km or 5 years; durability testing of pollution control
devices for type approval: 160,000km or 5 years (whichever occurs first).

42011.01 for all models.

*NMHC=0.068 g/lkm (NMHC: nonmethane hydrocarbon).

fApplicable only for vehicles using DI engines.

£0.0045 g/km using the PMP measurement procedure (PMP: Particulate Measurement Program).

Emission Standards for Lorries and Buses [17-19] Whereas for passenger
cars, the standards are defined in g/km, these are defined by engine power, g/kWh for
Lorries (trucks), and are therefore in no way comparable. Tables 2.5 and 2.6 provide
summaries of the emission standards and their implementation dates. Dates in the
tables refer to new type approvals; the dates for all type approvals are in most cases
one year later (EU type approvals are valid for longer than one year). The official
category name is heavy-duty (HD) diesel engines, which generally includes trucks
and buses.

2.1.2 US (EPA) Emission Standards [20,21]

In the United States, emissions standards are managed by the Environmental
Protection Agency (EPA) (Tables 2.7 through 2.11). The state of California has
special dispensation to promulgate more stringent vehicle emissions standards, and
other states may choose to follow either the national or Californian standards
(Tables 2.15 through 2.25). California’s emissions standards are set by the California
Air Resources Board, known locally by its acronym CARB.

Clean Fuel Fleet Program Table 2.12 shows a voluntary Clean Fuel Fleet (CFF)
emission standard. It is a federal standard applied to 1998 to 2003 model year
engines, both CI and SI, over 8500 1bs GVWR. In addition to the CFF standard, vehi-
cles must meet applicable conventional standards for other pollutants.
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TABLE 2.3 EU emission standards for light commercial vehicles (category N ):
gasoline

Emission (g/km)
Category Stage Date CO HC HC+NO,£ NO, PM
Class I Euro1 October 1994 272 — 0.97 — —
(<1305kg) Euro2 January 1998 22 — 0.50 — —
Euro 3  January 2000 23 020 — 0.15 —
Euro4  January 2005 1.0 0.10 — 0.08 —
Euro5 September 2009 1.0  0.10° — 0.06  0.005%¢
Euro 6 September 2014 1.0  0.10° — 0.06  0.005%¢
Class II Euro1 October1994 517 — 1.40 — —
(1305-1760kg) Euro2 January 1998 40 — 0.65 — —
Euro 3  January 2001 4.17 0.25 — 0.18 —
Euro4  January 2006 1.81 0.13 — 0.10 —
Euro5 September 2010° 1.81 0.13¢ — 0.075 0.005%¢
Euro 6 September 2015  1.81 0.13¢ — 0.075 0.005%¢
Class III Euro1 October1994 690 — 1.70 — —
(1760-3500kg) Euro2 January 1998 50 — 0.80 — —
Euro 3  January 2001 522 0.29 — 0.21 —
Euro4  January 2006 227 0.16 — 0.11 —
Euro5 September 2010° 2.27 0.16¢ — 0.082  0.005%¢
Euro 6  September 2015  2.27 0.16¢ — 0.082  0.005%¢

Note: For Euro 1 and 2 the category N, reference mass classes were class 1<1250kg, class 11 1250-
1700kg, class III>1700kg. The dash means no regulation.

“2011.01 for all models.

#2012.01 for all models.

‘NMHC=0.068 g/km.

YNMHC=0.090 g/km.

*NMHC=0.108 g/km.

/Applicable only to vehicles using DI engines.

£0.0045 g/km using the PMP measurement procedure.

Model Year 2004 and Later In October 1997 the EPA adopted new emission
standards for model year 2004 and later heavy-duty diesel truck and bus engines.
These standards reflect the provisions of the Statement of Principles (SOP) signed in
1995 by the EPA, California ARB, and the manufacturers of heavy-duty diesel engines.
The goal was to reduce NO, emissions of highway heavy-duty engines to levels
approximately 2.0 g/bhpv-h beginning in 2004. Manufacturers have the flexibility to
certify their engines to one of the two options shown in Table 2.13. All emission stan-
dards other than NMHC and NO_ applying to 1998 and later model year heavy duty
engines will continue at their 1998 levels.

EPA established revised useful engine lives, with significantly extended require-
ments for the heavy heavy-duty diesel engine service class, as follows:

LHDDE—110,000 miles or 10 years
MHDDE—185,000 miles or 10 years
HHDDE—435,000 miles or 10 years or 22,000 hours of travel
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TABLE 2.5 EU emission standards for HD diesel engines, g/k Wh (Category N,,
>12,000kg)

Tier Date TestCycle CO HC NO, PM Smoke (m™)
Euro I 1992, < 85kW ECE R-49 45 1.1 8.0 0612

1992, > 85kW 45 1.1 8.0 0.36
Euro Il  October 1996 40 1.1 70 0.25

October 1998 40 1.1 70 0.15
EuroIIl'  October 1999 ESC&ELR 1.0 025 20 0.02 0.15

EEVs only

October 2000  ESC&ELR 2.1 066 5.0 0.100.13¢ 0.8
Euro IV October 2005 1.5 046 35 002 0.5
EuroV  October 2008 1.5 046 20 0.02 0.5

Note: EEV is “Enhanced environmentally friendly vehicle.”
“for engines of less than 0.75 dm? swept volume per cylinder and a rated power speed of more than 3.000
per minute.

TABLE 2.6 Emission standards for large goods vehicles: Euro norm emissions for
category N,, EDC (2000 and up)

Standard Date CO (kWh)  NO_(g/kWh)  HC (g/kWh)  PM (g/kWh)
Euro 0 1988-1992 123 15.8 2.6 None
Euro I 1992-1995 4.9 9.0 1.23 0.40

Euro II 1995-1999 4.0 7.0 1.1 0.15
EuroIll  1999-2005 2.1 5.0 0.66 0.1
EuroIV  2005-2008 1.5 35 0.46 0.02

Euro V 2008-2012 1.5 2.0 0.46 0.02

Euro VI Future

The emission warranty remains at 5 years for 100,000 miles. With the exception
of turbocharged and supercharged diesel-fueled engines, discharge of crankcase
emissions is not allowed for any new 2004 or later model year engines.

The federal standards issued in 2004 for highway trucks are harmonized with
California standards, with the intent that manufacturers can use a single engine or
machine design for both markets. However, California certifications for model years
2005 to 2007 additionally require SET testing and NTE limits of 1.25xFTP stan-
dards. California also adopted more stringent standards for MY 2004-2006 engines
for public urban bus fleets.

Model Year 2007 and Later The EPA signed emission standards for model year
2007 and later heavy-duty highway engines on December 21, 2000 (the California
ARB adopted virtually identical 2007 heavy-duty engine standards in October 2001).
The rule included two components: emission standards and diesel fuel quality
regulations.
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TABLE 2.8 EPA tier 1 SFTP standards

NMHC +NO, (g/km) CO (g/km)
Category Weighted US06 SCO03 Weighted
Passenger cars & LLDT, 0.57/1.29* (0.41/0.92%) 6.9 (5.6) 2.3(1.9) 2.6 (2.1)
LVW<1700kg
LLDT, LVW>1700kg 0.86 (0.6) 9.1(7.3) 3.124) 3.5(2.8)
HLDT, ALVW <2600kg 0.9 (0.6) 10.6 (7.3) 3524 4.0 (2.8)
HLDT, ALVW >2600kg 1.3 (0.9) 12.1 (8.3) 4.0 (2.8) 4.6 (3.1)

Note: *The more relaxed value is for diesel-fueled vehicles.

The first component of the regulation introduces new, very stringent emission
standards, as follows:

PM—0.01 g/bhp-h (0.007 g/kWh)
NO —0.20 g/bhp-h (0.15 g/kWh)
NMHC—O0.14 g/bhp-h (0.10 g/kWh)

The PM emission standard come into effect fully for 2007 model year of
heavy-duty engine. The NO_and NMHC standards were phased in for diesel engines
between 2007 and 2010. The phase-in took place gradually on a percent-of-sales
basis: 50% from 2007 to 2009 and 100% in 2010 (gasoline engines are subject to
these standards based on a phase-in requiring 50% compliance in 2008 and 100%
compliance in 2009). A few engines meeting the 0.20 g/bhp-h NO requirement were
manufactured before 2010. In 2007 most manufacturers opted instead to meet a
Family Emission Limit (FEL) of around 1.2 to 1.5g/bhp-h NO_ for most of their
engines, a few manufacturers still certified some of their engines as high as 2.5g/
bhp-h NO +NMHC.

Besides the transient FTP testing requirements, emissions certification includes:

Testing supplemental emissions (using SET) with limits equal to the FTP stan-
dards, and testing NTE (Not-to-Exceed) emissions with limits of 1.5xFTP
standards for engines meeting the limit of NO_FEL of 1.5 g/bhp-h or less, and
1.25xFTP standards for engines with a NO_limit of FEL higher than 1.5 g/bhp-h.

The EPA regulation maintains the earlier crankcase emission control exception
for turbocharged heavy-duty diesel for the 2007 model year engines but requires that
their emissions to the atmosphere are to be added to the exhaust emissions during all
testing. In this case, the deterioration of crankcase emissions must also be accounted
for in exhaust deterioration factors.

The diesel fuel regulation restricted the sulfur content of on-highway diesel fuel
to 15 ppm (wt) from the previous 500 ppm. Refiners were required to start producing
the 15-ppm sulfur fuel as of June 1, 2006. Highway diesel fuel sold as low sulfur fuel
has had to meet the 15-ppm sulfur standard starting on July 15, 2006, at the terminal
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TABLE 2.11 Phase-in percentages for tier 2 requirements

HLDT/MDPV
Model Year LDV/LLDT Tier 2¢ Tier 2° Interim Non-Tier 2¢
2004 25 25
2005 50 50
2006 75 75
2007 100 100
2008 100 50 100

2009 and subsequent 100 100

“Percentage of LDV/LLDTs that must meet tier 2 requirements.

bPercentage of HLDT/MDPVs that must meet tier 2 requirements.

“Percentage of non-tier 2 HLDT/MDPVs that must meet interim non-tier 2 fleet average NO_
requirements.

TABLE 2.12 Clean Fuel Fleet program for heavy-duty SI and CI engines
(g/bhp-h, g/kWh)

Category CO NMHC+NO_ PM HCHO
LEV (federal fuel) 3.8 (2.8)

LEV (California fuel) 3.5(2.6)

ILEV 14.4 (10.7) 2.5(1.9) 0.050 (0.037)
ULEV 7.2(5.4) 2.5(1.9) 0.05 (0.04) 0.025 (0.019)
ZEV 0 0 0 0

Note: LEV—Ilow-emissions vehicle; ILEV—inherently low-emissions vehicle; ULEV—ultra low-
emissions vehicle; ZEV—zero-emission vehicle.

TABLE 2.13 EPA Emission standards for year 2004 model
and later HD diesel engines (g/bhp-h, g/lkWh)

Option NMHC +NO, NMHC
1 2.4 (1.8) n/a
2.5(1.9) 0.5 (0.4)

level. For retail stations and wholesale purchasers, highway diesel fuel sold as “low
sulfur fuel” has had to be the 15-ppm sulfur standard after September 1, 2006.

Refiners also took advantage of a temporary compliance option that allowed them
to continue producing 500 ppm fuel in 20% of the volume of diesel fuel to be pro-
duced until December 31, 2009. In addition, refiners participated in an averaging,
banking, and trading program with other refiners in their geographic areas.

Ultra low-sulfur diesel fuel requires advanced exhaust emission control technol-
ogies, such as catalytic diesel particulate filters and NO_ catalysts, in order to meet
the 2007 emission standards. The EPA has estimated the cost of reducing the sulfur
content of diesel fuel to increase fuel prices at approximately 4.5 to 5 cents per
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TABLE 2.14 EPA emission standards for heavy-duty diesel engines (g/bhp-hr, g/kwh)

Year HC CoO NO, PM
Heavy-duty diesel truck engines
1988 1.3 (1.0) 15.5 (11.6) 10.7 (8.0) 0.60 (0.45)
1990 1.3 (1.0) 15.5(11.6) 6.0 (4.5) 0.60 (0.45)
1991 1.3 (1.0) 15.5(11.6) 5.0@3.7) 0.25(0.19)
1994 1.3 (1.0) 15.5 (11.6) 5.0@3.7) 0.10 (0.07)
1998 1.3 (1.0) 15.5(11.6) 4.0 (3.0 0.10 (0.07)
Urban bus engines

1991 1.3 (1.0) 15.5 (11.6) 5.0@3.7) 0.25 (0.19)
1993 1.3 (1.0) 15.5(11.6) 5.0@3.7) 0.10 (0.07)
1994 1.3 (1.0) 15.5(11.6) 5.0@3.7) 0.07 (0.05)
1996 1.3 (1.0) 15.5(11.6) 5.0@3.7) 0.05 (0.04)
1998 1.3 (1.0) 15.5(11.6) 4.0 (3.0) 0.05 (0.04)*

“In-use PM standard was 0.07.

TABLE 2.15 California emission standards for heavy-duty diesel engines

(g/bhp-h, g/kWh)

Year NMHC THC CcO NO, PM
Heavy-duty diesel truck engines
1987 — 1.3 (1.0) 15.5(11.6) 6.0 (4.5) 0.60 (0.45)
1991 1.2 (0.9) 1.3 (1.0) 15.5(11.6) 5.0@3.7) 0.25(0.19)
1994 1.2 (0.9) 1.3 (1.0) 15.5(11.6) 5.0@3.7) 0.10 (0.07)
Urban bus engines
1991 1.2 (0.9) 1.3 (1.0) 15.5 (11.6) 5.0@3.7) 0.10 (0.07)
1994 1.2 (0.9) 1.3 (1.0) 15.5 (11.6) 50@3.7) 0.07 (0.05)
1996 1.2 (0.9) 1.3 (1.0) 15.5(11.6) 4.0 (3.0) 0.05 (0.04)

gallon. The EPA has also estimated that the new emission standards will raise the
prices of vehicles by $1200 to $1900 (for comparison, new heavy-duty trucks typi-
cally sell for up to $150,000 and buses up to $250,000).

The emission standards for heavy-duty diesel truck and bus engines of model
years 1988 to 2003 (US EPA) and 1987 to 2003 (California ARB) are summarized in
Tables 2.14 and 2.15. Notice that starting with 1994 standards, the sulfur content in
the certification fuel was reduced to 500 ppm wt.

Useful Life and Warranty Periods Compliance with emission standards has to
be demonstrated over the useful life of the engine. The standards adopted by the
federal government and California are as follows:

LHDDE—S8 years/110,000 miles (177,000km) (whichever occurs first)
MHDDE—S8 years/185,000 miles (297,700 km)
HHDDE—S8 years/290,000 miles (466,700 km)
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The federal useful life requirements were later increased to 10 years, with no
change in the mileage numbers, for the urban bus PM standard (1994+) and for the
NO_ standard (1998+). The emission warranty period is now 5 years per 100,000
miles (160,934km) (compare 5 years/100,000 miles/3000 hours in California),
which is close to the basic mechanical warranty for engines.

Cars and Light-Duty Trucks Emission Standards: California There were
three major regulatory steps in the evolution of California emission standards:

Tier 1/LEV California emission standards extended through the year 2003
LEV II California regulations phased in through model years 2004 to 2010

LEV III California regulations, proposed in 2010, to be phased-in through model
years 2014 to 2022

The California emission standards that applied through model year 2003 were
expressed using the following emission categories (detailed in Tables 2.16 to 2.25):

Tier 1

Transitional low-emission vehicles (TLEV)
Low-emission vehicles (LEV)

Ultra low-emission vehicles (ULEV)

Super ultra low-emission vehicles (SULEV)
Zero-emission vehicles (ZEV)

2.1.3 Emission Regulation in Japan [7,21]

Japanese emission standards for engines and vehicles and fuel efficiency targets are
jointly developed by a number of government agencies:

Ministry of the Environment (MOE)
Ministry of Land, Infrastructure, and Transport (MLIT)
Ministry of Economy, Trade, and Industry (METT)

Engine and vehicle emission standards (Tables 2.22 to 2.25) are developed under the
authority of the “Air Pollution Control Law,” while fuel efficiency targets are adopted
under the “Law Concerning the Rational Use of Energy” (Energy Conservation
Law).

2.1.4 Emission Standards in India [22,23]

In India, a smoke test for diesel vehicles has been enforced since 1986 in various states.
The first Indian emission regulations were idle emission limits that became effective in
1989. These idle emission regulations were soon replaced by mass emission limits for
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TABLE 2.18 LEYV II emission standards for passenger cars and LDVs <8500 lbs
(3855kg, g/km)

50,000 miles (80,467 km/5 years) 120,000 miles (193.121 km/10 years)
Category NMOG CO NO, PM HCHO NMOG* CO NO, PM HCHO

LEV 0.047 2.125 0.031 — 0.009 0.056 2.625 0.044 0.006 0.011
ULEV 0.025 1.063 0.031 — 0.005 0.034 1313 0.044 0.006 0.007
SULEV — — — - — 0.006 0.625 0.013 0.006 0.003

TABLE 2.19 LEV II emission standards for medium-duty vehicles, durability 120,000
miles (193,100 km, g/km)

Weight (GVW) Category NMOG CO NO, PM HCHO
8500-10,000 Ibs LEV 0.122 4 0.125 0.075 0.020
(3856-4535kg) ULEV 0.089 4 0.125 0.038 0.010
SULEV 0.063 2 0.063 0.038 0.005
10,001-14,000 1bs LEV 0.144 4.563 0.250 0.075 0.025
(4536- 6350kg) ULEV 0.104 4.563 0.250 0.038 0.013
SULEV 0.073 2.313 0.125 0.038 0.006

TABLE 2.20 Proposed LEV III NMOG +NO_ emission standards for LDVs, g/miles
durability 150,000 miles (241,400 km)

Category NMOG+NO,
LEV 0.1
ULEV 0.078
ULEV70 0.044
ULEVS50 0.031
SULEV 0.019
SULEV20 0.013

TABLE 2.21 Proposed LEV III NMOG + NOX emission standards for MDVs,
g/km durability 150,000 miles (241,400 km)

Weight (GVW) Category NMOG+NO,

8500-10,000 1bs(3855-4535kg) ULEV 0.125
SULEV 0.091

10,001-14,000 1bs(4536-6350kg) ULEV 0.198
SULEV 0.125

both petrol (1991) and diesel (1992) vehicles, and were gradually tightened over the
1990s. Since the year 2000, India has been adopting European emission and fuel reg-
ulations for four-wheeled light-duty and heavy-duty vehicles. India’s own emission
regulations are still being applied to two- and three-wheeled vehicles. The National
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TABLE 2.22 Japanese emission standards for gasoline vehicles

Date in
PM NO, NMHC CO Effect
Passenger car 0.005 0.05 0.024 0.63 2009

(New) (0%) (-0%) (—-0%)
Trucks and buses  Light-weight (GVW 1.7t 0.005 0.05 0.024 0.63 2009
or less) (New) (0%) (-0%) (—0%)
Middle-weight (GVW 0.007 0.07 0.024 0.63 2009
over 1.7t~3.5torless) (New) (0%) (-0%) (—0%)
Heavy-weight (GVW 0.01 0.07 0.17 2.22 2009
over 3.5t) New) (0%) (-0%) (—0%)

Note: Units for heavy-weight trucks are g/lkWh; all others are g/km. Percentage reductions from 2005
standards are given in parentheses. GVW =gross vehicle weight; NMHC =nonmethane hydrocarbons.

TABLE 2.23 Japanese emission standards for diesel passenger cars (g/km)

(6[0) HC NO, PM
Vehicle Mean Mean Mean Mean
Weight Date Test (Max.) (Max.) (Max.) (Max.)
< 1250kg 1986 10-15mode 2.1 (2.7) 0.40(0.62) 0.70 (0.98) —
1990 2.1(2.7) 0.40(0.62) 0.50(0.72) —
1994 2.12.7) 0400.62) 0.50(0.72) 0.20(0.34)
1997 2.12.7) 040(0.62) 0.40(0.55) 0.08 (0.14)
2002« 0.63 0.12 0.28 0.052
2005°  JCO8¢ 0.63 0.024¢ 0.14 0.013
2009 0.63 0.0244 0.08 0.005
> 1250kg 1986 10-15 mode 2.1 (2.7) 0.40(0.62) 0.90 (1.26) —
1992 2.1(2.7) 0.40(0.62) 0.60(0.84) —
1994 2.1(2.7) 0.40(0.62) 0.60(0.84) 0.20(0.34)
1998 2.12.7) 0.40(0.62) 0.40(0.55) 0.08 (0.14)
20024 0.63 0.12 0.30 0.056
2005  JCO&° 0.63 0.0244 0.15 0.014
2009¢ 0.63 0.024¢ 0.08 0.005

Note: Vehicle weight is the equivalent inertia weight (EIW) of a vehicle weighing 1265kg.
92002.10 for domestic cars; 2004.09 for imports.

*Full implementation by the end of 2005.

“Full phase-in by 2011.

4Nonmethane hydrocarbons.

¢2009.10 for new domestic models; 2010.09 for existing models and imports.

Auto Fuel Policy announced on October 6, 2003, envisages a phased program for
introducing Euro 2, 3, and 4 emission and fuel regulations by 2010. A new auto fuel
policy for 2025 is currently under preparation.

India is gradually harmonizing its automotive standards with global norms, dem-
onstrating due cognizance of prevailing national concerns. The Union Cabinet in
October 2002 approved a proposal to join the World Forum for Harmonization of
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TABLE 2.24 Japanese diesel emission standards for light commercial vehicles,
GVW<3500kg (< 2500 kg before 2005)

CO HC NO, PM

Vehicle Mean Mean Mean Mean
Weight Date Test Unit  (Max.) (Max.) (Max.) (Max.)
<1700kg 1988 10-15mode g/km 2.1 (2.7) 0.40(0.62) 0.90 (1.26)

1993 2.1 (2.7) 0.40(0.62) 0.60(0.84) 0.20 (0.34)

1997 2.1 (2.7) 0.40(0.62) 0.40 (0.55) 0.08 (0.14)

2002 0.63 0.12 0.28 0.052

2005 JCO8¢ 0.63 0.024¢ 0.14 0.013

2009 0.63 0.024¢ 0.08 0.005

>1700kg 1988 6 mode ppm 790 (980) 510 (670) DI: 380 (500) —
IDI: 260 (350) —
1993 10-15mode g/km 2.1(2.7) 0.40(0.62) 1.30(1.82) 0.25 (0.43)

1997¢ 2.1(27) 0.40(0.62) 0.70(0.97)  0.09 (0.18)
2003 0.63 0.12 0.49 0.06

2005° JCO8¢ 0.63 0.024¢ 0.25 0.015
2009¢ 0.63 0.024¢ 0.15 0.007

Note: Vehicle weight is gross vehicle weight (GVW).

21997 for manual transmission vehicles; 1998 for automatic transmission vehicles.
?Full implementation by the end of 2005.

Full phase-in by 2011.

?Nonmethane hydrocarbons.

¢2009.10 for new domestic models; 2010.09 for existing models and imports.

TABLE 2.25 Japanese diesel emission standards for heavy commercial vehicles,
GVW>3500kg (> 2500kg before 2005)

CO HC NO, PM
Mean Mean Mean Mean
Date Test Unit (Max.) (Max.) (Max.) (Max.)

1988/89 6 mode ppm 790 (980) 510 (670) DI: 400 (520)
IDI: 260 (350)

1994 13 mode g/kWh 7.40(9.20) 2.90(3.80) DI:6.00(7.80) 0.70 (0.96)
IDI: 5.00 (6.80)

1997¢ 7.40(9.20) 2.90(3.80) 4.50(5.80) 0.25 (0.49)

2003° 222 0.87 3.38 0.18

2005¢ JEOS 222 0.174 2.0 0.027

2009 222 0.174 0.7 0.01

“1997: GVW £3500kg; 1998: 3500<GVW <12,000kg; 1999: GVW >12,000kg.
£2003: GVW <12,000kg; 2004: GVW >12,000kg.

¢Full implementation by the end of 2005.

“Nonmethane hydrocarbons.
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TABLE 2.26 Indian emission standards (four-wheel vehicles)

Standard Reference Date Region

India 2000 Euro 1 2000 Nationwide

Bharat stage II Euro 2 2001 NCR, Mumbai, Kolkata, Chennai
2003.04 NCR, 10 cities”
2005.04 Nationwide

Bharat stage II1 Euro 3 2005.04 NCR, 10 cities”
2010.04 Nationwide

Bharat stage IV Euro 4 2010.04 NCR, 10 cities”

Note: NCR (national capital region) refers to Delhi.
“Mumbai, Kolkata, Chennai, Bengaluru, Hyderabad, Ahmedabad, Pune, Surat, Kanpur, and Agra

Vehicle Regulations (WP.29) as an Observer in the first instance. The government of
India on November 18, 2009, also notified national ambient air quality standards.

Indian Emission Norms The evolution of emission norms introduced in India
over the last decades can be summarized as follows:

1991—Idle CO limits for gasoline vehicles and free acceleration smoke for diesel
vehicles, mass emission norms for gasoline vehicles.

1992—Mass emission norms for diesel vehicles.

1996—Revision of mass emission norms for gasoline and diesel vehicles,
requiring mandatory fitment of catalytic converter for cars in metro-cities
(Delhi, Mumbai, Kolkata, Chennai) on unleaded gasoline.

1998—Cold start norms introduced.

2000—India 2000 (equivalent to Euro I), modified IDC (Indian driving cycle),
Bharat stage II norms for Delhi.

2001—Bharat Stage II (equivalent to Euro II) for all metro-cities (Delhi, Mumbai,
Kolkata, Chennai), emission norms for CNG and LPG vehicles.

2003—Bharat stage II (equivalent to Euro II) norms for 11 major cities.

2005—From April 1, Bharat stage III (equivalent to Euro IIT) norms for 11 major
cities.

2010—Bharat stage III emission norms for four-wheelers for entire country and
Bharat stage IV (equivalent to Euro I'V) for 11 major cities. OBD (diluted Euro
III).

The implementation schedule of emission standards in India is summarized in
Table 2.26.

The standards listed in the table apply to all new four-wheel vehicles to be sold
and registered in the respective regions. In addition the National Auto Fuel Policy has
set emission requirements for interstate buses with routes originating or terminating
in Delhi and in 10 other cities. For two- and three-wheelers, Bharat stage II (Euro 2)
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TABLE 2.27 Indian emission standards for diesel truck and bus engines (g/kWh)

Year Reference CO HC NO, PM
1992 — 17.3-32.6 2.7-3.7 — —
1996 — 11.20 2.40 14.4 —
2000 Euro I 4.5 1.1 8.0 0.36“
2005° Euro II 4.0 1.1 7.0 0.15
2010° Euro II1 2.1 0.66 5.0 0.10

“0.612 for engines below 85kW.
bEarlier introduction in selected regions; see Table 2.25.

TABLE 2.28 Indian emission standards for light-duty diesel vehicles (g/km)

Year Reference CO HC HC+NO, PM
1992 — 17.3-32.6 2.7-3.7 — —
1996 — 5.0-9.0 — 2.0-4.0 —
2000 Euro 1 2.72-6.90 — 0.97-1.70 0.14-0.25
2005¢ Euro 2 1.0-1.5 — 0.7-1.2 0.08-0.17

“Earlier introduction in selected regions; refer Table 2.25.

has been in effect since April 1, 2005 and stage III (Euro 3) standards began to be
enforced on April 1, 2008.

Trucks and Buses Emission standards for new heavy-duty diesel engines—
applicable to vehicles of GVW >3500kg—are listed in Table 2.27. Emissions are
tested over the ECE R49 13-mode test (through the Euro II stage).

Light-Duty Diesel Vehicles FEmission standards for light-duty diesel vehicles
(GVW<3500kg) are summarized in Table 2.28. Ranges of emission limits refer to
different classes (by reference mass) of light commercial vehicles; compare the EU light-
duty vehicle emission standards page for details on the Euro 1 and later standards. The
lowest limit in each range applies to passenger cars (GVW <2500kg; up to six seats).
The test cycle has been ECE+EUDC for low-power vehicles (with maximum
speed limited to 90 km/h). Before 2000, emissions were measured with an Indian test
cycle. Engines used in light-duty vehicles can also be emission tested applying an
engine dynamometer. The respective emission standards are listed in Table 2.29.

Light-Duty Gasoline Vehicles—Four-Wheel Vehicles Emission standards
for gasoline vehicles (GVW <3500kg) are summarized in Table 2.30. The range of
emission limits refers to different classes of light commercial vehicles (compare the
EU light-duty vehicle emission standards page). The lowest limit in each range
regards to passenger cars (GVW <2500kg; up to six seats).

Three- and Two-Wheel Vehicles Emission standards for three- and two-wheel
gasoline vehicles are listed in Tables 2.31 and 2.32.
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TABLE 2.29 Indian emission standards for light-duty diesel engines (g/kWh)

Year Reference CO HC NO, PM
1992 — 14.0 3.5 18.0 —
1996 — 11.20 2.40 14.4 —
2000 Euro I 4.5 1.1 8.0 0.36¢
2005° Euro II 4.0 1.1 7.0 0.15

“0.612 for engines below 85kW.
bEarlier introduction in selected regions, refer Table 2.25.

TABLE 2.30 Indian emission standards for gasoline vehicles, GVW <3500 kg (g/km)

Year Reference CO HC HC+NO,
1991 — 14.3-27.1 2.0-2.9 —
1996 — 8.68-12.4 — 3.00-4.36
1998« — 4.34-6.20 — 1.50-2.18
2000 Euro 1 2.72-6.90 — 0.97-1.70
2005° Euro 2 2.2-5.0 — 0.5-0.7

Note: Gasoline vehicles must also meet an evaporative (SHED) limit of 2 g/test (effective in 2000).
“For catalytic converter fitted vehicles.
bEarlier introduction in selected regions; refer Table 2.25.

TABLE 2.31 Indian emission standards for three-wheel gasoline vehicles (g/km)

Year Cco HC HC+NO,
1991 12-30 8-12 —

1996 6.75 — 5.40

2000 4.00 — 2.00

2005 (BS 1II) 2.25 — 2.00 (DF=1.2)

TABLE 2.32 Emission standard for two-wheeler vehicles (g/km)

Year CO HC HC+NO,

1991 12-30 8-12 — —
1996 4.50 — 3.60 —
2000 2.00 — 2.00 —
2005(BS 1I) 1.50 — 1.50 (DF=1.2)

2.1.5 Emission Standards in China [24]

Along with rapid industrialization, coal power plants and particularly the number of
cars on China’s roads are rapidly growing. The pollution problem became so pro-
nounced that China enacted its first emission control on automobiles in 2000,
equivalent to Euro I standard. This was upgraded to Euro I in 2005. A more stringent
emission standard, National Standard III, equivalent to the Euro III standard, went
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into effect on July 1, 2007. Plans are for the Euro IV standard to take effect in 2010.
Beijing initiated the Euro IV standard on January 1, 2008, and became the first city
in China mainland to be adopted it.

2.2 INDIRECT EMISSION REGULATIONS
(INTERNATIONAL STANDARDS)

Indirect regulations, as mentioned before, can be directives (medium or long term,
5 to 20 years), fuel quality standards, government regulations, or specifications on
engine oils (e.g., low-SAPS lubricating oils) and utilization of aftertreatment cata-
lysts [25,26]. In this book we consider only the harmful materials emission due to
fuel quality and improvements to fuel quality. Figure 2.1 shows the effects of differ-
ent fuel components on emissions.

Fuel quality in different regions of the world is determined and prescripted by
formation of different action plans and directives over the middle and long term (5 to
10 years). Of course, general and specific requirements must first be formed and
refined for engine fuel specifications. This runs currently.

In the United States, there are currently active the 1967 Clean Air Act [5], the
1970 EPA (Environmental Protection Agency), the Society of Automative Engineers’
global Auto-Oil Program [4] and the previously mentioned CARB (California Air
Resources Board) [6,27]. In Europe, Auto Oil Programmes I and II [2-4,15,16],
through the Directives of the European Union [15,16,28,29], provide the general and
specific aims and target data for internal combustion engines and emissions over a
determined period of time.

In the European Union, the two Auto Oil Programs have set the ground work for
legislation of emission limits, and thus for all quality specifications of engine fuels
since 1990. The Auto Oil Programme was a conception of the European Programme
on Emissions, Fuels and Engine Technologies (EPEFE) initiated in cooperation with

Emission Fuel Components
standardized

Lead (metals) <«—— L ead content (metal content)
Hydrocarbons <«—— Boiling point range
Benzene <«——— Benzene content
Olefins <+—— Olefin content
Dienes (butadienes)
Sulfur oxides <«—————— Sulfur content
Aldehydes <«—— Oxygen content
Particles <«——— Aromatics (especially polyaromatics)

T Boiling point range

Nonstandardized parameters
Nitrogen oxides ~ «—————— Nitrogen content

FIGURE 2.1 Effects of fuel components on emissions
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the Association des Constructeurs Européan d’Automobiles (ACEA) and the
European Petroleum Industry Association (EUROPIA). EU legislation concerning
fuel quality results from these associations.

Also an active contributor to EU legislation is an association of European oil com-
panies concerned with fuel industry safety, health effects, and environmental issues.
This association, named CONCAWE (Conservation of Clean Air and Water in
Europe), was founded 1963 to deal with fuel quality and emission standards, air and
water quality, soil pollution, waste management, industrial safety and health, trade of
crude oil products, and related operations of international pipelines [30].

Indisputably, then, it can be stated that the quality of engine fuels has as indirect
effect on emissions of internal combustion engines, and that the critical stake-
holders are vehicle and engine manufacturers, refining and/or hydrocarbon
processing companies, environment protection organizations, and then partly the
standardizer organizations. Indeed, the general quality requirements for modern
gasolines—high energy content and environment friendly blending components
with high efficiency and quality improvement additives—have evolved over many
years. In the developed regions of the world fuels must have the following
characteristics[31]:

* High research and motor octane number
* Balanced octane number distribution

* Be lead free

* Minimal sulfur content (<50, <10mg/kg)
¢ Reduced aromatic content (< 35v/v%)

¢ Low benzene content (<1.0v/v%)

* Reduced olefin content (<18.0v/v%)

* High iso-paraffin content

* Suitable boiling point range

* Suitable vapor pressure (<60 kPa)

* Be halogenic free

* Suitable oxygen content

* Economic application of alternative components (blendability with bio-
components)

* Suitable levels of additives

* Compatible with engine oils

* Suitable cost

* Easy and safe handling

» Formation of relative environment friendly burning product

Similar specifications of fuels have been worked out in the United States, in the
European Union, and in Japan. Concurrently, the leading vehicle and engine manu-
facturers consisting of members from European Automobile Manufacturers’
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TABLE 2.33 Key changes in specifiations of gasolines

WWEFC
Properties Category 1 Category 2 Category 3 Category 4 Category 5
Sulfur content, mgS/kg maximum 1000 1000 30 10 10
Aromatic content, v/v% maximum 50.0 40.0 35.0 35.0 35
Olefinic content, v/v% maximum — 18.0 10.0 10.0 10
Benzene content, v/v% maximum 5.0 5.0 1.0 1.0 1.0
Oxygen content, % maximum 2.7 2.7 2.7 2.7 2.7
Reid vapor pressure, kPa maximum — — — 45-105*  45-105

Note: RFG: Reformulated gasoline, CARB: California Air Resources Board, WWFC: World Wide Fuel
Charter (2006). The dash means “no prescription.”

“depend on geological position and average temperature

WWEC - 2013, 5th edition has just been released incorporating an additional category 5. Refer to original
documents for full details.

TABLE 2.34 Unleaded gasoline—WWFC category 1

Properties Limit
’91 RON research octane number Min. 91
’91 RON motor octane number Min. 82
’95 RON research octane number Min. 95
’95 RON motor octane number Min. 85
’98 RON research octane number Min. 98
’98 RON motor octane number Min. 88
Oxidation stability, minutes 360
Sulfur content, mg/kg 1000
Metal content, mg/L Nondetectable
Oxygen content, % 2.7
Aromatics content, v/v% 50.0
Benzene content, v/v% 5.0
Unwashed gum, mg/100ml 70
Washed gum, mg/100 ml 5
Density, kg/m? 715-780
Copper corrosion Class 1

Note: Additives must be compatible with engine oils (no increase in engine sludge/vanish deposits) and
addition of ash-forming components is not allowed. Good industry practice is to reduce contamination
(dust, water, other fuels, etc.).

Association (ACEA) with 13 members, the Alliance of Automobile Manufacturers
(AAM) with 9 members, the Engine Manufacturers Association with 30 members, and
the Japan Automobile Manufacturers Association (JAMA) with 14 members created the
world wide fuel charter. There are further smaller member companies, and 14 other
associate members and supporting organisations [32]. The main object is to harmonize
the fuel quality specifications with the requirements of engine and vehicle manufac-
turing, and with the different world markets. Together, the four associations collaborated
on and released in September 2006 the quality category specifications each for unleaded
gasolines and diesel gas oils. They based their classifications on the emissions



TABLE 2.35 Unleaded gasoline—WWFC category 2

Properties Limit

’91 RON research octane number Min. 91

’91 RON motor octane number Min. 82.5

’95 RON research octane number Min. 95

’95 RON motor octane number Min. 85

’98 RON research octane number Min. 98

’98 RON motor octane number Min. 88
Oxidation stability, minutes 480

Sulfur content, mg/kg 150

Metal content, mg/L Nondetectable
Phosphorous content, mg/L Nondetectable
Silicon content, mg/kg Nondetectable
Oxygen content, % 2.7

Aromatics content, v/v% 40.0

Olefin content, v/v% 18.0

Benzene content, v/v% 2.5

Unwashed gum, mg/100 ml 70

Washed gum, mg/100 ml 5

Density, kg/m? 715-770
Copper corrosion Class 1

Note: Additives must be compatible with engine oils (no increase in engine sludge/vanish deposits), and
addition of ash-forming components is not allowed. Good industry practice is to reduce contamination

(dust, water, other fuels, etc.).

TABLE 2.36 Unleaded gasoline—WWEFC category 3

Properties Limit

’91 RON research octane number Min. 91

’91 RON motor octane number Min. 82.5

’95 RON research octane number Min. 95

’95 RON motor octane number Min. 85

’98 RON research octane number Min. 98

’98 RON motor octane number Min. 88
Oxidation stability, minutes 480

Sulfur content, mg/kg 30

Metal content, mg/L Nondetectable
Phosphorous content, mg/L Nondetectable
Silicon content, mg/kg Nondetectable
Oxygen content, % 2.7

Aromatics content, v/v% 35.0

Olefin content, v/v% 10.0

Benzene content, v/v% 1.5

Unwashed gum, mg/100 ml 30

Washed gum, mg/100ml 5

Density, kg/m? 715-770
Copper corrosion Class 1

Note: Additives must be compatible with engine oils (no increase in engine sludge/vanish deposits), and
addition of ash-forming components is not allowed. Good industry practice is to reduce contamination

(dust, water, other fuels, etc.).
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TABLE 2.37 Unleaded gasoline—WWFC category 4

Properties Limit

’91 RON research octane number Min. 91

’91 RON motor octane number Min. 82.5

’95 RON research octane number Min. 95

’95 RON motor octane number Min. 85

’98 RON research octane number Min. 98

’98 RON motor octane number Min. 88
Oxidation stability, minutes 480

Sulfur content, mg/kg 10

Metal content, mg/L Nondetectable
Phosphorous content, mg/L. Nondetectable
Silicon content, mg/kg Nondetectable
Oxygen content, % 2.7

Aromatics content, v/v% 35.0

Olefin content, v/v% 10.0

Benzene content, v/v% 1.0

Unwashed gum, mg/100ml 30

Washed gum, mg/100 ml 5

Density, kg/m?3 715-770
Copper corrosion Class 1

Note: Additives must be compatible with engine oils (no increase in engine sludge/vanish deposits), and
addition of ash-forming components is not allowed. Good industry practices is to reduce contamination
(dust, water, other fuels, etc.).

regulations and efficiency potentials for each market (shown in Tables 2.33 to 2.37
for gasolines):

* No regulation or low regulation of emission; basic engine and vehicle efficiency
and emission formation

* Rigorous emission regulation or other market demands
* Improved emission regulation or other market demands

* Improved emission regulation, as applicable to possible NO_ converter
technologies

Of course, in each country and region specifications of gasolines are different.
Table 2.38 shows the main EU specified quality parameters of gasoline, compared
with those in the United States (as well as in California) and in Japan.

For diesel fuels, the general requirements pertaining to quality are the following
form [26,33]:

* Energy compliance with operational parameters of diesel engines
* Easily processed

* Small emissions of harmful substances during processing

¢ Availablility in high quantities of consistent quality
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TABLE 2.39 Key changes in the specifications of gasoils

WWEC WWEC WWEC WWEC

Properties Category 1 Category 2 Category 3 Category 4
Cetane number, minimum 48 51 53 55
Density, kg/m? 820-860 820-850 820-840 820-840
Total aromatic content, %, — 25.0 20.0 15.0

maximum
Policyclic aromatic content, — 5.0 3.0 2.0

%, maximum
Sulfur content, mg/kg, 2000 300 50 10

maximum

Note: WWFC: WorldWide Fuel Charter (2006). The dash means “no requirement.”
WWEC - 2013, 5th edition has just been released incorporating an additional category 5. Refer to original
documents for full details.

* High energy content

* Low volatility

* Vaporizable in required quantities

* Easily pumped

* Adequate viscosity

* Low sulfur content (< 10 mg/kg)

* Reduced aromatic content (< 20-25% mg/kg)

* Low polyaromatic content (< 2—-8%)

* Not cause corrosion

* Good lubricity

* Good thermal stability

* Good chemical stability

» Economical application of alternative blending components (miscibility)

* Compatibility with lubricants

* Not be toxic

» Easy and safe handling (storage, distribution, retail)

* Low production cost compared to other fuels

* Low noise level

* Odorless burning products in exhaust gas

* Nonpolluting and noncorroding unburned fuel components in piston or any
engine part

* Additivation at required levels

» Exhaust gas composition slightly or not at all harmful for living organisms

The corresponding four quality categories as defined for diesel fuels in the WWFC
are listed in Tables 2.39 to 2.44 [32]. Summarized in Table 2.44 are the most critical
specifications of diesel fuels to be abided by industrially advanced regions.
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TABLE 2.40 Diesel fuel—WWEFC category 1

Properties Limit
Cetane number Min. 48
Cetane index Min. 48
Density on 15 °C, kg/m? 820-860
Viscosity on 40 °C, mm?*/s 2.04.5
Sulfur content, mg/kg Max. 2000
T95, °C Max. 370
Flashpoint, °C Min 55
Carbon residue, % Max. 0.30
Water content, mg/kg Max. 500
FAME content, v/v% Max. 5
Copper corrosion Class 1
Ethanol/methanol content, v/v% Nondetectable
Ash content, % Max. 0.01
Particulate contamination, mg/kg Max. 10
Lubricity (HFRR) wear scar diameter at 60 °C, micron Max. 400

Note: Additives must be compatible with engine oils, and addition of ash-forming components is not
allowed. Good industry practice is to reduce contamination (dust, water, other fuels, etc.). Also adequate
labeling of pumps must be defined and used.

TABLE 2.41 Diesel fuel—WWEFC category 2

Properties Limit
Cetane number Min. 51
Cetane index Min. 51
Density on 15°C, kg/m? 820-850
Viscosity on 40 °C, mm?s 2.0-4.0
Sulfur content, mg/kg Max. 300
Total aromatics content, % Max. 25.0
PAH content, % 5.0

T90, °C Max. 340
T95, °C Max. 355
Final boiling point, °C 365
Flashpoint, °C Min. 55
Carbon residue, % Max. 0.30
Water content, mg/kg Max. 200
FAME content, v/v% Max. 5.0
Copper corrosion Class 1
Ethanol/methanol content, v/v% Nondetectable
Ash content, % Max. 0.01
Particulate contamination, mg/kg Max. 10
Lubricity (HFRR) wear scar diameter at 60 °C, micron Max. 400

Note: Additives must be compatible with engine oils, and addition of ash-forming components is not
allowed. Good industry practice is reduce contamination (dust, water, other fuels, etc.). Also adequate

labeling of pumps must be defined and used.



TABLE 2.42 Diesel fuel—WWFC category 3

Properties Limit
Cetane number Min. 53
Cetane index Min. 53
Density on 15 °C, kg/m? 820-840
Viscosity on 40 °C, mm?*/s 2.0-4.0
Sulfur content, mg/kg Max. 50
Total aromatics content, % Max. 20.0
PAH content, % 3.0

T90, °C Max. 320
T95, °C Max. 340
Final boiling point, °C Max. 350
Flashpoint, °C Min. 55
Carbon residue, % Max. 0.20
Water content, mg/kg Max. 200
FAME content, v/v% Max. 5.0
Copper corrosion Class 1
Ethanol/methanol content, v/v% Nondetectable
Ash content, % Max. 0.01
Particulate contamination, mg/kg Max. 10
Lubricity (HFRR) wear scar diameter at 60 °C, micron Max. 400

Note: Additives must be compatible with engine oils, and addition of ash-forming components is not
allowed. Good industry practice is to reduce contamination (dust, water, other fuels, etc.). Also adequate
labeling of pumps must be defined and used.

TABLE 2.43 Diesel fuel —WWFC category 4

Properties Limit
Cetane number Min. 55
Cetane index Min. 55
Density on 15°C, kg/m? 820-840
Viscosity on 40 °C, mm?/s 2.0-4.0
Sulfur content, mg/kg Max. 50
Total aromatics content, % Max. 15.0
PAH content, % 2.0

T90, °C Max. 320
T95, °C Max. 340
Final boiling point, °C Max. 350
Flashpoint, °C Min. 55
Carbon residue, % Max. 0.20
Water content, mg/kg Max. 200
FAME content, v/v% Max. 5.0
Copper corrosion Class 1
Ethanol/methanol content, v/v% Nondetectable
Ash content, % Max. 0.01
Particulate contamination, mg/kg Max. 10
Lubricity (HFRR) wear scar diameter at 60 °C, micron Max. 400

Note: Additives must be compatible with engine oils, and addition of ash-forming components is not
allowed. Good industry practice is to reduce contamination (dust, water, other fuels, etc.). Also adequate
labeling of pumps must be defined and used.
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TABLE 2.44 Changing of the quality specifiations of gasoils

European Union

US and CARB EN 590 Japan  WWEC

Properties (2008) (2009) (2007) Category 4
Cetane number, minimum 53 51 50 55
Density, kg/m? — 820-845 <860  820-840
Total aromatic content, % 10 — — 15

maximum 15-20*
Policyclic aromatic content, 3.5 8.0 — 2.0

% maximum (2.0-4.0)*
Sulfur content, mg/kg 15 10 10 10

maximum

Note: CARB: California Air Resources Board; WWFC: WorldWide Fuel Charter (2006). The dash means
“no requirement.”
“Requirement expected in the near future.

0.6

m Gasoline

<0.2 <0.05 (500 mg/kg) m Diesel fuel

0.5 4205

0.4 4
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01.10 01. 10 01.01 01.01 01.01
Year

FIGURE 2.2 Changing of sulphur content of gas oils and gasolines in the European Union

The data clearly show that the quality of diesel fuels have been continuously
improved over the last two decades. Especially, the maximum allowable sulfur
content of diesel fuels has been substantially reduced from the level 2000-5000 mg/
kg to the level 10 to 50mg/kg (see Figure 2.2). The 10 mg/kg maximum allowable
sulfur content was not implemented for further reducing the harmful effect of the SO_
emission due to sulfur sensitivity to the exhaust gas treating catalyst. For example,
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the NO_ emission can be reduced indirectly by the activity of the SCR (selective
catalytié reduction) system. In regard to the polyaromatic content, the reduction in
the particulate matter emission leads to better combustion overall.

Clearly, among the motor gasoline and diesel fuel quality requirements of
WWEC category 4, the standards of developed countries, as demanded by
engine and vehicle manufacturers in respect to the quality of fuels, are stricter
than the specifications for developing regions. European Union has thoroughly
standardized the high isoparaffin content diesel gas oils. They are to be produced
from renewable sources, from natural triglycerides, biomass waste, and using
Fischer—Tropsch synthesis. The diesel gas oils are ranked by three different
groups [34]:

* Gas oil product from Fischer—Tropsch synthesis (XTL),
* Hydrotreatment of vegetable oils (HVO),
» Conversion of light olefins to distillates (COD).

Table 2.45 gives the main properties of these products (CWA 15940). From the table,
it is clear that these product have high cetane numbers, low temperatures, and high
hydrogen contents, enabling cleaner burning.

In the next chapters we will explore ways in which the production of fuels affects
internal combustion engines. We will consider both the fossil and the alternative
sources. We will introduce the blending components, additives, the theory and the
practice of the fuel blending, and the most important analytical and performance
properties.
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I CHAPTER 3

Fuels from Crude Oil (Petroleum)

3.1 CRUDE OIL

Crude petroleum (crude oil), as it comes out of a well, contains impurities such
as water, salts, and dispersed solids (dust and dirt). These impurities have to be
removed before the oil is transported. Crude oil is desalted and dewatered, again,
prior to processing it in an oil refinery. Dispersed solids are then separated by
settling and dissolved salts and water are separated by desalting/dewatering
chemicals (usually surface active compounds) with a high electrical potential
to agglomerate and separate salts associated with water in the crude oil. The
process is called electrostatic desalination, which involves washing the crude
with water, mixing in chemicals, and settling the oil mixture under electrostatic
potential [1,2].

Desalted crude oil is a natural material that contains hydrocarbons (com-
pounds from carbon and hydrogen), heteroatoms containing compounds (metal,
sulfur, nitrogen, oxygen), resinous and asphaltenic compounds. Generally, the
elemental composition of conventional crude oil varies in the following
ranges [1-3]:

Carbon: 83.0-87.0wt%; hydrogen: 10.5-13.5wt%; sulfur: 0.05-6.0 wt%,
nitrogen: 0.02—-1.7 wt%; oxygen: 0.05-1.8 wt%; metals: 0.00-0.15 wt%.

The types of hydrocarbons occurring in the crude oil are as follows: (strongly
depend on the origin of crude oil)

* Straight-chain paraffins or alkanes (40—45 wt%):
o Normal paraffins or linear alkanes, for example,

CH,-CH,-CH,-CH,-CH, CH,~(CH,) -CH,
n-Pentane

where n=ca. 3-50

Fuels and Fuel-Additives, First Edition. S. P. Srivastava and Jend Hancsék.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.
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o Branched alkanes or isoparaffins, for example,

CH;—CH—CH,—CH, ~CH,~(CH,),~CH,~CH-
CHj —(CH,),,—
Isopentane

where (n+m)<60

C,-C, straight-chain paraffins are in the gaseous state at a temperature of 20 °C and
atmospheric pressure. C~C,  paraffins are in the liquid state, and they occur in the
lighter fractions of the crude oil (naphtha, kerosene, gasoil). C , and heavier hydro-
carbons under normal conditions (20 °C, 1bar) are in the solid state, and they occur
dissolved in the higher boiling point fractions (gasoils and base oils).

* Cycloparaffins (40—45 wt%), for example:

O @

Cyclopentane Cyclohexane

OGS
Alkyl-cyclohexane Decahydronaphthalene

R: alkyl group

Cycloparaffins (or naphthenes) with five- or six-membered ring and their lighter
alkyl derivates (C~C,) occur in naphthas, while other non-aromatic cyclic compounds
with higher boiling points occur in kerosene, gasoil and base oil fractions.

* Aromatic hydrocarbons:
o Monoaromatics, for example,

RI \Q/Rz
R3

Benzene Benzene derivates

R1:<2-50; R2 and R3: 0-20

o Polyaromatics, for example,

Biphenyl Antracene
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Benzene and its homologues with their alkyl sides are in the lighter fraction. Polyring
and partially saturated polyring aromatics and their alkyl and dialkyl derivates occur
in the heavier fractions (gasoil, base oil).

¢ Olefins (alkenes):
o Open-chain unsaturated hydrocarbons rarely (usually <0.1%) occur in crude oil.

o These compounds are produced in refinery conversion technologies.
e Sulfur compounds (typical sulfur content of conventional crude oil is 0.6-0.8 wt%):
o H,S (hydrogen-sulfide)
o Mercaptanes: R-SH (R: hydrocarbons with a carbon number of 3-30)
o Mono- and disulfides, R-S-R’ (R, R’: alkyl groups),

CH,-S-CH,, CH-S-CH,,
dimethyl-sulfide ethyl-methyl-sulfide
CH,-S-S-CH,, CH-S-S-C H,,
dimethyl-disulfide diethyl-disulfide

o Thiophenes,

o ey O
S S S S
Thiophene Alkyl-thiophenes Benzothiophenes Dibenzothiophenes
R: alkyl groups

* Nitrogen-containing compounds (typical nitrogen content of conventional crude
oils is 0.05-0.1 wt%):

o Amines,
NH,

R—NH2’©

where R: <3-30.
o Nitriles, R—CN, where R: <3-30.
Pyridine derivates (pyridine, quinoline, acridine) (basics),

| — X | \
N N N
o Pyrrole derivates (pyrrole, indole, carbazole),

* Oxygen-containing compounds:
o Aliphatic carboxylic acids, R-COOH

o
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o Naphthenic (carboxylic) acids (in the highest proportion),

[0}

WOH

o Furan derivates,

R: alkyl groups
o Phenols,

@ ’ RGO
OH

R: alkyl groups

* Resinic and asphaltenic compounds, for example:
o Asphalthenes (M >3000 g/mol, C/H=0.79),

o Resins (M =800 g/mol, C/H=0.72),

@
©©©©-

o Other polyaromatic compounds (M =400-600 g/mol, C/H=0.54),

* Metal-containing compounds (especially Ni: Nickel and V: vanadium containing
compounds), for example:
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R

Metallic compounds mainly occur in the resinic and asphaltenic parts.

3.2 CRUDE OIL REFINING

Crude oil is a hydrocarbon mixture with a very wide boiling point range. Crude oil is
first separated to narrower boiling range fractions, depending on the final product
demand, mainly by distillation processes. These fractions are then transported to one
or more different conversion and/or separation processes, and after additivation,
the required products are obtained. Figure 3.1 shows a basic flow system of a flexible
modern refinery that produces both naphtha and gasoil [4].

In advanced crude oil processing (in a modern oil refinery) the processes used to
achieve high white product (gasoline, kerosene, and diesel) yields can be divided into
two main groups:

* Separation and recovery processes
* Conversion processes
o Without change of feedstock carbon number
o With change of feedstock carbon number (increase or decrease)

3.2.1 Separation and Extraction Processes

Separation and extraction processes are carried out based on the difference in physical
properties of the hydrocarbons. In the refining industry, during distillation, which may be
carried out either at atmospheric pressure or in a vacuum, compounds are separated based
on their relative volatility. Liquid-liquid extraction may also be used in refining. And it is
widely used in recovery of aromatic hydrocarbons from naphtha and in heavy-base oil
production (in extraction of bright-stock). In addition, the following processes are gener-
ally used in the petroleum industry:

* Adsorption (e.g., hydrogen/hydrocarbon separation)
* Absorption (e.g., in removing H,S from H,S-containing hydrogen gas)
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FIGURE 3.1 Basic scheme of modern crude oil refinery system used for motor gasoline and diesel fuel production
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* Molecular sieve filtration (depending on size of molecules, e.g., in separation of
normal and isoparaffins)

* Crystallization (depending on the difference of freezing points, e.g., for light
and medium raffinate)

* Other separation technologies (e.g., in supercritical extraction or membrane
separation)

Distillation of the Crude oil to Fractions Crude oil refining starts with
atmospheric and vacuum distillation. During atmospheric distillation, crude oil is
separated to various fractions with narrow boiling ranges at atmospheric pressure.
The crude oil then interchanges heat with product distillates in a heat exchanger
train, where it is partly vaporized in a tube furnace at temperatures of 280 to 340 °C
prior to being fed to a distillation column that contains trays or partly structured
packing. (Under these conditions, the thermal decomposition/coking of hydrocar-
bons is negligible; for, such simplified flow schemes, refer to Figures 3.2 and 3.3[5].)
The vapor- and liquid-phase components are separated next in the evaporation zone

Fuel and LPG gas

Light naphtha

D

Crude oil

A ﬂk

A

Plates < Heavy naphtha

Steam C

Steam

I

A

\

Kerosene

:

\

Steam | Light gasoil
(

I

A

\

Steam —/——

[

Furnace

Steam Heavy gasoil

—/

Strippers Heat exchangers

A

tmospheric residue
Vs

()
/T

¢_v
‘|‘|
|

A

FIGURE 3.2 Flow scheme of atmospheric distillation
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FIGURE 3.3 Atmospheric distillation column with improved distillation efficiency

of the distillation column. The light components in the vapor phase rise upward,
while components with higher boiling points condense due to the down flow of the
cold liquid (reflux). In the vapor phase the hydrocarbons with the lowest boiling
points (below 120-135°C) exit the column at the top. After condensation, the
overhead product is separated into gas (C,-C, gases) and liquid (light naphtha)
products. In the order of their increasing boiling points, these fractions are heavy
naphtha, light kerosene, and heavy gasoils (Figure 3.4) [6].

These fractional distillates are not separated into very precise chemical
compounds. These product fractions consist of mixtures with overlapping boiling
ranges, and the lighter fractions are removed by stripping in a later operational unit.

The heavy hydrocarbons that remain in the liquid phase flow down from the
evaporation zone. The dissolved lighter compounds are stripped by the steam at the
bottom of column. The product that settles at the bottom is called atmospheric
residue. This fraction may be used as heating oil. A commonly used alternative is to
feed the residue to a vacuum distillation unit to produce further distillates and base
oil. It also can be routed to any residue upgrading unit to convert heavy components
into valuable light products.

No further separation of the atmospheric residue can be carried out by distil-
lation at atmospheric pressure once the molecules start to break down (referred
to as decomposition or cracking) at higher temperatures. However, the residue
can still be separated in a vacuum distillation unit by employing low pressure
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FIGURE 3.4 Carbon numbers and boiling points of oil products

(usually 5-10 kPa). At low pressures, the distillation proceeds without the
molecules cracking. The heavy vacuum gas oil is separated at a temperature of
approximately 150°C, and lubricating oil (base oil) cuts can be obtained at a
temperature range of 250-350°C, (usually light, medium, and heavy cuts are
drawn off; see Figure 3.5) [6]. The vacuum gasoil can be further processed for to
produce light lubricating oils or routed to the conversion units to increase the
yields of valuable light hydrocarbon products. The residue collected at the bottom
of the vacuum column, called vacuum residue is then used as feedstock for
bitumen and heavy-base oil production. At very high pressures, the residue can
also be catalytically converted to high-value products.

To produce feedstock for cracking technologies, heavy vacuum gasoil (HVGO) is
required. This is produced by dry vacuum distillation, that is, without the use of
steam (Figure 3.6) [5]. The vacuum for this process is generated either by a barometric
condenser with a steam jet ejector or by a vacuum pump.
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FIGURE 3.5 Vacuum distillation of atmospheric residue

3.2.2 Change of Quality and Yield of Hydrocarbon Fractions

The crude petroleum found in different geographical regions has wide variation
in its chemical composition. Therefore the yields of the distillates vary accord-
ingly. The market demands products with constant quality and quantity, and for
that reason there are secondary, tertiary, and subsequent, conversion processes
that add flexibility to the production process, allowing production to shift in the
direction of market-driven products. For example, currently there is an increased
demand for engine fuels, namely for gasoline in the United States and for diesel
in India and in the European Union. Technologies are consequently employed in
modern refineries to meet both types of product quality specifications based on
market demand.

Conversion of straight-run distillates results in a higher yield of more valuable
products. The options are as follows:
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FIGURE 3.6 Packed distillation column producing heavy distillates

* Change of H:C ratio
o Increase

= hydrogen intake
= carbon removal (e.g., coking)
o Decrease (e.g., catalytic naphtha reforming)

* Change of the molecule weight:
o Larger molecules from smaller ones (e.g., alkylation, oligomerization,
etherification)

o Smaller molecules from larger ones (e.g., thermal, catalytic and hydroc-
racking; coking)

Conversion Processes In refining conversion processes, the chemical
structure of the hydrocarbons in the feedstock can be changed in lower or
higher degrees. One way to accomplish this is without changing the carbon
number of molecules (as during desulfurization, skeletal isomerization, etc.). The
other way is to change the carbon number. The carbon number can be changed in
two different ways. One way is to increase carbon number, by converting the
hydrocarbon with a lower carbon number into a more valuable hydrocarbon with
a higher carbon number. Some examples are oligomerization of C;~C; olefins to
naphtha, kerosene, and gasoil by different boiling ranges of hydrocarbons or
alkylation of isobutane with olefins to isoparaffins with naphtha by boiling ranges
of isoparaffins. The other way is to change the carbon number by decreasing it;
that is, the hydrocarbon with a high carbon number is converted into a more
valuable hydrocarbon with lower carbon number. For example, by thermal and
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catalytic cracking, or hydrocraking, high molecular weight hydrocarbons can be
changed to valuable, low molecular weight such as naphtha and gasoil.

Classification of Conversion Processes
Basically there are thermal and catalytic processes.

Thermal processing changes the molecules’ size and structure due to the effect of
heat, with decomposition or cracking occurring mainly at high temperatures [5,6].
These process can take the form of:

* Thermal cracking
* Visbreaking (possible in the presence of hydrogen as well)
» Coking (delayed coking, fluid coking, flexi-coking)

Catalytic conversion processes (conversion processes in the presence of catalysts)
can be divided into two groups based on the presence or absence of hydrogen [5,6]
Catalytic conversion processes without applying hydrogen take the form of:

 Catalytic cracking (fixed, moving, or sliding and fluid bed reactors)
* Alkylation of isobutane with olefins
* Oligomerization of light olefins (with carbon numbers of 3-5)

* Synthesis of ethers (by the reaction of isobutylene or isoamylene with methanol
or ethanol)

Catalytic conversion processes in a hydrogen atmosphere enable:

* Heteroatom removal by hydrogenation (sulfur, nitrogen, and oxygen removal)
* Hydrocracking

» Hydroisomerization (e.g., affecting the skeletal rearrangement of naphtha and
the base oil boiling range of hydrocarbons)

* Hydrogenation paraffin conversion (e.g., causing mainly isomerization and
mild cracking of the n-paraffin hydrocarbons that are in the gas oil or base oil
boiling range to create target products)

* Reforming of naphtha (to produce gasoline blending components with high
octane number and aromatic content and/or to produce feedstock for the extrac-
tion of unique aromatic compounds)

* Aromatic saturation with hydrogen (reducing the aromatic content of middle
distillates and base oil fractions with catalytic hydrogenation to produce
kerosene, gasoil and white oils for the cosmetics and pharmaceutical industry)

* Hydrofinishing (at conventional base oil production, the final refining of the
solvent extracted oil with reduced paraffin content under mild conditions beside
the low degree of desulfurization and denitrogenation to enhance the stability
and quality of the product)
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There are further some technologies where both variants of these catalytic processes
can be found. Such technology is the indirect alkylation: dimerization of isobu-
tylene with itself or with other C-olefins in absence of hydrogen, then the catalytic
hydrogenation of the generated C,-olefins to isooctanes. The production of middle
distillates by oligomerization of the light olefins and the subsequent hydrogenation
of the produced isoolefins to their end products consists of these steps.

In this book, however, we are concerned only with engine fuels and their
additives, and thus the refinery processes that are suitable for producing the two
main engine fuel types, namely gasoline and diesel, which we categorize and
discuss accordingly.

Production of Crude Oil Based Motor Gasoline-Blending Components
Gasoline is a motor fuel with high energy and good antiknock properties (due to a
high octane number). MoGas is a blend of conventional (crude oil based) and
alternative blending components, with additives used to ensure that product quality
standards are achieved [7].

Refinery technologies have been developed to produce gasoline-blending compo-
nents that are essential to raising the compliance of motor gasolines with the quality
specifications and the projected quantity demand. The main quality requirements are
as follows [7]:

* High research and motor octane number (RON: min. 95-98; MON: min. 85-95)
* Low sulfur content (< 10-15mg/kg)

¢ Low benzene content (< 0.5-1.0v/v%)

¢ Reduced aromatic content (< 25-35v/v%)

¢ Reduced olefinic content (< 10-18 v/v%)

¢ Unleaded (free of metals)

* Free of halogens

* Can be blended with alternative components

» Appropriate volatility (vapor pressure, distillation curve)

» Additives in appropriate quality and quantity

» Nontoxic

* Ease of handling

* The pollution of exhaust products on the environment as little as possible
* Low production costs

* Consistent quality

In the oil industry, the main processes used to increase the octane number and
improve the quality of the gasoline-blending components are the following [6]:

¢ Desulfurization
¢ Dimerization
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 Alkylation (direct and indirect)

* Ether synthesis

* Hydroisomerization of n-paraffins
* Catalytic naphtha reforming

* Catalytic cracking

Some other processes used in producing gasoline-blending components that requires
further improved quality are as follows [6]:

* Hydrocracking of distillates and residues

* Thermal cracking

» Coking (delayed, fluid and flexi-coking)

* Visbreaking

* Medium and heavy distillates, as well as catalytic hydrodesulfurization of residues
* Catalytic processes of base oil production

Feedstocks of processes producing gasoline-blending components are straight-run
naphthas, vacuum distillates, and various residues. Straight-run naphthas with an
octane number of 80 or above can only be blended into the gasoline pool. Otherwise,
the octane number is improved by conversion of the straight-run naphthas [6].

Gasolines mainly consist of hydrocarbons in the approximate boiling ranges of
20-185°C (max. 210°C), and they have carbon numbers of 5 to 11 (see Figure 3.4).
The main characteristics of the hydrocarbon groups in motor gasoline are listed in
Table 3.1 [6].

Gasoline-blending components with high octane numbers have been proved to be
beneficial. These gasoline-blending components are produced by:

* Upgrading naphthas with low octane numbers (e.g., isomerization, reforming)

* Separating heavier molecular weight hydrocarbons (e.g., C.-C; isoparaffins by
alkylation) from lighter molecules (e.g., C —-C,)

¢ Cracking long-chain hydrocarbons (>C,-C,,) into shorter molecules with
carbon numbers of 5 to 11 (e.g., catalytic cracking).

Naphtha desulfurization technologies are discussed in the following section.

Desulfurization of Naphtha Fractions Naphtha desulfurization must comply
with product quality standards [7]:

* to prevent catalyst poisoning in downstream processes

* to prevent corrosion (refinery equipment and vehicles)

* to protect catalytic converters of vehicles

* to meet general and specific environment protection regulations
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There are options for desulfurization of naphtha that involve different boiling
ranges (yielding light, middle, heavy, and full-range naphthas). In the modern
refinery, the full-range naphtha that is produced via atmospheric distillation is
directly desulfurized for the economic reason of saving energy. Then it is routed to
redistillation to produce naphtha fractions with narrower boiling ranges. The quality
of these fractions is subsequently improved in downstream catalytic process units
(see Figure 3.1). In less modern refineries, each naphtha feedstock to the catalytic
conversion units is desulfurized separately.

Various sulfur compounds are present in the different naphtha fractions. These
compounds can be mercaptans (e.g., ethyl-mercaptan, n-nonyl-mercaptan), sulfides
(e.g., dimethyl-sulfide, n-butyl-sulfide), disulfides (e.g., dimethyl-disulfide, ethyl-
disulfide) and/or thiophenes (e.g., thiophene, benzothiophene). Generally, there are
two warp to desulfurize naphtha fractions (boiling point range: 20-70 °C). For light
naphtha, the malodorous and very corrosive mercaptans (thiols) are extracted by an
alkali wash (a solution of NaOH, KOH +additives to improve solvency). The alkali
wash is followed by steam flush-out. The sulfur content of the end product is
<2-10mg/kg [1-3].

The remaining mercaptanes are oxidized by exposing to air the disulfides that are
less corrosive. Any remaining thiols that cannot be dissolved in the excess alkali
solution, are oxidized by a cobalt compound (e.g., cobalt phthalocyanine) catalyst
that is added to the base solution [1-3].

The second, more economical way is to desulfurize the medium, heavy, and
full-range naphtha fractions (typical boiling point ranges of 65-120°C; 110-210°C;
30-220°C, respectively) by catalytic hydrogenation. For example, with the
CoMo/AlO,, NiMo/AlL O, catalyst at 280-320°C temperature, 20-35bar pressure,
3.0-5.0-h! liquid hour space velocity (LHSV: flow of feedstock in m? through 1-m?
catalyst during 1 hour catalyst at normal condition of 20°C and 101.3 kPa), and
a 100-250Nm*m?® hydrogen/hydrocarbon ratio, the sulfur is removed from each
sulfur compound as hydrogen-sulfide simultaneously by saturating the unsaturated
hydrocarbons (see Figure 3.7). These products have a sulfur content of <1-10mg/kg
depending on the desired end product.

For the desulfurization of the naphtha fractions produced by thermal and catalytic
cracking processes (e.g., FCC, coking), there are a number of options, (namely adsorp-
tion, oxidation, hydrogenation, or alkylation) [7—14]. The most economical, and there-
fore industrially widely used, is selective hydrogenation with a special CoMo/ALO,
[7,15] (or even NiMo, Pt, Pd/USY [7,15]) catalyst. This catalyst is developed espe-
cially for desulfurization. The unfavorable olefin saturation reactions cause significant
octane number loss (the octane numbers of the olefins are higher by 10 to 30 units than
the octane numbers of the n-paraffins with the same carbon number), and this happens
at a low rate. For this reason the process is called selective hydrogenation.

The feedstock is processed in the cracked naphtha at an initial boiling point of
70-90°C, and it contains as high as 20-100 mg/kg sulfur. The resulting sulfur content
of the stabilized product is less than 2—-10mg/kg and the octane number loss is as low
as 1.0-2.5 units at process conditions of 180-260°C, 20-30bar, LHSV of 1.0-3.0h™!,
and 150-250 Nm?*/m? hydrogen/naphtha volume ratios.
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FIGURE 3.7 Basic scheme of heteroatom removal of naphthas by catalytic hydrogenation

During hydrodesulfurization of naphthas, other heteroatoms, namely nitrogen and
oxygen, may be converted and removed as ammonium and water, and the extent of
this depends on the composition of the catalyst used and the process parameters
applied [9].

Processes of Producing Gasoline-Blending Components with High Octane
Numbers

DIMERIZATION AND OLIGOMERIZATION OF LIGHT OLEFINs Unsaturated dimers,
trimers, tetramers, and even higher molecular weight liquid products may form
during the catalytic oligomerization (a low-degree polymerization of 2—-6 mole-
cules) of the olefins with carbon numbers of 3 to 5 that are obtained from the
cracking technologies (Figure 3.8) [16]. The dimers can be a blend of gasoline
components, while the trimers and higher molecular weight compounds can be a
blend of middle distillate components (Jet, gasoil), after saturation (hydrogena-
tion) of the olefinic double bonds. The catalysts used in oligomerization are con-
ventionally phosphoric acids at temperatures of 150-250°C and pressures of
15-70bar. [3]. In more recent times, the catalyst support has been either ion
exchange resin operating at 75-90 °C and 15-25bar [17,18] or zeolites operating
at 200-280 °C and 10-50 bar [19] and ionic liquids [3,20,22]. The yield of C-C,
and C,,, compounds is controlled by the reaction conditions. The research octane
number of the oligomer gasolines produced from propene and butane is about 95,
but its motor octane number is only about 83.
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FIGURE 3.8 Basic mechanism and reactions of the oligomerization of isobutene

ALKYLATION In the crude oil industry, the term of “alkylation” means the
alkylation of isobutene with C,—C, olefins (direct alkylation) [1-3,7,16] or the
dimerization of isobutylene mostly with C, olefins (including isobutylene), and
the hydrogenation of the produced iso-C;~ product mixture to isoparaffins having
carbon number 8 (indirect alkylation) [7,16,23].

In direct alkylation, mainly C,—C olefins and isobutylene-rich fractions from
FCC technology are used as feedstocks, with strong acid catalysts (sulfuric acid
[1-3,16,24,25], hydrogen fluoride [1-3,25], and lately solid super acids [26-29])
being employed. Reactions take place through tertiary butyl carbenium ions

[1-3,16].
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Reactions The initial reaction of proton to isobutene, for example, is as follows:

CH, CH,

CHfC=CH, + H' —> CHC—CH,

With the addition of a strong acid, the reaction is

CH CH

3
CHyC*—CH,  H,C=C—CH, .
+ > CHyC—CH;C—CH,

CH, CH,
’ CH,
Chain propagation
CH, CH, CH, CH,
N CH;-CH—CH, +
CHyC—CH;C—CH, 4+ ——— CHyC—CH;CH—CH, 4 CH;jC—CH,
CH, |
CH, ’ CH, CH,
2,2,4-TMP

Chain termination

CHyC*—CH, — CH;-C=—CH, + H*

CH, CH,

Besides these main reactions, hydrogen transfer, isomerization, polymerization,
cracking and especially, in case of liquid catalysts, complexes of the catalysts may
from as well. Exothermic reactions occur at a temperature of about 5-10°C in the
case of the sulfuric acid catalyst and 25—40 °C in case of the HF catalyst, at pressures
of about 20bar and 15 bar, respectively. The isobutylene/olefin ratio is between 10
and 20 per volume [1-3,24,25]. The carbon number of the end products is obtained
by summing the carbon numbers of isobutylene and the olefin reactants. The general
composition and octane numbers of the alkylates produced with the different catalysts
using the same feedstock are [30]

Catalyst Reaction Product RON/MON
C/C-C/CJC,,, %

H2S04 7/76/10/7 95.6/93.6

HF 2/91/4/3 95.7/94.2

Solid acid 5/71/11.5/12.5 97.0/93.2

When the carbon number of the olefins is 3 or 5, the octane number of the alkylate is
3 to 4 points lower than that of the alkylate produced from the C, olefins.

In indirect alkylation, the dimerization of the olefins results from the ion exchange
with the resin or zeolite. One component of the feedstock is isobutylene (a C, fraction
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TABLE 3.2 Octane numbers of isooctanes obtained with oligomerization of isobutene
and different butenes and then hydrogenation of isooctenes

Isobutene

Reaction with Isomer of Isooctane RON MON
1-Butene 2,2-Dimethyl-hexane 72.1 77.6
1-Butene 2,3-Dimethyl-hexane 71.5 78.8
2-Butene 2,3,4-Trimethyl-pentane 102.5 95.8
2-Butene 2,3,3-Trimethyl-pentane 106.0 99.6
2-Butene 2,2,3-Trimethyl-pentane 109.8 99.8
Isobutene 2,2,4-Trimethyl-pentane 100.0 100.0

from either FCC or steam cracking technologies, or produced by dehydrogenation of
isobutane), and generally the other component is an olefin with also a carbon number
of 4 [23,25,31,32]. The octane numbers of iso-CS-oleﬁns and isooctanes produced by
hydrogenation of iso-C-olefins are listed in Table 3.2.

ISOMERIZATION OF LIGHT NAPHTHA In the crude oil industry, the definition of
“isomerization” relates to the skeletal realignment of low-value hydrocarbons with
less favorable properties to isoparaffins with desirable properties. The process takes
place without change of carbon number; that is, the number of carbons in the feed-
stock is equal to the number of carbons in the product.

With the isomerization of n-butane, isobutane is produced, and this is basically the
feedstock of the alkylate production [1-3,7]. Furthermore isobutylene can be pro-
duced by dehydrogenation of isobutene, which can be the feedstock of the synthesis
of alkylates in indirect way or ethers (e.g., methyl-tertiary-butyl-ether: MTBE; (bio)
ethyl-tertiary-butyl-ether: (bio) ETBE) [23].

The isomerization of n-butane is carried out in fixed bed reactors connected in a
series on platinum (0.3-0.4%)/alumina/chlorine (8—10%) catalyst at conditions of
130-200°C, 20-35bar, 1.5-2.5 m*/m*h liquid hourly space velocity, and a hydrogen—
hydrocarbon mol ratio of 2-3. The isomerization product has a yield of at least
98.5% on a volume basis and contains about 50-60v/v% isobutane. The isobutane
fraction from the product is obtained in a distillation column as an overhead product.
The isobutane content is about 96 v/v%. An n-butane-rich fraction is drawn off as a
side product, leaving a bottom mixture of unreacted C,, hydrocarbons. The side
product is blended with the feedstock mixture and is then recycled into the isomer-
izer reactor [33].

With the isomerization of the pentane/hexane fractions, C, and/or Cﬁ—fractions rich
in n-paraffins and having low octane numbers (RON: 30-65) are transformed into a
gasoline-blending component rich in isoparaffins and with high octane numbers
(RON: 80-91). The carbon number, namely the number of carbons in the feedstock
and product, is unchanged during the process. Isomerization reactions are reversible,
the same as they are in thermodynamics (Figure 3.9) [6]. Lower temperatures enable
iso-compounds, especially those of multi-branched compounds with higher octane
numbers (e.g., 2,2- and 2,3-dimethyl-butane: DMB), to form [6,34,39].
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FIGURE 3.10 Isomerization of n-C/n-C-paraffins on bifunctional catalysts

The general (conventional) mechanism of isomerization of n-C/n-C, paraffins on
the bifunctional catalyst is shown in Figure 3.10 [6]. These bifunctional catalysts
may be as Pt/Al O,/chlorine (6-12%) [34,39-41], Pt/sulphated metal-oxides [42-44],
metal-oxide mixtures [45,46], or Pt/H-mordenite and other zeolites [36,38,47-50].
The first three catalysts work at low temperature (<200 °C), and the zeolites work at
medium temperature (200—<300 °C) (Figure 3.11).

The processes operate at conditions of 25 to 35bar, 1.0 to 2.5h™' LHSV and H,/
hydrocarbon molar ratio of 1.0-2.0. During isomerization of a feedstock with a
research octane number of approximately 70 will result in a mixture of isomerates
with research octane number of 84 on the first (at 110-140°C), 80-82 on second and
third (at 180-210°C), and 79 on the fourth catalyst types, respectively, in once-through
operation mode [1-3,6,35,41].
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FIGURE 3.11 Comparison of the activity of commercial catalysts for isomerization

Isomerates with higher octane numbers can be achieved using the same
catalysts when the C; and C, components with the low octane numbers (e.g.
methyl-pentanes with RON of 73-74) are separated from the reactor effluents and
then recycled. The isomerates produced on the first, the second and third, and the
fourth catalyst types have research octane numbers of 91-93,88-89, and 86-88,
respectively, resulting in overall octane number increments of 16-23 compared to
the feedstock. The products have excellent sensibility: around +1. The yield of
the liquid products is 99.5-99.8% on Pt/Al,O,/chlorine, while it is 95-96% on
other catalysts [1-4,6,34,36,39,51].

With a slight change in composition and technology, the catalysts mentioned
before, excluding the mixed metal-oxides, are suitable for benzene saturation of light
gasoline fractions with a benzene content of 0.5-4% and for isomerization of
n-paraffins in one step. The benzene content of the products is <0.01 v/v%, and they
are also sulfur free (<1-5mg/kg) [41,52-57].

SYNTHESIS OF ETHERS ~ The synthesis of ethers (e.g., MTBE: methyl-tertiary-butyl-ether,
ETBE: ethyl-tertiary butyl-ether, TAME: tertiary-amyl-methyl-ether) occurs on
acidic ion exchange resins by the reacting methanol or ethanol and the light cracked
gasoline having a high olefin content (the isobutylenes are obtained by dehydroge-
nating isobutane from the C, fraction of the steam cracker or by isomerization of
n-butylenes) or C ~C, olefins with high activity [58-61]. The synthesis of MTBE can
be expressed by the equilibrium reaction equation

CH,

CH,
_C—CH, + CH/OH —> CHT~~0—CH3
CH,

CH,
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In conventional processes, the catalyst is installed in a shell-and-tube and a fixed-bed
reactor. The separation of the product mixture is performed by distillation [62].
Modern processes also use reactive (catalytic) distillation to aid the reaction, conse-
quently a higher conversion can be obtained in one step. (In some process variants of
the selective hydrogenation of diolefins, and in TAME production, the isomerization
of 3-methyl-1-butylene to the reactive 2-methyl-2-butylene is carried out in this unit,
beside the separation of the ether from the other compounds [63]). In conventional
MTBE, ETBE, and TAME syntheses, the olefin conversion is 95-96%, >85%, and
67-70%, respectively, and in catalytic distillation, it is 99%, >95%, and 90%, respec-
tively [61,64,65].

The temperatures required for the synthesis of the ethers increase with the
increasing carbon numbers of the feedstock (55-110°C). In the commonly applied
pressures of 5-20bar with a 1.1-1.3:1 alcohol/isobutylene molar ratio and LHSV
value of 3.0-6.0h!, the conversion to ether decreases from 99% obtained in the case
of isobutylene to 30-40% in the case of C, and C; olefins. The research octane number
of the C~C, ethers is about 110113 and their sensibility is 13-18 units [65-67].

The ethers contain oxygen atoms; hence they are classed among the oxygenate
type of engine gasoline-blending components.

CATALYTIC NAPHTHA REFORMING The catalytic naphtha-reforming produces
fractions rich in aromatic hydrocarbons (>70-75wt%). With this conversion
process the component composition of the fraction is changed, and the target
product has a lower hydrogen content than the feedstock, which is a rare objective
in the refinery industry [6]. The product is used partly as a high octane number
blending component (98-102), and partly to produce individual aromatic
compounds (benzene, toluene, xylenes: BTX). Moreover, because of the high
amount of produced hydrogen, this technology is an important hydrogen source for
refineries [1-3,6,68].

The boiling range of the reforming feedstock fractions (e.g., desulfurized straight-
run naphtha, hydrocracked naphtha, hydrogenated naphthas from thermal conversion
processes, which do not yet contain olefins) is between 70 °C and 180 °C; it is advan-
tageous if the naphthene content is high. The compounds with sulfur, nitrogen, and
metal content can poison the catalyst, so the amounts of these compounds have to be
below 1 mg/kg [1-3,6,69].

The processes differ in catalyst composition, in regeneration and activation
methods and parameters, in the reactor system, in the process parameters, and so
forth [1-3,6,68,70,71]. To enhance the expected reactions, a bifunctional
(dehydrogenating and skeletal rearranging) catalyst is needed. The catalysts usually
contain different metals mainly with an alumina-oxide support [72—74]. The most
applied combinations are 0.2-0.4% platinum+0.15-0.5% rhenium, 0.15-0.4%
platinum +0.1-0.3% rhenium and/or 0.15-0.5% tin or iridium, and they usually con-
tain 0.6—1.2% halogen, mainly chlorine [1-3,6,72,74-80].

Of the previously mentioned catalysts, the following main reactions take
place (according to the process parameters): dehydrogenation of naphthenes and
dehydrocyclization of paraffins to aromatics, isomerization of n-paraffins and
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naphthenes (to isoparaffins and furthermore that of the cyclopentane derivates to
compounds containing the cyclohexane ring), hydrocracking of paraffins, dealkyl-
ation of alkyl-aromatics (e.g., from toluene to benzene), alkylation, disproportion-
ation, and coke formation [1-3,6,16,69,72,74,81-85]. All these reactions are
endothermic, so they need high temperatures to take place.

The generally applied process parameter combinations are the following: temper-
ature 480-540°C, pressure 4-25bar, liquid hourly space velocity 1.5-2.5m*m’h,
and hydrogen to hydrocarbon molar ratio 4:1-8:1 [1-3,6,70,72,86—88]. The heat of
the feedstock and the recirculated gas does not provide enough heat for the endo-
thermic reactions, so the catalyst bed cools down vertically. To prevent the extreme
cooling, reactors are applied in series with increasing volumes (e.g., 1:2:4), and after
leaving each reactor, the reaction mixture is heated in a fire heater before moving to

the next rector (see Figure 3.12) [6].
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TABLE 3.3 Yields and quality of the products of naphtha reforming

Products Yield (wt%) Properties
Hydrogen-rich gas 7-10 Hydrogen concentration:
60-80v/v%
Fuel gas (C-C) 1-3
Propane 3-5
Butanes 5-8 ca. 50% isobutane
Reformate 74-84 RON: 97-101
MON: 86-88
End boiling point (EBP): with
20-30°C higher then the EBP of
the feedstock
Aromatic content >70%
Density: 0.760-0.790 g/cm?
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FIGURE 3.13 Catalytic naphtha reforming with continuous catalyst regeneration

By decreasing the pressure and the recirculation rate of the hydrogen, the reformate
having the high octane number (about 100) can be produced with more than 70 wt%
yield (see Table 3.3) [6], but in this case the catalyst deactivation will be faster. The
main cause of the faster deactivation is the coke formation on the catalytic active sites.

If the activity of the catalyst decreases significantly, it has to be regenerated and
activated periodically (e.g., 10—16 months; Figure 3.12) or continuously (Figure 3.13)
at oxidative conditions [1-3,6,89-97]. In the older technologies with high pressure
and hydrogen recirculation, a “semi-regenerative” solution [84,97] is applied. In
technologies with lower pressure and hydrogen recirculation, the continuous
operation is done in reactors above each other with a platinum/tin/alumina catalyst
and by moving (sliding) the catalyst bed (Figure 3.13). With this solution, it is
possible to regenerate and activate the catalyst continuously [1-3,6,86,92,98].
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In reforming naphtha in continuous operation, the saturation (hydrogenation) of
the olefins is carried out in small batches (1-4%) if the reformate is to be used for the
production of aromatics [99].

FLUID CATALYTIC CRACKING Catalytic cracking is a conversion process that
changes the fractional composition of the crude oil, in that cleavage of the C-C
bonds of the heavier molecular weight hydrocarbons also takes place; therefore lower
value hydrocarbons with higher carbon numbers can be transformed to more valuable
products with lower carbon numbers. The relatively higher hydrogen content of the
produced lower molecular weight components is covered by the transformation of
a part of the feedstock to heavier molecular weight liquid products with less hydrogen
content and to coke. The yield of light products from crude oil can significantly be
increased by catalytic cracking [1-3,6,86,100-106]. Catalytic cracking technologies
are distinguished in terms of feedstock, distillate and residue [1-3,6]. The distillate
feedstock for cracking can be hydrogenated or nonhydrogenated [1,107-109]. The
feedstock of residue cracking may be heavy distillates (gasoils, oil distillates),
bitumen free oils, or heavy products of mild and severe hydrocrackers.

The efficiency of the cracking is unfavorably affected by hydrocarbons with
heteroatoms and by different metal compounds. The basic nitrogen compounds,
sodium and vanadium, can neutralize the acid centrums of the catalyst, or at least
decrease its acid strength, and change the pore structure of the catalyst. Nickel
catalyzes undesirable dehydrogenation reactions. Accordingly, only adequately
treated distillates (e.g., middle and heavy distillates of mild hydrocracking) and
residues (e.g., oil produced with extraction from heavy vacuum gasoil) are suitable
as feedstocks for this process [86,107-109].

Nowadays, catalysts for cracking are made of synthetic zeolites (e.g., Y-type
zeolites) with or without rare earth metals (e.g., lantane, cerium). These are applied
in dispersed form in amorphous alumina or alumina/silica matrix because of their
very high activity and low mechanical strength [1-3,6,86,110-112]. Additives that
promote the formation of light olefins and raise the octane number, reduce sulfur
emission, promote carbon-monoxide burning, trap metal or deactivate, reduce residue,
improve catalyst strength, are employed and blended into the catalyst [1,86,
113-125]. The catalyst particles must have sizes of 50-80 micrometers to keep the
catalyst bed in a fluidized state [1,6,86].

The transformation of hydrocarbons takes place through carbonium ions on the
strongly acidic catalyst. The electron-deficient carbonium ion containing positively
charged carbon atom forms either via subtraction of a hydride from a saturated hydro-
carbon or via addition of a proton to an olefin or an aromatic hydrocarbons. (The
catalyst must be capable of electron uptake or proton release.) Carbonium ions are
able to act in various reactions due to their electron-deficient structure. These reactions
are the following: isomerization with hydride and methyl group migration, resulting
in a high amount of isocompounds in the product; beta-positioned chain split, which
results in a significant amount of olefins produced with carbon number of 3 and more;
and hydrogen transfer, during which hydride ions are subtracted from the paraffin
hydrocarbons or proton transfer takes place to olefins. Olefinic hydrocarbons that are
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in the gasoline boiling range are stabilized after the primary reactions. In the final
step of the reaction, the carbonium ions form molecules through either hydride-ion
subtraction or proton addition to the acidic sites of the catalyst. The main reactions

taking place during fluid catalytic cracking are the following [1-3,6,86]:

Cracking

Examples

Cracking of paraffins to olefins and paraffins
of lower molecular weight

Cracking of olefins to olefins of lower
molecular weight

Splitting of side chains of aromatics

Cracking of naphthenes to olefins and low
molecular weight cyclic compounds

Isomerization

Double bond shift

Skeletal isomerization of normal olefins

Skeletal isomerization of normal paraffins

Isomerization of cyclohexane to methyl
cyclopentane

Hydrogen transfer

C, H

107722

- C4HIO+C6H]2
C9H18 - C4H8 +C5H10

Ar-C, H, —Ar—CH,+CH

107721 57712

Cyclo-C, H, —CH,,+CH,

107720

1-CH, — trans-2-C,H,
n-CH —iso-CH,

n-CH,—iso-CH,,

CH,—»CH,CH,

Naphthenes + Olefins — Aromatics + Paraffins

CH,+3CH —CH+3CH,
Alkyl-group shift CH,(CH,),+CH,—2CH.CH,
Cyclization of olefins CH ,+CH,—2CH,CH,

Dehydrocyclization n-CH —2CH.CH,
Dealkylation iso-C,H-CH,—~CH, +CH,
Condensation Ar-CH=CH,+R CH=CHR,— Ar-Ar+H,

Coke-like deposits develop on the surface of the catalyst during the reactions, but
these substances mostly originate from the nonvolatile polycyclic (likely heteroatom-
containing) hydrocarbons in the feedstock and are not the product of catalytic
cracking reactions. These deposits strongly adhere to the hot surface of the catalyst
and become involved in further condensation reactions with other nonvolatile hydro-
carbons. The amount of coke produced mainly depends on the temperature and the
residence time [1-3,6,86].

Nowadays, the catalytic cracking takes place in fluidized bed reactor (Figure 3.14)
[6]. This part of the reactor is the riser (“long rising pipe”). The process is called
fluidized catalytic cracking (FCC). The chemical reactions take place in the catalyst
riser at 480-530°C, 2-3.5 bar pressure, and with a catalyst-to-feedstock ratio of 6-7
at the mass base. The mixture of fresh feed and hot catalyst, that contains the fresh
catalyst, and the so-called equilibrium catalyst returning from the regenerator, is con-
tinuously moved through the reactor. The mixture of the feedstock and the enormous
amount of catalyst is kept moving partly by the kinetic energy of the feedstock but
mostly by the upward movement of the fast evaporated lighter components forming
on the hot catalyst particles.
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FIGURE 3.14 Flow scheme of the fluid catalytic cracking

Above the riser, the hydrocarbons are separated from the catalyst and routed to
fractionation and gas concentration units. The catalyst goes to the steam-stripping
section where any hydrocarbons that adhered to the surface are removed; it is then
routed to the regenerator where the deposited coke on its surface is burned off in the
presence of air. The small particles heat up, and the catalyst drops and flows to
the feedstock injection point via a slide valve. Hot flue gas that was produced during
the burning-off of coke goes to a heat recovery system through a cyclone system.
The temperature in the regenerator is 680-710°C, and the pressure is 2-2.5bar
[1-3,6,86,126—128]. (In the cracking of distillates or residue, the catalyst regenera-
tion is carried out in one step or two steps, respectively [129].)

The main products of the catalytic cracking are the following: 3-5wt% C -C,
fraction, which is suitable for alkylation of benzene to produce ethyl-benzene and
styrene due to its ethylene content; 7-20wt% C,—C, fraction, which is an important
feedstock for alkylation, oligomerization, and synthesis of ethers due to its high
unsaturated content; 30—60 wt% cracking naphtha with octane numbers of 91-94 and
with a sensibility of only 11-14 units; 10-20wt% high aromatic and olefin content
gasoil fraction (light cycle oil [LCO] cetane number <35), which is suitable for gas-
oil blending followed by hydrotreating; and 10—-15wt% cracking residue (HCO),
which is suitable for heating oil or, when routed, for coking. The coke deposited on
the surface of the catalyst, of quantity 3—6 wt%, is burned off in the regenerator unit
[1-3,6,86,126].

The FCC units primarily run in a so-called gasoline-producing mode
(40-60wt% of the gasoline pool consists of cracked gasoline) [1-3,6,86,126],
but the olefin—producing mode (the yield of olefins is 40-45wt%) has been
widely applied for years [106,130-132]. Nowadays a gasoil mode is also used
(the yield of cracked gasoil is about 45 wt%) [133—135]. Figure 3.15 gives the
yields of products in a volume basis.
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FIGURE 3.15 Olefin, naphtha, and gasoil flexibility of a FCC plant

For the past ten years, the FCC process has been widely used as well for the
conversion of residual fractions. In these conversions there is a need for more rigorous
reaction parameters, a higher catalyst-to-feedstock ratio, and a higher temperature in
the two-step regenerator unit [1,86,136].

Other Gasoline-Blending Components Derived from Crude Oil Some of
the production processes of naphthas are suitable for gasoline blending after one or
more of their properties are improved.

Hydrocracking of Distillates Hydrocracking is a process used for changing the
composition of crude oil hydrocarbons. During hydrocracking the bigger molecules
of distillates and residues are transformed into smaller molecules in the presence of
atmospheric hydrogen, both with and without use of a catalyst (as is typical of residue
processing) [1-3,6,86,137]. In addition, the hydrogen content of products substan-
tially increases compared to the amount of hydrogen in the feedstock.

The light and heavy naphthas produced during hydrocracking have low octane
numbers of 70-75 and 60-65, respectively [1-3,6,86,126]. Therefore these naphthas
cannot be directly used for gasoline-blending despite their sulfur and nitrogen content
being lower than 1-5mg/kg and their aromatic content being below 15% (typically
2.0-5.0%). In order to increase octane number of light naphtha, the naphta has to be
routed to the isomerization process (after separation of isoparaffins); furthermore
heavy naphtha has to be sent for reforming [1-3,6,86,126]. Hydrocracking naphtha
without any further quality improvement produces excellent feedstock for steam
cracking (light olefin producing) units [6].

The chemistry, catalysts, process parameters, and industrial hydrocracking of dis-
tillates are discussed in a later section on the blending components of diesel gasoils.

Naphthas of Residue Processing The thermal conversion of residues [138]
to more valuable lighter products is realized by different variants of thermal
cracking [1-3,86,139]. The thermal stability of hydrocarbons in ascending order
is as follows: n-paraffins, isoparaffins, cycloparaffins (naphthenes), aromatics,
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FIGURE 3.16 Flow scheme of delayed coking process

naphthenic-aromatics, polycyclic naphthenes, and polycyclic aromatics. Thermal
cracking at temperatures of 500 °C and above and at pressures of 5-70bar takes
place through a free radical mechanism. The free radicals formed by the cleavage
of C—C and C-H bonds of hydrocarbon molecules may break down further.
The dehydrogenation process needs more severe conditions.

The velocity of cracking is basically determined by the applied temperature while
the distribution of the products is determined by temperature, pressure, and mainly
by residence time. Gas formation is favored by higher temperature (>550°C) and
lower pressure (1-10bar), while formation of naphtha and middle distillates is
promoted by changing parameters the other way round. Further severe process
conditions increases coke formation.

Visbreaking is a thermal cracking process operating at mild conditions, which
increases the yield of distillates and reduces the viscosity of fuel oil. The process is
carried out in one- or two-tube furnaces, and in an additional reaction chamber in
some cases, at pressures of 5-20bar and at temperatures of 450-500 °C. Besides the
lower viscosity residue product, fuel gas (1%), naphtha (5-7%), and gasoil (10-13%,
which can be 35% when using two-tube furnaces) are produced [3,140,141].
Visbreaking distillates have a high sulfur content, so they need to be reprocessed, or
desulfurized, if intended for use as fuel.

Coking is a thermal cracking process carried out at relatively severe conditions, and
used for mainly gasoil production. A variant of coking is delayed coking (Figure 3.16)
[6]. In this process, the feedstock is heated up to temperatures of 480-520°C in a tube
furnace and then routed to a coke drum (chamber), operating at pressures of 2—8 bar
and applying long reaction times. Coke (20-40% of one feedstock) is removed
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periodically from the chambers (by alternating between two or more chambers); all the
while, the coke drum overhead vapor is continuously passed to a distillation column
and separated to produce fuel gas (7-12%), naphtha (14-18%), and gasoil (30-50%).
The heavier part of the gasoil is usually recirculated for further cracking. With heavier
feedstock, a higher recirculation ratio, and higher pressure in coke drums, the result is
an increased yield of coke and lower liquid production [86,142].

The other variant of coking of residues is fluid coking, which takes place in a
fluidized bed. The feedstock is injected into a fluid bed of coke particles (reactor)
where the coke formation takes place. Coke mainly forms by a stacking of the coke
particles, but fine coke particles also form. Depending on the feed, 75-85% of the
gross coke production is drawn off as a product while the rest of coke is burned with
air to satisfy process heat requirements. Hot coke is recycled to the reactor to main-
tain the temperatures required for sustaining cracking reactions. The quantity of
drawn-off coke is about 20-26 wt% of the feedstock. The process operates at high
temperatures and with short reaction time, which results in low yields of gases and
coke but high yields of liquid products.

The reactor temperatures and pressures are 510-520°C, 1.5-2bar, respectively;
the burner operates at a temperature range of 610-630 °C and at slightly higher pres-
sures than the reactor. The reactor overhead vapors are routed to a distillation column
and separated into gases (about 6-10%), naphtha (kb. 16-17%), and gasoils
(45-70%). These products have to be desulfurized; moreover, the naphtha fraction
with a boiling range of 80—180°C has to be routed for reforming to increase octane
number [3,86,143].

Steam cracking is a thermal process by which hydrocarbons (from ethane to
gasoils) are cracked at close to atmospheric pressure and at temperatures of
700 °C and above in presence of steam. Products of the process are predominantly
light olefins (ethylene, propylene). If naphtha or heavier hydrocarbon mixtures
are used as feedstock, a light liquid product called pyrolysis naphtha is also pro-
duced. [144-147]. Following the selective hydrogenation of dienes and acety-
lenes (saturated to olefins) in the naphtha product, a gasoline-blending component
with a high octane number (RON > 100), but with high aromatic and olefin
content, can be obtained. Since significant quality improvement is required to
comply with the fuel standards, naphtha from the steam cracker is rarely blended
to the gasoline pool.

During the catalytic heteroatom removal of middle and heavy distillates as well as
residual fractions, the sulfur, nitrogen, and oxygen atoms in the feedstock are
removed as hydrogen sulfide, ammonia, and water, respectively. Usually alumina (in
some cases zeolite) supported catalysts such as sulphided cobalt/molybdenum and
nickel/molybdenum are employed. Depending on the composition of feedstock, the
operating conditions are as follows: temperatures are 330-380°C, pressures are
35-100bar, the LHSV is 1.0-2.5m*m>h, while the hydrogen—hydrocarbon ratio is
300-800Nm?*/m?. In addition to the desulfurized main product, there is a gasoline
fraction produced with a yield of approximately 3-6%, which can be used as
a blending component after its quality improvement. The heteroatom removal of
middle distillates will be discussed in a later section of on the production of
diesel-blending components.
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Production (and Quality Improvement) of Diesel-Blending
Components Diesel fuels, like motor gasolines, are mixtures of conventional
(crude oil derived) and alternative blending components having high energy content
and high cetane numbers (i.e., ease of ignition). Moreover additives help the diesel
satisfy the product specifications.

The development of refinery technologies for producing diesel-blending
components has chiefly been driven by the increasingly stringent compliance require-
ments, as well as by the growing market demand for diesel fuel. The main quality
requirements are as follows [4,5,148]:

* Distillation properties (e.g., 95 vol% of diesel recovered at 360 °C),

* Easy ignition and good combustion (cetane number: 50-58),

* Low sulfur content (<10-500 mg/kg)

¢ Low aromatic content (<5-20)

* Low polyaromatic content (<0.5-8%)

* Appropriate density (810-845kg/m?)

* Good cold flow, namely a cold filter plugging point (CFPP) suitable to various
climatic conditions (e.g., from +5°C to —35°C), in terms of pour point and
viscosity properties

* Good storage stability

* Low content of olefins and other compounds susceptible to resinification

» Ease of blending with alternative components

* Optimized additive content

* Nontoxicity

* Ease of handling

» Exhaust products that pollute as little as possible

* Low production costs

* Consistent quality

Some of the product requirements can be met by use of additives (e.g., by
detergent-dispersant and antifoaming effects). However, the most relevant specifica-
tions, (relating to the boiling point range, the sulfur and aromatic contents, and
density, can only be ensured by employing certain refinery technologies, and some
other properties (e.g., cold flow) need a combination of additives and complex
processing to meet regulatory standars.

Diesel-blending components are produced in complex, Processing systems with
interdependent units. The complexities of the processes and interconnections are
apparent in Figure 3.1. The gas oil producing part of the processing can be divided into
two groups [4,5,148]:

* Yield-enhancing processes
o Atmospheric distillation (previously discussed)
o Cracking of distillates and residues (thermal cracking, visbreaking, coking,
fluid catalytic cracking, and hydrocracking)
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o Oligomerization of light olefins (C,—C;) and hydrogenation of gas oil boiling
range olefins

o Other, nondiesel producing gas oil boiling point range fractions, for example,
catalytic base oil production, hydrotreating and mild hydrocracking processes
used for pretreating feedstocks of fluid catalytic cracking and hydrocracking

* Quality-improving processes

o Heteroatom removal (sulfur, nitrogen, and oxygen removal)

o Catalytic dewaxing (enhancing cold flow properties by selective hydrocracking
and skeletal isomerization of n-paraffins)

o Hydrogenation of aromatics

Gas oils produced in yield-enhancing processes may directly be blended into the
diesel pool, but these processes are usually combined with quality-improving
processes to produce advanced gas oil blending components. For example straight-
run, cracking, and coker gas oils—as explained later—belong to the first group, and
products of the diesel hydrotreating process belong to the latter group.

We will discuss the importance, objectives, and chemistry of each process before
we advance to the fundamentals of their input to gas oil production.

The gas oil fractions distilled from diverse crude oils can meet neither the
quantitative nor the qualitative demand of advanced diesel fuels. These straight-run
distillates have a yield of 20-30vol% from crude oil, while their sulfur content is in
the range of 0.1-1.5 wt%, their cetane number is approximately 40-54 and pour point
is between —2 °C and -25 °C. Therefore both quantity and quality enhancements are
essential. The yield improvement is usually done by cracking the heavy hydrocarbons
or residues. Basically quality enhancement means lots of desulfurization. The cetane
number and cold flow properties are determined by the distribution of the different
hydrocarbon groups (i.e., paraffin, naphthene, aromatics, and olefin) and with differ-
ent structures (e.g., normal and isoparaffins) [148—151]. Table 3.4 [5] lists some prop-
erties of gas oil boiling point range hydrocarbon groups; Figure 3.17 [5] and Table 3.5
[5] show their cetane numbers, Table 3.6 [5] and Figure 3.18 [4] show their freezing
points in function of the carbon numbers of their compounds. It can be seen that the
highest cetane number and the lowest freezing point (pour point, cold filter plugging
point in the case of mixtures) cannot be reached simultaneously in these hydrocar-
bons, so a compromise is needed. With consideration of the hydrocarbon structures,
environmental and human biological effects, and other aspects, the most reasonable
solution is to produce gas oil blending components with relatively high paraffin
(mainly isoparaffin) contents. This conclusion closely relates to the principle of how
diesel engines work. The diesel fuel, which is injected into the hot air compressed in
the combustion chamber, be capable of easily igniting and then continuously to burn
during atomization. These are requirements fulfilled mostly by paraffins.

The distillation and thermal processes during gasoil production were previously
discussed. Therefore only heteroatom removal, aromatic saturation, catalytic
n-paraffin conversion, and hydrocracking processes are described in the following
discussion.
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FIGURE 3.17 Change of cetane number as a function of the carbon number for hydro-
carbon groups occurring in straight-run products

Desulfurization of Gasoil Fractions (Heteroatom Removal) The unfavor-
able effects of heteroatoms (sulfur, nitrogen, and oxygen) on gasoil and their prod-
ucts of combustion on the storage stability of motor gasoline have already been
discussed. Here we will analyze these effects in more detail.

Heteroatom removal from gasoil fractions refers to the removal of sulfur-, nitrogen-,
and oxygen-containing compounds by the transformation of the heteroatoms
to compounds that can easily be removed or retrieved from the end products
[1-3,5,150].

Both the heteroatom content and the types of the heteroatom-containing com-
pounds of gasoils, in particular, of crude oils, vary depending on the oil deposits. The
sulfur compounds in gasoils are mercaptans, sulfides (straight-chain and saturated
cyclic sulfides), disulfides, and thiophenes (thiophene ring containing heterocyclic
sulfur compounds with a varying number of aromatic and naphthenic rings, and with
a different number and length of alkyl-chains). In addition to sulfur compounds,
nitrogen, and oxygen-containing compounds occur in gasoils. It is important to know
that the presence of these compounds in gasoils inhibits the desulfurization reactions.
For example, during hydrodesulfurization, the nitrogen and oxygen removals take
place on the same catalytic active sites as the sulfur removal. In addition, the nitro-
gen-containing heterocyclic compounds in gas oils reduce the storage stability of the
products (visible as solid segregations and color decay), during the improvement of
the gasoil properties (e.g., catalytic paraffin removal) the basic nitrogen-containing
compounds are catalytic poisons. The nitrogen content of gasoils is generally in a
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Component Type of Compound Formula Cetane Number
n-Decane n-Paraffin CH, 76
n-Tridecane n-Paraffin C.H, 88
n-Pentadecane n-Paraffin C.H,, 95
n-Hexadecane n-Paraffin CH,, 100
n-Heptadecane n-Paraffin CH,, 105
n-Octadecane n-Paraffin CH 110
n-Eicosane n-Paraffin C,H, 110
3-Ethyl-decane Isoparaffin C,H, 48
4,5-Diethyl-octane Isoparaffin C,H, 20
2,7-Dimethyl-4,5-diethyloctane Isoparaffin C H, 39
Hepta-methyl-nonane Isoparaffin CH,, 15
7,8-Dimethyl-tetradecane Isoparaffin CH,, 40
8-Propyl-pentadecane Isoparaffin CH 48
7,8-Diethyl-tetradecane Isoparaffin CH,, 67
9-Methylheptadecane Isoparaffin CH,, 66
9,10-Dimethyl-octadecane Isoparaffin C,H,, 59
Decalin Naphthene CH, 48
3-Cyclohexyl-hexane Naphthene C,H,, 36
n-Butyldecalin Naphthene C H, 31
2-Methyl-3-cyclohexyl-nonane Naphthene CH,, 70
n-Octyldecalin Naphthene CH,, 31
2-Cyclohexyl-tetradecane Naphthene C,H,, 57
1-Methyl-naphthalene Aromatic C . H, 0
n-Pentyl-benzene Aromatic C H, 8
Biphenyl Aromatic C,H, 21
1-Butyl-naphthalene Aromatic C H, 6
2-Phenyloctane Aromatic C.H, 33
n-Nonyl-benzene Aromatic C H, 50
n-Octylxylene Aromatic CH, 20
2-Octyl-naphthalene Aromatic CH,, 18
n-Dodecylbenzene Aromatic CH,, 68
n-Tetradecyl-benzene Aromatic C, H 72

207 734

range of 40 to 300 mg/kg, which can be found in aliphatic amines, amine derivatives,
and heterocyclic nitrogen compounds (pyridine and pyrrole derivatives). The oxygen
content of gasoils is generally in a range of 5 to 30 mg/kg, mainly in form in organic

acids, but phenol and furan derivatives are also present [1-3,86,152].

Some alternative gas oil desulfurization (heteroatom removal) processes are the

following:

 Extraction, by partly reactive extraction [3,5]

* Selective adsorption/chemisorption of sulfur compounds [152—154]
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TABLE 3.6 Boiling and freezing points of some typical compounds found in diesel gasoils

Type Boiling Freezing

Component Formula of Hydrocarbon Point, C° Point, C°
Naphthalene C H, Aromatic 217.7 78
Tetralin CH, Aromatic 207 =35
cis-Decalin C Hp Naphthene 193 —43
1,2-Diethyl-benzene C.H, Aromatic 183 =31
n-Butyl-cyclohexane C,.Hy Naphthene 179 =78
n-Decane C,Hy, n-Paraffin 174 =30
Biphenyl C,H, Aromatic 255 71.5
Dodecane C,H, n-Paraffin 216 -9.4
1,4-Dimethylnaphthalene C,H, Aromatic 263 -18.0
2-Methil-1-undecene C,H,, Isoparaffin 212 —41
Anthracene C.H, Aromatic 341.1 216
Dibenzyl CH, Aromatic 284 51
Tetradecane C H,, n-Paraffin 253 5.5
2,6-Diethylnaphtalene C.H, Aromatic 110 50
1-Pentyl-naphthalene C.H, Aromatic 306.1 -23.9
n-Nonyl-cyclohexane CH,, Naphthene 282.1 -10
n-Decyl-cyclopentane CH,, Naphthene 178.9 =222
n-Pentadecane CH,, n-Paraffin 271.1 9.9
2-Methyl-tetradecane C,H,, Isoparaffin 265 -7.8
1-Octyl-naphthalene C.H, Naphthene 354.8 -2,0
Dodecyl-benzene CH,, Aromatic 288-300 2,8
n-Octadecane CH, n-Paraffin 317 28,7
5-Methyl-heptadecane CH, Isoparaffin 253,3 -19,8
1-Decyl-naphthalene C, Hy Aromatic 378.9 15
n-Tetradecyl-benzene C,H,, Aromatic 353.9 16.1
n-Tetradecyl-Cyclohexane C,H,, Naphthene 353.9 25
n-Penta-decyl-Cyclopentane C,H,, Naphthene 352.8 17.2
n-Eicosane C,H,, n-Paraffin 3439 36.1
2-Methyl-nonadecane C,H,, Isoparaftin 338.9 17.8

¢ Selective oxidation [152,155,156]

* Biocatalytic desulfurization [157-159]
¢ Catalytic hydrodesulfurization (heteroatom removal by catalytic hydrogenation)

[86,160-163].

Nowadays, it has been proved that the most economical and popular solution is
catalytic hydrodesulfurization by which nitrogen and oxygen removal takes
place as well. During the catalytic hydrotreatment, the formation of the
corresponding hydrocarbons—such as hydrogen-sulfide, ammonia, and water in
the hydrogen atmosphere on the catalyst—cleaves the carbon—sulfur, carbon—
nitrogen, and carbon—oxygen bonds of the sulfur-, nitrogen-, and oxygen-
containing compounds (hydrogenation: bond cleavage on the metal component
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FIGURE 3.18 Freezing point as a function of carbon number for aliphatic paraffins

of the catalyst). Although same 50 to 60 years ago desulfurization technology
was discussed in the literature as hydrogenation and/or catalytic desulfurization,
now catalytic desulfurization is used not only for distillated gasoil fractions, but
for other gasoil boiling range products as well (e.g., as gas oils of coker or FCC
plants). Some examples of the main reactions involved are the following
[1-3,5,86,152,161-163]:

Desulfurization
* Mercaptans: R-S-H+H,—>R-H+H,S R>C
¢ Disulfides: R -S-S-R,+3 H,—» R -H+R -H+2H,S
* Thiophenes:

Alkyl-thiophenes:

R— —_—
CH C”H +4H,—=R-CH-CH-CH, + H,S
CH CH
~ CH;
S
Benzothiophenes:

R R
CH,-CH,
+3H, —= +H,S
S

R: alkyl-group
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Dibenzothiophenes:

Main reaction

e

l Slow

H

g\:

0

/

37d

Remember, the relative desulfurization reactivity of sulfur-containing compounds
in gas oils decreases in the following order: thiophenes (1)>benzothiophenes
(ca. 0.6) >>dibenzothiophenes (ca. 0.04) >>4, and/or 6 methyl-dibenzothiophene
(ca. 0.004) [164,165].

Nitrogen removal [161]
* Amines: R-NH,+H, —R-H+NH,
¢ Pyrolline derivatives:

+ xH, — > hydrocarbon + NH;
N

Carbazole

* Pyridine derivatives:

/ O + yH, — > hydrocarbon + NH;
NS

N

Oxygen Removal [163]
* Organic acids:

R-COOH +3H, — R—CH, +2H,0,

where R: alkyl group, naphthene, or aromatic ring.



CRUDE OIL REFINING 87

R
©/ + zH, —_— hydrocarbon + H,O

OH
Alkylphenols

¢ Phenols:

e Furan derivatives:

@ + wH, —  hydrocarbon+H,0
/ R

o

Benzofurans

In practice, during heteroatom removal, side reactions also take place. These are
hydrogenation (saturation of aromatics and olefins), hydrocracking, and condensa-
tion reactions. Moreover, any metal compounds present may also be transformed.
Application of suitable catalysts and reaction conditions can facilitate saturation
reactions (e.g., hydrogenation of aromatics and olefins if there are any). This is an
important points, since the hydrogenation of polycyclic aromatics can take place
simultaneously with the heteroatom removal to a certain degree (approximately in
40-60%) and improve the cetane number [1-3,86,162,166,167]. The saturation of
olefins also increases oxidation and the thermal stabilities (ease of storability) of the
product.

The above-listed reactions are exothermic. The heat released in the process is
directly proportional to the hydrogen consumption. The reaction heat is much lower
at the hydrogenation of heteroatom-containing compounds than at unsaturated com-
pounds. The difference in reaction heats is important to consider especially if the
sulfur content is high (above 0.5-1.0wt%) and if the concentration of unsaturated
components is high (e.g., in coker gas oil) because the temperature will suddenly
increase in the reactor. To avoid the sudden spike in temperature (called “temperature
excursion” or “temperature runaway’’), The reactor temperature must be controlled
by use of relatively cold hydrogen-rich gas. This is mixed with the liquid flowing
down from the preceding catalyst bed right before the mixture passes into the next
bed. Recall that reactors are usually connected in series with intermediate quenching,
or a divided bed reactor will have a side quench attached to it [5,86,160,168—173].

For hydrodesulfurization, there are various types of catalysts employed. Most are
different combinations of oxides and sulfides of cobalt, molybdenum, nickel, iron,
and wolfram on a y-alumina or an alumina/silica/zeolite support, or on their mix-
ture (e.g., CoMo/AlLO, [174,173-176], NiMo/AlL,O, [177-181], CoMoNi/Al,O,
[169,174,182,183]).

In earlier years, the presulfidation of catalysts was carried out only in situ (in the
reactor) [1,5,86,174,184,185]. Over the last 15 to 20 years, catalysts have become
available for purchase from catalyst suppliers in a presulfided form, that means an
exsitu (outside the reactor) catalyst pretreatment [1,5,174,184].
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Catalysts can now even be regenerated in the reactor (in situ [1-3,5,86,174]) or
out of reactor (ex situ [1-3,5,86,185,186]) at the manufacturer of the catalyst.

Technology of Hydrodesulfurization A hydrodesulfurization plant has three
basic parts [1-3,5,86]:

* A catalytic hydrotreater
* A stabilizer
* A hydrogen sulfide removal unit

The desulfurization processes of licensors differ only slightly from each other. The
main differences are usually the following [148,169—-172,187,188]:

* Number of the reactors
* Configuration of multiple reactors (serial or parallel arrangement)

* Reactor internals, and numbers and types of catalyst beds (e.g., divided bed,
feedstock-distribution)

* Numbers and types of inlet(s) of feedstock and hydrogen-rich gas
¢ Number and composition of catalysts (e.g., number of catalyst beds)

* Process parameters (temperature, pressure, liquid hourly space velocity, and
hydrogen/hydrocarbon volume ratio)

A typical flow scheme of a hydrogenation heteroatom removal process is shown in
Figure 3.19. The mixture of the preheated (in a tube furnace) gas oil and the

External
H, rich gas
. . H, rich Heating gas
Recirculated H, rich gas 2 I1C
| gas
/_L\ HZS —
—
+— Naphtha
fraction
Separated bed )
reactor |
Sulfur v
containing
gasoil ’ Z | ‘
) ) Desulphurized
Furnace —) = P
4 gasoil

Separators

FIGURE 3.19 Flow scheme of catalytic hydrogenation heteroatom removal process of gas oils
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hydrogen-rich gas flows through a fixed bed of catalysts, and the reactor effluent is
then separated into liquid and vapor phases in two steps. From the hydrogen-rich gas,
the hydrogen sulfide is recovered by absorption and then recycled to the front of the
process. The liquid products mixture is separated in a fractionation column into tails
gas (C, ), naphtha, and desulfurized gas oil. The first two products are formed by side
reactions; their amounts are 0.5-2% and 3-5% on the feedstock base. The gas prod-
ucts can be used as fuel gas, and the naphtha fraction can be used as a gasoline-
blending component. The sulfur content of the target product is less than 10-50mg/kg,
which depends on the specification of the sulfur content, the sulfur content of the
feedstock, the applied catalyst, and the operating conditions.

Process parameters of hydrodesulfurization are determined by the composition of
the feedstock, the product specifications, the available amount of hydrogen, and eco-
nomics. Furthermore the applied catalyst and the inside structure of reactor have
important roles.

The generally applied process parameters are:

» Temperature: 320-380°C [1-3,5,86,189]

e Pressure: 35-80bar [1-3,5,86,187,190]

* Liquid hour space velocity: 1.5-2.5h™! [1-3,5,86,169-171,189]
* H_/hydrocarbon ratio: 200-350 Nm*/m’ [1-3,5,86,187,188,191]

It should be noted that the aromatic content of the products of (deep) hydrodesulfur-
ization having low sulfur content (< 10-50mg/kg) is significantly lower than that of
the feedstock. As we mentioned earlier, the partial saturation of aromatics (mono-,
di-, and polyaromatics) takes place in degree, depending on the applied process
parameters and the catalysts. For a supported sulfided transition metal catalyst, the
total aromatic content of the products decreases only slightly; in the case of CoMo
metals, it is because only the ratio of the aromatic hydrocarbon groups changes in the
products (polyaromatics are converted to monoaromatics in the consecutive ring sat-
uration reactions). For a sulfided NiMo/ALQ, catalyst that has a higher hydrogena-
tion activity, a hydrogenation of monoaromatics also takes place beside the saturation
of polyaromatics. Consequently the total aromatic content of the products is signifi-
cantly lower (10-30%) than that of the feedstock [166].

The hydrogen sulfide generated during the hydrodesulfurization of gas oils is
absorbed from the purge gas in ethanolamines (e.g., monoethanolamine, diethanol-
amine, and nowadays mainly methyldiethanolamine) and then separated by strip-
ping, pressure swings, or other processes that break the easily dissociable bonds
between hydrogen-sulfide and the ethanolamines [1-3,5,86]. From the desorbed
hydrogen sulfide, elementary sulfur can be produced by partial oxidation—along
with the production of water—with 99.95% efficiency [1-3,5,86].

Decreasing Aromatic Content of Gasoils Similarly, not only heteroatom
concentration is decreased during hydrodesulfurization but some aromatic
compounds, mainly polycyclic aromatic hydrocarbons, are also hydrogenated
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[1-3,86,174,192] in degree, depending on the composition of the catalyst and the
process parameters. However, the total aromatics content can be decreased only by
10%-30% because the process parameters favorable for deep desulfurization do
not match the conditions, especially temperature, required for an extensive aro-
matic saturation. This is partly because the deep desulfurization at a relatively high
temperature range (350-390 °C) limits the hydrogenation of aromatics, since the
process is highly exothermic, and partly because the heteroatom removal reactions
do not completely cover the catalyst sites that catalyze the aromatic hydrogenation.
Nevertheless, as we noted in the previous chapter, the cetane number of the aro-
matic hydrocarbons is relatively low and thus their autoignition is also low.
Therefore, imperfect combustion of gasoils with high aromatic content, and low
cetane number, results in increased pollutants, especially particulate matter emis-
sions [193,194]. Consequently, in some developed countries (e.g., Finland, Sweden,
and the state of California), the strict specifications of polycyclic aromatics (0.02—
1.4v/v%) are accompanied by a limit on the total aromatic content in the highest
quality diesels (5-20v/v%) [4,148,195]. In the future, the aromatic content of the
diesel fuels is expected to be significantly reduced (total aromatic content: <
5-20%, polycyclic aromatic content <1-2%) [148,195,196]. As a result of such
actions, the emissions of the diesel engines and the loads of particle filters will be
significantly reduced. For the same reasons, in the future, the quality of gasoils
deriving from fluid catalytic cracking and residue processing technologies will
improved by the reduction of aromatics in all cases, and even in straight-run
gasoils.

For the reduction of their aromatic content, middle distillates are divided into two
candidate process groups [5]:

* Noncatalytic
e Catalytic

Noncatalytic Processes Some examples are as follows:

* Aromatic sulfonation
* Physical separation:
o Adsorption
o Extractive distillation
o Solvent extraction
o Liquid membrane permeation

Aromatic sulfonation is no longer competitive in terms of its economical and
environmental (e.g., acidic-resin destruction) aspects. The most important reason for
its physical separation is still by solvent extraction, but this is not widely done
because of the high cost, relatively low yield (65-80%) of the target product
(raffinate), the high amount of extract (20-35%), the limited marketability of
aromatic-rich mixtures, and the environmental pollution problems mentioned above.
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TABLE 3.7 Some typical data of gasoils of different refinery processes

Boiling Polycyclic Total
Blending Point Range, Sulfur Aromatic  Aromatic  Density Cetane
Component T,~T,, (°C) Content (%) Content (%) Content (%) (kg/m®) Index
SR LGO 240-320 0.2-1.5 10-15 15-25 820-860 42-54
SR HGO 260-360  0.5-2.5 15-20 20-30  850-890 45-55
SR LVGO 350400 0.05-1.5 15-25 20-30 840-880 45-55
LGO from coking  210-340 0.5-3.0 2045 30-50 830-870 3646
FCCLCO 250-350  0.5-3.0 40-85 60-90  900-940 15-30
LGO from 220-325  0.0005-0.005 0,5-5 1-30  820-860 50-65
hydrocracking
LGO of FCC 200-340  0.01-0.05 10-20 3040  840-880 3545
feedstock
prehydrogenation

Note: SR—straight run; LGO—Ilight gasoil; HGO—heavy gasoil; LVGO—Ilight vacuum gasoil; LCO—
light cycle oil.

Also hydrocatalytic processes have been able to reduce the aromatic content of mid-
dle distillates to some degree.

Catalytic Processes The aromatic content of middle distillates in a heterogeneous
catalytic can be reduced by partial or complete hydrogenation (the primary aim is the
saturation of the aromatic hydrocarbons to naphthenes) or by different intensities of
hydrocracking (the aim is to open the saturated rings in the required ratio). Here we
will only discuss the thermodynamics, catalysts, and major processes of hydrogena-
tion and reserve our discussion of the hydrocracking processes for a later chapter.

Chemistry of Hydrogenation of Aromatics Essential to an understanding of
the chemistry of the hydrogenation of aromatic compounds is knowledge of the types
of aromatic compounds in the middle distillates as well as their quantitative
distributions. Table 3.7 lists the main properties of gasoils obtained from different
refinery processes and their mono- and polycyclic aromatic content [5]. In the gasoil
boiling point range, the monocyclic aromatic compounds, can be alkyl benzenes,
benzo-cycloparaffins, and benzo-bicycloparaffins, and the bicyclic aromatic com-
pounds, can be naphthalenes and alkyl naphthalenes, biphenyls, indenes, and dibenzo-
cycloparaffins; the three-ring aromatic compounds can be anthracenes, phenanthrenes,
and fluorenes [5,196-199].

The hydrogenation rate of the different aromatic hydrocarbons is determined by
the following main factors [5,198,199]:

* Structure of the compound

* Number, character, and position of the substituents
* Catalyst(s)

* Process parameters.
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Generally, in relation with the chemistry of the aromatic hydrogenation, the
following characteristics are considered in optimizing the process parameters
[196,200-208]:

* Among aromatic hydrocarbons, the hydrogenation rate of the benzene deriva-
tives is the lowest, given identical substituents.

¢ In the first step of the hydrogenation reaction, the equilibrium constant of the
polycyclic aromatics is lower than that of benzene.

* The more rings there are in aromatic hydrocarbons, the faster the reaction is in
the first step of hydrogenation of polycyclic compounds.

* If there are unsaturated bonds inside the rings or in the side chain(s), the rate of
hydrogenation increases significantly.

* The more saturated the molecules are, the harder it is for hydrogenation to take
place; that means that the first step of hydrogenation is the most favorable from
thermodynamics and the kinetics point of view.

* The rate of hydrogenation of aromatic compounds decreases with the increase
of the number of side chains.

* In polycyclic condensed and noncondensed aromatic compounds (e.g.,
biphenyl), the point of equilibrium is complicated because their hydrogenation
takes several successive steps, with each step achieving equilibrium.

The steps of hydrogenation of aromatic hydrocarbons and the change of cetane
number are illustrated by the following example [209]:

+2H, +3H, +2H,
—_—— — T _— /\/\/\/\/

Naphthalene Tetralin Decalin n-Decane
Cetane number: 1 Cetane number: 10 Cetane number: 36 Cetane number: 77

While, side reactions do occur, hydrocracking mainly produces lighter molecular
weight hydrocarbons.

Figure 3.20 shows the kinetic and thermodynamic effects on the hydrogenation of
aromatic hydrocarbons [5]. The curve of the aromatic content of the product shows
saturation to be a function of temperature. Consequently, the efficiency of the aro-
matic saturation changes from a minimum at a very low temperature, and the total
aromatic content of the product decreases relatively slowly with the temperature
increases because the catalyst is not active enough at the low temperature, namely the
efficiency of aromatic saturation increases relatively slowly as well. This is the range
of so-called kinetic inhibition. With increasing temperatures, a point is reached where
aromatic content of the product is minimal, while the efficiency of aromatic hydro-
genation is maximal. With even further temperature increases, the efficiency of aro-
matic hydrogenation decreases. This is the range of thermodynamic inhibition, the
principle behind the reactions. Consequently the saturation of aromatics has an
optimal temperature range where the catalyst activity is maximal.
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FIGURE 3.20 Kinetic and thermodynamic effects on the hydrogenation of aromatic
hydrocarbons

From the figure, it is clear that the aromatic saturation reactions occur at the
lowest temperature at which the reaction rate is still adequate at the industrial scale.
The increase of temperature enhances the reaction rate, but as thermodynamic
equilibrium is attained, it heads in the reverse direction. These two opposite effects
can be explained to some extent, by the equilibrium of the reactions having shifted
due to the volume reduction of the products with increasing pressure (based on Le
Chatelier’s principle). But, in practice, the increase of pressure is limited for econom-
ical reasons. Consequently the general aim is to develop an aromatic hydrogenation
catalyst that is active enough to increase the reaction rate at relatively low pressures
and temperatures.

The hydrogenation of aromatic hydrocarbons of the middle distillates is carried
out on supported metal or metal sulfide catalysts, depending on the sulfur and
nitrogen content of the feedstock. In feedstocks having high (over 200 mg/kg) sulfur
and nitrogen content, in situ or ex situ sulphided Co—Mo, Ni-Mo, Ni-W [210-216],
CoNiMo [217,218], and NiMoW catalysts supported on y-alumina are applied
[219,220]. The supported metal catalysts (Pt/support or Ni/support) are applied when
feedstocks are practically sulfur and nitrogen free (less than 5 mg/kg combined) feed-
stocks [221,222], or Pt—Pd/zeolite type catalysts are applied when feedstocks have
about 200-250mg/kg sulfur and 20-80mg/kg nitrogen content [223-226]. For
example, the noble metals on Y-type zeolite are relatively sulfur tolerant (up to about
200mg/kg) [227-231].

On platinum and palladium catalysts, the hydrogenation takes place faster, even at
mild conditions, than on non-noble metal-sulfide catalysts. But, during the hydroge-
nation reactions, the metals of the VIII group are deactivated by the adsorption of
sulfur-containing molecule fragments in the industrial feedstocks. The alumina-
supported catalysts lose significant activity in the presence of even a small amount of
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sulfur, but these metals on zeolite supports resist sulfur better. On these catalysts—
noble metal (e.g., Pt and/or Pd) on Y or other zeolite types of support—the metals
exist as particles with high dispersity or as clusters in the zeolite pores. The acidic
zeolite modifies the electron configuration of the metal particles (Pt or Pd) with an
electron withdrawing effect that decreases the strength of the metal—sulfur bond
[228,231].

For the reduction of the aromatic content of the middle distillates, many processes
have been developed that differ in the following ways [5,199,232]:

» Sequence of the heteroatom removal and the aromatic saturation (at the same
time or consecutively)

* Number of the applied reactors

* Applied catalyst(s)

» Configuration of the catalysts (e.g., divided bed)

¢ Distribution method of the streams to the catalyst bed
* Method of quenching

* Applied process parameters

Industrial aromatic saturation processes can be divided into two groups, such as
one-step and two-step processes [5,233,234]. The one-step processes include those
technologies that carry out the hydrogenation of the high sulfur-containing feed-
stocks (above 200-1000mg/kg and up to 1.5%) on some metal-sulfide catalyst at
severe conditions. These processes work at 310-340°C, 70-100 bar total pressure,
1.0-2.0m*m’h liquid hourly space velocity, and 600-800m*/m?® hydrogen/
hydrocarbon volume ratio. At these conditions the saturation of the aromatic com-
pounds is limited (up to 50% of aromatics in feedstock may saturate), but the
decrease of the heteroatom content is significant. As a result, the increase of the
cetane number is only 3-8 units. To achieve higher aromatic reduction, the partial
pressure must be at least 60 bar. The hydrogen sulfide, the ammonia, the water, and
the gas phased hydrocarbons are separated from the product at the last step of the
technologies, even in the case of divided catalyst beds or reactors connected in
series [1-3,5,86].

In the first step of the two-step technologies, the same process is carried out at
relatively mild conditions (330-360 °C, 40-60bar). The high quantity of hydrogen
sulfide formed is separated, and less severe hydrogenation is carried out (160-310 °C,
35-50bar 0.5-1.5 m*/m*h liquid hourly space velocity and 800-1000 m*/m? hydrogen/
hydrocarbon volume ratio) on a noble metal containing a catalyst that is more active
for aromatic saturation but not (below 2—-5mg/kg) or partially (about 20-250 mg/kg)
tolerant of sulfur and nitrogen. Therefore hydrogenation of the aromatics is significant
(80-85%) resulting in an increased cetane number of 10-20 units [5,228].

As the one-step processes have a better efficiency if the sulfur content of the
feedstock is low, these processes are usually run with prehydrogenated distillates.
Based on these considerations the one-step and two-step technologies cannot be
sharply distinguished.
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TABLE 3.8 Comparison of the aromatic hydrogenation processes of gas oils in one or
two steps

CoMo+ NiMo+Relatively Sulfur-

Catalyst System NiMo NiMo +NiW Pt/AlLO, Tolerant Catalyst
Number of Steps One Two Two Two
Aromatic content of Base Base Base Base Base Base-5
feedstock, %

Partial pressure of 90 90 60 60 45 45
hydrogen, bar

Average reactor Base Base Base Base Base Base-20
temperature, °C

Aromatic content of Base/2  Base/2  Base/2  Base-10 Base-8 Base-15
product, %

Aromatic saturation reactions are exothermic, so lower temperatures are preferable
for these reactions. Consequently, in all industry technologies, inter-stage cooling is
applied either by feeding hydrogen-rich gas with the appropriate temperature to the
catalyst beds (mostly widespread) or to the reactors connecting in series, or by partial
vaporization of the feedstock [235-239]. A comparison of a typical one-step and
two-step aromatic saturation processes is presented through a real example in
Table 3.8.

In the case of aromatic reduction of the gasoil distillates, the most attractive is the
high efficiency of the two-step processes because, after the first desulfurization step
(e.g., to 200 mg/kg sulfur content, or to 10—15mg/kg in the developed countries), the
aromatic saturation catalyst results in a further decrease of sulfur and nitrogen
content. So the two-step processes are important for the production of environmen-
tally sound gasoils.

Catalytic “Dewaxing” The cold flow properties of the gasoil distillates (e.g.,
pour point, cold filter plugging point: CFPP) do not comply with the product
standards, especially of the distillates obtained from paraffinic and intermediate
crude oil. The reason is that gasoil distillates contain high quantities of n-paraffin
hydrocarbons having higher carbon numbers than 12, and thus high melting points
(see Tables 3.9 and 3.6). In addition, during the desulfurization and aromatic satura-
tion processes, the paraffinic nature of the gasoils becomes dominant, so the CFPP
drops in the value. However, the compounds formed during the hydrogenation of
naphthalene and anthracene have lower freezing points (see Table 3.6).

In order to improve these properties, the n-paraffins have to be extracted from the
gasoil distillates, or be transformed to hydrocarbons that have suitable cold flow
properties. For this purpose, any of the following technologies is used [5,86,240]:

* Solvent dewaxing
 Extractive crystallization (with carbamide)
* Dewaxing with adsorption
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* Microbiological dewaxing
 Catalytic dewaxing (selective hydrocracking and hydroisomerization).

A disadvantage of solvent dewaxing is that a significant decrease of CFPP requires
a very low temperature to chill out the normal paraffins, and the high cost of the
technology limits its application for the quality improvement of gas oil distillates.

The molecular sieve deactivates relatively fast during adsorptive dewaxing, so
impurities (e.g., sulfur) cause serious problems as they adsorb to the n-paraffin
hydrocarbons. For this reason it is necessary to apply a final treatment to these prod-
ucts. Both the adsorptive and extractive dewaxing technologies require careful and
costly processing. These two technologies are only suitable for n-paraffin extraction,
not for the quality improvement of gasoil distillates.

Microbiological dewaxing of gasoil distillates yet there are still some plants in
Japan and in the United State is not an economical solution considerating the using
crude oil prices and worldwide oil consumption that use microorganisms to trans-
form the heavy molecular weight n-paraffin hydrocarbons to low value proteins that
are only suitable for forage.

From this critical review, it is understandable that catalytic dewaxing has come
into widespread use. This practice to improve the cold flow properties of the gasoils
involves the use of additives, but only in gasoils having a certain CFPP value.
Economical estimates are done to determine where, when, and what additive will be
applied. Generally, the catalyst is applied first, and the additives to improve the prop-
erties further to the desired quality.

As we mentioned earlier, cold flow properties depend on the open-chain paraffin
content of gasoils, in particular, on the ratio of normal to isoparaffin content
(Table 3.6). The freezing point of the higher carbon number n-paraffins is high, so
there is high clouding and a high pour point in these hydrocarbon mixtures. Moreover,
the high freezing point can cause a high cold filter plugging point. So it is necessary
to transform the higher carbon number n-paraffins to hydrocarbons that have lower
freezing points and are easy to blend. These hydrocarbons are the isoparaffins, the
lighter molecular weight n-paraffins, and the olefins. The latter components are
undesirable in gasoils because they have weak thermal and oxidation stability. These
hydrocarbons are produced by the isomerization and selective cracking of heavy
molecular weight paraffins. Of course, the severity of the hydrocacking can only be
to the extent that ensures that the desired products are obtained at the diesel gasoil
boiling point range. The processes with this aim are called catalytic “dewaxing” in
the crude oil industry. (It should be noted that “dewaxing” does not describe the pro-
cess exactly because it is about transformation of n-paraffins instead of an almost full
extraction of them.) Since the transformation of the n-paraffins is carried out in
hydrogen atmosphere, these technologies are also called selective hydrocracking.
Depending on the type of reactions—either cracking or isomerization reactions—
which ever is more dominant, the technologies are differentiated as conventional
catalytic dewaxing [1-5,86,240-246] and isomerization catalytic “dewaxing”
[86,247-250] respectively. (The conventional technologies were developed in the
1970s, and the isomerization technologies were developed in the 1990s and have
been continually modernized since that time.)
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Conventional catalytic dewaxing is carried out on a metal-support catalyst. The
metal is mostly nickel or platinum, while the support is mainly ZSM-5 [241] or
H-mordenite [243,244] type zeolite. The ranges of the applied process parameters
are temperature 310-400°C, pressure 35-45bar, liquid hourly space velocity
1.0-3.0m*/m*h, hydrogen/hydrocarbon ratio 400-600 m*m? [1-3,5,241-246].

Isomerization catalytic dewaxing is carried out on a Pt-Pd/zeolite (e.g., f-zeolite,
SAPO-11, HZSM-22, and ferrierite zeolite) catalyst at the following process parame-
ters: temperature 320-380°C, pressure 35-50bar, liquid hourly space velocity
1.5-2.5m*m*h, hydrogen/ hydrocarbon volume ratio 350-500m*m?* [1-5,86,247-250].

In both variations of catalytic dewaxing, the products with the desired diesel gas oil
boiling point ranges are produced from feedstocks having higher final boiling points.
The yield of products is 85-95% with isomerization catalytic dewaxing, and 55-70%
by the conventional process; the quantity of the gas products is 1-3% or 6-8%, the
yield of the naphtha fraction is 4—14% or 24-37%, respectively, provided that there is
an equal decrease of the cold filter plugging point (A7=15-30°C) [1-3,5,86,
241-250]. With catalytic dewaxing, the decrease of the cold filter plugging point
depends on the quality of the feedstock, the applied catalyst, and the process parame-
ters. The catalysts of isomerization catalytic dewaxing are sensitive to the sulfur
content of feedstocks. For this reason the gasoils must be desulfurized [4,247-250].

Both conventional and catalytic dewaxing processes can be integrated into the
crude oil refining scheme in various ways. They are rarely installed as stand-alone
plants. More often a catalytic dewaxing reactor or an isomerization catalytic reactor
is applied upstream or downstream of hydrodesulfurization reactor(s), respectively.

A further advantage of isomerization catalytic dewaxing—beyond the nearly
20-30 absolute % higher gasoil yield—is the high isoparaffin-containing naphtha,
which is a more valuable final product than the naphtha produced by conventional
catalytic dewaxing [4,247-249].

Hydrocracking of the Distillates Hydrocracking is a process that converts
large and high boiling point molecules of the crude oil fractions and distillate,
including vacuum distillates, into to smaller and lower boiling point molecules, by
the cleavage and hydrogenation of the carbon—carbon bond. This conversion process
can be with or without a catalyst, the latter case is typical only for residue processing.
As a result the hydrogen content of the product will be substantially larger than that
of the feedstock. Hydrocracking is used in the petroleum industry to produce
sufficient quantity, high-quality motor fuels and to make products from less valuable
refinery streams suitable for further processing.

The catalytic hydrocracking processes, according to the feedstock, are divided
into distillates (heavy naphthas, middle and heavy distillates, raffinates, and heavy
oil solvents) and residue hydrocracking [5].

The feedstocks of the hydrocracking used to produce diesel-blending components are
heavy gasoils, vacuum gasoils, heavy vacuum oil distillates, FCC cycle oil (fluid catalytic
cracking), coker gas oil, visbreaking gasoil, and Deasphalted oils [1-3,5,86,254-256].
Hydrocracking (isomerization hydrocracking) of the heavy (paraffinic) parts of Fischer—
Tropsch products obtained from different sources of synthesis gas is also becoming
widely used to produce diesel-blending components [257-261].
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FIGURE 3.21 Composition of bifunctional hydrocracking catalysts

In most hydrocracking technologies—except those already mentioned thermal
processes that operate in a hydrogen atmosphere—bifunctional (cracking—skeletal
rearrangement and hydrogenation—dehydrogenation function) catalysts are used
(Figure 3.21) [5].

Because of their acidic nature, the zeolite-containing hydrocracking catalysts are
especially sensitive to the basic character of the compounds (e.g., nitrogen-contain-
ing compounds).

When selecting the hydrocracking catalyst(s), the purposes of the implemented
technology, the product(s), and the feedstock quality properties must be considered.
For example, during the hydrocracking of the distillates, the amorphous compounds
and/or lower acidity zeolite-containing catalysts have high diesel selectivity. The
hydrocracking activity of the diesel selective catalysts is lower than that of the gasoline
selective catalysts. The amorphous catalysts result in a high middle distillate (C, ~C,,)
yield (sometimes over 87%), but they are very sensitive to the organic nitrogen-
containing compounds, while the zeolite-containing catalysts are less sensitive. The
middle distillate selectivity of the acid-treated and partially dealuminated Y-zeolites is
high. The favorable SiO,/Al,O, ratio is 8.5-11.5. To achieve high diesel yield, a mix-
ture of amorphous and crystalline (zeolite) components are often used [1-3,5,86].

In hydrocracking, the yield and the quality of the products are also greatly affected
by the ratio of cracking to hydrogenating activity of the catalyst. In general, if the
hydrogenating activity of the catalyst is superior, then because of the higher amount
of the hydrogenated product, the yield of overall liquid product is greater. Then the
octane number of the lighter gasoline fraction decreases because a significant amount
of the aromatics are saturated, and the iso/normal-paraffin ratio decreases, as well.
The increase in the acidity of the catalyst compared to its hydrogenation activity has
a contrary effect. To sum up, a high middle distillate yield can only be obtained by
applying a catalyst with high hydrogenation activity and low acidity.

As aresult of the targeted development of catalysts, several zeolite-containing catalysts
have become suitable for obtaining maximum gasoline and gasoil yields depending on
the applied process parameters. Consequently the flexibility of hydrocracking is
decisively affected by the selection of the catalyst based on its composition.



CRUDE OIL REFINING 99
The hydrocracking takes place under three conditions:

* During hydrogen absorption, splitting the carbon—carbon bond on the bifunc-
tional catalyst. The cracking occurs especially on the acidic support, and
saturation only at the metal centers. This is typical for the hydrocracking
processes applied in refineries.

* During hydrogen absorption on the monofunctional catalyst, splitting the
carbon—carbon bond. The catalyst is a metal (Pt, Pd, Ni) or a metal oxide, such
as metal sulfide (so this process is hydrogenolysis).

* Through hydrocarbon radicals, during hydrogen absorption (hydropyrolysis),
splitting of the carbon—carbon bond under heat.

During hydrocracking the following major reactions take place [1-3,5,86]:

Heteroatom Removal

Hydrodesulfurization
Catalyst
R—CH,—SH + H, —— > R—CH,+ H,S
R™CH—CH, Catalyst
+ H, ——— RCH-CH,-CH, + H;S
| ;
CH{ S e CH, CH,

| +6H, ———— > +H,S
S
R
O Direct hydrodesulphurization
S

R2
-st
b

Hydrogenation reaction path
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Hydrodemetalization
Hydrocracking of residues and especially heavy vacuum residues mainly results in

j H, (+ H,S)
NiS,
Coke Formation

olefin Alkylation ~fh Cyclization —

Polyaromatics Coke precompounds

In general, the feedstock of hydrocracking is pre-hydrogenated on different
CoMo/AlO, and/or NiMo/Al,O, catalysts. In the course of this activity, heteroatom-
removing reactions occur to various degrees, almost completely saturating the ole-
fins (if they are in the feedstock) and partially saturating the aromatic compounds. A
hydrocracking catalyst (e.g., NiW/AIZOS, NiW/zeolite, NiW//AleS—SiOZ, Pt,Pd/zeo-
lite and Pt,Pd/Al,0,-Si0,) is used to fully saturate the aromatic compounds further
(hydrogenation), in order to force ring-opening (hydrodecyclization) of the formed
naphthenes. Then the lateral chains of the alkyl cycloparaffins break away (hydrode-
alkylation), and the long-chained paraffins get cracked and isomerized. During these
processes, coke may form as a side reaction on the surface of the catalyst.

With the complete saturation of the naphthenes and aromatic compounds, the side
chains of the aromatic hydrocarbons are easily removed, but the aromatic ring needs
to be hydrogenated prior to cracking. The cracking of the n-paraffins is relatively
easy. Their isomerization results in branched molecules, while in the naphthenes,
cracking causes changes in the ring sizes.

Hydrocracking reactions are strongly exothermic. Hence the application of
cooling is necessary between the divided catalyst beds or between the reactors.
Whether one or two stage the distillate hydrocracking technologies, can operate with
or without (Figures 3.22 and 3.23) recirculation at the bottom fraction of the second
reactor [5]. Besides these two variants, some major licensors use hydrocracking
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technologies that satisfy certain requirements. Generally, these are modified versions
of earlier technologies. In the case of two-stage technologies, the hydrogen-rich gas
is separated from the product mixture after the first stage, and the product mixture is
blended with hydrogen sulfide- and ammonia-free fresh hydrogen-rich gas and then
fed to the reactor of the second stage. More reactors may be used in both stages but
mostly in the second stage.
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TABLE 3.9 Typical process parameters of hydrocracking

Distillate

Hydrocracking
Process Parameters General Range (gasoil Mode)
Temperature, °C 300-460 350-420
Pressure, bar 70-300 120-200
Liquid hourly space velocity, m*/m°h 0.3-3.0 0.5-2.5
Hydrogen/hydrocarbon ratio, m*/m? 800-2000 1000-1500
Makeup hydrogen consumption, Nm? 100-500 200-350

H,/m’ feedstock

The first step does the actual hydrotreating (heteroatom removal and partial
aromatic saturation); the second step does the total aromatic saturation and mainly
hydrocracking (hydro conversion), as well as hydroisomerization. The one-stage
process is used in relatively light feedstocks. Of course, the reactor has divided beds.
In the two-stage process, the operating conditions may be milder in the second stage.
Moreover the advantage of this process is that heavier and very different quality
feedstocks (FCC and coker gasoils, high nitrogen content, etc.) can be processed; it
also ensures higher production flexibility (e.g., winter and summer grades, flexibility
in naphtha and gas oil cuts). However, the disadvantages are higher capital and
operation expenditures.

The typical process parameters of hydrocracking and distillate hydrocracking are
summarized in Table 3.9 [1-3,5,86,271-282]. Generally, distillate hydrocracking
technologies are classified according to the applied pressure into mild (up to about
100bar) [280-282], medium (from 100 to 140bar) [272-274] and high (from 140 to
200bar) [5] pressure technologies.

Hydrocracking is always the most economical if the lowest temperatures and
pressures are employed. In the use of heavier feedstocks and a less active catalyst,
higher pressure must be applied. Hydrocracking is very sensitive to changing
temperatures, since a rise of temperature results in higher light fraction production.
In the use of feedstocks with higher nitrogen content, higher temperatures must be
employed. The decrease of catalyst activity is compensated by an increase of temper-
ature. In addition, this is frequently combined with a decrease of liquid hourly space
velocity, but only if a capacity surplus is available. The process conditions of distillate
hydrocracking must be as extreme as possible to ensure that the required product
quality is isolated from the feedstock properties.

The major properties of the feedstock and the products of a distillate hydrocracker
operating with total conversion and high middle distillate selectivity are presented in
Table 3.10.

The hydrocracking of distillates is accomplished not only with high or total
conversion and with severe process parameters, but also works with conversion lower
than 50% and with mild reaction parameters (temperature: 370-420°C, pressure
<100bar, liquid hourly space velocity 0.5-2.5m’m’h, hydrogen/hydrocarbon
volume ratio 300-600m*m?). The main product is generally low-sulfur and
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TABLE 3.10 Characteristics of liquid products gained
from middle distillate selective hydrocracking of
vacuum distillate with total conversion

Product Characteristics Value

Light naphtha (heavy naphtha)

Total yield, % 18.5
Density, g/cm? 0.665
Research octane number 76.5
Paraffin/naphthene/aromatic content, % 75/20/5
Sulfur and nitrogen content, mg/kg 5

Jet

Yield, % 34.0
Density, g/cm? 0.805
Smoking point, mm 29
Freezing point, °C —62
Sulfur content, mg/kg <10
Nitrogen content, mg/kg <1
Gas oil

Yield, % 425
Density, g/cm® 0.815
Cetane number 68
sulfur content, mg/kg <50
Nitrogen content, mg/kg <2
Pour point, °C -10

Note: Boiling point range: 340-530 °C; density: 0.900 g/cm?; sulfur
content: 2.0%; nitrogen content: 600 mg/kg.

aromatic-containing FCC feedstock, but diesel gasoil boiling point range fraction can
also be produced. The cetane number of the gas oil from the mild advanced hydro-
cracking processes is 40—45; the sulfur content is lower than 100mg/kg [280-282].

The other distillate hydrocracking process that is important in diesel gasoil pro-
duction is selective hydrocracking, or catalytic dewaxing, as was discussed in the
previous chapter. In a yet another variation of hydrocracking, namely in lube (or base
oil producing) hydrocracking, a good quality gasoil is produced [257,282,283]. In
residue hydrocracking, the gasoil produced at the vacuum distillate boiling range
cannot be directly blended into the diesel poolly for the applicable gasoil blending. It
must be transformed to motor fuel via fluid catalytic cracking or distillate hydro-
cracking [284-289].

Other Refinery Processes for Production of Gasoil Boiling Range
Hydrocarbon Mixtures The gasoil (light cycle oil: LCO) yield can be as high as
45% in a fluid catalytic cracking unit run in the gasoil mode [130-132]. Recall the
use of distillate FCC technology that was presented earlier in the chapter in
the discussion of motor gasoline. The gasoils discussed were produced in FCC for
the purpose of olefin and gasoline production (see Table 3.10). Similarly, the quality
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of LCO has to be improved by desulfurization and aromatic saturation or hydro-
cracking. Depending on the sulfur content of the feedstock, a gasoil fraction with a
high sulfur content (0.2-0.9%) and low cetane number (<25-35) is produced and
used as a gasoil-blending component after hydrogenation.

Recall that the product quality of the FCC unit can significantly be improved by
removal of heteroatoms from the feedstock prior to processing, for example, by mild
hydrocracking. This way the sulfur content of the FCC gasoil fraction can be
decreased below 500 mg/kg, the aromatic content even slightly lower, but the cetane
number raised is moderately higher.

The FCC process has been widely used since the mid-1990s for the conversion of
residues as well. In this process, it is necessary to use other catalyst compounds or
catalyst additives, more catalysts as a function of the feedstock, more severe reaction
parameters, and higher temperatures in the regeneration unit. Generally, the feed-
stock and the catalyst are passed separately into the riser, where a gas lift of light
hydrocarbons develops [290,291]. The light gasoil fraction of the residue fluid
catalytic cracking can only be used after hydrotreating, whereas the heavier products
must be hydrocracked before their use as blending components [86,129,136].

As we mentioned previously, the production of motor gasoline-blending compo-
nents can include other goals than producing gasoil blending components, with gas
oil boiling range products forming the by-products. Such processes consist of differ-
ent types of the thermal cracking, namely visbreaking (12-35% gasoil), delayed cok-
ing (20-30% gasoil) and fluid coking (45-65% gasoil). Gasoil streams from the
abovementioned sources must be desulfurized, and their aromatic content may need
to be reduced via catalytic hydrogenation. The gasoil boiling range hydrocarbons
produced during hydrodesulfurization of residues are converted to good quality
gasoil-blending components via mild or full conversion distillate hydrocracking.
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I CHAPTER 4

Alternative Fuels

In the previous chapter, we considered materials suitable for energy transmission into
the alternative fuels along with the crude oil based gasoline, kerosene, and diesel
gasoil. In this chapter, we discuss fuels derived from alternative sources that can be
used alone or with the conventional based fuels.

The reasons for using nonconventional or alternative fuels are the following [1-15]:

Contribute to meeting increasing energy demands

Decrease crude oil dependence

o Reduce unequal distribution of the crude oil resources (decrease dependence
on imports)

o Prevent forecast depletion of the crude oil reserves (ca. 100—120 years)

o Limit periodic jumps in crude oil prices

Limit deleterious effects on the environment and human health (lower CO,

emission during the whole life cycle, decrease green house effect, prevent acid

rains, eliminate ozone depletion in atmosphere.)

Replace environment-contaminating fossil energy carriers
Apply renewable energy resources

Improved quality control

Lower investment cost

Secure political independence of foreign fuel sources (production of own
industrial feedstock, increase employment, ensure safety, keep population in
land, etc.)

Utilize uncultivated fields
Contribute to the soil and water protection, and to lifestyle improvements.

However, the alternative fuels for internal combustion engines must meet
requirements that overlap with those for gasolines and diesel gas oils [1,4,8,12,15,16]:

Be applicable for energy transmission under internal combustion conditions in
engines

Fuels and Fuel-Additives, First Edition. S. P. Srivastava and Jend Hancsok.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.

121



122

ALTERNATIVE FUELS

Easy exploitation and production
No or low harmful emissions during the retrieval and production
Auvailable in a high and constant quantity

Not contain compounds proved to be environmental hazards, or contain very
low amounts (e.g., sulfur content <10 mg/kg)

High energy content
Required evaporation rate
Not be corrosive

Thermal Stability

Suitable chemical resistance
Not be toxic

Fuel waste and combustion products must not be environment contaminants,
corrosion initiators, or erode cylinders and other engine parts

Suitable distillation curve (if the boiling point of the constutents is in a wide range)
Low vapor pressure

Suitable lubricity (feeding pump, engine parts)

Suitable level of additives (if it is necessary)

Compatibility with motor oils

Easy and safe handling

Acceptable price.

The alternative fuels must meet further requirements beside previously detailed
issues [1,10]:

Be applicable in existing engines
Call for little modification of existing engines

Comply with environmental protection and human health concerns same as
with conventional fuels

Operate at lowest additional expense
Be abundant and of high quality

Alternative fuels can arbitrarily be classified as follows [1]:

By origin:
o Fossil (e.g., alcohols, gasoils produced from coal through synthesis gas)
o Biomass (e.g., alcohols)

o Others (solar, hydro, water, geothermic, wind, nuclear energy, hydrogen pro-
duced by water electrolysis)

By availability:

o Exhaustible

o Renewable (fuels obtained with transforming of biomass)
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o Renewable (solar energy, water, geothermic, wind, nuclear energy, hydrogen)
* By type of engine:

o Alternative fuels for Otto engines

o Alternative fuels for diesel engines

o Alternative fuels for other engines

Different types of alternative fuels can be produced from different raw materials, and
from a single raw material (see Table 4.1, Figure 4.1) [1].

In the this chapter, we review the quality characteristics, production, application
possibilities (advantages and disadvantages), and international requirements (if they
exist) of each alternative fuel.

4.1 LIGHT (GASEOUS) HYDROCARBONS

Light hydrocarbons like methane, propane and the propane-butane belong to the cat-
egory of alternative fuels. However, ethane, whose boiling point is between that of
methane and propane, occurs a low amount.

Methane is used mostly as an alternative fuel in compressed form, and it is called
compressed natural gas (CNG). The maximum pressure of compressed natural gas is
ordinarily 200 bar; it is used in the gas phase as a fuel in vehicles (ISO 14532). (The
allowed maximum pressure of the natural gas that is stored in the fuel tank is 250 bar;
the volume of gas tank is about five times as large as a conventional fuel tank.)
Extended research has also been carried out on the use of the liquefied methane. This
fuel is called liquefied natural gas (LNG), and operates at pressure 4-5 bar, storage
temperature of —162°C, with the insulated tank of a volume being 1.5 times larger
than that of a conventional fuel tank. These two nonconventional fuels are simply
called natural gas, because methane is the main component of the different natural
gases [1,17-19].

Methane occurs as a natural gas in nature, in the hydrocarbon gases of coal
[20-24] and oil shale beds [25-27], and in natural gas hydrates [28—-31]. It can further
be produced from biogas (methane content > 60—65 v/v%), too [32,33]. The principle
scheme of methane production from natural gas is shown in Figure 4.2 [1].

The properties of vehicle fuels drived with compressed natural gas (CNG), for
example, vehicles with modified diesel engines, are summarized in Table 4.2.

4.2 PROPANE-BUTANE GAS

The propane-butane (PB is another name for liquefied petroleum gas LPG). PB is a
gas mixture that accompanies crude oil and natural gas but is also an accompanying
product of different processes in petroleum refining [34,35]. PB is similarly a mix-
ture of hydrocarbons. Its main components are propane and n-butane; some other
components are isobutane, pentane, ethane, propene, and butenes. Additionally
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FIGURE 4.2 Simplified scheme of natural gas processing

TABLE 4.2 Main features of natural gas for motor fuel (EN ISO 15403-1:2006)

Properties Value
Carbon content, % 73.3¢
Hydrogen content, % 23.9¢
Oxygen content, % 0.4¢
Carbon/hydrogen atomic ratio 0.25-0.33
Relative density (1 bar, 15°C) 0.72-0.81
Boiling point (1 bar),°C -162
Autoignition temperature, °C 540-650
Octane number (RON/MON) 115-135
Methane number 69-99
Stoichiometric air/fuel mass ratio 17.2
Heating value, MJ/kg 30.2-47.2
Methane content, v/v% 80-99
Sulfur content, mg/kg <5
‘Wobbe number’, MJ/m? 37.8-56.5

“Typical North Sea gas composition.
®Wobbe index (MJ/m?): heating value, on a volumetric basis, at specified reference conditions, divided by
the square root of the relative density at the same specified reference conditions of measurements.

sulfur-containing odorants are mixed into the gas to produce a smell for safety rea-
sons [1,36,37]. The PB is in the gas phase under ambient conditions, but can be
liquefied at low pressure (4-5 bar).

The composition of the commercial PB differs across countries, depending on the
availability, local market prices, the production facilities and the climate conditions.
LPG contains mainly propane in the US, Germany, and Finland, mostly in a
concentration of 98%. This is likely due to the natural occurrence of propane in these
regions. In asain countries, it is mainly butane (C4-hydrocarbons).

Vehicles with Otto engines can be operated, after a modification, with a standard-
ized quality LPG (see Table 4.3).
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TABLE 4.3 Quality requirements of propane-butane gas (EN 589:2004)

Limit Value

Properties Minimum Maximum Test Method
Motor octane number, MON 89.0 a
Total dienes content’, mole% 0.5 EN 27941
Hydrogen sulfide Negative EN ISO 8819
Total sulfur content 50 EN 24260

(after stenching), mg/kg ASTM D 3246

ASTM D 6667
Copper strip corrosion Class 1 EN ISO 6251
(1 h at40°C), grade
Evaporation residue, mg/kg 60 EN 15470
EN 15471

Vapor pressure, gauge, at 1550 EN ISO 4256

40°C, kPa EN ISO 8973
Vapor pressure, gauge, min. 150

kPa at a temperature of, °C

For grade A -10

For grade B =5

For grade C 0 EN ISO 8973

For grade D +10

For grade E +20

(from 2005)

Odor Unpleasant and distinctive at 20% of lower explosive

limit

“According to the composition of GC (gas chromatograph).
*If the concentration of 1,3-butadiene is higher than 0.1%, it must be signed according to the Directive for
subtitles of the European Union

4.3 MIXTURES OF SYNTHETIC LIQUID HYDROCARBONS

Synthetic liquid hydrocarbons are produced directly or indirectly from “synthetic
crude oil” or from other primary energy carriers. These mixtures consist mainly of
carbon- and hydrogen-containing compounds, that can be transformed, with the suit-
able processing, or refined to products with quality very similar to that of gasolines
and diesel gasoils obtained from crude oil. The production possibilities are the
following [1]:

» From synthesis gas obtained from natural gas, coal, hydrocarbon condensates,
oil shale or oil sand, biomass, polyolefin wastes, or rubber [15,38-42]

* Transformation of methanol to gasoline (the methanol can be produced from a syn-
thesis gas of natural gas, coal, biomass, etc., or directly from the biomass) [42—47]

* Coupling of methane [ 48—49]
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* Conversion of C,~C, hydrocarbons to gasoline and gas oil (see Chapter 3)
¢ Distillation of coal [15,50]

* Liquefaction of coal [15,50-55]

* Super critical extraction of coal [15,50]

¢ Distillation and pyrolysis of biomass [15,46,56-59]

* Production of hydrocarbons from carbondioxide and hydrogen [60,61]

» Thermal and catalytic cracking of polyolefin wastes [62—-64]

* Pyrolysis of rubber [65]

From these liquid hydrocarbon mixtures, with suitable technologies (usually the
different hydrotreating processes), fuels can be produced with similar compositions
and of better quality than conventional gasolines and diesel gasoils. These fuels are
applicable in Otto and diesel engines alone or as blending components, with or
without additives, so that the produced fuels may satisfy the quality requirements
discussed in Chapter 2.

Some of the synthetic gasolines and gasoil are being produced from synthesis gas
and methanol are shown in Figure 4.3 [1]. Other potential fuels produced from syn-
thesis gas are also indicated in this figure.

Not all the production possibilities of synthetic liquid hydrocarbons can be
reviewed here. Also the technologies used to produce synthesis gas such as the biogas
oil production from triglycerides discussed here, may be short-lived. What is impor-
tant is that these alternative liquid fuels have been proved to be applicable in internal
combustion engines without requiring significant engine redesigns. The logistics of
storage, transportation, and distribution, as well as quality control have not presented
any problems. These are all close to the logistics in place for the conventional gasoline
and diesel gas oil. Additional investments, if any, are apparently not yet needed.

4.3.1 Liquid Synthetic Hydrocarbon Mixtures from Synthesis Gas

The production possibilities of liquid synthetic hydrocarbons from synthesis gas are
the following:

* GtL (gas to liquid; liquid hydrocarbon mixture from natural gas) [66—71]
e CtL (coal to liquid; liquid hydrocarbon mixture from coal) [70,72-74]

* BtL (bio to liquid; liquid hydrocarbon mixture from biomass) [75-80]

* RtL (residue to liquid; liquid hydrocarbon mixture from residue) [81,82]
* WtL (waste to liquid; liquid hydrocarbon mixture from wastes) [81,82]

It should be noted that gasoline from synthesis gas as obtained from coal is not a new
discovery. Liquid synthesis gas was produced between the two World Wars. It is fun-
damentally a Fischer—Tropsch synthesis process. As the molecules are built up by —
CH,— units, the obtained product mixture is the synthetic crude oil.
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FIGURE 4.3 Scheme of alternative fuels production (The intermediate product is
synthesis gas)

The feedstocks of the process producing liquid hydrocarbon mixtures are syn-
thesis gases consisting of mixtures of hydrogen and carbon monoxide in various
ratios. These can be sourced from different raw materials, including natural gases,
coals, naphthas, heating oils, bitumenes, heavy crude oils, residues of petroleum
refining, petrol coke, biomass, wastes containing hydrogen, and coal, among others.
[1,15,38,39,43,83-86].

The technologies for synthesis gas production from all these raw materials are not
being discussed here. Still, in treating the production of hydrogen as an alternative
fuel, some of the more typical processes are being covered in this chapter.

The integrated Fischer—Tropsch processes consist of three main units (Figure 4.4)
[1,64,66,69-82]:

* Synthesis gas production
* Synthesis of mainly high molecular weight paraffins (including product
separation)
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FIGURE 4.4 Integrated synthetic crude oil producing and processing plant
 Conversion of high molecular weight paraffins (hydrocracking, isomerization,
isomerizer hydrocracking)

The production of synthetic crude oil from synthesis gas in the Fischer—Tropsch
synthesis involves the following reactions [1,15,87-89]:

Main Reactions

Formation of paraffins:

(2n+1)H, +nCO —C,H, , +nH,0 AH =-165kJ/mol

2n+2

Formation of olefins:
2nH, +nCO - C H,, +nH,0
Formation of alcohols:

2nH, +nCO — C,H,, . ,OH +(n—1)H,0

2n+1

Side Reactions
Water—gas reaction:

H,0+CO = CO, +H, AH =-41kJ/mol
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Coke formation on the catalyst surface:

(x;yjH2+xco—>cxHy+tzo

Boudouard disproportionation:
CO+CO—-CO, +C
Oxidation-reduction of the catalyst:

yH,0+xM & M O, +yH,
yCO, +xM <M O, +yCO

Carbide formation:
YC+xM—>M,C,

The reaction rates depend on the physical-chemical properties of the catalyst, the
type of the reactor(s) and their construction, the technological setup, process param-
eters, and so on.

These reactions are enhanced by iron-, cobalt-, and ruthenium-based catalysts,
which contain—beside the support alumina and silica—different promoters (e.g.,
K,0, Cu in the case of iron, a small amount of ruthenium in the case of cobalt, etc.)
to increase the selectivity and the stability [90—100]. The ruthenium-based catalysts
are the most active, so they operate at the lowest temperatures (150-200°C). On
these catalysts the highest average molecular weight paraffins can be produced.
Recent results show the catalyst developments of the Fe- and Co/zeolite catalyst
families [101-105] to form relatively short chain paraffins (maximum carbon
numbers are 20-26). Catalysts of other compositions are being studied too [106,107].

Among the major companies that use integrated technology are Exxon/Mobil
[108-110], Shell [67,69,111-113], Sasol(+Chevron) [109,114-119], Syntroleum
[109,120,121], Rentech [122,123], Intevep [109], and ENI-IFP [109,124,125]. Each
integrated technology has critical points. For example, the choice of the synthesis
gas-producing technology must be suitable for the production of high quantities of
the synthesis gas with the desired ratio of H,/CO. The separation of the heavy paraf-
fins from the catalyst is important as well.

Of course, the composition of the products obtained by different Fischer—Tropsch
technologies is different, and is determined by the factors mentioned above. For
example, a typical average hydrocarbon composition is C,-C,: 4-18 %; C,-C, hydro-
carbons: 2-17%; C~C, (gasoline) hydrocarbons: 20-50%; C ,—C,, hydrocarbons:
15-25%; C,, and higher hydrocarbons: 5-58 %; the whole amount of olefins: 5-35%;
oxygen-containing compounds: 1-4 % [1,108]. The newer catalysts promote the
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formation of medium (C,
amount of light products.

Figure 4.5 shows a comparison on between the product yields of crude oil
processing and of an arbitrarily chosen integrated GtL process (included the isomer-
izing hydrocracking of heavy paraffins too) [126-130] to middle distillate. As is
apparent, in the latter case significantly more middle distillate can be produced (by
ca. 22 absolute%), beside the formation of naphtha and other products [1,131].

Notice that to increase the octane number of the gasoline boiling point range light
fraction, obtained by the integrated Fischer—Tropsch synthesis (including the isom-
erizing hydrocracking and product separation), the best solution is catalytic isomeri-
zation. In the case of the heavier fraction, the appropriate reforming corresponds to
the product demand, or it may be used as feedstock for steam pyrolysis (together with
the light naphtha) to produce light olefins (ethylene, propylene).

The diesel gasoil fraction has excellent quality. In particular, it is free of sulfur
and aromatics (< 2 mg/kg and <0.05%), with cetane numbers: 70-80; density:
0.775-0.785 kg/m®. This is one of the big advantages of GtL technologies
[109,126-138].

The advantages and disadvantages of Fischer-Tropsch gasoils are the following
[1,64,69-82,108-138]:

—-C,,) and long (>C,) hydrocarbon chains, with minimum

Advantages

¢ Several raw materials (conventional and renewable) can be used

* Products practically free of sulfur, nitrogen, and aromatics

* Applicable in conventional vehicles and engines

» Applicable in existing logistical system

* Lower undesirable effect on the activity of the aftertreatment catalyst of

vehicles
General refinery yields in Europe,
2006, % (v/v) Yields of BtL process, % (v/v)
i 20-25
Gasolines 31.2 Gasolines

JET 7.8

Gasoil/ - 415 Diesel fuel |- | 65-75
Diesel fuel
Heavy heating oil 11.1

FIGURE 4.5 Comparison of typical product yields from crude oil with integrated GtL
technology
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* Lower toxic effect during treatment, transportation, distribution

* Better biodegradation compared to the crude based diesel gasoils

» Lower general emission

* Blending with crude oil based diesel gasoils improves the emission properties

Disadvantages

* Available in low quantity (minimum 1.5 x 10° t/year in 2010), but capacity data
of ongoing and future investments very promising—by 2020 between about
27 and 95 x 10° t/year (0.54-1.9 x 10° b/d), and by 2030 between about 48 and
202 x 10° t/y (0.96-4.04 x 10° b/d)] [139]

* Lower volumetric energy content (by 7-8 %)

* Do not satisfy the density specification in actual diesel gasoil standards
(marketing only together with crude oil based diesel gasoil)

* The acceptable lubricity only with additives
* Production cost higher than the cost of conventional gasoils

4.3.2 Biogas Oils from Triglycerides

In a wider sense biogas oils can be classified as the synthetic liquid hydrocarbons.
These oils are likewise mixtures of iso- and -paraffins [140,141] and are produced
from different feedstocks having a high triglyceride content (and fatty acid content)
by one or moresteps of catalytic hydrogenation (a special form of hydrocracking),
which can, if necessary, be accomplished with isomerization. The biogas oils
(actually HVOs: hydrogenated vegetable oils) belong to the second-generation
agricultural alternative fuels (see Table 4.4) [140-142].

Biogas oil production starts with the elimination of disadvantageous properties
consisting of the fatty acid-alkyl-esters bond in triglycerides, such as in vegetable
oils, used frying oils, and greases. Triglycerides are undesirable because of their
thermal and oxidation instabilities due to olefinic double bonds. Their hydrolysis
sensitivity is due to the ester bond, which forms corrosive acids. Then the phosphorus,
alkali, and alkaline metal content must be removed, lowering the energy content
by about 10% compared to the gasoil; and poor cold flow, among other negative
properties [4,8,143-149].

Biogas oils are nevertheless being developed based on the fact that the long unsat-
urated hydrocarbons chains (C, -C ) derived from triglycerides (vegetable oils, used
frying oils and greases, slaughter house greases, “brown fat” of sewage works, algae
oils, etc.) have a very high cetane number, around 95-110 (see Table 3.5 and
Figure 3.18) in saturated form. Furthermore the high freezing points (ca. between 18
and 32 °C) of the n-paraffins can be decreased at least by 15-30 °C with the transfor-
mation to isoparaffins (see Table 3.6 and Figure 3.19.).

CoMo/Al O, [150-153], NiMo/AL O, [153-162], CoNiMo/ALO, [163,164] and
other catalysts used for desulphurization of the middle distillates have been suggested
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TABLE 4.4 Biomotor fuels classification according to the chronology of their
recognition and application

First

Second

Third

Fourth

Generation

¢ Bioethanol
>

* Vegetable oils

 Blends of the
previous and
conventional
petroleum-based
fuels

Biogas oils
(hydrogenation/
isomerization of
vegetable oils)
Bioethanol from
lignocelluloses

e

Biobutanol

Biocomponents
as molecular
constituents
Biomethan
(biogas)

[*
[ -
.

 Synthetic biofuels
from biosynthesis
gas

* Biogasoline and
biogasoil (hydro-
cracking of biooils
produced by
biomass pyrolysis)

* Bioparaffins from
lignocelluloses
carbohydrates

* Biodimethyl ether
(DME)

L
“Vu

* Biohydrogen 4§
* Synthetic
biomethane

L *
e -
«
¢ Biomethanol

o

* Bio electricity
(indirectly for fuel
cells)

V4

* y-Valero-lactone

¢ Unknowns

for the purpose of hydrocracking triglyerides. The main reactions proceeding on
these catalysts are besides the formation of fatty acids, saturation of the olefinic
double bonds and deoxygenation reactions [155,165,166]:

For example, in the case of a triglyceride containing only an oleic acid, hydroge-
nation takes three steps:

1) Deoxygenation with reduction (classic hydrodeoxygenation; HDO)

0

CH;O 7!_(;1.1 2—{—CH2—)6—CHZC H+CHT);CH3
0

CH—0 —! —CH{—CHy)—CH—=CcH—~{-CH;}-CH,

0
CHyO —! ——CHZ—(—CHZ—L—CH:CH —(—CH2—)7—CH3

+15H,
———— > 3C,Hy, + CyHg + 6H,0

cat., p, t
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2) Decarboxylation

(6]

CH;O—! —CHz—(—CHz—)ﬁ—CHZCH—(—CHZ—);cm
0

CH—O—Q—CHZ—(—CHZ—)ﬁ—CH:CH—(—CI—[;);CH3 —% 5 3C,;Hyq + CHy +3C0,

cat.,, p, t
(0]

CH;o—l(:l—CHZ—(—CHZ—)é—CI—I:CH—(—CI—[;);CI—[3

3) Decarbonylation

o

CHs o—c—CH—(—CH—)—CH_CH—(—CH—)—CH
o

CH— o—C—CH—(—CH—)—CH_CH—(—CH—)—CH3 %} 3C Hyq + CyHy + 3CO + 3H,0
o

CH;~ o—C—CH—(—CH—)—CH_CH—(—CH—)—cm

The first step of deoxygenation is the elimination of propane by hydrogenolysis,
which results in the formation of carboxyl acid. Then a consecutive hydrodeoxygen-
ation of the carboxylic acid must take place. The main isomerization and cracking of
n-paraffins reactions may be followed by a water—gas shift, methanization, and even
cyclization and aromatization, depending on the applied catalyst(s) and the reaction
conditions. The suggested process parameter combinations are 7 = 280-380°C;
P=20-80bar; LHSV =0.8-1.5h""; H,/HC = 450-600 Nm*/m’ [151-166]. For example,
on the conventional transition metal-support catalysts, a product mixture can be
obtained from sunflower oil that has a cetane number of 96-102, but high CFPP
value (between +22 and +28 °C) [152]. Decarboxylation catalysts for deoxygenation
of natural tryglicerides were also suggested (Pt, Pd, Ni, Ir, Ru, etc., supported on
Al O,, Si0,, zeolite, or activated carbon) [167-169];. The isomerization of paraffinic
products includes, for example, Pt/SAPO-11 and Pt/HZSM-22 catalysts (T = 320-
350°C; P=35-60bar; LHSV =1.0-2.5h™"; H /HC=250-300 Nm*/m*) [140,141,170].
The CFPP values of obtained products range between —5°C and —25°C, but the
cetane number is a bit lower only (80-90), though significantly higher than the gen-
erally specified 50-55 unit (e.g., EN 590:2009 Al + 2010, ASTM D 975-11).
Currently, only three plants are in operation for the production of biogas oil (two in
Finland and one in the Netherlands) [171]. These plants include hydrodeoxygenation
and n-paraffin isomerization blocks (Figure 4.6) [162].

Over the past decade several studies focused on the simultaneous catalytic trans-
formation of tryglicerides and different gasoils [145,172—-176]. In summary, they
found that catalytic coprocessing could be successfully accomplished in an existing
HDS plants. The modifications were small, suggesting advantages of lower
investment cost and the production of the biocomponent containing gasoil in one
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FIGURE 4.6 General scheme of a biogas oil production

step. The cetane number, and sulfur, nitrogen, and aromatic contents of the final
product were very favorable.

4.3.3 Production of Bioparaffins from Lignocellulose
and Carbohydrates

The bioparaffins produced from lignocellulose and carbohydrates may be utilized in
the future as jet fuel and/or diesel fuel blending components [177,178]. If necessary,
their quality may even be improved by catalytic isomerization. Glucose and xylose
are produced from the biomass by acidic hydrolysis, and the water-soluble organic
compounds of higher molecular weight are dehydrated in the acidic media followed
by aldol condensation (when carbon—carbon bonds are formed on solid basic cata-
lyst). In the last step in a multi-phase dehydration/hydrogenation unit on a bifunc-
tional catalyst (containing metallic and acidic sites, for example Pt/zeolite),
long-chain alkanes are formed. Hydrogen gas is produced from some of the glucose
and xylose by aqueous-phase reforming. The reactions are carried out at 60 °C to
250°C and 30-35 bar [177,178].

4.4 OXYGEN-CONTAINING ENGINE FUELS AND
BLENDING COMPONENTS

Oxygen-containing fuels and blending components contain at least one oxygen atom
by molecule beside the carbon and hydrogen atoms. The presence of oxygen pro-
motes burning without emitting high amounts of inert material (e.g., into the air N,),
and thus add to the harmful material (NO ) emissions at the operation conditions of
internal combustion engines. The other important property of oxygen-containing
compounds is that they have high octane and cetane numbers required for Otto
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and diesel engines. For example the research octane number of ethanol is around.
111, while the cetane number of dimethyl-ether is around 55-65. Both have excellent
burning properties in their corresponding engines, and they can improve the prop-
erties of some less effective components [179,180].

Oxygen-containing fuels and blending components can be classified as
follows [1]:

* Type of the applied engines:
o Otto-engines (methanol, ethanol, methyl-tertiary-butyl-ether, etc.)

o Diesel-engines (dimethyl-ether, fatty-acid-methyl-ester, etc.)
o Fuel cells (e.g., methanol)

* Type of the compound:
o Alcohols (e.g., tertiary-butyl-alcohol)

o Ethers (e.g., bio ethyl-tertiary-butyl-ether)
o Esters (vegetable oil, synthetic fatty-acid-methyl-esters, etc.)
* Type of substituted fuel:
o Instead of gasoline, or use of gasoline with oxygen containing compounds
o Diesel gas oil substituents and blending components
o Suitable for both gasoline and diesel gasoil substitute (e.g., ethanol)
» Extent of fuel substitution:
o Solely applicable
o Applicable as a blending component (additive)
o Solely applicable as a blending component

In the following sections, the main types of alcohols, ethers and esters, their prop-
erties, production, advantages and disadvantages of the application in engines,
including their effect on the environment will be discussed.

4.4.1 Alcohols

Monovalent alcohols having from one to four carbon atoms can be used as fuels in
internal combustion engines. The main properties of the top candidates are summa-
rized in Table 4.5 [1]. The roles of isopropyl and tertiary butyl alcohols are negli-
gible compared to the methyl and ethyl alcohols, and the butanols will be discussed
later.

Methanol Among the alcohols, methanol is the cheapest to use as a fuel (in
internal combustion engine, in fuel cell) or mixed, such as with 15 v/v% in gasoline
or diesel gas oil, and it may also be mixed with dimethyl-ether (DME) [44,179-184].
Its solubility in gasolines is limited, so method is used together with higher carbon
number alcohols [44,185,186]. Its use in MTBE manufacturing has decreased due to
the toxicity and undesirable odor (especially in drinking water) of MTBE and the
spread of bio-ETBE [187-191].
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Methanol may contain sulfur, nitrogen, aromatics, and olefins but only as contam-
inants. It has a high octane number; consequently it has a low cetane number. It is
moreever extremely toxic and corrosive. If methanol gets into the groundwater near
the surface it can be a disastrous for the human population. The toxicity of methanol
is however, lower for fish and animals than for people. Water-containing methanol
causes corrosion of zinc, aluminum, and magnesium, but water-free methanol is not
so corrosive. A major hazard of methanol as a fuel is that toxic formaldehyde is
formed during combustion, causing allergies to flare up and skin irritation. In the use
of M85 (85 v/v% methanol and 15 v/v% gasoline), the emission of formaldehyde can
be 10 times higher than that of gasoline [182,192,193].

The methanol is produced from synthesis gas made of different feedstocks (e.g.,
coal or natural gas). The main reaction is:

CO+2H, = CH,0H AH =-92kJ/mol

which is very exothermic.

Actually the most economical way to produce methanol is to synthetize it from
the synthesis gas obtained from fossil sources. In the synthesis gas produced from
methane-rich natural gas, the CO/H, molar ratio is 1:3, which differs from the stoi-
chiometric ratio required for the methanol production. Hence, in the processes that
apply the synthesis gas containing excess hydrogen, carbon dioxide is added to the
gas mixture, and the following reaction for methanol formation takes place:

CO, +H, = CH,0H+H,0 AH =-50kJ/mol

The methanol-producing processes can be classified according to the catalysts being
applied, the process parameters (especially pressure and temperature), and the con-
figuration of the reactors [1,15,181,194,195].

The general scheme of methanol producing technology on synthesis gas basis is
the following:

Feedstocks (coal, [ Synt};esi:: gas || Synthesis gas |5  Methanol | Methanol
’ roduction i i .
natural gas, other p purification synthesng and
hydrocarbons) S(?p'firatl.on
(distillation)

The pressures applied are based on arbitrarily chosen ranges: high (100-350 bar),
medium (50-100 bar), and low (<50 bar) pressure processes have been tried
[15,181,194,195]. The development of more active and selective catalysts has made
it possible to decrease the pressure range. So Methanol synthesis can be carried out
at 50-100 bar and at 200-280°C on CuO—ZnO—A1203 catalysts [195-198].

Methanol production based on biomass is carried out nowadays only by the
thermal method, though theoretically it is possible to use biochemicals. An econom-
ical fermentation process for the production of methanol on an industrial scale has
yet to be developed.
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The quality of methanol fuel (>85% alcohol content) is specified in the standards
of countries where their use promises to be significant, such as in the United States.
Of course, methanol in gasoline presents substantially different properties that must
be considered as well (see Table 4.5). Generally, in the so- called flexible fuel vehi-
cles (FFV), these differences do not pose a problem. These vehicles’ computer-
controlled sensors control the methanol content (alcohol content) of the gasoline, and
adjust the operating parameters accordingly [199,200].

The use of methanol as motor fuel has the following advantages and disadvan-
tages [1,15,44,182,201,202]:

Advantages

Obtained from well-known fossil or from renewable energy sources
Improves combustion (lower total emission compared even to ethanol)
Lower volatility than of gasoline

High research and motor octane number

Relatively low ozone-forming activity

Potential to be transported via pipeline

Cheaper than ethanol

NO, and particle emission lower than of conventional engine fuels
Flames can be extinguished with water

Lower combustion temperature than gasoline (sparing structural materials)
Can be applied in fuel cells

Carbon dioxide emission reduced when produced from biomass

Several elastomers suitable for seals (e.g., fluorine silicone rubber, styrene buta-
diene rubber, ethylene propylene terpolymer rubber).

Disadvantages

Energy balance of production negative compared to that of gasoline
Low caloric value (18 MJ/dm?)

Cold start difficulties

Relatively high methanol emission, very high aldehyde emission
Toxic

Solubility in water

High vapor pressure

Because of its limited solubility, according to European Standard EN 228:2010,
only 3 v/v% methanol can be blended into motor fuels in the absence of a
co-solvent

Methanol is an important raw material for several engine fuels (e.g., gasoline from
methanol, dimethyl ether from methanol) and engine fuel additives (methyl-tertiary-
butyl-ether: MTBE; tertiary-amyl-methyl-ether: TAME). It is hard to predict the
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extent to which methanol can become an engine fuel or blending component because
of its high toxicity and water solubility. Then again, interest in bioethanol is becoming
widespread.

Ethanol Ethanol (ethyl-alcohol: CH,—~CH,~OH) is one of the oldest applied fuels
(since 1877). Ethanol is called bioethanol when it is distinguished from the ethanol
obtained through chemical synthesis. The nearly 16 million tons of bioethanol used
as fuel in 2000 grew to nearly 51 million tons in 2012. Nowadays it is around 5.7%
of the gasoline use of the world [203].

For the production of ethanol several processes were developed [1,15,175,181]:

Chemical Synthesis

* Direct hydration of ethylene

* Indirect hydration of ethylene

* Homologization of methanol

* Partial oxidation of ethane

* Processes based on synthesis gas

Biochemical Processes

* From sugar via fermentation—grape-sugar (glucose), malt-sugar (maltose),
beet sugar (saccharose) etc.

e From starch via fermentation after hydrolysis (the best-known technology
world over)

* From cellulose via fermentation after special pre-treating and hydrolysis (on the
basis of agricultural by-products, wood, etc.; still in phase of research or pilot
plant).

Chemical syntheses will not be discussed, because these are fully covered in pet-
rochemical books [204,205]. The biochemical processes are of increasing impor-
tance, so these will be reviewed briefly.

Several processes have been developed for the production of bioethanol, because
of the chemical compositions of the different feedstocks. The major feedstocks for
bioethanol production are the following:

 Sugarplants (beetroot, sugarcane, fodder beet, sugar sorghum)

* Crops with high starch content (corn, wheat, barley, potato)

* Crops with high inulin content (sweetpotato or sunroot)

* Lignocelluloses (cornstalk, straw, woody plant parts)

* Industrial by-products (molasses, whey, refuse paper, sawdust, etc.)

In North America the raw material of motor fuel grade ethanol (MFGE) is
the starch obtained from different grains, primarily from corn, which is around 90%.
In Central and South America it is produced from sugar vegetables, mostly from
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sugarcane. (Ethanol can be obtained directly from the sugar syrup of chopped sugar-
cane—from independent manufacturers—or from treacle, which is the by-product of
sugar production—from ethanol manufacturers connected with the sugar industry.)
In Europe grains and sugar carrot have the dominating role, but the sweet sorghum
can become important, as well. Generally, the choice of feedstock unequivocally
follows the structure of agricultural production.

Bioethanol is a product of a microbiological transformation—fermentation—of a
biomass. Fermentation is an enzyme-catalyzed, energy-producing chemical reaction
by which complex organic molecules are transformed into lower molecular weight
organic compounds. Consider the following example [1,181,206]:

(C4H,,0;4 )n +nH,0 - nCH,,0,
nCH,,0, = 2nCH,CH,OH +2nCO, heat release : 92.2 kJ/mol(anaerobic)
CH,,0, =6CO, +6H,0  2.82MJ/mol(aerobic)

From the formula above, theoretically 51.1 kg alcohol and 48.9 kg CO, are formed
from 100 kg glucose. However, the effective yield is lower than this; ordinarily it is
90% of the theoretical yield.

After fermentation, the mash contains 8—12% ethanol depending on the tech-
nology and the sugar content of the feedstock. The recovery of ethanol is performed
by distillation. The ethanol concentration of the final product is roughly 96%. Water-
free, “absolute” alcohol can be obtained by azeotropic distillation, or by separation
with a molecular sieve or membrane. The product is of 99-99.9% ethanol content.

The most frequently used starch-containing plant crops are corn, wheat, barley,
and potato. The starch content of the first three is around 60%, while that of the last
one is 12-20%. Their common property is that the sugar is present in polymeric form.

The hydrolysis of starch (liquefaction, conversion to sugar) takes place in three
steps [1,15,179,206,207]:

Starch + Water —%2™%¢ 5 Maltose

(C4H,,0;4 )2,, +nH,0 — nC,H,0,, +By-products
C,H,,0, +H,0 Zwomle 5 5C H,0,

Maltose Glucose

C12H22oll + HZO % C6H1206 + C6H1206
Sacharose Glucose Fructose

During fermentation, glucose and fructose transform to ethanol and CO, in an anaer-
obic reaction in the presence of enzyme complexes:

C.H,,0, — 2C,H,OH +2CO,
Glucose, fructose Ethanol

The fermentation is followed by the purification of the product mixture.
First around 95% concentrated ethanol is produced by conventional distillation.
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The ethanol concentration can be increased using azeotropic distillation and adding
a demolisher to the mixture (e.g., benzene or cyclohexane). An alternative is to use
pressure swing adsorption (PSA, e.g., over zeolites). Yet another solution could be
membrane separation. Production of economical, industrial-scale ethanol from lig-
nocelluloses (e.g., from soft and hard woods, sawdust, cornstalks, and corn cobs) has
not been realized and currently is only at the experimental stage [1,10,179,208-211].

Ethanol is used as a blending component of gasolines (ca. 5-15 v/v %) or in E85
(ca. 85 v/v% ethanol and ca. 15 v/v% gasoline) [212-214]. Ethanol has performed
well in so-called FFV (flexible fuel vehicles). The operating conditions are based on
the ethanol concentration of the fuel, which is controlled by a computer [199,200,215].

Based on the experiences of bioethanol programs worldwide, and numerous other
research and development activities connected to ethanol, the advantages and disad-
vantages of this fuel in Otto engines are unambiguous [1,10,179,182,206,216-218].

Advantages:

* Reduction in use of fossil energy sources

* High octane number (octane number increasing with additive)
 Contributes to the reduction of aromatic content of gasolines
* Improved combustion (oxygen-containing compound)

» Higher compression ratio, and thus higher efficiency (38% reached in some
tests in Brazil)

* Enhanced performance and increased torque
* Mixtures have higher volumetric energy content
* Longer engine life due to lower operating temperatures

* Environmental advantages in reducing emissions of some carbon compounds
(e.g., ca. 60-65% carbon dioxide, ca. 50% carbon monoxide), and also of solid
particles

* Biodegradability

* Lower damage to ozone layers than gasoline (but higher than that of
methanol)

* Less toxic than methanol

* Performance with lean mixture, resulting in lower carbon monoxide and hydro-
carbon emissions (hydrogen/carbon ratio higher than that of gasoline),

* No raining of topsoil or groundwater

Disadvantages:
* Energy content lower by mass

* Energy consumption highest with pure ethanol (i.e., performance declines as
purity increases)

* New gasoline blends not yet efficient at high blending vapor pressures

* High hydrocarbon evaporization emissions (e.g., in EI5G blends the vapor
pressure of gasoline must be decreased)



144 ALTERNATIVE FUELS

* Cold start problems of pure ethanol (low vapor pressure due to high evaporation
heat)

* Higher ethane, ethylene, and acetaldehyde, but lower formaldehyde emission
* Poor lubricity

» Corrosion damage to engines to iron, steel, zinc, etc., so more corrosion inhib-
itor needed

» Absorption of water resulting in phase separation of gasoline mixture
* Gaskets (elastomers), plastics may be damaged
» Need for tank of special material, etc.

4.4.2 Ethers

Ethers produced from alternative sources can be used as fuels alone or as blending
components in diesel or Otto engines. The most important ethers are the dimethyl-
ether (DME), methyl-tertiary-butyl-ether (MTBE), ethyl-tertiary-butyl-ether (ETBE,
bio-ETBE), and tertiary-amyl-methyl-ether (TAME) [1,219-224].

Ethers Used in Gasolines 1In the Otto engines, ethers can be used as gasoline-
blending components. Such ethers are methyl-tertiary-butyl-ether (MTBE), ethyl-
tertiary-butyl-ether (ETBE), tertiary-amyl methyl-ether (TAME), and heavier (higher
carbon number) ones. These ethers are considered as bioengine fuels when they are
produced from bioalcohols such as from biomethanol and bioethanol. The produc-
tion and properties of these ethers were covered in the previous chapter.

Dimethyl-ether (DME) Dimethyl-ether is suitable alone to operate diesel engines
(cetane number: 60-65). An essential fact is that the miscibility with the diesel gas
oil is good [1,225-227]. Dimethyl-ether is produced from methanol (manufactured
from synthesis gas) or directly from synthesis gas [228,229]:
CO+2H, - CH, -OH
2CH, -OH - CH, -0-CH, +H,0
This is a slightly exothermic reaction. The catalyst can be amorphous alumina

with ca. 10% silica. The main reactions during the direct production from synthesis
gas are [228,230,231]:

3CO+3H, - CH, -0O-CH, +CO,

2CO+4H, - CH, -0-CH, +H,0
2CO+4H, — 2CH, -OH

2CH, -OH — CH, -0-CH, +H,0
CO+H,0—-CO, +H,

The considerable heat released during the highly exothermic reaction must be
removed. Catalysts were developed (by methanol synthesis of a copper-zinc-zirconium
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based catalyst on solid acids like y-Al,O, or ZSM-5 zeolite) that generate hydrogen
formation from the water and carbon monoxide dissolved in the solvent [229,231,232].
The favorable process parameters are 260-270°C and roughly 40-60 bar
[231,232]. DME may contain less than 0.3% other oxygen-containing compounds,
and a lubrication improver additive is needed in a concentration of 500-2000 mg/kg
[233,234].
The advantages of the DME application are [1,235-237]:

» Low ignition temperature (high cetane number), therefore suitable for compres-
sion ignition engines

* High vapor pressure at ambient temperature, therefore evaporates almost imme-
diately after injecting into the cylinder

* Very high oxygen content, low carbon/hydrogen ratio and free of carbon—carbon
bond, therefore the soot formation during combustion is lower and the particle
emission is very low

* Can be used as a hydrogen source for the fuel cells

* Ignition delay is short because of its high cetane number and good volatility

* Noise of the engine is low

* Has good cold start properties

The Disadvantages are:

* Requires special fuel-injection system, but so far only a few engine and fleet
experiments have been carried out with DME-fueled engines

* Due to the poor lubrication properties, abrasion may occur on friction surfaces
in fuel-injection system

* Chemically and physically attacks conventional gaskets and plastic
components

» Compressibility of DME is much higher than that of the diesel gas oil, therefore
the compression energy demand of the DME-fuel injection is much higher

* At the same energy content, approx. 1.8 times higher volume of DME must be
injected than diesel gas oil to combustion chamber, thus timing of the injection
must be improved

4.4.3 Vegetable Oils and Their Oxygen-Containing Derivatives

As we noted earlier, the fuels produced from plants or crops will increase in impor-
tance worldwide because the carbon dioxide emitted during burning—as in case of
other biofuels—does not burden the environment and will likely be assimilated by
cultivation of the next crop of vegetation.

The suitability of vegetable oils for operating diesel engines has been known for a
long time. In 1912 Rudolph Diesel presaged that the use of vegetable oils could someday
become as important to engine operation as the crude oil and coal tar products.
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These materials have come to be called biodiesels. Biodiesels range widely due to
the different vegetable oils and natural fats. Their oxygen-containing derivatives are
also applicable in diesel engines. In a sense, transesterificated derivatives of plant
triglycerides, are the fatty acid alkyl-esters.

The vegetable oils are obtained mostly from the seeds of plants, and sometimes
from other plant parts. The oils used are: in the United States, soybean oil and some
sunflower oil; in Canada, rapeseed oil and mainly pine pulp oil (“tall o0ils”), in
Europe, rapeseed, sunflower oils; and in southern countries, palm oil.

The compositions of vegetable oils are very similar, because 95-97% of them are
triglycerides that are built up of similar fatty acids; the compositions differ only in
the ratios of the individual fatty acids. In addition, the raw vegetable oil contains free
fatty acids and their oxidized products, phosphatides (e.g., lecithin), vitamins (e.g.,
tocopherols), water, mono- and diglycerides, colors, free sugar, glucolypides, hydro-
carbons, resins, sterols, waxes, taste and smell materials, traces of metals having
oxidation catalyzing effect (e.g., copper), among other things. (The emulgeated
materials in vegetable oils are called slime [1,4,8,238-243].)

The oils are retrieved from suitably prepared acids and alcoholscrops of vegeta-
bles by extruding (e.g., screw extruders) or extruding milling (oil mills) and/or with
extraction (e.g., with hexane) [1,4,8]. Extruding milled vegetable oils and their deriv-
atives are used as engine fuels. (In the food industry more refining steps are necessary.)
A valuable by-product, called “extruded cake” (animal food), is obtained in this
operation, which has 4-8 % oil content [244-246].

The oil content of the various seeds is different (eg., rapeseed has ca. 40%;
sunflower has ca. 47%; soybean has ca. 18%; palm has ca. 47%; peanut has ca. 45%)
The compositions (Table 4.6) and qualities (Table 4.7) of obtained oil differ as
well [1].

The structures of vegetable oil molecules fundamentally determine their physical-
chemical properties. For example, double bonds impair the thermal and oxidation
stability of molecules [1,4,8,247-249]. The molecules are miscible with the water
because the ester groups hydrolyze easily to acids and alcohols. In both processes the
acids that form, cause corrosion in the fuel supply lines and engine parts, and they
also damage gaskets. In some parts these acidic components interact directly with the
engine oil. As a consequence the basic reserve of engine oil decreases, and antago-
nistic interactions with the additives take place. The engine oil change times are
shortened significantly (by 30-50%) [1,4,8,161,162]. Most of the esters have
relatively unstable bonds that are effectively destroyed by microorganisms inherent
to them, but during storage as well [1,4,8,249-252]!

Vegetable oils can be used in diesel engines alone or with diesel gasoils in various
rated mixtures, and after chemical transformations. The chemical transformations
are structural changes to the oxygen-containing compound(s), which are different
fatty acid alkyl esters in biodiesels. Biogas oils contain mixtures of iso- and n-paraffins
produced from vegetable oils of high triglyceride content and other raw materials
by catalytic hydrogenation. Very little, if any, oxygen-containing compounds are
present, as we explained in our discussion of synthetic liquid hydrocarbons (see
Chapter 4).
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TABLE 4.7 Physical-chemical properties of different vegetable oils

Properties Rapeseed Oil Sunflower Oil Soybean Oil  Palm Oil Len Oil

Density, at 15°C, g/ 0.915 0.925 0.930 0.920 0.935
cm?

Flash point, °C 320 315 330 265 —

Cloud point, °C 0 -15 -10 30 -20

Pour point, °C -12 -18 -18 25 -25

Kinematic viscosity,at 98 66 65 — 51.5
20°C, mm?/s

Iodine number, g 115 130 135 — 185
1/100 g

Saponification value, 175 190 190 — 190
mg KOH/g

Heating value, MJ/kg 40.5 40.0 40.0 35.0 39.5

Cetane number 50 35 38 40 —

Tables 4.8 and 4.9 list the properties of the most widely used rapeseed and soybean
oils as fuels and the fatty-acid-alkyl-esters produced from them [1]; they also sum-
marize the most important properties of EU and US diesel gasoils.

Recall that in the production of the vegetable oils and diesel gas oils listed
Tables 4.8 and 4.9 fatty-acid-alkyl(methyl)-esters from the vegetable oil are pro-
duced by transesterification (alcoholysis) of suitably prepared vegetable oils (triglyc-
eride content >95 %) [1,4,8,244,245], and they are also produced from used frying
oils [1,4,8,252] with low molecular weight alcohols (e.g., methanol, bioethanol).
Bases (KOH, NaOH, K- or Na-methylate, etc.) [1,4,8,245,252-257], acids (e.g.,
sulfuric acid) [1,4,8,245,256-259], supported bases (IFP) [260-263], solid acids, or
enzymes [264-268] are used as catalysts. Supercritical alcohols (e.g., methanol,
ethanol) have been suggested for transesterification [1,4,8245,269-272]; their
chemical transformation (Figure 4.7) occurs at 35-250°C, with their 3.1-3.8:1.0
alcohol:triglyceride mol ratio depending on the catalyst and on how the technology
for the transesterification is constructed [1,4,8,245,256,257]. The fatty-acid-methyl-
ester phase is separated from the glycerin phase with decantation, and its quality can
be improved by different finishing operations, before it is additivated.

Purification of the transesterificated product can be done in any of the following
ways [1,4,8,245,256,273-278]:

* Washing with water, followed by water removal with distillation.

» Separating the ester by distillation (e.g., film evaporation requires high energy,
but the product is very pure, and methanol gets separated in the process).

* Applying a surface active additive (that sufficiently dissolves methanol, leaving
water and catalyst residue).

Fatty-acid-methyl-esters can be produced not only from vegetable oils but
also from used frying oils [1,4,8,252,279-282], animal fats [283-285], algae oils
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TABLE 4.8 Properties of rapeseed oil, RME, and diesel gasoil (European Union)

Rapeseed
Methyl Ester Diesel Gasoil
Properties Oil (RME) [EN 590: 2010]
Density, at 15°C, g/cm? 0.905-0.930 0.860-0.900 0.820-0.845
(0.830)
Kinematic viscosity, at 33-43 (39) 3.5-5.0 2.0-4.5
40°C, mm?/s
Heating value, 37.0-37.2 36.7-37.7 40.0-44.0
Ml/kg 33.7-34.0 32.4-33.1 35.7-35.8
MJ/dm?
Cetane number 40-44 >51 >51
Refined 50-56
Polyaromatic content, <0.01 — <8.0
(di+), v/v %
Sulfur content, mg/kg 10-120 <10 <10
Flash point, °C 315-325 >120 >55
CFPP,°C 5-18 <-20 <-20
Conradson-number, % 0.15-0.5 <0.3 <0.3
Initial boiling point, °C ~210 ~320 ~180
End boiling point, °C Breaking from ~360 360-370
~320°C
Sulfate ash content, % — <0.02 <0.01
Total contaminant content, — <24 <24
mg/kg
Copper corrosion, grade — 1 1
Water content, mg/kg 100-1000 <500 <200
Iodine number, g/100 g 110-120 <120 *
Total glycerin content, % — <0.25 *
Free glycerin content, % — <0.02 *
Methanol content, % — <0.2 *
Phosphor content, mg/kg — <7.0 *
I. Metal group (Na + K), <5.0 *
mg/kg
II. Metal group (Ca + Mg), <5.0 *
mg/kg
Acid number, mg KOH/g <0.50 *
Polyunsaturated (=4 double <1.0 *

bond)
Oxidation stability

EN 14112:2003
min. 6 h

EN 15751:2009
min. 20 h

Note: The*indicates no limitation.
“Determined from the 10% residue
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TABLE 4.9 Properties of soybean oil, SME, and diesel gasoil (United States)

Soybean
Properties Oil Methyl Ester Diesel Gasoil
Density, at 15°C, g/cm? 0.920 0.886 0.8495
Kinematic viscosity, at 40 °C, mm?/s 33 3.891 2.98
Heating value 39.3 39.77 45.42
Ml/kg 36.2 35.24 38.58
MJ/dm?
Cetane number 38 55 49
Polyaromatic content, (di+), v/v %
Sulfur content, mg/kg <100 <120 <360
Flash point, °C — 188 74
CFPP,°C
Conradson number, % — 0.068 0.16

[286-289] and from other non edible oils [290-293]. Before the transesterification
the appropriate pre-treatment of these raw materials is necessary.

Data in Table 4.8 clearly show that the properties of vegetable oils, their fatty acid
methyl esters (B100), and diesel gasoils are fundamentally different in their molec-
ular structures. The undesirable properties of vegetable oils do not disappear by
blending them into gasoils, but they deteriorate the gasoil quality (depending on the
blending ratio—B5, B7, B10, B20, etc.). The application of pure vegetable oils alone
or as diesel gasoil substituents is not suggested.

The use of vegetable oils as an engine fuel has been approached from the point of
view of redesigning engines to make biogas oils more suitable as fuels. However, the
development and investment costs are still very high, and as yet, attempts have not
been successful.

Theoretically, suitable components for diesel engines could be produced from the
different natural triglycerides that result after they are transformed into molecules
similar to those in gasoils, but with lower average molecular weights and a lower
content of unsaturated compounds. So far, the only ways known to accomplish the
hydrogenation of triglycerides and the transesterification of triglycerides are with
monovalent alcohols. This former process was discussed previously in this chapter.

During esterification, as is evident in the scheme of Figure 4.7, the molecular
structure of fatty-acid-methyl-ester mixtures, which are formed in consecutive
(multiple-step) reactions, becomes very similar to that of the paraffin hydrocarbons
in gasoils (except for the ester group and the double bond(s) in hydrocarbon chain).

On comparing the main properties of vegetable oils and fatty-acid-methyl-esters
(FAME) to similar data for gasoils (Tables 4.8 and 4.9), it can be seen that the chemical
transformation can raise the quality of FAME and even exceed that of gas oils. In effect,
on average molecular structure of FAME is closer to the structure of diesel gas oils than
to that of rapeseed oil, for example. However, the density, viscosity, cold filter plugging
point, and Conradson number values of FAME are definitely not as good as those of
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FIGURE 4.7 Gross reaction of transesterification of vegetable oils (triglyceride) and the
molecule structure of n-hexadecane

diesel gasoil; the cetane numbers are approximately the same in range, while the higher
flashpoint and the better lubricity of FAME can be considered two advantages. The
water, glycerin, methanol, and phosphorus contents of FAME are clear disadvanta-
geous, and they can be sources of serious trouble. The presence of the toxic methanol
is extremely undesirable and that of phosphorus is environmentally disastrous, since it
deactivates the exhaust catalysts. The heating value of FAME is definitely lower than
that of diesel gasoils (by 8-14%), which is the main reason for the higher fuel con-
sumption (by 10-15 v/v%) of engines operating with FAME. Because of the double
bonds, FAME has weak thermal and oxidation stability (storage), and because of the
ester bonds, it is sensitive to hydrolysis. In addition, because of high solubility of
FAME, special sealants (e.g., fluoro elastomers) must be used.

To reduce or eliminate the above-mentioned disadvantages of FAME, different
additives are necessary (flow improvers, corrosion inhibitors, detergent-dispersant,
and cetane improvers) [294-301].

The chemical structure of FAME compounds, while differing from that of gasoil
and posing disadvantage, can also by the lower heating value be a significant
advantage. Fatty-acid-methyl-ester molecules have excellent lubrication properties.
The abrasion to the fuel pump is consequently less than that of diesel gasoils, due to
the low sulfur and reduced aromatic content. A further blending with diesel gasoils
in small concentrations (e.g., 0.5-2%) can improve significantly the lubricating,
properties of gasoils [302-304].

The consumption of biodiesels from different triglyceride-containing feedstocks
has grown significantly over the last decade. The mentioned preferable properties
and the significant greenhouse gas emission reductions over a vehicle’s life cycle
(40-55%) outweight the mentioned disadvantages. But there is also an indication
of decrease of use, such as in Germany. Nevertheless, the data show biodiesel
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production to rise from around 800 thousand tons in 2000 to around 15.7 million tons
in 2009 worldwide, with around 680 thousand tons in 2000, around 8.8 million tons
in 2011 and 7.8 million tons in 2011 being in the European Union [305].

4.5 HYDROGEN

In 1820 there was already a trial for developing hydrogen-fueled engines, but the
prototype engine was not built until in 1860. Otto used approximately 50% hydro-
gen-containing gas in the 1860s and 1870s, when he tested his internal combustion
engines [306-308].

Since then, hydrogen has been used in large quantites in the US space program,
since hydrogen has the highest energy content per mass. Hydrogen is best fuel for
rockets, and these have included the Apollo missions to the Moon, the Skylab and
Viking missions to Mars, and the Voyager mission to Saturn. The main driving gear
of a spacecraft operates with hydrogen. In the 1950s hydrogen was even tried in a
Martin B-57 bomber, to estimate the advantages of hydrogen in jet engine (increase
of flying distance and flying height) [307].

When hydrogen is used as an engine fuel, after the combustion only a very small
amount of impurities is emitted. If it is burned in an internal combustion engine, the
main combustion product is water, CO, does not form at all, and NO -compounds
form in a small amount. If we consider only the burning process, hydrogen is the
most pure fuel for internal combustion engines. Hydrogen will likely be used in high
quantities in the near future, directly or indirectly, in the practically emission-free
fuel cells [1,306,307,311].

4.5.1 Production of Hydrogen

The most practical ways of achieving hydrogen production are shown in Figure 4.8
[1]. The principles of considered technologies are discussed below.

Steam Methane Reforming (SMR) [306] During steam reforming, hydrogen
is produced by the reaction of hydrocarbons (e.g., mainly methane) with steam. For
example, for methane [1,309-313]:

CH, +H,0=3H, +CO AH = +206kJ/molH,
Or in general,
CH, +nH,0=(n+m/2)H, +nCO

The reaction is carried out ordinarily at 800-850 °C, 25-35 bar, on a nickel cata-
lyst inserted in a heated pipe reactor. Due to the severe operating conditions, the
catalyst is supported on mechanically strong alumina spheres of high surface area
and of appropriate porosity, ensuring the required heat and material transfer. The
main catalyst poisons are the sulfur and chlorine compounds (<0.1 mg/kg) [314,315]
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Cracking and coke formation limit the application of hydrocarbons with a higher
boiling point than 180°C. For their application a pre-reforming step is included,
where a low temperature catalyst bed is used [306,316-318].

The CO content of the yielded gas mixture is reacted with steam. By this “water-
gas shift” reaction the hydrogen output is increased:

CO+H,0=CO0,+H, AH =-41kJ/molH,

After the shift reaction, the product mixture contains mostly hydrogen and carbon
dioxide. The CO, is then removed. In some technologies the residual CO and CO, are
eliminated by methanization (which is the reverse of reforming):

CO+3H, = CH, +H,0 AH = —206kJ/molH,
CO, +4H, = CH, +2H,0

H, can be enriched with pressure swing adsorption, membrane separation, and CO,
absorption [309,320]. In recent years, several studies have explored water-free,
so-called dry reforming, processes [1,306,307,314,321,322]:

CH, +CO, — 2H, +2CO

Partial Oxidation (POX) Hydrogen can be produced by the partial oxidation of
different hydrocarbons [1,306,307,314,323-325]. In this process, hydrocarbons are
reacted with oxygen at a high temperature:

CH, +%0, =CO+2H, AH =-38kJ/mol

Water—gas shift reaction takes place to some extent due to the unavoidably formed
water, so the product contains CO and CO, besides hydrogen. For partial oxidation,
the catalyst is not needed, so light and pure hydrocarbons without purification can be
used as feedstocks. The expenses of partial oxidation are high. In the case of light
olefins, steam reforming is preferred. For heavy feedstocks, this is indeed the only
suitable and economic process. Partial oxidation is also applicable for the conversion
of residues.

The typical reaction conditions are the following: pressure 50-60 bar, temperature
1300-1400°C. The methane content in the output is very low due to the high temper-
atures. The gas mixture is cooled with water quenching or in heat exchangers
connected to the steam generation.

Autothermal Refoming (ATR) Autothermal (self-supporting) reforming is
similar to steam reforming. The only difference is that the catalyst is not placed in
hard alloyed tubes, but in a reactor having well-isolated walls. The process is called
autothermal reforming because the reaction heat of the reforming is covered partly
by the partial combustion of the hydrocarbon feedstock. In this technology the
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desulphurized feedstock is preheated, mixed with steam, and then introduced in the
ATR reactor, where oxygen is added into a special burner [1,306,307,326].

Production of Hydrogen from Alcohols with Steam Reforming Alcohols
(methanol, ethanol, etc.) and steam are reacted in the presence of a catalyst (e.g.,
copper-zinc). Hydrogen, carbon dioxide, carbon monoxide, and water are formed
[327-332]. The typical reaction conditions are the following: temperature 250—
300°C, pressure 10-25 bar. This process is profitable only when the price of the
alcohols is low.

Production of Hydrogen with Decomposition Hydrogen-Sulfide The
decomposition of hydrogen-sulfide is an equilibrium reaction. It can be carried out, for
example, on Pt/cobalt-oxide, on molybdenum- and tungsten-disulfides, and on transition
metal-sulfides supported on aluminum-oxide carriers [333,334]. The equilibrium of
this reaction is shifted to decomposition only at higher temperatures. Recycling and
recovery of hydrogen-sulfide from the product gas mixture is rather expensive. Several
other methods are being developed to produce hydrogen from hydrogen-sulfide.
Among these are plasma technologies and thermal cracking processes.

Hydrogen Production with Electrolysis of Water Hydrogen production with
electrolysis of water is a very old technology. Except for some special applications,
it cannot compete economically with the steam reforming or with partial oxidation.
Hydrogen production with electrolysis can be competitive in regions where the pro-
duction of electric energy is cheap and the production environmentally compatible,
for example, by using energy of water or wind [307,335,336]. The electrolysis of
water is well known; a survey here would be superfluous [337].

Production of Hydrogen as a By-product of Catalytic Naphtha
Reforming Catalytic naphtha reforming serves to produce aromatic-rich hydro-
carbon fractions. A high amount of hydrogen is then formed as a by-product of the
dehydrogenation and dehydrocyclization reactions. This technology is the most
economic hydrogen source in refineries. The petroleum industry consumes this large
amount of hydrogen, however, and it is often not enough to satisfy the demand (see
Chapter 3).

Hydrogen Production in Biological Way There are different biological
methods to produce hydrogen:

* Direct biophotolysis
* Indirect biophotolysis
* Photo fermentation

e Dark fermentation

Unfortunately, due to limitations of space, their discussion must be omitted.
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TABLE 4.10 Typical properties of hydrogen and other fuels

Properties Hydrogen Gasoline Methanol Ethanol

Burning heat, MJ/kg 120.1 43.4 19.9 27.7

Stochiometric hydrogen/air  34.3 14.5 6.45 8.97
mass ratio

Maximal laminar flame 291 0.37 0.52 —
velocity, ms™

Adiabatic flame 2756 2637 2576 2594
temperature, °C

Research octane number >130 91-100 108 111

Motor octane number 82-94 89 92

Density, g/cm? 0.0709(-252°C) 0.720-0.775 0.791 0.789

Obviously hydrogen can be obtained from the gas mixtures produced in coal and
biomass gasification [306,307].

From the hydrogen-rich gas mixtures produced by the above-mentioned technol-
ogies, the hydrogen thus produced has impurities, such as CO, CO,, light hydrocar-
bons, and water, that must be eliminated to get fuel quality hydrogen. Following
possibilities are being explored [307,320]:

* Pressure swing adsorption
* Membrane separation

* Cryogen technology

* Absorption

4.5.2 Main Characteristics of Hydrogen

The density of hydrogen is very low (gas at 0°C: 0.09 kg/m?; liquid at —252°C: 70.9
kg/m?) [307]. This entails to two problems:

* A very large storage volume is necessary for the suitable running distance of the
vehicle

* The energy density of hydrogen/air mixture is low, so the achievement is low
too.

The flame velocity of burning hydrogen is nearly one order of magnitude higher
than that of gasoline. This means that in stochiometric mixtures, the hydrogen
engines approach better the thermodynamically ideal motorcycle. In lean mixtures,
the flame velocity is significantly lower [307,338,339].

Some important properties of hydrogen fuel are summarized in Table 4.10.

The performances of gasoline and different hydrogen engines can be increased
with modern fuel-injection methods or with the use of liquid hydrogen. In the latter
case the quantity of the injected hydrogen can be increased by about 33%, and the
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performance by about. 37%. The performance can be further increased if the
hydrogen is directly injected into the cylinder (combustion space) [340].

The use of hydrogen in compression ignition engines is limited due to its high
self-ignition temperature. A hydrogen—air mixture does not ignite easily without an
external ignition source. So the majority of experiments for the development of pure
compression ignition hydrogen engines has failed [338-340].

Harmful Material Emissions An important advantage of hydrogen engines is
that they have lower harmful material emissions than gasoline engines. The compo-
nents of exhaust gas are only water, nitrogen, and nitrogen oxides (NO). Some
hydrogen is exhausted, but hydrogen is not toxic and does not contribute to smog-
generating reactions [307,340-342].

NO_ emission is unavoidable in hydrogen engines. Nitrogen oxides can thin the
ozone layers of the atmosphere and produce acid rain. The nitrogen oxides form
because air is used for combustion. Air contains 79% nitrogen. so if the temperature
of the combustion is high enough, then it forms NO_with oxygen. During combustion
NO_ formation basically depends on the following factors [307,340]:

* Temperature of combustion
* Time of reaction
* Quantity of available oxygen

If one of these factors increases, then NO_emission increases too. When hydrogen
engines operate in the lean mixture mode, the combustion temperature decreases
[341], and so do NO_emissions. This state can be attained as exhaust gas is recircu-
lated, or by injecting water and liquid fuel.

Over the life cycle of a vehicle, the greenhouse gas emission of hydrogen fuel is
around one-third that of new composited gasoline. The use of hydrogen from natural
gas is a bit more expensive, by about 20% [343].

The efficiency of hydrogen-fueled internal combustion engines seems to be satis-
factory, but it is more unfavorable with respect to the WTW balance than the use of
natural gas in CNG form. Hydrogen in liquid form requires more energy than in
compressed gas form. Liquid hydrogen is, however, a good alternative for fuel cell
use. If hydrogen could be produced from natural gas, the total GHG emission can
only be decreased by use of fuel cell vehicles [308,343,344].

4.5.3 Hydrogen Storage on Vehicle and Reloading

A huge challenge in engineering hydrogen-driven engines is the construction of a
hydrogen tank that meets modern technical and safety requirements. Because of the
very low density of hydrogen, hydrogen storage systems have to be larger and heavier
than the tanks storing gasoline and gasoil. Hydrogen is stored as a liquid in cryogenic
tanks onboard the vehicle, in hydride form (combined with some metals), or as a
compressed gas at high pressure. Table 4.11 shows the properties of this system [345].
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TABLE 4.11 Comparison of on-board hydrogen storage systems

Liquefied  Hydride (FeTi) Compressed Hydrogen

Properties Gasoline  Hydrogen (1.2% H,) (20.7-69.0 MPa)
Energy content, MJ* 665 665 665 665
Fuel mass, kg 13.9 4.7 4.7 4.7
Tank mass, kg 6.3 18.6 547.5 63.3-86.0
Full fuel system 20.2 233 552.2 68-90.7

mass, kg
Tank volume, dm? 18.9 177.9 189.3 408.8-227.2

“The heating value of 18.9 liters of gasoline is 665 MJ.

Liquid hydrogen is stored at 2 bar pressure and 20 K (-253 °C) temperature. To
maintain these conditions, an extra insulated tank with a duplex wall is needed. Hydrogen
gas can be removed from these tanks. The daily vaporization loss is ordinarily less than
2%. It is should be noted that the energy demand of the liquefaction process is roughly
40% of the heating value of the obtained liquid hydrogen [340-345].

Compared to the other onboard storage systems, an advantage of using liquid
hydrogen is that the mass of the fuel system is just a little larger than that of the con-
ventional gasoline fuel system. Its volume demand is 6 to 10 times higher, which
reduces the storage and/or passenger space. Another advantage of the liquefied
hydrogen is that it can be injected into the engine in cold form (-80°C). As the
thermal efficiency of the engine increases, the NO, emission decreases, because cold
hydrogen behaves as a good heat absorber, and decreases the temperature in the
burning chamber [343,345].

The basis of the metal hydride storage system is that the gas-phase hydrogen
adsorbs on a metal surface by weak bonding. The metal hydrides are granulated or in
powder form, have a high specific surface area and hydrogen storage capacity.
Hydrogen gas is produced as the hydride is warmed up in some extent. It can be emit-
ted directly or an indirectly with the exhaust gas. The advantage of the hydride
storage systems is that high pressure or an extremely low temperature is not needed.
The greatest disadvantage of the system is the low energy density per mass, so high
mass is needed. This limits the run distance of vehicle to 150 to 300 km. A further
disadvantage is the volume of the hydride storage system, which is high, around 100
to 300 dm? [345,346].

The high-pressure storage tanks of compressed hydrogen are usually aluminum
cylinders covered with glass fiber. Other tanks are also being investigated, such as
aluminum cylinders covered with Kevlar (plastics reinforced with graphite fiber) and
high-strength aluminum rolls. The storage of compressed hydrogen has disadvan-
tages from the point of view of weight and volume too. A car with a 160-km efficient
mileage needs to have onboard two 45-kg hydrogen tanks [343,345]. Other hydrogen
storage possibilities are activated carbon, and carbon nanotubes, and fullerenes, for
example. [307,340,344-346]

Hydrogen may be the most promising fuel of the future, but today it is still
much more expensive than crude-derived gasoline and gasoil. Environmentally it
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is very advantageous based on a full life cycle, and if the electricity for the
electrolysis of the water becomes cheaper from renewable sources. The use of
hydrogen could be enhanced by resolving the issue of economic and safe storage
in its liquid state.
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I CHAPTERS5

Fuel Additives

In modern automotive fuels, a combination of several chemical additives is used
in order for the fuel to meet the desired performance level [1-3]. These chemical
additives in small dosages combine to add or improve properties of virgin fuels that
cannot be obtained through the refining processes. The most important are additives
that improve the flow of gasoline and diesel oils [5]. Sometimes the additive is
even used to realize better margins by diverting a value-added product to other
applications [4-6]. For example, several additives are used to improve the yield of
middle distillates obtained by cutting deeper into the bottom of the crude barrel [7].
Additives are also used in other petroleum products such as heating oil, aviation
fuels, and lubricants in order to improve their performances.
There are six reasons for using additives in fuels [1-6]:

* To improve handling properties and stability of the fuel
* To improve combustion properties of the fuel

* To reduce emissions from fuel combustion

* To provide engine protection and cleanliness

* To increase in the economic use of the fuel

To establish or enhance the brand image of the fuel

Conventionally, chemical compounds added in high concentrations (typically >1%)
at the refinery are called blending components, and compounds added in lower con-
centrations (typically <1%) at the refineries are called refinery (functional) additives.
The even lower concentrations of chemical compounds added at depots and termi-
nals by companies are called performance additives [1-3]. Besides these additives,
there are the additive mixtures sold for use to the consumer, called “after market
products” or “secondary products.” Blending components are mainly refined petro-
leum streams and oxygenates, whereas functional and performance additives are
mainly mixtures of chemical compounds dissolved in solvents. The concentrations of
additives in fuels are not regulated. Typical concentrations of selected groups of
additives for engine gasolines are listed in Table 5.1. The additive concentrations are
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TABLE 5.1 Motor engine gasoline additives and their functions

Additive Functions Treat Level (mg/kg)

Antiknock additives Increase of octane number 10-1000

Combustion improvers Improve combustion characteristics 5-50

Detergents and Additives to clean and keep clean 20-1000

dispersants (injection and exhaust system)
Octane requirement Inhibit octane requirement increase by 20-100
increase inhibitor removing deposits in combustion

chamber

Corrosion inhibitors Corrosion protection of fuel system 5-50

Antioxidants Increase storage stability, prevent resin 10-50
formation

Metal deactivators Deactivation of metal surfaces that act 5-20
as oxidation catalysts

Antiwear additives Decrease wear (e.g., of fuel pump) 10-50

Friction modifiers Fuel saving by decrease friction 30-50
between moving parts

Dehazers (demulsifiers) Inhibit haze formation (promote water 3-50
coalescence)

De-icing additives Inhibit ice formation in carburetor

Antistatic agents Increase conductivity 2-10

Dyes Differentiate fuels 2-20

highly proprietary, and the treat levels will vary to a large degree depending upon the
product, the fuel distributor, the refinery and the type of additive used. Many manu-
facturers use additional additives to provide value additions.

Diesel fuels contain another set of additives [1,3,8,9]. Some of these appear sim-
ilar to the additives, according to function, used in gasoline, but they may differ in
chemical composition and structure. Various types of markers are also used in diesel
fuel, and in kerosene, to indicate their origins. Descriptions of diesel fuel additives
and their suggested approximate dosage are given in Table 5.2.

The additive concentration can be varied depending on the mixture’s chemistry
and the chemical compositions of the fuels. But the dosage should be determined
experimently, at the optimum concentration to meet fuel standards.

Classification of Additives by Functions

Antiknock agents Tetra-ethyl lead, methyl-cyclopentadienyl- manganese tricar-
bonyl, ferrocene, and iron pentacarbonyl

Cetane improvers Alkyl-nitrates and nitrites, peroxides, and nitro-and
nitroso- compounds

Detergents/dispersants Long-chain alkyl-amines, alkanol-amines, amides,
polybutene-amine, polyether-amine, alkenyl-succinimide, and Mannich-bases

Antioxidants and stabilizers Butylated-hydroxytoluene (BHT), 2,4-dimethyl-
6-tert-butyl-phenol, 2,6-di-tert-butyl-phenol (2,6-dtbp), alkyl/aryl-phenylene-
diamine, ethylene-diamine, and alkyl/aryl-aminophenol
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TABLE 5.2 Additives of Diesel fuels and their functions

Treat Level

Additive Functions (mg/kg)
Cetane improvers Increase cetane number (easier cold start, 100-300
lower emissions, noise, and fuel
consumption, longer engine life time)
Combustion improvers Lower emission (improve combustion of 10-30
particle matters)
Deposit control additives Additives to clean and keep clean, inhibit 30-330
deposit formation; decrease fuel
consumption and CO, emission
Antioxidants Prevent resin and inhibit deposit formation, 5-30
increase storage stability
Corrosion inhibitors Corrosion protection of fuel system 10-20
Metal deactivators Deactivation of metal surfaces that act as 5-20
oxidation catalysts; increase storage
stability, decrease the catalytic effect of
especially the copper ions
Demulsifiers Prevent, inhibit, and terminate the haze 10-20
formation caused by water or insoluble
compounds
Lubricity improvers Increase lubricity in cases of low sulfur and 25-100
decrease final boiling point of gasoils (fuel
pump)
Cloud point depressants Decrease initial temperature of paraffin 150-500
crystallization
Pour point depressants Decrease pour point 75-350
Flow improvers/wax crystal Ensure favorable cold flow properties 150-500
modifiers/wax dispersants
Wax-antisettling-additive Inhibit paraffin settlement 100-200
Friction modifiers Reduce friction (lower fuel consumption) 50-100
De-icing Additives Inhibit ice crystal formation 2-10
Biocides Suppress formation of microorganisms and 1-10
bacteria to prevent quality degradation
Antifoam agents Inhibit foam formation during filling 1-5
Antistatic agents Increase conductivity 2-10
Deodorants Suppress or neutralize odors 5-10
Dyes Differentiation of fuels 5-10

Metal deactivators N,N- disalicylidine 1,2- propane-diamine

Corrosion inhibitors Alkyl-succinates, amines salts, dimer acids, and salts of

carboxylic acids

Flow improvers and wax antisettling additives Various polymeric compounds

containing nitrogen

Lubricity improvers Carboxyl-acids with 8—14 carbon numbers and their esters,
and amides of fatty acids
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Demulsifiers Long-chain alkyl phenols and alcohols, long-chain carboxylic
acids, and long-chain amines

Antifoaming agents for diesel fuel Silicones
Biocides Succinimides and imidazolines
Drag reducers High molecular weight polymers

Fluidizer oils Light mineral oils, polyester, polybutene, polyalpha-olefin (PAO),
and polyalkoxylates

Dyes Solvent Red 24, Solvent Red 26, Solvent Yellow 124, and Solvent Blue 35, etc.

Some of these specific additives are either used in the refinery fuel distribution
system or in the vehicle system:

Additives for Gasoline Distribution Systems [1,3]
Antioxidants

Metal deactivators

Antistatic agents

Corrosion inhibitors

Sediment reduction agents

Dyes

Dehazers

Additives for gasoline vehicle system [1,3]
Antiknock additive (was tetra ethyl lead, which is now phased out)

Anti-valve seat recession additive (also phased out due to metallurgy change in
the engines)

Carburetor detergents (gradually being phased out due to the introduction of
injectors)

Deposit control additives

Deposit modifiers

Friction modifiers

Lubricity improvers

Additives for Diesel Distribution System [1,3,8]
Antifoam agents

Antistatic agents

Biocides

Corrosion inhibitors

Sediment reduction agents

Dyes

Demulsifiers

Flow improvers/wax crystal modifiers/wax dispersants
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Metal deactivators
Markers to check origin
Stabilizers

Additives for Diesel Vehicle System [1,3,8]
Cetane improvers

Combustion improvers

Deposit control additives

Injector detergents

Lubricity improvers

Friction modifiers

Additives for gasoline and diesel distribution systems are used in refineries to meet
minimum fuel specifications at the optimum cost without compromising on the
yield of the products. For example, diesel fuels of acceptable flow properties can be
obtained in the refineries by reducing the wax content of the fuel. Wax removal,
however, is much more costly than the use of a flow improver that controls or
modifies the wax crystals at lower temperatures and also does not reduce the yield.
Additives like antioxidants, metal deactivators, and stabilizers help in maintaining
the quality of the fuels during storage and transportation. Drag reducers help in
pumping more fuels through a given pipeline. These additives are relatively high
molecular weight polymers. They lose their activity due to the shear produced in
the pipeline, and therefore they should be added at regular intervals during the pipe
line transportation. Antistatic additives are used for safety reasons to disseminate
static electricity generated during the product transfer and movement. Dyes and
markers are used for product differentiation and for checking adulteration. Thus the
additives are used in the distribution system would be varied according to the need
and their treat level.

Additives for the vehicle fuel system are beneficial only when the fuel enters into
the intake system of the engine. These additives are generally introduced into the fuel
at the marketing terminal, but sometimes at the refinery when the quality demand is
high. Such additives in combination with solvents and carrier fluid are also marketed
as after market products in small cans, which can be added in a specified dose at the
time of taking fuel from the gasoline/diesel pumps. Several independent companies
market such products with additional claims like added fuel economy, lower mainte-
nance costs, and longer engine life due to better engine cleanliness.

Fuel quality standards have undergone a ratcheting-up gradation with progressive
improvements in engine design and more stringent environmental regulations. These
changes in fuel quality have involved reductions in sulfur, aromatics, benzene,
polyaromatics, olefins, and lead and improvements in octane numbers, cetane num-
bers, oxidation stability, and storage stability. In addition, the fuels are also treated to
control deposit formation in the engines. All these changes, despite the heavy invest-
ments and process changes in the refineries, cannot be met by refiners without the
use of fuel additives to perform the desirable functions.
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Fuel additives have been used in the oil industry since 1925 or 1930. Initially,
cetane improvers, octane number improvers (tetra-ethyl-lead), dyes, and antioxidants
were used to raise fuel qualities. These were followed by the incorporation of metal
deactivators, corrosion inhibitors, deposit modifiers, and anti-icing agents in 1940s.
Diesel stabilizers and lubricity improvers were introduced in the 1950s. Deposit
control additives, diesel flow improvers, and demulsifiers were developed in
the 1960s and 1970s. In 1980s, diesel and gasoline detergent additives and drag
reducers for pipelines were introduced. From 1990 onward, many of these additive
chemistries have been improved. In the meantime, anti-valve seat recession additives
and wax dispersants for diesel fuels have been developed.

Unlike lubricant additives, fuel additives are used only in small concentrations
ranging from 2 to 1000 ppm (parts per millions, mg/kg). Dyes, drag reducers, and
antifoam and metal deactivators are used in the lower range, while deposit control
additives and flow improvers at the higher level. Other additives are used in the
intermediate range of 100 to 400 ppm.

There are other minor additives used for specific purposes, such as the combustion
catalyst (usually an organometallic compound that lowers the ignition point of fuel
in the combustion chamber reducing the burning temperature from 425-650 °C) and
burn rate modifier (increases the fuel burn time resulting in an approximate 30%
increase of the available BTUs from the fuel).

5.1 CONSUMPTION OF ADDITIVES (DEMANDS)

There are few new data about the consumption of fuel additives in the free scientific
literature. At the end of the 1990’s, total consumption of fuel additives was around
600,000 tons. Gasoline additives accounted for more than 50%, diesel fuel additives
more than 40%, and aviation additives around 5%. Among the additives, detergent
dispersants have the biggest share, at over 50%. This is followed by flow improvers at
around 13%, cetane improvers at around 8%, antioxidants at around 7%, octane
number improvers around 6%, and lubricity improvers at around 5%. Anti-icing addi-
tives and corrosion inhibitors have 3%, while the remaining share is other additives.

Deposit control additives (detergent dispersants) are the single largest group of
fuel additives in the world. In 2000 their global demand was estimated [5] at about
200,000 MT (metric tones). European fuel additives demand, as documented in ATC
document 52, “Fuel Additives and the Environment,” was estimated as listed below
(for 1998) [11]:

Deposit control 70, 000
Cetane improver 20, 000
Injector cleaning 25, 600
Lubricity improver 5250

Flow improver 30,000

Antioxidants 2200
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Antistatic 50

Corrosion inhibitor 1250

Dehazer 2550

Diesel stabilizer 200

Metal deactivator 200

Dyes, deodorants, etc. 400

Lead antiknock Nil after year 2000

Anti-valve seat recession Nil, used for older vehicles only

In effect, the OECD countries consumed 83.8 thousand tons of gasoline and 80.1
thousand tons of diesel fuel additives in 1998. This is equal to 0.066% (ca. 660 mg/
kg) treat level for motor gasolines (127 million tons) and 0.0615% (ca. 615 mg/kg)
treat level for diesel fuels (130 million tons), respectively [1].

The market value of the US special fuel additives was 625 x 10° USD in 1998,
795 million USD in 2003, and about 1.1 billion USD in 2008. This means about
4.9% (between 1998-2003), and about 6.4% (between 2003-2008) increases on
a year-to-year basis [11].

By 2012, the value of US special additives rose to 1.6 billion USD. The
estimated quantity of detergent-dispergant additives was 371 million pounds
(168.3x 10°t) in 2011, which was worth 440 million USD (Fredonia Group Inc.,
Cleveland, OH). Moreover 90% of this additives value was for gasolines in the
United States.

The demand for diesel fuel cold flow improvers showed a fast rise too. Lubricity
improver demand grew at an above average rate of 3.5% a year from 2007 to 2012,
mainly due to the need to reduce sulfur levels in diesel fuels. In addition, the federal
Renewable Fuel Standards (which were expanded in 2007) and state level renewable
fuel requirements have been behind a rise in the use of biodiesel fuel. Biodiesel fuel
has poorer cold flow properties than conventional diesel has and requires higher
treat levels of cold flow improver additives. The worldwide cold flow improver
market for middle distillate fuels was estimated at 84,000 metric tons, and worth
about 125 million USD in 1999. Europe had the largest market, with 36,000 metric
tons valued at 56 to 60 million USD of cold flow improver consumption in 1999.
North America and the Far East represented about 25% and 11% of the worldwide
market, respectively.

Overall, the fuel additive market is expected to grow in average 2% to 2.5% a year.
These demand estimates are very rough and reflect only the importance of the fuel
additives. The recent global recession has had a negative effect on demand. But the
demand for fuel additives will align itself in the future with the production of higher
quality fuels in which the use of specific additives is inevitable.

The EPA (of the United States) has detailed regulations (40 CFR 80 series, and
others) for the application of fuels and additives in internal combustion engines.
These regulations are based on the theory that the emission products of fuels or addi-
tives endanger the public health or impair the performance of motor vehicle emission
control equipments.
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5.2 ENGINE DEPOSITS AND THEIR CONTROL

During combustion all fuels and engine oils form some deposits in the engine. No
degree of refinement and processing of the fuel and lube oil in the refinery can elim-
inate the formation of deposits in the engines. Deposits of soot, sludge, lacquer, and
varnish are formed, either due to the incomplete combustion of fuel or due to the
degradation of engine lubricating oil. The burning of fuel in the presence of air
(oxygen and nitrogen) theoretically results to CO,, H,0O, and SO,. Some amount of
NO, will also be formed if the temperature is favorable (high enough). However,
ideal combustion is not possible, and some products of decomposition are formed
that are rich in carbon and yet contain hydrogen, oxygen, and sulfur too. These prod-
ucts are polar in nature and tend to get attracted to each other, forming bigger
aggregates.

5.2.1 Deposits in Gasoline Engines

Deposits in both gasoline and diesel engines and in their fuel systems adversely
affect the operation of the vehicle.

Deposits in Fuel System For example, deposits on the body of the carburetor
throttle and in the venturies increase the fuel to air ratio of the gas mixture entering
into the combustion chamber of gasoline engines. As a result the amounts of unburned
hydrocarbons and carbon monoxide increase in the exhaust gas. This leads to rough
idling and stalling. The high fuel to air ratio also reduces the fuel efficiency of the
vehicle. Additionally, heavy deposits on the engine intake valves restrict the flow of
the gas mixture into the combustion chamber. This restriction starves the engine of
air and fuel and results in loss of power.

In the modern automobiles the carburetor was first replaced by the port fuel
injector, and then by the direct injection system during the last decade, which is a
very delicate and precise fuel metering device. It is important to keep the metal
surfaces of the injector clean to allow undisturbed and preset flows of air and fuel
vapors. The clearance between the pintle and the orifice is of the order of magnitude
0.05 mm, and any restriction due to deposits can seriously affect the fuel spray pattern
and air—fuel ratio in the cylinder.

Port fuel injectors in the engines monitor and deliver precise amounts of gasoline,
and these must be kept clean to provide good engine performance. This area is
especially prone to the formation of deposits, when the engine is swiched off.
The remaining gasoline at this point is subjected to high temperatures and can
undergo thermo-oxidative degradation, forming gum-like materials that can trap
other contaminants forming deposit precursors.

Deposits at the intake valve can again change the fuel-air ratio and restrict the
flow of air and fuel into the cylinder (Figures 5.1 and 5.2). This affects the fuel
economy, emissions, and engine performance. Deposits on the valves also increase
the possibility of valve failure due to burning and improper valve seating. In addition,
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FIGURE 5.1 Good spray pattern with clean injectors

FIGURE 5.2 Deposits, leading to improper spary of fuels

if these deposits break off and enter into the combustion chamber, mechanical
damage of the piston, piston rings, engine head, and the like, can take place.

Excessive deposit formation (Figure 5.3) can also take place in the intake port and
on the intake valve. Several factors are responsible for these deposits. Contaminations
of the air, engine blow-by, exhaust gas recirculation, lubricating oil (oxidized material
and metal-containing additives), and oxidation products of gasoline, all contribute to
formation of these deposits. The composition of gasoline such as olefins, aromatics,
boiling range, oxygenates, and sulfur content plays role in intake valve deposits.
Engine design also influences the deposit formation in the intake valve system, since
the temperature of the valve varies with the operating cycle. These deposits can build
up sufficiently to cause valve stem sticking. Sometimes deposits break off and can
lodge between the valve and valve seat, causing valve leakage and valve burning.
These combined effects result in power loss, loss of fuel economy, and increased CO
and HC emissions.
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FIGURE 5.3 Deposits on intake valves without detregent additive

Combustion Chamber Deposits All gasoline engines are prone to develop
deposits [12,13] in the combustion chamber due to the condensation of partially
oxidized and thermally degraded fuel and lubricant components on cold surfaces.
These can further degrade at the location of the condensation to form bigger solid
deposits. Such deposits in combustion chamber (CCD) reduce the available space for
combustion and the small crevices in the deposits increase the surface area of the
chamber. These deposits lead to increased exhaust gas emission, carbon knock due to
the mechanical interference between piston top and cylinder head, and an octane
requirement increase (ORI) due to the higher compression ratio.

Combustion chamber deposits have also been found to increase NO_ emissions
due to the higher (surface) temperature. However, this can lead to a marginal increase
in fuel economy, due to the increased thermal efficiency brought about by the
insulating effect of the deposits. The presence of these deposits in the combustion
chamber often causes the following problems:

* Reduction in the volume of the combustion zone causing higher compression
ratio

¢ Inhibited heat transfer between the combustion chamber and engine cooling system
* Reduction in the operating efficiency of the engine

The formation of deposits and their accumulation in the combustion chamber further
contribute to the knocking of the engine, which can result in stress fatigue and wear
in engine components such as in pistons, connecting rods bearings, and cam rods.
Because of all these problems associated with the formation and accumulation of
deposits in the combustion chamber, fuel intake, and exhaust systems of an internal
combustion engine, the application of appropriate detergent fuel additives is
important, to inhibit the deposition and dissolve the existing deposits in the engine.
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Detergents are conveniently incorporated into a multifunctional additive package
containing several other functional chemical additives. Most premium gasolines
marketed around the world contain multifunctional additive packages, including a
deposit control detergent for smooth running of the engines. Higher dosages of these
additives can clean up deposits (already existing) in the injector. Smaller dosages can
keep clean the injector. These are differentiated as clean-up mode and keep-clean
mode fuel detergent additives. While the keep-clean dosage of the detergent is
incorporated into commercial fuel supplies, the clean-up mode dosage is generally
marketed as after-market products. However, modern additive packages are able to
provide both functions.

Inrecent years the tighter tolerances and design changes incorporated into modern
engines to meet emissions and fuel economy performances have led to “carbon rap”
and CCD flaking-induced driveability problems. These problems demand that the
combustion chamber deposits be controlled in the engine from all sources, including
additives. However, conventional detergent additives contribute to an increase in
combustion chamber deposits.

The mineral oils used as carrier fluid also lead to formation of CCD. To control
CCD, special detergent molecules in combination with synthetic carrier fluid have
been found to be more effective in controlling combustion chamber deposits [14].
But their dosage has to be sufficiently high to incorporate this property into the fuel.

Combustion chamber deposits show only one advantage: better fuel economy due
to the improved thermal efficiency derived from the insulating effect of the deposits.
Nevertheless, deposits increase the octane number requirement of the engine [15,16],
which contributes to loss of power and acceleration and also to higher NO_ emission.
(The octane requirement of the engine increases mainly due to the formation of
combustion chamber deposits that lead to the reduced combustion chamber volume
and consequently compression ratio increases.)

In the last 10 to 15 years, direct injection spark ignition (DISI) or gasoline
direct injection (GDI) engines were introduced as an alternative to conventional
port fuel injection spark ignition (PFI SI) engines. Interest in these engines emerges
from benefits in fuel efficiency and exhaust emissions. The direct injection of
gasoline into the spark ignition engines allows the manufacturers to decrease
engine fuel consumption significantly and, at the same time, to maintain the engine
performance characteristic and level of gaseous emissions. The fuel-air mixture in
such engine types is often lean and stratified (as opposed to stoichiometric and
homogeneous in conventional PFI SI engines), resulting in improved fuel economy.
Although there are many differences between the two engine technologies, the
fundamental difference is in the fuel introduction strategy. In a traditional PFI SI
engine, fuel is injected inside the intake ports, coming in direct contact with the
intake valves, whereas in the DISI engine, fuel is directly injected into the
combustion chamber.

But the direct injection spark ignition (DISI) or gasoline direct injection (GDI)
engines have introduced some further deposit problems [6—8]. Therefore there is a
need to control combustion chamber deposits or at least not to allow more CCD than
it is formed from the base fuel and lubricant as well as from the additives. Most
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conventional deposit control additives do not control CCD in GDI engines; some are
even reported to contribute to higher CCD.

Recent studies have also shown that DISI engines are prone to deposit buildup,
and that in some cases these deposits are hard to remove using conventional deposit
control fuel additives [17-19]. There is a concern that in DISI engines, performance
and fuel economy benefits may diminish as deposits build up on various surfaces of
these engines over a period of time. Therefore the development of effective fuel
detergents or “deposit control” additives to prevent or reduce such deposits in DISI
engines is particularly important. A new type of detergent-dispersant additive and
combinations had to be developed [20].

At the end of the second millennium, restart problems of these gasoline engines
were noticed in increasing numbers for short-distance travel especially at cold
climate conditions. The main reason was found to be an insufficient solubility of the
deposits in unburned fuels at short-term operation of the (cold) engine. Consequently
the deposit just loosens on the wall of the piston, bursts, and then flakes off. The solid
flakes block partially the inlet of the suction valves; further they inhibit the valves,
perfect closing and opening, making the buildup of suitable compression difficult.
Eventually these deposits inhibit the restart of the engine. To prevent this phenomenon,
detergent-dispersant additives of excellent solubility have to be used [9]. If the
gasoline does not contain this additive, then deposit control additives have to be
added to the fuel.

5.2.2 Deposit Control Additives (Detergent Dispersants)

Detergent-dispersant additives are blended in fuels to prevent the formation of
different deposits and to clean the fuel system and combustion chamber for differ-
ent engines. Their importance is reflected by the fact that their share is about
40-50% of all additives used [21]. Deposits can form both from fuel and from the
lubrication oil.

Mechanism of Action of Deposit Control (Detergent-Dispersant)
Additives All detergent and dispersant (DD) additives have a polar hydrophilic
and a nonpolar hydrophobic group in their structure (Figure 5.4). In some molecules
the polar group is directly attached to the long hydrocarbon chain and in some
attached through another linkage molecule, such as in polyisobutylene-sucinimide
(an amine group linked through the maleic-anhydride radical; see later discussion).

The different mechanisms of DD additives are represented in Figure 5.5 [11].
They form a protective film on metal surfaces, besides their dispersant, detergent,
solubility, and neutralization of acids activities [22-24].

The nonpolar group dissolves the additives in the fuel, and the polar group attracts
the deposit particles, which also have some polarity. All deposit control additives act
through this mechanism. The polar group attaches to the deposit particles and
removes them from the metal surface through the detergent action. Besides ensuring
the good solubility of the additives in the fuel, the carrier oil helps in removing the
deposit particles from the metal surfaces.
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Connecting
group

Nonpolar hydrocarbon tail Polar hydrophilic group
(Lypophilic/ hydrophobic group)

FIGURE 5.4 Typical deposit control, detergent/dispersant molecule

Dispersant Detergent

Protection effect effect
(keep clean) (clea-up) Neutralizing
and solving

 Deposit
>— Detergent-dispersant additive

FIGURE 5.5 Mechanism of detergent-dispersant additives

Classification of Deposit Control Gasoline Fuel Additives The deposit
control additives that have been in use since the 1950s can be classified into six
generations according to the chemistry of the different additives:

Threat Level

Year Generation Structure (mg/kg)
1955- First generation Fatty-acid-amides 100

1960- Second generation Polybutene-succinimides 400-500
1970- Third generation Polyolefin-amines 400-500
1980- Fourth generation Polyether-amines 350400
1990- Fifth generation PIB-Mannich-bases 300-350
2000— Sixth generation Succinimide-, Mannich-base 350-500

derivatives
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These products are often used in combination with either a mineral oil based carrier
fluid or a polyether based synthetic fluid for more effective cleaning of IVD and CCD.

The DD additives of gasoline fuel have also been classified. The following
Generations I through V classification is based on the performance characteristics of
the additives as compared to the chemistry basis described above [25]:

Generation I These gasoline additives provide both “keep-clean” and “clean-up”
performances in carbureted and fuel-injected vehicles. The keep-clean mode
usually requires a lower dosage of detergent, at an amount that is not capable
of cleaning any existing deposits in the engine. The clean-up mode utilizes a
higher dosage of detergent but is used only in older engines with deposits.

Generation II These additives provide Generation I and a higher intake valve
deposit (IVD) “keep-clean” performance.

Generation III These additives provide Generation II plus the IVD “clean-up”
performance. This performance is measured by the same tests as IVD, but the
procedure is modified to first generate deposits and then the engine is run in
the clean-up mode. Most Generation I, II, and III performance additives also
leave some combustion chamber deposits. Generation III additives may some-
times modify CCD to avoid an octane rating increase (ORI) in the engine.
However, Generation III additives do not have the capability to remove CCD.

Generation IV These detergent additives have Generation III plus CCD
“keep-clean” capabilities. Unlike Generation I, II, and III additives, these do
not leave combustion chamber deposits, but do not clean already formed CCD.
Thus these additives are most suitable in new engines.

Generation V These additives provide Generation IV plus CCD “clean-up”
performance. The most modern category additives are capable of removing
combustion chamber deposits, remove engine rap, and reduce the octane rating
increase (ORI) of an engine. Often field tests are carried out to evaluate CCD
clean-up performance.

This is an open-ended classification and new generations may be added in the
future [25].

Detergent-Dispersant Effective Compounds All fuel deposit control detergent
additives have a polar and a long nonpolar hydrophobic group. The hydrophobic
hydrocarbon group has an average molecular weight (M, ) between 750 and 2500
(a number of about 1000 is preferable), which activates the solubility of the additive
in fuel.

The most important classes of chemical compounds used as fuel detergents are the
following [26-28]:

Fatty-acid-amides
Ester-amines
Aliphatic hydrocarbon-substituted phenols
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Poly(oxyalkylene)-amide

Poly(oxyalkylene)-hydroxyaromatic

Hydroxy-, nitro-, amino-, and aminomethyl- substituted aromatic esters of
poly-alkyl-phenoxy-alkanols

Polyalkyl-phenoxy-amino-alkane and a poly(oxyalkylene)-amine

Polyamine-containing poly(oxyalkylene) aromatic esters

Aminocarbamates of polyalkyl-phenoxyalkanols

Polyisobutene-amino-alcohols

Alkalene-succinimides

Polyisobutenyl (PIB)-succinimide and/or -amid and/or -ester

Polyolefin (PIB)-amines

Polyether-amines or poly(oxyalkylene)-amines, amides

Poly(oxyalkylene)-amine-alcohol-amides

Mannich-bases

There is an exhaustive patent literature dealing with deposit control additives alone.
In the following pages we discuss some select DD additives.

Fatty Acid Amide Carburetor deposit control additives based on fatty acid amide
chemistry were first developed in the 1950s and were used in a 50-ppm dosage. The
earliest gasoline carburetor detergents were based on the reaction products of a fatty
acid ester, such as coconut oil, and a mono- or di-hydroxy-hydrocarbyl-amine, such
as diethanolamine, or dimethyl-amino-propyl-amine (US Pat. No. 4,729,769). The
fatty amines of these additives were capable of preventing the formation of deposits
in the intake system but could not remove existing deposits.

Polyolefin (PIB) -Amines and Their Derivatives  Polyolefin (mainly polyisobutylene:
PIB) amines have been used extensively as gasoline detergent dispersants to control
deposits in the engine fuel system. These are mostly produced by hydroformylation (an
oxo reaction with carbon monoxide and hydrogen) of the reactive polyisobutylene (double
bound in the a-position >70-80%), of an average molecular weight at about 1000, to yield
polyisobutyl-alcohol—and a subsequent reductive amination with ammonia and hydrogen
under pressure in the presence of catalyst(s) to yield polyisobutylamine [28-30].

(|:H3 CO + H, $H3 NH, + H, C|H3
I — —_— CH CH H,0
H +
R/C\\CHZ /CH\ /C 4, R/ N TR )
R CH OH CH, NH,

Polybutene-amines are also prepared by chlorination of polyisobutylene of about 1000
molecular weight, and a subsequent reaction with mono- or diamines or oligoamines,
such as diethylene-triamine or triethylene-tetramine, and then alkanol-amines, such as
amino-ethyl-ethanolamine. The disadvantage of the chlorinated intermediate product is that
the final product has some chlorine.
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The preparation of olefin-terminated polyisobutenes are known to be by cationic
polymerization of isobutene or isobutene-containing hydrocarbon streams in the
presence of boron trifluoride complex catalysts (European Pat. Nos. A 807 641 and
WO 99/31151). The polyisobutenes thus obtained have a high content of olefinically
unsaturated terminal groups. However, the polyisobutenamines prepared by func-
tionalizing these polyisobutenes have unsatisfactory viscosity at low temperatures,
with undesirable side effects in engines such as sticky valves. This problem can be
corrected by adding large amounts of nondetergent carrier oils. The viscosity of
conventional polyisobutenamine is due to the wide molecular weight distribution
and higher number of polyisobutenyl radicals, with an exceeding, molecular weight
of M, = 1500.

It has been found that polyisobutenes having a high content of more than 80 mol%
of olefinic terminal groups and that a polydispersity of less than 1.4 can be prepared
by cationic polymerization of isobutene in the presence of an initiator and a Lewis
acid. Due to the high proportion of reactive olefinic terminal groups, the polyisobu-
tenes obtained in this manner can be converted into polyisobuten-amines by the
known processes. In an Opel Kadett engine, 200 ppm of the product, when added into
the gasoline, provided adequate intake valve cleanliness in an CEC F-05-A-93 test.
The CEC F-16-T96 procedure was followed to determine valve stickiness. The result
was 0.1% of polyisobutenamine and 30 to 150 ppm of poly-1-butene oxide as the
carrier fluid proved useful in the fuel [32].

Based on general opinion, the optimal polyisobuthylene-amine additives have a
lower than or equal to polyisobuthenyl root polydispersity of 1.4 (Mn/Mw: molec-
ular ratio of number and mass mean).

The PIB amines containing also propylene oxides have been found to be excellent
DD additives (EP-A696572). The most efficient DD additives are the hydroxyalkyl
substituted amines, which are the reaction products of a polyolefin epoxide and a
nitrogen-containing compound such as ammonia, a mono-, or polyamine [33-35].

Alkalene (Polyalkylene) Succinic(Anhydride)Acid Derivatives The applica-
tion of succinic anhydride derivatives as an ashless dispersant in engine oils was
demonstrated already in the 1960s. Since then, several thousand patents have been
issued that deal with the synthesis and application of succinimides in both fuels and
lubricants. In fuels these succinimides are used as deposit controls in the fuel intake
system and in the combustion chamber. In lubricants they are mainly used to keep the
oxidation products, contaminants, and soots dispersed in the oil phase. Over the years
different variations of succinimides have been developed. In detergents the polar
group is directly linked to the hydrocarbon chain, and in dispersants based on suc-
cinimides; the polar group is attached to the long hydrocarbon chain via an
intermediate linkage. Polyisobutylene succinimide of following structure is an
example of this type of disperssant:

Qe
R—C—Co
e % _C/N—PCHZ—CHZ—NH-]X—CH;CH;NH2

[l
H O
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R is a long alkyl chain, typically polyisobutylene (PIB) of about 1000 molecular
weight connected with a succinate linkage group, which in turn is linked with the
polar amine group (x=1-4).

In a typical polyisobutylene succinimides, PIB is the long nonpolar hydrocarbon
group, succinic anhydride is the linkage, and polyamine is the polar group. The
following types of succinimides dispersants have been reported [36,37]:

* Polyisobutylene-mono-succinimides (see above)
* Polyisobutylene-bis-succinimide

0 Q
4 \
R—CH;~ C_ _C—CH,
N = (CH,= CH,= NH) CH, ~ CHy=N{ ]
CH~C C — CHy R
N\
o) g

R, and R, : PIB (M, = 800-1200); m=2-4

* PIB-succinic acid-esters (structure of succinic esters of polyols is provided below)

(6]
R
R o~ ~oH
OH
(6]
R: PIB (1\_/In =900-1000)
R’ hydrocarbonyl group (C: 8§-12)
¢ PIB-succinic acid-amide-ester-imide
CH CH CH (¢]
I ' I ' I ’ (6] \ — CH
CH3—$ CHZ—IC CH ¢ / /C C —sz CIHs =
CH, CH, CH,~C—C—N ‘fCHz_ CH;—N )‘CHZ—CHQ—N ﬁ—cx—u C—CH;-C—CH,
3 3y n N |
| \C—CHZ CH, CH, CH,
CH,~C—0—W Vi *

o

x 230-300, n > 1, W: alkyl-, polyalkyl-, polyol group
* Derivatives of di-PIB-succinicacid (anhydride)

i
PIB—$/
PIB—$\C

H (o)

\/\
ZENS

+ amines, polyamines, alcohols, amino-alcohols
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* Derivatives of PIB-di-succinicacid-anhydride

0
O\\ / \ //O
T
ci ﬁH—CH—CH2
R {—CHZ— CH~CHgJy CHy~C~CH;~CH ~CH,
L. Co
4
0% "o

+ amines, polyamines, alcohols, amino-alcohols

The derivatives of succinic anhydrides are usually produced in two steps. The first
step is the preparation of polyisobutylene-succinic anhydride (PIBSA) by -ene reac-
tion between polyisobutylene and maleic anhydride. The reaction can be thermally or
catalytically initiated. In the second step, the anhydride is used to acylate amines,
amino alcohols, alcohols, and so forth. The properties of the final products depend on
the structure and purity of the intermediate. Production of PIB succinimides requires
a polyisobutylene (PIB) of appropriate molecular weight, maleic anhydride, and
polyamines [38,39].

PIBs are produced by the polymerization of C,-olefins containing isobutene, with
boron trifluoride used as a catalyst. The polymerization of isobutene is sensitive to
certain impurities like 1-butene and di-isobutylene. The higher butane content and
higher temperature give rise to a low molecular weight product. The polymerization
process is exothermic, and low temperatures are required to control the reaction.

Conventional C, raffinate from steam cracking contains about 40% isobutylene,
about 40% n-butene, and about 20% butane. Polymerization of this mixture with
AICI, yields products where the double bond is located at the middle of the
molecule. Such polymers have less reactivity and are not sufficiently suitable
for dispersant manufacturing. The product also contains chlorine and is not
desirable.

A process using a BF, catalyst and concentrated isobutylene yields good quality
PIB where the double bond is located toward the end of the chain. The reaction
with BF, proceeds through a protonation of isobutylene, leading to the formation
of a carbonium ion [38]. The chain growth mechanism further leads to the
formation of a cationic polymer that, on removal of the proton from the methyl
group, forms the a-olefin polymer (PIB) in a yield of about 85%. This is the
so-called reactive PIB. Conventional polyisobutylene contains only about 10%
a-olefin, 42% f-olefin isomers, and 15% tetra substituted olefin. The molecular
weight, the percentage of the terminal double bond in isobutylene, and the
concentration of the active material determine the molecular structure of the PIB
and its reactivity. The highest reactivity is obtained when the double bond is at the
end of the chain, since this is the point of least hindrance. The higher is the
terminal double-bond content of the PIB, the faster is the reaction between PIB
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and maleic anhydride [39]. Thus, by varying the molecular weight of PIB, the
terminal double-bond content, the maleic anhydride—PIB ratio, and the reaction
conditions, various PIB succinimides of different properties can be obtained.
Tetra-substituted olefins, >C=C<do not react with maleic anhydride. pB- olefin
polymers obtained by the polymerization of butene-2 react with maleic anhydride
at much higher temperatures.

Mono-PIBSA is obtained by the reaction of PIB with maleic anhydride in
a molar ratio of 1:1. When this ratio is 1:2, PIB-di-SA is obtained [40,41].
PIB-di-succinicanhydride can be formed easily by the a-olefin polymer. The
p-olefin isomer can also form bis-succinicanhydride if chlorine is used in the
reaction:

O
O\\ / N\ //O
[
CH, CH, bR cH, CH-CH-CH,
C—CQ |-
RECH;CH-CHCHC-CH,  + “c‘fc\ 0 — R{CH;CH-CHgCHyC-CH,  + Polyamine
H \O PIB-mono-succinicanhydride *
Polyisobutylene-(olefin) Maleic anhydride PIB-succinimide
o A 0
CH, CH, H O VAN,
’ Il C—C. Cc C
RfcH-cH-cH-cH-C—cH, +2 1 o —= L
X : C*C\ CH, ‘CH*CH*CHZ
| \ | 3
H o R{»CH;CHfCHﬂYCHz—CfCHZ—C‘H—C‘H2
Polyisobutylene-(olefin) Maleic anhydride O,/C\ /C\\
o O

PIB-di-succinicanhydride

The reaction of PIB with maleic anhydride can be carried out thermally [42]
by heating the two at 150-250°C for 2 to 10 hours. Alternatively, polyisobutyl-
ene can be first chlorinated and then reacted [43] with maleic anhydride. The
reaction can also be carried out in a single step [44] by passing chlorine gas into
the mixture of PIB and maleic anhydride. The thermal process has the advantage
that the reaction product does not contain chlorine, which is not desirable from
the environmental considerations. There are several options to control the
chlorine content in the final product [45]. The thermal process proceeds via a
diene formation, while the chlorine-assisted process proceeds via a Diels—Alder
reaction.

Succinic anhydride derivatives from polyisobutylene of about 1000 molecular
weight and maleic anhydride can be prepared in the presence of a free radical
initiator (e.g., di-tertiary-butyl-peroxide; T=120-180 °C). In this case even two
MA molecules can react with one PIB molecule depending on the PIB/MA molar
ratio [39], The PIB:SA ratio can be defined as a function of the PIB:MA
molar ratio and the process parameters. Based on this, if two PIB molecules react
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with 1 MA molecule, then mainly Di-PIB-succinic-anhydride molecules form,
while in opponent molar ratio PIB-di-succinicanhydride forms:

H 0
|
PIB—C—
| 0
PIB—C— .~
RN
H o)
0
o) 0
N\ / \ 7
c cC
I I
CH, CH—CH —CH,

| |
R {~CH2— CH —CHz*L—CHZ—C ~CH,—CH ~CH,
/C C N
fo}d \O/ \O
Of course, it is only a theory; in practice any kind of MSA:PIB ratio may be
formed that can be determined by the following equation [46]:

89110 xTANXM
A, —8.79x107 x TAN

CR

where CR is the coupling ratio, A_ is the active material content of the sample (%),
and TAN is the total acid number (mg KOH/g).

The second step of the production of DD additives is the reaction of different
PIBSA, PIBDISA, and DIPIBSA intermediates with polyamines or alcohols or
aminoalcohols, and the like [47-49]. Two moles of PIB-mono-succinicacidhydride
react with 1 mole of polyamines to yield bis-succinimide (see above). DiPIBSA on
acylation with polyamine yields di-PIB-succinimide:

i P L

R—C—C R—C—C

N NH;~CHyCHy{-NH—CH;~CHy}—NH, —> N "N—CH;CHy|-NH—CH;—CH;|-—NH,
| C\\ I C\\
H o H [¢)

The sucinic anhydride group(s) attached to the PIB group(s) possesses polyfunc-
tionality, and a different mole ratio of polyamine or polyhydric alcohols can be
attached to produce a wide variety of deposit control additives. These succinimides
and/or succinate esters and/or succinicamides can be tailored to different molecular
weight and different molecule structure [37,46].

It has been found that certain ethers of polyalkyl or polyalkenyl N-hydroxyalkyl
succinimides [48,49] provide excellent control of engine deposits, especially intake
valve deposits.
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Mannich Bases The reaction of ammonia or amine, formaldehyde, and phenol is
called the Mannich reaction. This reaction can be used for the manufacture of
Mannich base DD additives (e.g., EP 1,123,814):

OH Iil
N. / \
N + 8 N—(CR;R;), —A N—H +H,0
N ! —/
A H H R
PIB (CR,R,) -NHR,
Alkyl phenol Polyamine Formaldehyde

N 'A— (CR,R)), —NR, + H,0

OH

PIB
\ (S/\

PIB
Mannich base DD additives

where,

A =carbon or nitrogen

R,, R,, R,=hydrogen or low alkyl group (C,_,)
—CR,R,=units consists of R, and R,

x =positive integer from 1 to 6

Aromatic hydroxyl compounds such as phenol can be alkylated with polyolefins
using acid catalysts for the preparation of polyalkenylphenols [50,51]. Generally,
polyisobutylene is the preferred polyolefin for preparing fuel detergent. This Friedel—
Crafts alkylation reaction leads to a mixture of mono-, di-, and polyalkylation prod-
ucts. Such mixtures are unsuitable for many industrial applications. Polyisobutenes
having a high content of p-olefin terminal units (more than 45 mol%), that is, a low
content of a-olefin terminal units (e.g., 65% or less), can generally be alkylated with
good results in the presence of a Lewis acid alkylation catalyst. This effect occurs,
when using polyisobutenes having beta double bonds and to a lesser extent when the
double bonds are situated further toward the interior (gamma-positioned bonds, etc.).
Polyisobutenes with an average molecular weight 1\_/In number of about 1000 contain-
ing at least 70mol% of alpha and/or beta double bonds are preferably used for the
alkylation, since these contain at least 70 mol% of terminal methyl-vinylidene groups
[-C(—=CH,)=CH,] (a-olefin) and/or dimethyl-vinyl groups [-CH=C(CH,),]
(B-olefin). Polyisobutenylphenols are thus prepared by alkylating an aromatic hydroxy
compound with monoethylenically unsaturated and homopolymeric polyisobutenes in
the presence of a Lewis acid alkylation catalyst.

A Mannich reaction product can be produced from a polyisobutylene-substituted
phenol (in which at least 70% of the terminal olefinic double bonds is of the vinylidene
type), an aldehyde, and ethylenediamine (EDA) (US Pat. No. 5,876,468, issued in
1999; Moreton). This compound is a more effective detergent in hydrocarbon fuels
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than the Mannich compounds prepared from 3-(dimethylamino) propylamine,
diethylenetriamine, and triethylenetetramine. The phenol can also be alkylated with a
polyoxyalkyl group, which on reaction with an aldehyde and amine would yield the
Mannich base. This process, however, produces undesirable bis-products along with
the desirable mono-polymeric amine:

Polyoxyalkyl (POA) + phenol — POA — phenol

POA —phenol + formaldehyde + amine — POA phenol amine (Mannich base)
+ bis — POA phenol amine

At the Mannich condensation conditions, some portion of the reactants, generally
the amine, remains unreacted. The reaction products of the Mannich processes also
commonly contain small amounts of insoluble by-products of the Mannich condensa-
tion reaction that are high molecular weight products (resin) of formaldehyde and
polyamines. The amine and amine by-products cause haze formation during storage,
and in diesel fuel formulations, rapid buildup of piston ring groove deposits and skirt
varnish. These drawbacks are overcome by adding long-chain carboxylic acids like
oleic acid during the reaction to reduce the amount of solids forming from the Mannich
reaction. This is considered to render the particulate polyamine-formaldehyde
condensation product soluble through formation of an amide-type linkage [52-54].

Another solution of these problem is the transamination. Thus eliminating the
need of using a fatty acid (US Pat. No. 4,334,085, issued Jun. 6, 1982, Basalay and
Udelhofen). Transamination has been defined as the reaction of a Mannich adduct
based on a single-nitrogen amine with a polyamine to exchange the polyamine for
the single-nitrogen amine. The TEPA replaced 80-95% of the diethylamine in the
Mannich. The effectiveness of the Mannich condensation products is improved by
the addition of a carrier fluid, including liquid polyalkylenes, and polyoxyalkylenes
[55-57], in reducing intake valve deposits and/or intake valve sticking (US Pat. No.
5,634,951, Jun. 3, 1997).

However, the Mannich base may also contain a small quantities of low molecular
weight amine and an amine-formaldehyde intermediate that provide [52] anticorrosion
properties.

It has been found that by using a di-substituted hydroxyaromatic [58] compound
that has only one site for the Mannich reaction to occur (i.e., only one ortho- or para-
position being unsubstituted), in combination with a secondary amine having only
one hydrogen capable of entering into the Mannich reaction, products are obtained in
higher yields and are more effective at controlling intake valve deposits compared to
Mannich base products derived from a hydroxyaromatic compound having two or
three reactive sites or Mannich base products derived from primary amines or amines
having more than one active hydrogen.

The Mannich product is obtained by reacting a di-substituted hydroxyaromatic
compound in which the hydrocarbyl substituent is polypropylene, polybutylene,
or an ethylene a-olefin copolymer having a number average molecular weight in
the range of about 500 to about 3000 and a polydispersity in the range 1-4, one or
more secondary amines, and at least one aldehyde. Dibutyl amine as the secondary
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amine, and formaldehyde as the aldehyde (molar ratio of the above-substituted
hydroxyaromatic compound to dibutyl amine to formaldehyde of 1.2:0.9), has been
most advantageous in controlling IVD. Carrier oils such as poly (oxyalkylene) com-
pounds further enhance the effectiveness of these Mannich condensation products in
reducing intake valve deposits and/or intake valve sticking. Mannich base detergents
provide combustion chamber deposit control in a cost-effective manner [57].

A Mannich reaction product (high molecular weight alkyl-substituted phenol,
amine, and aldehydes) blended with a polyoxyalkylene compound and poly-alpha-
olefin had improved performance and better compatibility (less insoluble material,
haze, and flocs) [55-58]. Improved anticorrosion properties are provided as well by
this fuel additive composition.

Polyetheramines Polyetheramines contain primary amino groups attached to the end
of a polyether backbone. The polyether backbone is normally based on butylene oxide,
propylene oxide (PO), ethylene oxide (EO), or mixed BO/PO/EO. Polyetheramines are
a large group of compounds consisting of monoamines, diamines, and triamines based
on the polyether core structure. Secondary, hindered, and polytetramethylene glycol
(PTMEQG) based polyetheramines have also been reported. The wide range of molecular
weight, amine functionality, repeating unit type, and distribution can provide flexibility
in the molecule to impart specific properties and solubility in water or hydrocarbons.

The general structures of the polyether-amines and polyether-polyamines are the
following [59,60]:

C,H; C,H;

Alkoxy % CH,— CH —O {'—CHz —CH—NH,

Butylene-oxide based polyether-amine (1\_/1,1 = 1800)

C,H, C,H, CH

Alkoxy+CH;CH—O%CHz—CH—NH—CHZ—CHZ—CHZ—N\
CH

3

3

Butylene-oxide based polyether-polyamine (1\_/In = 1800)

Hydrocarbyl-substituted poly-(oxyalkylene) polyamines may be prepared by the
reaction of a suitable hydrocarbyl-terminated polyether alcohol with a halogenating
agent such as HCl, thionyl chloride, or epichlorohydrin to form a polyether-chloride,
followed by a reaction with a polyamine. The polyether chloride may be reacted with
ammonia or dimethylamine to form the corresponding polyether amine or polyether
dimethylamine (US Pat. No. 4,247,301;1981 Honnen). Primary amines can be
prepared by the amination of butylene oxide (BO) capped alcohols. This method
results in primary amines with the terminal end group.

Another possible synthesis of ether amines is by the cyanobutylation reaction of an
alcohol having 3 to 22 carbon atoms with 2-pentenenitrile to form a branched alkyl-
ether-nitrile. The alkyl-ether-nitrites on hydrogenation form alkylether amines [61].
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Other derivates are the ether amine compounds. When they are reacted with
formaldehyde and hydrogen, methylated tertiary amines are obtained [62,63].

Polyalkene-alcohol polyether-amines are suitable for use as carrier oils, detergents,
and dispersing agents in fuel and lubricant compositions, and they are an improvement
over polyisobutene-amines [64]. Although polyether-amines exhibit good performance,
their usability is subject to certain restrictions, since these are highly polar and their
solubility in fuel would be limited. It is therefore, necessary to use long-chain alkanols
as the initiator molecules for the preparation of the polyether-amines.

DD derivates of polyether-amines are the etheramine alkoxylates. These are
produced by reaction with a polyether-amine and alkylene oxide (ethylene-oxide,
propylene-oxide, a butylene-oxide, or a mixture) in the presence of methanol,
ethanol, propanol, or their mixtures to form etheramine-alkoxylate [61].

Application of Some DD additives

Port Fuel Deposit Control Additives  Port fuel injector deposit control additives were
developed in the United States in 1985 and were used in about 100ppm to overcome a
drivability problem caused by injector fouling. Deposits on the intake valves also create
drivability problems, and in both the United States and Europe, fuel detergents were
required to keep the valves clean. Improved additives like PIB-amine or PIB-succinamide
in combination with carrier fluids were required to keep intake valves clean.

The additives based on PIB-succinamide, PIB-amine, polyisobutene-amino alcohol,
and/or polyether amines can prevent and eliminate deposits in both keep-clean and
clean-up modes. This is because they have excellent heat stability in the zones of
relatively high temperatures, such as in the intake valves [21-23].

DD Additives for DISI Engines Prior to DISI, the main deposit control additive
focus was on intake valve deposits (IVD) in the traditional port fuel injection (PFI)
engines. There is thus a need for fuel additives to meet DISI engine requirements in
addition to their good performances in PFI engines. The fuel additives in modern
engines have to be reformulated and tested in DISI engines to meet deposit control
requirements in these engines [65].

The polyether amines, also known as poly(oxyalkylene)-amines, are used to
control fuel injector deposits in direct injection spark ignition gasoline engines [66].
It has been reported that the combination of aromatic esters of polyalkyl-phenoxy-
alkanols with poly(oxyalkylene)-amines provides a fuel additive [67,68] that controls
engine deposits in direct injection spark ignition gasoline engines and have been
correlated to the octane requirement increase (ORI). The wider use of direct injection
spark ignition (DISI) vehicles has led to an increase in the range of performance
requirements for gasoline additives.

Carrier Oils for DD Additives Selection of the carrier oil used in formulating a
fuel deposit control additive is very important, because it improves the performance
of the detergent additives. The carrier oil acts as a solvent for the fuel detergent and
helps in removing the deposits from the engine parts. Carrier oils can be a mineral
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oil, a synthetic oil, or a semisynthetic oil. Examples of suitable synthetic carrier
oils are polyolefins, (poly)esters, (poly)alkoxylates, and in particular, aliphatic
polyethers, aliphatic polyether-amines, alkyl-phenol-polyethers, and alkylphenol-
initiated polyether-amines. Polar carrier oils are more effective but may create a
solubility problem in the fuel. Therefore a careful balance is required in formulating
a fuel additive package containing detergent and carrier oil.

Adducts of butylenes-oxide with alcohols such as tridecanol etherified with
butylene oxide have excellent solubility in fuels but are comparatively costly products.
Generally, fully synthetic additive packages have better keep-clean properties than
mineral oil based. Fully synthetic additives also have lower viscosities, especially at
lower temperatures, than mineral oil based formulations.

Carboxylic acid alkoxylates are also good carrier oils and can be prepared [69]
by reacting a carboxylic acid (coconut fatty acid, tall oil fatty acid, tallow fatty
acid, oleic acid, or soya fatty acid) with a lower molecular weight alkylene oxides
(ethylene oxide, propylene oxide, butylene oxide, or their mixtures) in the presence
of an alkaline solution. When these alkoxylates are combined with a nitrogen-
containing fuel detergent, they significantly improve the intake valve detergency of
the nitrogen-containing fuel detergents. Carrier oils based on the condensation of
propylene oxide have been used in combination with various detergent molecules
to control engine deposits (European Pats., No. A-0 704 519 and No. A-0 374 461).
A combination of a detergent additive with a synthetic carrier based on polyethers
to control intake valve deposits in the engines [US Pat., No. 6,840,970, Jan. 11,
2005] has been reported.

DD Partpackages In the last 10 to 15 years, co-utilization of at least two DD
additives of different structures has become more useful [21-23]. The different
functions of DD parts can be utilized for higher severity. Consequently the additive
manufacturers now produce so-called partpackages of combined DD effects.

The Mannich detergent combined with a fluidizer (polyether-amine or a polyether,
or a mixture of both) and a succinimide detergent is very effective in reducing intake
valve deposits in gasoline fueled engines, especially when the weight ratio of the
detergents to fluidizer is 1:1 [70].

A mixture of polyolefin-amine and polyetheramine is useful as a fuel additive
since these two fuel detergents do not contribute to an increase in combustion
chamber deposits in port fuel injected internal combustion engines [71].

A gasoline detergent additive consisting of a mixture of a polyether-amine, an
aliphatic hydrocarbon-substituted amine, and a Mannich reaction product has been
found to improve fuel economy and reduce fuel consumption, engine wear, and
emissions [72,73].

5.2.3 Deposits and Their Control in Diesel Engines

Diesel engines use either indirect injection (IDI) or direct injection (DI) of fuel.
In the past IDI was used for small diesel engines. However, most modern engines
have switched to direct injection, which is more fuel efficient. The fuel is injected
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into the hot compressed air, where it is auto-ignited. For good combustion and low
emissions, atomization of the air-fuel mixture and control of its ratio are important.
For smooth combustion, initially a small quantity of fuel is injected to initiate the
combustion in modern diesel engines. This is then followed by the progressive injec-
tion of fuel into the burning mixture. This approach requires very precise injector
designs. A well-dispersed and atomized spray pattern is required for good air-fuel
mixing to ensure smooth combustion. Accordingly, clean fuel injectors are critical
for efficient diesel engine operation. The fuel injector is a high precision component
designed to meter diesel fuel to a high degree of accuracy. The tip of the injector is in
direct contact with the combustion zone and any deposits at that place can alter the
performance of the injector significantly.

Super clean injectors have become an important requirement in modern diesel
engines, as high-pressure injection systems are increasingly being used in both light-
duty and heavy-duty engines. The performance of a diesel engine in terms of power,
fuel consumption, and emission depends mainly on the cleanliness of the injector,
since excessive deposits disrupt the injector spray pattern, and hinder the air—fuel
mixing. Both fuels and lubricants can form deposits in the nozzle area of the fuel
injector, which is exposed to high cylinder temperatures. The amount of deposit
formed depends on the fuel composition, engine design, lubricant composition, and
operating parameters [21,23]. Today the high levels of deposits that can build up in
the injectors of diesel engines are mainly due to the presence of unstable biodiesel
blendstock, or even trace metal concentrations of fuel [22].

As mentioned above, injector coking deposits form on the tips of fuel injectors and
within the fuel spray holes. The internal diesel injector deposits (often abbreviated to
IDID) are formed within the injector body, which can be at the armature group, on the
piston and nozzle needle, and inside the nozzle body. These deposits slow the response
of fuel injector and cause the moving internal parts to stick. The result is loss of control
of injector event timing and of the quantity of fuel delivered per injection. The vehicle
then experiences rough engine running, as well as unwanted variations in power and
loss of fuel economy, among other drivability problems [74,75].

Basically two types of internal injector deposits can form: waxy or soap-like deposits
(mainly in US engines) and carbonaceous or lacquer-like deposits (in European engines).

A number of theories have been suggested for IDID buildup. Some focus on
mechanical systems: higher temperature and pressure in common rail system, tighter
tolerances in injectors, multiple injection events per cycle, fuel (hydrocracked and/or
reduced aromatic and/or reduced polar species content and/or inorganic ions, Na, Ca,
and/or biodiesel); others on fuel additives: corrosion inhibitors, lubricity additives
and/or deposit control additives, cold flow improver/wax antisettling agents.
However, none of these have been proved [23,75].

Deposits can also build up in the tubes and runners that are part of the exhaust gas
recirculation (EGR) system. The collection of these deposits can reduce EGR flow,
resulting in knocking (“hard operation”) of the engine and an increase in NO,
emissions in diesel engines.

Soot is the most harmful contaminant in modern diesel engines. Soot is generated
during the combustion process and can be introduced into the oil during the scraping
of oil-containing soot from the ring-liner area. Even in modern diesel engines meeting
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the latest emission regulations, the soot level may reach 5% or more before the oil is
changed. When long drain oils and emission strategies like exhaust gas recirculation
(EGR) are used, the soot level gets higher.

In direct injection diesel engines, the time for fuel evaporation and air-fuel
mixing is considerably short. Therefore combustion of local fuel-rich mixtures
may be incomplete, resulting in the soot formation in DI diesel engines. This
condition can be ressened if the fuel contains oxygen so that incomplete
combustion due to the shortage of oxygen is avoided [76]. Oxygen-containing
fuels like methanol, dimethyl-ether (H,C-O-CH,), and ethanol are a source of
extra oxygen for the fuel.

Soot formation can be completely eliminated if the fuel oxygen content is higher
than 30%. Dimethyl ether contains 34% oxygen and is ideally suited to suppress soot
formation in diesel engines. However, oxygenated fuels also cause energy loss, and
their calorific value is lower than that of conventional fuels.

Deposit control additives of diesel fuels also have a polar molecule part and a
nonpolar hydrocarbon chain. The deposit precursors attach to this molecule and
remain bound with the micelle. Under normal conditions, the deposit control mole-
cule forms a thin film on the metal parts of the fuel system. This film is the first
barrier against the formation of deposits and can also remove any deposits from the
metal surface slowly by detergent-cleaning action.

Diesel fuel DD additives are generally polyalkenyl-succinic-acid derivatives,
Mannich bases, and some ashless polymeric compounds [21,23,77]. These are
similar to the detergent dispersants used in gasoline, and they are typically used in
100- to 500-ppm (mg/kg) dosages in additive packages for diesel fuels, which
contain other components like antioxidants, a metal deactivator, a corrosion
inhibitor, an antifoam additive, and a cetane improver, as is especially the case in
multifunctional fuel additive packages.

Improved DD efficiency has been reported (Peugeot XUD9 test) for mixtures of
di-polyisobutylene-succinimides and polyisobutylene-di-succinincimides and derivates
of polyisobutylene-disuccinic-anhydrides, as well as their good compatibility with flow
improvers (MDFI) and paraffin dispergators (“Aral test” at —13 °C for 16 hour) [78].

Recently, a type of modified additive structure of polyisobutylene-succinimid
compounds was reported that incorporated a fatty-acid-methyl-ester molecule [79,80]:
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Besides the high DD efficiency of these additive molecules, whose structures were
confirmed by IR, C, and 1H-NMR, they have excellent anticorrosion and antiwear
effects. So far there are no known negative effects owing to the three molecules being
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incorporated into one structure. Tests have further shown that this additive is very
effective for diesel fuels that are practically sulfur free (< 10mg/kg).

The newest experimental results have proved that co-utilization of the conventional
succinimide type deposit control detergents (DCA) and monocarboxyl acids prevents
the formation of internal diesel injector deposits (Peugeot DW10 test). Tests in North
America of internal diesel deposits of the 6.8-liters common rail engine (tier off-road
emission standard) have, however, detected Na salts. These are the Na salts of dodecyl-
succininc-acid, and during the experiments significant performance loss was observed.
It was nevertheless demonstrated that the lubricity-improved monocarboxyl acid does
not form internal diesel injector deposits [81,82].

The newest additive packages thus offer a solution for both internal and external
nozzle coking problems for both the old and latest technology diesel engines. The
new diesel fuel deposit control additives proved capable of totally eliminating injector
fouling in the new CEC F-98-08 DW10 test and completely preventing flow loss in
the older CEC F-23-01 Peugeot XUD-9 test method. The performance improver
package of these additives inhibited the formation of deposits and cleaned up all
deposits. There was no performance loss. The anticorrosion, antifoaming, and the
cetane number improver proved excellent in pure fossil or biodiesel-containing diesel
fuels [82].

5.2.4 Detergent Additives and Exhaust Emissions

Fuel packages contain about 40-50% DD additives; consequently it is useful to know
their effects on the quality and quantity of the exhaust gas emission [21,23]. That is
to say, while detergent additives are effective in reducing the formation of deposits in
internal combustion engines, it is difficult to evaluate the advantage to exhaust
emission, as there are many factors that can affect engine emissions. In other words,
detergent additives do not reduce directly the exhaust gas emissions from vehicles,
but rather reduce the deposits that affect engine performance negatively. Therefore
fuel additives reduce emissions lost due to deposit formation in the engine by keeping
the fuel system clean [83].

Spark-Ignition Engines There are three types of deposits in spark-ignition
engines: deposits in the injector systems (DI), intake valve deposits (IVD), and
combustion chamber deposits (CCD). The studies of IVD and PFID have been incon-
clusive concerning emissions. Some studies have shown that reducing IVD by means
of detergents in fuels can reduce HC and CO emissions compared to untreated fuel.
Even so, a negative effect of detergents on CO and NO, emissions, probably due to
the increase of CCD, has been observed. It has been reported in a US study that
engine knock increased with the increased use of detergent additives [84].

A study performed in Venezuela showed that the use of detergent additives
led to a significant reduction of CO (6-10%) and HC (13-24%) emissions
from test trucks [85]. However, a NO_ increase (2-3%) was also observed.
Fuel economy was improved by 0.5-1%. Similarly, an evaluation by the
European Commission, ACEA, and EUROPIA [86] has estimated an average
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emission reduction (due to prevention of deterioration) of CO by 10-12%, HC
by 3.0-15%, NO, by 5 to =5%, and fuel economy by 2-4%.

Combustion chamber deposits typically increase the charge temperature and flame
propagation rate and reduce the heat loss to the coolant. This is reflected as an increase
in the octane requirement, increased NO_ emissions, and a reduction in maximum
power but an improvement in fuel economy. Thus the effects of CCDs are quite vari-
able in different engines and can go in different directions [87]: For example, tailpipe
CO change —50 to 30%, HC change —30 to 20%, NO, increase 0 to 50%, CO, reduction
2 to 10%, fuel economy improvement 2 to 10%, and ORI increase 1 to 10.

Diesel Engines The formation mechanisms and the effects of deposits in diesel
engines are different than those in gasoline engines. Injector fouling is the important
exhaust emissions concern, since the injector in the diesel engine is the most critical
design component. Deposits in the injection nozzles due to fuel coking affect the
injection rate, spray pattern, and the amount of fuel injected. The obstruction to
the injector flow can result in increased exhaust emissions. Detergent additives can
reduce the deposits in the injector nozzles, but it is also difficult to estimate the
benefits to the exhaust emission due to lack of data. Detergent additives alone do not
improve the emission performance of diesel engines but reduce the risk of increased
emissions due to deposit formation. Thus additives do indirectly help reduce
emissions to some extent.

An evaluation of the existing data was conducted in 1995 jointly by the European
Commission, ACEA, and EUROPIA [86]. The resulting document provides esti-
mates of average emission reduction (due to prevention of deterioration) with the use
of detergent additive. In light-duty diesel engines the emission reduction of CO was
8-12%, HC by 15-29%, NO, by 1-2%, and PM by 22—-10%. A similar trend was also
observed in heavy-duty diesel engines (CO reduction by 10-14%, HC by 14-15%,
NO, by 2%, and PM by 10-15%).

CRC (Project No. E-6) also investigated the effects of combustion chamber deposits
on vehicle emissions and fuel economy. A field test program on 28 test vehicles driven
for 15,000 miles was performed with two different additive concentrations. Emission
tests were carried out to investigate the influence of CCD on emissions and fuel
economy; IVD and CCD were also rated for each engine. The study concluded that
the additive treated fuels led to a statistically significant increase of NO_ emissions
and fuel economy. The results also indicate that the presence of CCD causes a decrease
in tailpipe and engine-out HC emissions. This is due to the thermal insulation provided
by CCD, facilitating higher combustion temperatures through reduced energy loss to
the engine coolant.

5.2.5 Tests for DD Additives in Engines

Verifications of the efficiency of DD fuel additives is done partly by engine tests and
partly by fleet tests. Investigations must be able to defect the difference between the
fuels and the additives. In this section the most important criteria used in engine tests
are summarized.
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TABLE 5.3 Test methods for the evaluation of deposits

Property Criteria Test Method
Carburettor cleanliness Merit CECF -03-T
Fuel injector cleanliness Percent flow loss ASTM D 5598
Intake valve sticking Pass/fail CECF- 16-T
Intake valve cleanliness I Merit CEC F-04-A
Intake valve deposits, Opel mg/valve CEC-F-02-T-79

Kadett engine test
Intake valve cleanliness I1

Method 1 (4 valves average) Average mg/valve CEC F-05-A-93 or
Method 2 (BMW engine) ASTM D 5500
Method 3 (Ford engine) ASTM D 6201
Combustion chamber deposits
Method 1 % of base fuel ASTM D 6201
Method 2 mg/engine CEC F-20-98
Method 3 % mass at 450 °C TGA- FLTM BZ
154-01

Tests for Gasoline Engine Four major automobile manufacturers (BMW,
General Motors, Honda, and Toyota) have developed a TOP TIER standard for
detergent-containing gasoline. This document describes the deposit control
performance of unleaded gasoline at the retail level, with the purpose of minimizing
deposits on fuel injectors, intake valves, and combustion chambers. The standard
requires gasoline not to contain metallic additives, especially methylcyclopen-
tadienyl manganese tricarbonyl (MMT). An additive must be certified to have met
the minimum deposit control requirements established by the US EPA in 40 CFR
Part 80. Also an additive has to be registered with the EPA in accordance with 40
CFR Part 79.

Listed in Table 5.3 are the test methods utilized for the evaluation of deposits in
the carburetor, intake valve, injector, and combustion chamber of the engines.

Intake Valve Keep Clean Initial Performance According to ASTM D 6201,
Standard Test Method for Dynamometer Evaluation of Unleaded Spark-Ignition
Engine Fuel, the intake valve deposit (IVD) must be clean for top performance. Tests
demonstrating the base fuel minimum deposit level and the performance of additives
must be conducted using the same engine block and cylinder head. All results must
be derived from operationally valid tests in accordance with the test validation criteria
of ASTM D 6201. The IVD results must be reported for individual valves and as an
average of all valves.

Fuel Injector Fouling Initial Performance Fuel injector fouling must be measured
using the TOP TIER fuel injector fouling vehicle test available from General Motors.
GM will run the test on a first-come-first-served basis and must make the method
available to those who wish to run the test on their own.
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TABLE 5.4 Diesel fuel tests in industrial engines

Test Investigated Function Reference

Cetane number Ignition characteristics CEC-PF-022

Peugeot XUD9 Detergent-dispersant CEC-PF-023

injector cleanliness injector deposits

Peugeot DW10 Euro V injector” Detergent-dispersant CEC F-098-08

injector fouling

RVI MIDS emission test Detergent dispersant R-49-88/77/CEE

Mercedes OM 336LA Detergent dispersant R-49-88/77/CEE

Euro 1, emission test

Mercedes OM 336LA Detergent dispersant R-49-88/77/CEE

Euro 2, emission test

Diesel fuel lubricity Lubricity CEC-PF-006

Diesel pump lubricity Lubricity CEC-PF-032
Detergent dispersant CEC-IF-035

“Four cylinder; 2.0 liter; direct injection; turbo charged common rail, max. 1600 bar.

Intake Valve Sticking Initial Performance The sticking tendency of intake valves
must be determined using either the 1.9 L Volkswagen engine (Wasserboxer according
to CEC F-16-T-96) or the 5.0L 1990-95 General Motors V-8 engine (SWRI IVS
test). Two options are available for demonstrating intake valve sticking. A test must
demonstrate no stuck valves during a cold start. A stuck valve is defined as one in
which the cylinder compression is less than 80% of the normal average cylinder
compression pressure.

Combustion Chamber Deposit Initial Performance Combustion chamber
deposits (CCD) must be collected and weighed along with IVD using ASTM D 6201,
Standard Test Method. However, ASTM D 6201 does not contain a procedure for
collecting and measuring CCD. Adapting a scrape and weigh procedure developed
by CARB is recommended. Results for individual cylinders and an average must be
reported.

Performance Engine Test for Diesel Fuel The industrial engine tests of diesel
fuel are summarized in Table 5.4 and some additional special tests in Table 5.5. These
tables contain the ignition characteristics and lubricity of diesel fuels as well as the
DD effects.

Diesel engine injector’s cleanliness is evaluated by measuring the percentage of
air flow loss according to the CEC (PF-023) TBA test procedure. This test is also
recommended in WWFC- 2006 for categories 3 and 4 diesel fuels (limit max. 85%
air flow loss). Injector cleanliness performance evaluation is also carried out by
ASTM D 5598 test in a 2.2-liter four cylinder Daimler Chrysler engine test. This test
is also required by the US EPA for certifying the additive performance for injector
cleanliness.
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TABLE 5.5 Extended diesel fuels tests—special engine tests

Test Investigated Function Comment

VW Passat, injector Detergent dispersant Modern 1.9 liters, IDI
cleanliness test

Mercedes OM 604, injector Detergent dispersant Modern 2.2 liters, IDI
cleanliness

Mercedes OM366LA—Euro 1 Detergent dispersant 6 liters turbocharged

truck engine

PV1 MIDS 06-20-45 Lubricity 10 liters turbocharged

long-term/sideeffect test truck engine

A new injector fouling test for modern direct injection diesel engines (CEC
F-098-08) was approved in March 2008. This test directly measures engine power,
which is a function of the level of injector fouling. This test is based on the Peugeot
DWI10 engine, where the standard production injectors have been replaced with
more advanced Euro V type injectors, as these are more sensitive to deposit
formation. The DW10 test uses the Peugeot 4-cylinder, 2.0-liter, direct-injection,
turbocharged, common rail engine with a maximum injector pressure of 1600 bar.
It is designed to simulate injector fouling with a highly sensitive Euro 5 Siemens
injector systems and measures power loss after 32 hours.

Compared to the well-known CEC F-23-01-XUD9 test (using an older
indirect-injection engine), the new procedure is more intensive. This DW10 test
shows greater sensitivity for specific deposit control detergents compared with the
CEC F-23-01-XUD 9 method.

In Europe, injector cleanliness is evaluated by a Peugeot XUD-9A/L test that is
run for 10 hours. This test (CEC F-23.A-00) is an intensive test for evaluating the
deposit control ability of additives intended to prevent injector fouling and is also a
requirement of the World Wide Fuel Charter—2006.

Remarks

1. Combustion chamber deposits can be measured by M102E, M111, VW Polo,
and Kadett tests.

2. Table 5.4 can be supplemented by special dynamometer tests.
3. The M111 test can be performed by engines using two fuels.

5.2.6 Advantages of Using DD Additives in Fuels
Detergent-dispersant additives in fuels assure a number of advantages for the customers:
* Clean fuel supply system

* Uniform fuel injection (no deposits inhibiting free flow)
« Efficient combustion
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* Pressure increase with a lower gradient, lower noise
* Higher performance
* Optimal driving characteristics

* Lower fuel consumption and upkeep costs (5—10%, due increase of the maintenance
interval)

* Lower exhaust gas
* Lower harmful material in exhaust gas

Beyond these developments, the utilization of additives has stimulated research and
development of new kinds of engines constructions in which the injector deposits
would activate fuel consumption, and be particularly sensitive toward deposits
because of their “high swirl” and fast combustion [60].

5.3 ANTIKNOCK ADDITIVES (OCTANE NUMBER IMPROVERS)

5.3.1 “Knocking”

Gasoline engine knocking is a combustion phenomenon that takes place when the
air-fuel mixture in the gasoline engine does not burn smoothly or evenly. Knocking
in gasoline engines is an undesired acoustic occurrence when the air and fuel mix-
ture ignites before the upper point of piston in spark ignition vehicles. As the fuel in
a gasoline engine is ignited by the spark plug, the flame tends to move away from
the spark plug, and the heat and pressure generated by the first portion travels to and
compresses the last portion of the fuel. Chemically, combustion is a multistage
oxidation process where the organic hydroperoxides are generated initially. These
decompose to form free radicals that start branch chain reactions. These chain
reactions start local auto ignitions/detonations, ahead of the flame front in the
unburned hydrocarbon air mixture due to the high temperature and pressure
generated in the last portion of the fuel. This violent detonation creates pressure
fluctuations and noise. This noise is called knock, and if it continues, it can damage
engine parts like the valves and the piston. Some heat is also lost, and the fuel
efficiency of the engine is decreased. This problem is more pronounced in high-
compression gasoline engines.

5.3.2 Octane Number

The common type of octane rating is the research octane number (RON). RON is
determined by a test engine of variable compression ratios at controlled conditions,
and the results are compared to those for mixtures of isooctane and n-heptane
(the isooctane content of mixture in v/v%). There is another type of octane rating,
called the motor octane number (MON), or the aviation lean octane rating, which is
a better measure of how the fuel behaves under a load; it gives information about the
combustion/compression tolerance properties of the mixture in the actual engine.
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TABLE 5.6 RON and MON of different
chemicals components

Compound RON MON
Methane 135 122
n-Butane 91 92
n-Pentane 62 62
n-Hexane 25 26
n-Heptane 0 0
n-Octane -10 -14
Isooctane 100 100
Benzene 101 99
Toluene 111 95
Xylene 117 110
Methanol 133 99
Ethanol 130 96
Isopropanol 118 98
n-Butanol 92 71
t-Butanol 105 95
MTBE 118 100
ETBE 118 102
TAME 111 98

MON is determined at 900-rpm engine speed, instead of the 600rpm for RON.
MON testing uses a same test engine as that for RON testing, but the fuel mixture is
preheated, the engine speed is higher, and the ignition timing is varied to further stress
the fuel’s knock resistance. Depending on the composition of the fuel, the MON of a
modern gasoline would be about 8 to 10 points lower than the RON. However, there
is no direct linkage between RON and MON [88].

An average of RON and MON is called the antiknock index (AKI). Sometimes it
is also called as the road octane number or the pump octane number.

The RON and MON of n-heptane and isooctane are 0 and 100, by definition.
Table 5.6. lists the approximate octane ratings of various chemical compounds.

5.3.3 Octane Number Improver Additives

An antiknock compound is added in gasoline to reduce engine knocking by increasing
the fuel’s octane rating.

Lead-Tetramethyl and Lead-Tetraethyl The discovery that lead-containing
compounds have an antiknock effect led to the widespread use of these additive
to develop engines of higher specific power and a higher compression ratio.
Lead-tetraethyl was discovered by a German chemist in 1854, but remained commer-
cially unused for many years. In 1921, tetra-ethyl-lead was found to be an effective
antiknock agent by the General Motors Corporation research group, and they pat-
ented the use of TEL as an antiknocking agent and called it “ethyl.” By 1923, leaded
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gasoline was being sold in the United States. In 1924, Standard Oil of New Jersey
(ESSO/EXXON) and General Motors founded the Ethyl Gasoline Corporation to
produce and market TEL.

The use of TEL then continued in the petroleum industry for several decades. The
mechanism of organo lead compounds as an antiknock agent is to decompose to lead
oxide during the combustion process. Then lead oxides deactivate the free radicals
that are responsible for the chain branching auto ignition reactions. Thus auto ignition
is shifted to a higher temperature and pressure regime.

When lead compounds were used as antiknock compounds, the lead oxides tend to
generate deposits in the combustion chamber. This problem was solved by using
scavengers like ethylene dichloride (8—18%) and -dibromide (ca. 18%), which convert
nonvolatile lead oxides into volatile lead halides [89].

Tetra-ethyl-lead is produced by reacting chloroethane with a sodium-lead alloy.

4NaPb + 4CH,CH, Cl — (CH,CH, ), Pb + 4NaCl + 3Pb

In place of sodium, lithium is used too, but the process is not used commercially.
TEL has four weak C—Pb bonds that break at the elevated temperatures encountered
in internal combustion engines, resulting in lead and lead oxides and ethyl-free radi-
cals. The lead and lead oxides scavenge free radicals formed in the combustion
reactions. This prevents the ignition of unburned fuel during the engine’s power
stroke. Lead alone is the reactive antiknock agent, and TEL serves as a gasoline-
soluble lead carrier.
Combustion of the TEL produces carbon dioxide, water, and lead:

(CH,CH,),Pb+130, — 8CO, +10H,0 +Pb
Lead can be oxidized further to yield a lead (II) oxide:
2Pb+0, - 2PbO

The use of antiknock additives permits greater efficiency and higher power output
because of the higher compression ratios they produce. The use of TEL in aviation
gasoline has enabled the development of large supercharged engines. In the aviation
industry, TEL is still in use to formulate aviation gasoline, although efforts are being
made to find its substitute.

The use of TEL in gasoline was started in the United States, whereas in Europe,
alcohol was still being used. The advantages of leaded gasoline come from its higher
energy content and better storage stability, and this eventually led to a universal
switch to leaded fuel. One of the greatest advantages of TEL over other antiknock
agents is its low concentrations requirement. Typically 1 part of TEL is required to
treat 1260 parts of gasoline. TEL biocidal properties also helped prevent fuel degra-
dation due to bacterial growth.

In most Western countries TEL went out of use in the late twentieth century because
of concerns over lead pollution of air and soil and the accumulative neurotoxicity of
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FIGURE 5.6 Structure of methyl-cyclo-pentadienyl-manganese-tricarbonyl (MMT)

lead, since it accumulates in living organisms and in humans too. The use of TEL as
a fuel additive also has detrimental effect on catalytic converters [90,91].

Decrease in the use of TEL has come with the use of other antiknock additives of
less toxicity (MMT, MTBE) and the application of high octane blending compounds
in increasing amounts (reformates), [92,93]. TEL was phased out in 1996 in the
United States and in 2000 in the European Union. This was followed by several
non-EU member countries [94,95].

The vehicles produced before TEL’s phase-out required modifications to run on
unleaded gasoline, since lead provided antiwear protection to the valve seats.
Additives were developed to provide antiwear properties in fuel to compensate for
the absence of lead, for example, K-naphtenate [96,97]. Subsequently, metallurgy
was changed by the installation of hardened exhaust valves and value seats that did
not require additional antiwear/lubricity additives.

However, TEL remains an ingredient of 100LL octane aviation fuel (avgas) for
piston-engine aircraft and until recently in formula racing cars. The EPA and others
are working on a lead-free commercially viable replacement for avgas. The current
formulation of 100LL (low-lead) aviation gasoline contains much less lead than in
previous fuels.

Several alternative antiknock agents were proposed and developed as substituent
of lead-containing fuels, for example: methyl-cyclo-pentadienyl-manganese-
tricarbonyl (MMT) [98,99], ferrocene [100], iron pentacarbonyl [101], and dialkyl
carbonates [102,103].

Methyicyclopentadienyl-Manganese-Tricarbonyl Methylcyclopentadienyl-
manganese-tricarbonyl (MMT, Figure 5.6) was discovered by the Ethyl Corporation
(now Afton), in 1954, for improving the octane number of gasoline. The manganese
atom in MMT is bonded to three carbonyl groups as well as to the methylcyclopenta-
dienyl ring. These hydrophobic organic ligands make MMT highly lipophilic, which
may increase bioaccumulation. A synergistic effect between MMT and paraffinic
fuels has been reported.

Methylcyclopentadienyl-manganese-tricarbonyl (MMT) has been used to boost
octane of gasoline for many years in the United States, Canada, Australia, and some
other countries in Asia, Africa and some Eastern European countries. MMT is
suspected to be a strong neurotoxin and respiratory toxin. Additionally, MMT impairs
the effectiveness of automobile emission control and increases pollution of vehicles.
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Various OEM also do not recommend the use of MMT (see World Wide Fuel
Charter—2006 September). The European Directive of 2009/30/EC also permits the
use of MMT to a limited extent, pending risk assessment. In Europe the presence of
the metallic additive methylcyclopentadienyl-manganese-tricarbonyl (MMT) in fuel
is limited to 6 mg of manganese per liter since January 2011. The limit will be 2mg
of manganese per liter in January 2014.

Ferrocene Ferrocene is an organo metallic compound with the formula Fe(C,H,),.
It is a typical metallocene consisting of two cyclopentadienyl rings bounded on
opposite sides of a central iron atom. Such organometallic compounds are also
known as sandwich compounds [100]. The ferrocene was tried as an antiknock
additive in many countries. Its iron content in form of iron-oxide contaminates the
spark plug, the exhaust gas treating catalysts, and the exhaust system. The deposits
can cause the spark plug to misfire.

Ashless Antiknock Additives Ashless antiknock additives consist of mainly
carbon, hydrogen, oxygen, and nitrogen. Some examples of nitrogen-containing
additives are 1,3-diimino-2-hydroxy-propane, and methyl-aniline, and an example of
an oxygen-containing additive is dimethyl-carbonates.

Beside the application of the aforementioned metal-containing and ashless
additives, the octane number deficiency caused by the phase-out of lead-tetraethyl
and -tetramethyl was initially compensated with the increased amount of blending
of aromatic hydrocarbons (e.g., benzene and toluene) of high octane numbers
(101-111) too[104]. Because of their carcinogenetic and toxic properties, they
were gradually changed to oxygen-containing compounds of high octane numbers
(MTBE, ETBE, TAME) [105,106]. Bioethanol of a high octane number has been
used in increasing amount over the last five years [107,108]. Nowadays this has
helped solve the octane number deficiency. (The advantageous properties of eth-
anol in fuel were already known in the year 1921, and the ethanol was utilized in
Europe at this time.) Oxygenates not only have high octane numbers but the oxygen
atoms in the molecules promote the cleaner burning, resulting in lower CO and
hydrocarbon emissions. The blending volume of oxygenates is in the range of
1-15%, accordingly they are discussed among the motor gasoline-blending com-
ponents in Chapters 3 and 4. Research and development activities on antiknock
additives are still continuing.

5.4 CETANE NUMBER IMPROVER

Cetane is an unbranched open chain alkane molecule with 16 carbon atoms.
This molecule has been assigned a cetane number of 100, while alpha-methyl naph-
thalene has been assigned a cetane number of 0. The cetane number is the index
number of the autoignition property of the diesel fuel and diesel fuel components.
All other hydrocarbons in diesel fuel are indexed to cetane as to how well they ignite
under compression. Since there are a large number of chemical compounds in diesel
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fuel, each having a different cetane rating, the overall cetane number of the diesel is
the average cetane rating of all the components. Accordingly, the cetane number mea-
sures how quickly the fuel starts to burn (auto-ignites) in diesel engines. This is the
time period between the start of injection and start of combustion (ignition) of the fuel.
In certain diesel engines, the higher cetane fuels have shorter ignition delay periods
than lower cetane fuels. There is a direct relationship between the cetane number of a
diesel fuel and its ignition point. However, it is not absolutely correct from the point
of view of measurement technique. The measurement of the cetane number is based
on the measure of the ignition delay of the motor fuel, which is the delay of the injec-
tion and the start of the ignition/burning. Consequently the later the start of the
burning/ignition of the compressed motor fuel is, the lower the cetane number is. Thus
there is a decrease in the efficiency of the ignition and the peak of the pressure in the
cylinder. For the abovementioned reasons, there is a decrease in the efficiency of the
engine and an increase of emissions. Therefore a major factor in diesel fuel quality is
the cetane number. Commercial petroleum derived diesel fuels generally have a
natural cetane number of about 40-55. Alcohols have much lower cetane values and
require the addition of a cetane improver for smooth engine operation [109,110].

Cetane improvers alter combustion in the engine. They ensure early and uniform
ignition of the fuel. These also prevent premature combustion and an excessive
pressure increase in the combustion cycle. The combustion is smoother, the
efficiency of burning is better, as well as the operation of the engine. The effects of
cetane number improvers, in the necessary amounts and cetane number boost-
ing effects, depend on the ratios of high and low cetane components in the
base diesel fuel. Typically alkyl nitrate additive treatments can increase cetane by
about 3 to 7 numbers (1:1000 treatment ratios, 0.1%). With the high natural cetane
premium base fuels (containing a high percentage of paraffins) and a 1:500 (0.2%)
treatment ratio, cetane can be increased up to a maximum of 8 to 10 numbers
[109-111].

Generally, diesel engines run well with a cetane number of 40-55. Fuels with
higher cetane numbers that have shorter ignition delays provide more time for the
fuel combustion process to be completed. Hence higher speed diesels engines operate
more effectively with higher cetane number fuels.

The current standard for diesel fuel sold in the European Union is covered by
EN590:2009+A1:2010, with a minimum cetane number of 51. The premium diesel
fuel has a cetane number as high as 60. In North America, most states adopt ASTM
D975 as their diesel fuel standard, and the minimum cetane number is set at 40, with
typical values in the 42-45 range. The premium diesel fuel’s cetane number is much
higher, depending on the distributor.

Measuring an engine’s cetane number is costly, therefore a cetane index was
introduced to determine the ignition of gas oils. This is calculated using the easy
measurable properties of the distillate and density of fuel.

The cetane index (CI) can be calculated by the following expression:

CI =454.74-1641.4169p + 774.74p” —0.5541 + 97.803(log )’
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where

p=density of fuel at 15°C, g/cm’
t=middle average boiling point, °C

The cetane index are only used for the relatively light distillate diesel oils. For heavy
(residual) fuel oil, two other scales are used CCAI and CII:

Calculated carbon aromaticity index (CCAI)
CCAI = D—-140.71og(log(V +0.85)) —80.6 — 483.510g(%j

where

D=density on 15°C, kg/m’
V=kinematic viscosity, cSt (mm?/s)
t=temperature of viscosity measurement, °C

Calculated ignition index (CII)
CII =(270.795+0.1038T) — 0.254565D + 23.708 log log(V +0.7)

where

D=density on 15°C, kg/m’
V=kinematic viscosity, cSt (mmZ/s)
t=temperature of viscosity measurement, °C

5.4.1 Cetane Number Improver Additives

Several different additives have been tried to increase the cetane number of diesel fuel.
These include peroxides, nitrites, nitrates, nitroso-carbamates, tetra-azoles, and thio-
aldehydes. Alkyl nitrates such as amyl-nitrate, hexyl-nitrate, and mixed octyl-nitrates
have been used commercially with good results. These chemical cetane improvers
readily decompose to form free radicals, which inturn promotes the rate of initiation.
This increased rate of chain initiation leads to improved ignition of diesel fuel
[109,112-114]. Alkyl nitrates have proved most important in commercial use as cetane
improvers. 2-Ethylhexyl nitrate (EHN) has been used as a commercial cetane improver
for a number of years and today is the predominant cetane improving additive [115]:

CH3—CH2—CH2—CH2—?H—CH2—O—NOZ
CH,

CH,4
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Most cetane improvers contain alkyl nitrates that readily break down to provide
additional oxygen for better combustion. These also break down and oxidize fuel in
storage. During long-term storage these additives can generate organic particulates
(compound fragments), water, and sludge—all of which can degrade fuel quality.

The alkyl nitrates are prepared by nitrating the corresponding alcohol. The alcohols
are nitrated by adding them to a mixture of nitric acid and acetic anhydrate at —10°C
to 0°C[116].

Di-tertiary-butyl peroxide (DTBP) was first recognized as an effective cetane
improver in the 1940s [117]. However, due to its high cost, DTBP has not had
widespread use compared to 2-ethylhexyl-nitrate. It’s low popularity did not change
even after the ARCO Chemical Company reported a new technology to reduce the
cost of DTBP to a level comparable to that of 2-EHN.

Dialkyl-peroxides can be synthesized by the reaction of an alcohol and/or an
olefin (I-butyl alcohol and/or isobutylene) with an organic hydroperoxide
(1-butyl hydroperoxide), using an acidic catalyst. The DTBP has a potential
advantage over alkyl nitrates in reducing NO_emissions, since it does not contain
nitrogen [118].

A thermally or oxidatively unstable cetane improvement additive can degrade fuel
quality and could lead to poor engine performance. Thus, for commercial acceptance
the cetane improver additives must be stable, thermally and oxidatively, under actual
storage conditions. DTBP has been reported to be more thermally stable as compared
to alkyl nitrates in low sulfur diesel fuels [119,120].

A fuel treated with DTBP does not show significant loss in the cetane number
after heating for 100 hours at 92 °C. The half-life for DTBP at 70 °C in diesel fuel is
in excess of 10,000 hours. Even at 100 °C, the half-life of DTBP in diesel fuel is over
300 hours. Although the thermal decomposition rate of the peroxide is much faster
than the nitrate, the peroxide additive is quite stable under typical fuel system
temperatures. The stability of DTBP was demonstrated by the standard accelerated
oxidative stability test ASTM D274, and the long-term storage stability test ASTM D
4625 did not show any gum formation in most of the diesel fuels containing DTBP.
Some inherently unstable fuels, however, show degradation that can be controlled by
the addition of a small amount of antioxidant.

The cetane response of DTBP was inversely related to the aromatic content of the
fuel. Thus low aromatic fuels respond better to the additive. Fuels with a high aromatic
content or highly aromatic blend stocks, like light cycle oil (LCO) or light cycle gas oil
(LCGO), respond poorly to cetane improvers. A highly aromatic (8§7%) LCGO blend
stock did not respond at all to either of the cetane improvers, DTBP or EHN. This low
response for the aromatics may be attributed to the higher activation energy required
for nitrate- or peroxide-free radicals to react with an aromatic fragment compared to the
aliphatic hydrocarbon fragment of the fuel.

These products should be handled with caution because of their potential explosive
nature. Cetane improvers have been reported to improve fuel economy [121], engine
durability [122], and emissions [123] in heavy-duty diesel engines.

It is also reported that higher cetane numbers improve cold start properties and in
normal climatic conditions decrease emissions.
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5.4.2 Cetane Number Measurement

Cooperative Fuel ResearchTest The cetane number is determined by a Cooperative
Fuel Research (CFR) engine test (ASTM D-613, ISO 5165) under standard conditions.
The compression ratio (and therefore the peak pressure within the cylinder) of the engine
is gradually increased until the time between fuel injection and ignition is 2.407 ms.
The resulting cetane number is then calculated by determining which mixture of cetane
(hexadecane) and isocetane (2,2,4,4,6,8,8-heptamethylnonane) will result in the same
ignition delay (the cetane number is the n-cetane content of this mixture in v/v%).

Ignition Quality Tester Another reliable and more precise method of measuring
the cetane number of diesel fuel is the ignition quality tester (IQT). This instrument
makes the measurement simpler than the CFR engine test. The fuel is injected into a
constant volume combustion chamber in which the temperature is approximately
575 °C. The fuel combustion and the high rate of pressure change within the chamber
define the start of combustion. The ignition delay of the fuel can then be calculated
as the time difference between the start of fuel injection and the start of combustion.
The fuel’s derived cetane number can be calculated using an empirical inverse rela-
tionship to ignition delay (ASTM D-6890).

5.4.3 Cetane Index

The cetane index (CI) is calculated based on the density and distillation range of the
fuel. The '4-point method ASTM D 4737 is based on density, 10v/v%, 50v/v%, and
90v/v% recovery temperatures. The 2-point method is defined in ASTM D 976, and
uses just density and the 50 v/v% recovery temperature. This 2-point method tends to
overestimate the cetane index and is not generally recommended. Cetane index cal-
culations cannot account for cetane improver additives and therefore do not measure
total cetane number for additive-treated diesel fuels. The CFR diesel engine test is
primarily related to the actual cetane number, and the cetane index is only an
estimation of the base (nonadditive treated) cetane number.

5.5 FUEL ANTIOXIDANTS (STABILIZERS)

The main objective in adding antioxidants to fuels is to inhibit the formation of
sludge and deposits and the darkening of color [124,125]. The causes of these
unwanted effects are several. In this section some of these causes are reviewed.

Fuels are fast-moving petroleum products, but they are sometimes stored for one to
three years or more and are subject to deterioration. In military establishments fuels
are stored for longer durations due to various operational and logistics needs. It is
essential that the fuel keeps its quality over this period [125-128]. The reduction of
sulfur in gasoline and diesel fuels has greatly improved stability, but has also created
an additional problem resulting from the removal of the natural antioxidant.
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The increasing demand for fuel products has led to the blending of cracked stocks
by refineries. The cracked stocks have lower stability than the straight run stocks.
The reason of this is that cracked products contain high amounts of olefins, aromatics,
sulfur and nitrogen compounds that quickly degrade. For example, gasoline pro-
duced with catalytic cracking contains olefins and diolefins that tend to form gums
on storage [129]. This gum can deposit in the automotive fuel system, especially in
carburetor and intake system and affect vehicle performance.

The oxidation liability of biodiesels due to olefin double bonds is well known.
Their use, though these fuels are already blended, is only possible with use of
additives [130,131]. The presence of dissolved metals, even in trace amounts,
accelerates the degradation [124]. Importantly, the peroxides formed during the
oxidation reactions can damage the material of the seals (an elastomer).

5.5.1 Increasing Storage Stability

The fuels produced through hydrotreating processes have improved stability due to
the saturation of olefinic and aromatic molecules [132]. However, the cost of stability
improvement by additive treatment [133] is generally lower than that of hydro
processing. Often a middle path is followed where the combination of two gives the
cost-effective solution.

5.5.2 Oxidation of Fuels

The oxidation process taking place in fuels is a chain reaction resulting in insoluble
“gum” as the end product. This gum can form in storage tanks, refinery pipelines,
and the fuel-injection system of gasoline engines. It can clog fuel pipelines, carbure-
tors, intake manifolds, and intake ports. Fuel stability is affected by several factors.
Most prominent are the olefins and acid-base reactions in fuels.

During autoxidation, fuels slowly absorb oxygen from the atmosphere in the initial
phase, called an induction period, and form hydroperoxides. These hydroperoxides
form free radicals and initiate a chain reaction that generates the oxidation products
and ultimately forms gum [133,134].

It is known that hydrocarbons can also generate free radicals in the presence of
light or heat energy:

RH (hydrocarbon molecule)+v — R *+H * (freeradicals)
R *4+0, = ROO * (peroxide)
ROO*+RH — ROOH + R’

This chain can further branch off, producing more free radicals:

ROOH — RO*+0*H
RO*+RH — R *+ROH
RH+0*H —R*+H,0
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Termination of this chain occurs when the supply of air/oxygen is cut off or the reactive
fragments are destroyed due to the formation of following types of stable molecules:

R*+R* ->RR
2ROO* - ROOR +O,

There are a series of following complex reaction taking place in the presence of an
antioxidant:

ROO* + AH(antioxidant) - ROOH + A *
A*+0, - AOO* Peroxy radical
AOO*+RH —> AOOH +R*
AOO* + AH(antioxidant) - AOOH + A *
AOO *+A0OO* — dimerized radical

The sludge can also form from the reaction of nitrogen-containing compounds
(e.g., indols) and phenalenes that originate in the unsaturated compounds. The dark
color of diesel fuels is caused by “rubber-like” compounds that are soluble in oils,
while the sludge is caused by the slower peroxidation reactions.

5.5.3 Chemical Mechanism of Antioxidants

Antioxidants are organic chemical compounds that decrease the oxidation and gum-
forming tendencies of fuels due to autoxidation process and controlling the acid—base
reactions [124].

Antioxidants donate their hydrogen atom to the peroxy radical, reducing its
activity and thus the chains are terminated [124,135,136,137,138].

OH + ROO"® —> 0* + ROOH
Peroxide-free Stable
radical radical
Antioxidant Radical
dimerization

I

HO
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5.5.4 Types of Antioxidants

The hindered phenols and the phenylene diamine are the two most common antioxidants
used today to control the gum formation in fuels. These are usually used in 5 to 100 ppm
dosage.

Steric Hindered Phenols 2,6-Di-tertiary butyl-para-cresol and 2,6-di-tertiary
butyl phenol and their mixtures are known to be good fuel antioxidants [139,140].
Hindered phenols are more effective when the olefin content in the fuels is lower.
Di-tertiary butyl-para-cresol is a common fuel additive, known as DBPC or BHT:

OH
CH,4 )\ CH,
| |
H,C-C C-CH,
| |
CH,4 CH,
CH,

Mixtures of liquid alkyl phenols have been reported to provide good oxidation
protection in both fuels and lubricants. The combination of alkyl phenols shows par-
ticularly good balancing antioxidant properties in the middle distillate: 1-8%
2-tertiary butyl phenol; 4-12% 2,6-di-tert-butyl phenol; 4—12% 2-tri-tertiary butyl
phenol; 65-80% 2,6-di-tertiary butyl-4-n-butyl phenol [141].

This mixture can be produced by an aldehyde catalyzed alkylation reaction using
n-butanol and tertiary butylated phenol in the presence of a strong base consisting of
NaOH/ KOH. Butylated hydroxy toluene (BHT) or 2,6-di-tert-butyl-para-cresol
(DBPC) is produced by the reaction of isobutylene with para-cresol in the presence
of an acidic catalyst. Isobutylene first reacts at the ortho to hydroxy group, 2-position,
followed by reaction of isobutylene group at the 6-position.

The reaction is carried out with several acidic catalysts, including a solid catalyst
like the ion exchange resins, silica-alumina, and y-alumina. A highly active solid cata-
lyst has been reported that has good selectivity and provides good yield [135,142].

DBPC or BHT in pure form is a white crystalline material that is soluble in oil.
However, if the phenol and para-cresol mixture is alkylated with isobutylene, a
mixture of 2,6,-di-tert-butyl phenol and cresols is obtained, which may be liquid
depending on the ratio of the two phenols. Many commercial products are available
at a relatively low cost in liquid form, with different ratios of these butylated phenols
and cresols. Such products are being used in many industrial oil applications [143].

Di-alkyl-para-Phenylenediamines and Alkylated Di-phenyl Amines
Phenylenediamines like N,N'-di-secondary butyl-p-phenylenediamine and mixtures
of aromatic diamines are more effective in gasolines containing higher amounts of
cracked products:
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R —HN4®7NH—R'

Aromatic amines are a radical chain destroyer. The chain carrying the peroxy
radical is scavenged by the phenol or amine due to the hydrogen atom donation. The
resulting radicals are resonance stabilized and are eventually destroyed by another
peroxy radical.

Diphenyl amines or substituted diphenyl amine are prepared [143] by reacting
phenol with an aniline compound in the presence of a hydrogen transfer catalyst.
Phenol is first converted to cyclohexanone by the accepting protons. Aniline is then
added dropwise in the presence of alkali metals or alkaline earth metal hydroxides or
carbonate as the co-catalyst and the noble metals of group VIII as the hydrogen
transfer catalyst. Di-phenylamine can be alkylated with di-isobutylene (US Pat. No.
5,520,848) or nonane, or with another alkyl group using a Friedel-Craft reaction and
a Lewis acid catalyst [144]:

NH

R R
Strucure of diphenyl amine antioxidant

The hindered amines also react with free radicals to form stable intermediates
that do not support chain reaction. These alkylated di-phenylamines are effective
antioxidants because the alkyl R*, alkoxy RO*, and alkyl peroxy ROO* free rad-
icals can extract the hydrogen atoms from these molecules and form stable RH,
ROH, and ROOH molecules. Di-phenylamine is converted to an aminyl radical,
which further reacts with the peroxy radicals to yield a nitroxyl radical. This
chain continues to end up with the formation of 1,4-benzoquinone and alkylated
nitrosobenzene [145].

As compared to DBPC/BHT, the alkylated di-phenylamines are able to quench
two times more free radicals under the oxidation conditions of moderate temperature
of about 120°C. At higher temperatures the oxidation mechanism with alkyl di-
phenylamine will proceed via a slightly different mechanism [146]. The nitroxyl
radical further reacts with a secondary alkyl radical to yield an N-sec-alkoxy diphe-
nyl intermediate that re-arranges itself to generate alkylated di-phenylamine. Thus in
one inhibition, cycle the alkylated di-phenyl amine traps one alkyl and one alkyl
peroxy radical, but on a subsequent regeneration, it can trap all 12 free radicals per
molecule of antioxidant. Alkylated di-phenylamines are therefore very efficient anti-
oxidants at both moderate and high temperatures.

Synergistic effects have been observed when these amines are used in combination
with hindered phenols such as DBPC. Di-phenylamine reacts faster with peroxy rad-
icals than hindered phenol and generates an aminyl radical. The hindered phenol then
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donates hydrogen [145] to the aminyl radical, and di-phenylamine is regenerated.
Thus the hindered phenol will be first consumed during the oxidation process.
Di-phenylamine will then begin to be consumed by the free radicals (this explains the
synergism of the combination of these two antioxidants in lubricating oil).

In fuels, the smaller molecule of alkylated phenylene diamines is used in small
dosages as compared with lubricants, since fuels are not subjected to high tempera-
tures for long durations [146]. The following compound is especially effective in
aviation fuels:

H H H H
I I

H,C-H,C —C-N @ N-C - CH,-CHjs
[ [
CH; CH,4

N-N'-di-butyl-para-phenylene diamine

Aviation fuel uses the following approved antioxidants [147-149]: 2,6-di-tertiary
butyl phenol (DBP); 2,6-di-tertiary butyl-4-methyl phenol (DBPC or BHC);
2,4-dimethyl-6-tertiary butyl phenol; 75% 2,6-di-tertiary butyl phenol and 25%
mixed tertiary and tritertiary-butyl phenols; 75% di- and tri-isopropyl phenyl and
25% di- and tri-tertiary butyl phenols; 72% 2,4-di-methyl-6-tertiary butyl phenols
and 28% monomethyl and di-methyl-tertiary butyl phenols; N,N'-di-isopropyl para-
phenylene diamine; N,N’-di-secondary butyl-para-phenylene diamine.

A strong basic additive based on an organic amine can prevent such a reaction and
control the stability of fuels. N,N'-Di-methylcyclohexyl amine in the dosage of 25 to
200 ppm can react with the weakly acidic compounds present in the fuel to form a
fuel soluble product.

H;C CH
SR
N

N,N- di-methylcyclohexyl amine

It has been reported that tertiary amines are more effective in fuels than
primary or secondary amines [150]. Straight-chain primary amines are not regarded as
a good fuel stabilizer since these are not good peroxide-free radicals’ quenchers as
compared to the secondary or tertiary amines. However, special primary amines having
branched alkyl chains with the primary amino group attached to a tertiary carbon have
been reported [151] to deliver excellent oil solubility, thermal/oxidative stability, and
strong basicity and to boost fuel stability. The stabilizing properties of tertiary alkyl
primary amines are the result of radical scavenging, hydroperoxide decomposition,
acid scavenging and their ability to disperse gums and particulates. In the distillate
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fuels, these amines also have the capability of complexing with trace metal ions and to
act as a metal deactivator. Amines therefore have multifunctional applications [152].

Fuels containing lower sulfur and a lower aromatic content generate higher levels
of peroxides on aging [153]. In such fuels, especially gasoline, the phenylene diamine
type of antioxidants are more effective than hindered phenols due to their superior
peroxide neutralizing capabilities. These amines are not very effective in diesel fuels
because they lead to the formation of higher levels of sediments [154].

The responses of the various stabilizers depend on their concentration, the
composition of the fuel, and storage conditions. It has been found that sediments
obtained by accelerated aging and ambient storage have different properties, and this
finding explains why there is no correlation with the total gum of the fuels under
different test conditions [155].

Color Stabilizer Diesel fuels get darkened in storage due to several changes tak-
ing place in the fuel. Minor components of the fuel such as pyrroles, phenols, and
thiophenols oxidize during storage to form quinoid structures, which condense with
one another or with other active hydrogen compounds to produce highly colored
bodies [156,157]. These colored substances may also increase in molecular weight
until they separate out as insoluble sludge. Antioxidants are effective in inhibiting
gum formation; however, these are less effective in preserving the color of diesel
fuel. Nitrogen compounds such as tertiary amines, imidazolines, and tertiary alkyl
primary amines having the structural unit (C—C-NH,) have been shown to be
effective in preserving color during storage. In US Pat. No. 3, 149, 933, Sept. 22,
1964, alkyl amino phenols were used as stabilizers for liquid fuels.

5.6 METAL DEACTIVATORS/PASSIVATORS

Trace amounts of metals like copper or their soluble compounds accelerate the
oxidation of fuels by catalyzing the reaction, thereby forming gums and deposits at a
faster rate. Copper and its alloys are extensively used in the chemical processing
plants and also in the distribution and automotive fuel systems. Refinery streams
contain several acidic components, like phenols, mercaptans, and naphthenic acids,
that react with copper to form soluble copper compounds. Copper ions exist in both
monovalent (cuprous, Cu™") and divalent (cupric, Cu*) forms. The divalent copper
ion is more common and is not a pro-oxidant, but monovalent copper ion is highly
reactive and a pro-oxidant [158].

Whenever gasolines are treated with phenolic antioxidants, the adverse gum formation
effect has been noticed. This is because the phenolic compounds reduces the divalent
copper into a monovalent copper, which catalyses the oxidation process. When the anti-
oxidant is depleted in the reduction process, the monovalent copper accelerates the
formation of gums. Thus inhibited gasolines show lower induction time as compared to
the uninhibited product. This problem has been resolved by using a metal deactivator
compound, to passivate the copper metal. Generally, N,N”"-di-salicylidine-1,2-propane
diamine is used as a metal deactivator. This compound chelates with the dissolved copper
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FIGURE 5.8 Copper adduct with N-salicylidene-hexane amine

compounds that are not pro-oxidant. The metal deactivator compound also migrates to
various other metallic parts and protects the gasoline from further dissolution of copper
[158]. In fuels, the salicylidene type of MDA is effective only in 1 to 5ppm.

Diesel fuel contains higher levels of metal like Fe, Cu, Ni, Co, and Mn as compared
to gasoline. These also increase when the crude oil contains higher amounts of metals.
In diesel gas oils, tertiary alkyl primary amines are also claimed [159] to reduce sedi-
ment formations on metal surfaces. These tertiary-alkyl-amines, like the t-C,
amine, have no a-hydrogen attached to nitrogen and therefore have better oxidation
stability. These molecules inhibit the reaction responsible for sludge formation and
also disperse gums and sediments.

Aviation turbine fuels also use the following metal deactivator in combination with
an antioxidant:

N,N’-Di-salicylidene-1,2-propanediamine (Figure 5.7)
N,N’-Di-salicylidene-1,2-cyclohexanediamine (Figure 5.8)

A recent review [158] describes the development and applications of metal deactiva-
tors in the petroleum industry.
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5.7 CORROSION INHIBITORS

Trace contaminations of commercial gasolines with water cannot be avoided.
Sometimes the moisture may be picked up from the atmosphere. This moisture along
with air (oxygen) can attack iron and other metal in storage tanks, pipelines, tankers,
and fuel tanks of automobiles, leading to severe corrosion problems. In addition, rust
particles can clog fuel filters and carburetor/injectors orifices and adversely affect
engine performance.

The extent of rusting depends on the temperature, humidity, exposure to the
environment, and their duration. Corrosion is the outcome of the reaction of acidic
compounds on metals. Organic acids are formed by the oxidation of fuels and
lubricants. Sulfur in engine oils, and in the fuels on combustion, produces
sulfurous/sulfuric anhydrides and sulfuric acid. Oxides of nitrogen are also formed
at elevated temperatures. These factors lead to rusting and corrosion of metal
surfaces [160].

5.7.1 Mechanism of Rusting/Corrosion

The development of rust on a metal surface is an electrochemical phenomenon that
occurs due to the reaction of water and oxygen with the metal [161]. This happens in
the following three steps (Figure 5.9):

1. Oxidation of metal
2. Reduction reaction
3. Charge transfer from anode to cathode

If any of these three steps are prevented, corrosion will not take place. Metals
are thermodynamically unstable in water, and different reactions take place

under acidic and alkaline conditions [161]. These can be represented by the
following two reactions:

Electrolyte H+
CRECHENNES
H+
H+ \ Pl

Anodic site e~

€ [

e o
Cathodic area
Metal

FIGURE 5.9 Electrochemical corrosion of metals
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* Reaction at pH7 or higher:

M+nH,0 > M" +nOH+n/2H,

* Reaction at pH7 or lower (i.e., under acidic conditions) as takes place with
hydrogen ion:

M+nH" > M" +n/2H,

However, most solutions have dissolved oxygen in them, and this oxygen also
reacts with metals under acidic and alkaline or neutral conditions. The following
reactions take place with dissolved oxygen:

* Reaction at pH7 or higher:

M +n/2H,0+n/40, - M"™ +nOH"

» Reaction at pH7 or lower, takes place with hydrogen ion and oxygen:

M+nH"+n/40, > M" +n/2H,0

In the solutions, the metal (M) passes from a metallic state to an ionic state of
valance n, and hydrogen is evolved. In both processes a change in charge is involved,
that is, M to M"" and nH" to n/2H.,. In this change a transfer of electron takes place
from M to H". In all these reactions with oxygen and water, electrons are consumed;
therefore the rate of corrosion will be higher than in the previous reactions [162].

In the case of iron, dissolved oxygen is more important than the hydrogen ion
reaction when the pH is greater than 4. With iron, and aerated water, a black layer of
Fe,O, and Fe(OH), is formed. In the presence of dissolved oxygen (mineral oils can
dissolve 8-9 vol% of air), a layer of FeOOH and red Fe,O, is formed.

According to the definition given by National Association of Corrosion Engineers
(NACE), a corrosion inhibitor is a substance that retards corrosion when added to an
environment in a small concentration. These inhibitors control corrosion by adsorption
at the metal surface, or they induce the formation of a thick corrosion product, or they
change the characteristics of the environment resulting in less aggressive effect.
Corrosion inhibitors have to form a type of bond with the metal surface within a range
of pH and create a layer so that the corroding ions do not penetrate it [161].

Rust inhibitors [162] therefore prevent the adsorption of oxygen or water mole-
cules on the metal surface. In a nonaqueous system where water and oxygen are only
in trace amounts, the chances of rusting are minimized, and it is easier to control
rusting in such a system by the use of an organic rust inhibitor with a polar group. In
contrast, rust prevention is difficult in aqueous systems where large amounts of water
and oxygen are present and more aggressive chemicals are required to protect the
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metal surfaces from rusting. In such a system a combination of inorganic compounds
that passivate the metal surface and organic compounds forming an adsorption layer
are employed. However, the solubility of organic compounds in water is limited, and
the adsorbed layer can be displaced by more polar molecules of water present in the
system.

Most of the inorganic corrosion inhibitors [163] are a conjugated base of weak
inorganic acid, and therefore act as a Lewis base. The metal, in contrast, acts as a
Lewis acid. The attraction between the two forms an insoluble layer on the metal
surface. The effectiveness and stability of this layer depends on the chemical nature
of the inorganic compounds and the interaction of the base fluid with this layer. The
adsorption of an organic compound on the metal surface is controlled by the activation
energy provided by the electrochemical corrosion process.

5.7.2 Anticorrosion Compounds

The most successful materials that have been used as additives against corrosion are
high molecular weight carboxylic, sulphonic, or phosphoric acids; salts of these
acids; and products of neutralization of the acids with organic bases such as amines
[164,165,166]. When dissolved in the hydrocarbon, these materials have the property
of forming an adsorbed film on the metal in contact with the liquid. This film is
hydrophobic and displaces the water from the metal surface. The polar end of the
inhibitor molecule becomes attached to the metal surface, while the other end of the
molecule is dissolved in the fuel. If sufficient inhibitor is present, a compact barrier
layer of its molecules on the metal prevents a penetration by water. Corrosion is then
prevented by this impenetrable monomolecular film [162].

Partially esterified alkylsuccinic acid or succinicanhydride amides are also effective
rust (corrosion) inhibitors. Although amine derivatives of phosphates and sulphonates
have been predominantly used, new compounds/formulations have also appeared.
Some examples are long chain of unsaturated hydrocarbon containing 15 to 20 carbon
atoms condensed with naphthalene before sulphonation, a substituted succinic acid
and an aliphatic tertiary amine, and the magnesium salt of a substituted succinic acid.
Some new anticorrosion agents incorporate amines into the mixture.

To prevent corrosion, polar compounds like the above-mentioned carboxylic
acid (dodecenyl-succinic acid), amides, and their salts are used in small quantities,
ranging from 5 to 20 ppm. These products are polar in nature and get attached
to the metal surface, forming a protective layer that prevents the attack of water
on metals (Figure 5.10). Half esters of dodecenyl-succinic acid are useful rust
inhibitors too.

A detergent and anticorrosive additive, containing amide or imide groups has
been [167] obtained by mixing 60—90 wt% of a polyalkenyl, a carboxylic acid, a
diacid, and an anhydride, with an average molecular mass 200-3000, 0.1-10% of
the carboxylic acid compound, a monoacid and an anhydride, containing 1-6
carbon atoms per chain, and 10-30% of a primary polyamine. Early studies have
showed these synergic components to be effective corrosion inhibitors and lubricity
improvers [168].



228 FUEL ADDITIVES

i
C,,H,,CH-C-OH
|
CH,-C-OH

0}
Dodecenyl succinic acid

C121{24 C12HZ4 C12H24
HC CH, HcI CH, HC CH,
0-¢ bo o0 o0t o
(l)H (l)H (l)H (l)H l)H l)H

NUAVNNANARNAAVARAAARRAAARARARAANAAAN Tl Suirfzce NYAAANNAANNNANARRANVRNAAARRANARRAAARRANRRRANARRANAARANARRANA

FIGURE 5.10 Metal surface protected by a corrosion inhibitor (dodecenyl-succinic-acid )

5.8 ANTISTATIC AGENTS

In conventional diesel fuel, the high concentrations of sulfur-containing molecules
(>500mg/kg) have been sufficient to give significant intrinsic conductivity, so that
static electric charging has not been a problem. However, as sulfur levels in diesel
are reduced, the risk of static charging during pumping has increased significantly.
Ultra-low sulfur diesel (50 mg/kg sulfur, and lower) with a low aromatic content
has poor lubricity and electrical conductivity. Highly refined petroleum products,
like jet fuels and ultra-low sulfur diesel fuels, have very low electrical conductivity
since the conducing ionic species are removed during the intensive refining
processes [169]. GTL (gas to liquid) fuels do not contain any conducing ionic
species [170].

Under turbulent flow the generated static electricity cannot be dissipated by fuels
having low electrical conductivity. When a fuel of low electrical conductivity flows
through a pipe, a separation of electrical charges can occur and the static charge is
built up in the liquid. This charge separation can lead to high voltages with the
possibility of spark discharges that can ignite the fuel vapor. The charge generation
is increased by high pumping rates or by the fuel vapor and also by contact with the
equipment having a high surface area, such as water separators and fuel filters. The
filter separators and splash loading can also increase the charge considerably.

Several reports of road tanker explosions in Europe followed the introduction of
ultra-low sulfur diesel (ULSD), despite the use of grounding leads. Truck explosions
in Europe were also reported in several publications around the same time. The cause
was traced to a static charge induced spark ignition of the fuel vapor during the fuel
transfer operations. It is therefore necessary to treat such diesel fuel with an additive
to restore electrical conductivity. This is especially important for aviation fuel.

If fuel conductivity is increased by an additive, the charge buildup in the liquid
can go back to the container wall. These additives exist in ionic form in the fuel
solution. Following antistatic additives have been used [171]:
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1. Chromium salt of an alkylsalicylic acid (e.g., chromium di-alkylsalicylate)
2. Amine salt of carboxylic acid and polycarboxylic acids

3. Calcium di(2-ethyl hexyl/sulpho succinate) (e.g., manganese
dodecenylsuccinate)

4. Quaternary ammonium compounds
5. An organic polymer that functions as stabilizing agent

The dosages were 1-10mg/kg. In jet fuels the antistatic additive must meet high
safety needs. The minimum conductivity requirement for jet fuel is generally
specified as 50 pS/m.

The antistatic properties in liquid fuels containing less than 500 mg/kg sulfur can
be improved by incorporating 0.001-1mg/kg of hydrocarbyl monoamine or
N-hydrocarbyl substituted poly(alkyleneamine), and 20-500mg/kg of fatty acid
containing 8-24 carbon atoms or its ester with an alcohol or polyols of about 8
carbon atoms [172].

5.9 LUBRICITY IMPROVERS

Lubricity improvers and friction modifiers both work through the action of film
formation on the metal surfaces. However, lubricity improvers are meant for
protecting the fuel pump from wear through the same mechanism of surface
adsorption, since the friction modifiers reduce the friction between moving
engine parts. Lubricity improvers are generally surface active compounds and
get concentrated at the surfaces of separation, forming extremely thin adsorp-
tion layers. These thin layers are capable of producing marked changes in
molecular nature and surface characteristics. This leads to a change in the
kinetics of the processes involved in the transfer of substances across surfaces
of separation and in the second place to the changes in the condition of molec-
ular interaction between the two contacting surfaces. These include conditions
of cohesion, adhesion, friction, and molecular interaction. Thus the addition of
small quantity of a surface active ingredient can generate many changes and
control many technological processes [173].

The activities of most fuel additives such as detergents, dispersants, demulsifiers/
dehazer, lubricity improvers, and friction modifiers depend on this surface
phenomenon. All surface compounds have a polar and a nonpolar group, and which-
ever predominates makes the compound either oil soluble or water soluble. All
lubricity additives have a small polar group that gets attached to the metal surface and
a long hydrocarbon nonpolar group. While these lubricity additives get adsorbed at
the metal surfaces, they also act as antiwear additives for the fuel pumps and injectors
at low loads.

The diesel fuel pump is an important part of the engine. It is lubricated by the fuel
and no external lubricant is used. It is therefore important that the fuel have adequate
viscosity and lubricity properties to protect the pump from wear. The lubricating
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TABLE 5.7 Influence of sulfur content on the lubricity of
diesel fuel

Diesel Fuel Wear Scar Diameter (mm)
Sulfur Content

(Wt%) Load 500¢g Load 1000 g
0.0 1.00 1.10

0.05 0.98 1.12

0.1 0.88 0.1.05

0.2 0.66 0.78

0.5 0.68 0.77

1.0 0.65 0.72

properties in the diesel fuel are due to the heavier hydrocarbons present, some of
which are sulfur and polar compounds.

Sulfur has been progressively reduced in the diesel due to environmental
considerations. The removal of sulfur compounds by hydrotreatment of the
distillate fuels, in combination with increasing injection pressures (ca. 2000—
2500 bar) in fuel systems in modern engines, has caused concern over lack of fuel
lubricity. During hydroreatment, aromatics and olefins are saturated, and sulfur
is converted to hydrogen sulfide. Oxygen- and nitrogen-containing compounds
also loose their polarity. While these changes are good for emission reduction,
they result in poor lubricity in low-sulfur (below 500 mg/kg, especially below 50
and 10 mg/kg) fuels.

Hydrodesulphurization decreases the lubricity reserve of gas oil by 80-200um
(HFRR) and the load-carrying capacity by 1500N in the HITOM (high-temperature
oscillating machine). A high-frequency reciprocating rig (HFRR) procedure has been
developed to assess the lubricity of diesel fuel and also of aviation turbine fuel. The
HFRR specification limits wear scar diameter of max. 400—460 um.

Model sulfur compounds do not restore the lubricity of a hydrotreated diesel fuel.
However, dibenzothiophene can increase the load-carrying capacity. Therefore the
removal of sulphurized compounds is not the only reason for the loss of lubrication
of ultra-low-sulfur diesel fuels. Some fuels containing higher levels of sulfur have
also shown poor lubricity. In a refinery, the diesel fuel becomes a blend of several
streams and components, and these have different levels of lubricity.

Two streams of total cycle oil (TCO) from two Indian refineries have been separated
into saturates, aromatics, and polars by a combination of analytical techniques. The
measurement of lubricity of the separated streams by HFRR showed that the saturates
have poor lubricity while the aromatics and polars have adequate lubricity.

The saturated fraction of TCO contains mainly paraffins, isoparaffins, and alkyl
naphthalenes. The incorporation of the separated polars and aromatics back into the
saturates improved the lubricity of the saturates [174]. Diesel fuels containing differ-
ent sulfur levels have been evaluated [175] using a ball on cylinder lubricity tester
(BOCLE) at two different loads and 240rpm, 250 °C, for 30 minutes. The data are
provided in Table 5.7.
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FIGURE 5.11 Adsorption of lubricity additive/friction modifier

These data clearly show that as sulfur levels are reduced, the wear scar diameter
increases. Inadequate lubricity can lead to problems of excessive wear of
fuel-lubricated components such as fuel pumps, fuel injectors, and increased
emissions.

These lubricity improvers, oiliness additives or film strength improvers, are fats,
fatty esters, amides, fatty oils, and esters. These compounds have slight polarity and
get preferentially adsorbed at the metal surface by physical forces and reduce friction.
However, as the load between the surfaces increases, the adsorbed additive layer is
squeezed out, returning to metal to metal contact and increased friction. Clearly,
these additives need to function where the temperatures and loads are high enough,
to prevent the removal of adsorbed film formed under low to moderate stress condi-
tions (Figure 5.11). Under pure hydrodynamic lubrication, the viscosity of the fuel
also plays a big role in imparting lubricity.

Low-sulfur- and nitrogen-containing motor fuels have low lubricity due to the
lack of lubricity components. Adequate amounts of lubricity additive in about 25 to
500 ppm, are necessary, and these should be long-chain ashless polar compounds to
form an adequate protective layer on the metal surface. Biodiesel has been reported
to have good lubricity because it is an ester. The addition of 5% biodiesel to a low-
lubricity diesel fuel has shown considerable improvement in lubricity [176] as
assessed by the HFRR (WSD 200 pm).

Fuel compositions have been described to meet these requirements. Such additives
contain nitrogen, aromatic rings and have relatively high molecular weights [177].
There are very large numbers of lubricity additives described in the patent literature.
Some important patents disclosures are reviewed in the following pages.

US Pat. No. 3,273,981 describes a lubricity additive that was prepared by mixing
a polybasic acid, or a polybasic acid ester, with C1-C5 monohydric alcohols
with a partial ester of a polyhydric alcohol and a fatty acid, such as glycerol
monooleate, sorbitan monooleate, or pentaerythritol monooleate. This mixture
finds application in jet fuels.

US Pat. Nos. 2,252,889; 4,185,594, 4,208,190; 4,204,481; and 4,428,182 describes
antiwear additives for diesel fuels consisting of fatty acid esters, unsaturated
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dimerized fatty acids, primary aliphatic amines, fatty acid amides of
diethanolamine, and long-chain aliphatic monocarboxylic acids.

US Pat. No. 3,287,273 describes lubricity additives that are reaction products of a
dicarboxylic acid and an oil-insoluble glycol (alkane diols or oxa-alkane diols).
The acid is a dimer of unsaturated fatty acids such as linoleic or oleic acid.
Examples of lubricity additives are certain carboxylic acids or fatty acids, alke-
nylsuccinic esters, bis(hydroxyalkyl) fatty amines, hydroxyacetoamides, and
castor oil.

EU Patent Application 798,364, Oct. 1, 1997, describes an additive comprising a
salt of a carboxylic acid and an aliphatic amine, or an amide obtained by dehy-
dration-condensation. The additive reduces the amount of deposits and
improves the lubricity of the fuel. It is also said to impart antiwear property to
diesel fuel of low sulfur content.

Carboxylic acid or its derivative substituted by at least one hydroxyl group, an ester,
and an alkanolamine has been used as fuel lubricity additive [178].

Fuel additives acting both as detergent and as lubricity additive are rare. A fuel
composition comprising a middle distillate fuel having a sulfur content of 0.2% by
weight or less, oleyl diethanolamide and a mixture of cold flow improvers, and
ashless dispersants provides adequate lubricity to the fuel [179].

The use of a poly(hydroxy-carboxylic acid) amide or ester derivative of an amine,
an aminoalcohol or a polyol linked to the poly(hydroxycarboxylic acid) via an amide
or ester linkage, as a fuel additive acting as a detergent as well as a lubricity additive
in fuel compositions has been described [180].

A polyol ester fuel additive exhibits improved lubricity and friction and wear
performance. The ester [181] has between about 1% and about 35% unconverted
hydroxyl groups and is characterized as having a hydroxyl number from about 5 to
about 180. The ester may also be synthesized from a polyol and a polybasic acid. The
ester comprises the reaction product of an alcohol having the general formula
R(OH),, where R is an aliphatic group, cycloaliphatic group, or a combination thereof
having from about 2 to 20 carbon atoms, and 7 is at least 2 where the aliphatic group
is branched or linear, and at least one branched or linear acid [181]. The suggested
additive concentrations are 10 to 10,000 ppm.

Blends of diethanolamine derivatives and biodiesel have been used for improving
lubricity in low-sulfur fuels [182].

A lubricity additive based on the reaction products of an alkylated polyamine and
urea or isocyanate, or the salt adducts of these reaction products, has been described
[183] as suitable for diesel fuels.

US Pat. No. 4,609,376 (Craig et al.) describes an antiwear and lubricity improver
additive based on an ester of a monocarboxylic or polycarboxylic acid and a
polyhydric alcohol, where the ester contains at least two free hydroxyl groups.

EU Publication No. 0,798,364 describes diesel fuel additives comprising a salt of
a carboxylic acid and an aliphatic amine, or an amide obtained by dehydration-
condensation between a carboxylic acid and an aliphatic amine.
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US Pat. No. 5,833,722, filed Aug. 9, 1996 (Davies et al.) describes a nitrogen-
containing compound such as the salt of an amine and carboxylic acid, and an
ester of a polyhydric alcohol and a carboxylic acid to enhance lubricity of
the fuel.

US Pat. No. 6,328,771 describes fuel lubricity enhancing salt compositions
prepared by the reaction of carboxylic acids with a heterocyclic aromatic
amine.

It has long been observed that winter grades of diesel fuel, which are of lower
viscosity and contain lower concentrations of waxy fractions than summer
grade fuels, have lower load-bearing capacity, and consequently have lower
lubricity.

The lubricity of fuels, oxygenated fuels, and their mixtures, particularly diesel or
aviation fuels having reduced sulfur and/or aromatic content, is improved by the
addition of a product that can be obtained by reacting pentaerythritol/thiodiethylene
glycol, 1,4-butanediol/1,4-propanediol/diethylene glycol/triethylene glycol/dietha-
nolamine/ or glycerol with sunflower oil or coconut fat and with methyl 3-(3’,5'-di-tert-
butyl-4’-hydroxyphenyl) propionate. These products also improve corrosion
inhibition [184].

A fuel composition [185] having a sulfur content of not more than 50 ppm by
weight and comprising at least 50 ppm of compounds like 1-amino naphthalene,
1,8-diamino naphthalene, or 5-aminoindole, 2-(2-aminophenyl) indole, and
8-aminoquinoline has been described. These compounds are capable of improving
the antiwear and lubricity properties of a low-sulfur fuel.

Alkyl aromatics (alkyl group have 14 to 36 carbon atoms) with a hydroxyl group
or an amide group also show lubricity properties [186].

About 200mg/kg of carboxylic acid-, ester-, and amide-based additives can
increase the lubricity in different fuels to meet the lubricity requirement of modern
diesel fuels.

Certain amine salts of substituted aromatic carboxylic acids show lubricity
performance [187].

Fuel oil compositions containing specific mixtures of esters of unsaturated
monocarboxylic acids show improved lubricity properties [188].

An additive composition containing an ashless dispersant (acylated nitrogen
compound) and a carboxylic acid (5-20 carbon atoms), or an ester of the carboxylic
acid and an alcohol, provides an improvement in the lubricity of fuel oils [189] and
exhibits improved solubility in the fuel oil [190].

5.10 FRICTION MODIFIERS

In an engine, about 18% of the fuel’s heat value, which is the amount of heat released
in the combustion of the fuel, is lost through internal friction in engine components,
through the bearings, valve train, pistons, rings, water and oil pumps, and the like.
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Only about 25% of the fuel’s heat value is converted to useful work at the crankshaft.
Friction occurring at the piston rings and parts of the valve train accounts for over
50% of the heat value loss. A lubricity-improving fuel additive, such as a friction
modifier, capable of reducing friction at these engine components by one-third pre-
serves an additional 3% of the fuel’s heat value for useful work at the crankshaft.
Therefore there has been a continual search for friction modifiers that improve the
delivery of the friction modifier to strategic areas of the engine and hence improve
the fuel economy of engines.

The major fuel-related deposit problem areas for PFI and DIG engines are injec-
tors, intake valves, and the combustion chamber. Additionally, engine friction bet-
ween the piston and cylinder, the valve train, and the fuel pump increase fuel
consumption. In DIG engine technology, there is a friction-related durability issue
with the high-pressure pump (up to 1500 psi—about 100-bar pumping capacity),
which break down due to the inherently low lubricity of gasolines. So there is a desire
in the petroleum industry to produce a fuel suitable for use in both PFI and DIG
engines that can address the engine deposit and frictional requirements.

Refining of by deep hydro treatment removes the natural lubricity components of
the fuel, such as certain aromatics, carboxylic acids, sulfur and nitrogen compounds,
and esters. Unfortunately, commercial gasoline detergents and dispersants show very
little friction-reducing capability unless very high concentrations are added to the
fuel. These high detergent concentrations often reach levels where no-harm effects
such as CCD become unacceptable. It has been suggested that separate friction mod-
ifiers can be added to gasoline to increase fuel economy by reducing engine friction.
Fuel friction modifiers would also serve to protect high-pressure fuel pumps and
injectors, such as those found in DIG engines, from wear caused by fuels of low
lubricity. Worldwide regulations calling for a steep reduction in fuel sulfur levels
increases this wear problem even further.

In selecting suitable components for a combined detergent-friction modifier
additive package, it is important to ensure a balance of detergent and friction modifi-
cation properties. Ideally, the friction modifier should not adversely affect the deposit
control function of the detergent. In addition, the additive package should not
adversely affect engine performance. For example, the additive package should not
promote valve sticking or cause other performance-related problems. To be suitable
for commercial use, the friction modifier additive also must pass all no-harm testing
required for gasoline performance additives. This is often the biggest hurdle for
commercial acceptance. The no-harm testing involves following assessment:

» Compeatibility with gasoline and other additives present at a range of temperatures
¢ No increase in IVD and CCD

* No valve sticking at low temperatures

* No corrosion in the fuel system, cylinders, and crankcase

A friction modifier may be added to the gasoline as the lone additive or in combination
with a detergent dispersant package that is fully formulated for fuel compatibility. In
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addition, a need may exist for a detergent-friction modifier additive concentrate for
gasoline that provides fuel economy enhancement, deposit control, and friction
reduction together. This modifier should be stable over the temperature range at
which the concentrate may be stored, and not adversely affect the performance and
properties of the finished gasoline or engine, and in particular, not lead to increased
intake valve deposit problems. Compounds such as n-butylamine oleate, in particular
when used in combination with a detergent, lead to increases in value deposits. The
use of structural branching in the polyalkylene backbone of the fatty acid moiety of
a branched saturated carboxylic acid salt of an alkylated amine has been found to
increase the miscibility of the additive in fuel. However, solubilizing agents, like
hydrocarbon solvents consisting of alcohols or organic acids, may also be included
to improve miscibility.

The most common ashless friction modifiers are the fatty acid ester and the
fatty acid amide. Among the esters, glycerol monooleate (GMO) has become
quite popular, which is a partial ester of glycerol and oleic acid. The most effec-
tive molecule is the one where the terminal hydroxyl of the glycerol is esterified
with oleic acid. When the B-OH is esterified, the product is not as effective as the
friction modifier. Specific manufacturing techniques are applied to maximize the
yield of a-ester. Sorbitan mono oleate (SMO) can also be prepared in the similar
manner.

]
CH,0-C-R O
| H,N-C-R
CHOH
CH,OH
Glycerol mono oleate Oleyl amide

where R-COOH is oleic acid.

The oleic amide is prepared from the reaction of C, straight-chain fatty acid, oleic
acid, and ammonia. Mono-, di-, and tri-ethanol amines can also be reacted with oleic
acid to yield corresponding ethanolamine oleates, which have good surface active
properties and are useful in many lubricant formulations. All these compounds
function by adsorbing at the metal surface and the adsorbed layers can shear off
easily with the movement of asperities. These adsorbed layers will then quickly
revert back to their original position, after the removal of stress.

A friction modifier is prepared [191] by combining a saturated carboxylic acid
and an alkylated amine, such as n-butylamine isostearate for internal combustion
engines.

Moreover, the use of the friction modifier in combination with a detergent package
permits increased fuel efficiency without increasing the incidence of intake value
deposits in combustion engines. The compositions [196] based on a mixture of a fatty
acid; a fatty acid amide; a fatty acid ester; an amide, imide or ester derived from
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a hydrocarbyl substituted succinic acid or anhydrides; and an alkoxylated amine—are
useful in enhancing the lubricity characteristics of fuels such as diesel fuel and
gasoline. The compositions are also useful in reducing intake valve deposits and
improving fuel economy.

Conventional port-fuel injection (PFI) engines form a homogeneous pre-mixture
of gasoline and air by injecting gasoline into the intake port, whereas direct injection
gasoline (DIG) engines inject gasoline directly into the combustion chamber like a
diesel engine so that it becomes possible to form a stratified fuel mixture which
contains greater than the stoichiometric amount of fuel in the neighborhood of the
spark plug but highly lean in the entire combustion chamber. Due to the formation of
such a stratified fuel mixture, combustion with the overall highly lean mixture can be
achieved, leading to an improvement in fuel consumption over that of PFI engines,
and approaching that of diesel engines.

It has been found that low sulfur liquid fuels can be incorporated with a reac-
tion product of boric acid [192,193] having a particle size of 0.5 to 1 um. The
resulting products have improved frictional properties. WO 01/72930 A2
describes a mechanistic proposal for delivery of a fuel-born friction modifier to
the upper cylinder wall and into the oil sump, resulting in upper cylinder, rings
and valves lubrication. The friction modifier is packaged with fuel detergent
dispersants such as polyetheramines (PEAs), polyisobutene amines (PIBAs),
Mannich bases, and succinimides.

US Pat. Nos. 4,185,594, 4,208,190; 4,204,481; 4,428,182 describe some fuel
friction modifiers for diesel fuels. These patents include fatty acid esters,
unsaturated dimerized fatty acids, primary aliphatic amines, fatty acid amides
of diethanolamine, and long-chain aliphatic monocarboxylic acids.

US Pat. Nos. 4,427,562; 4,729,769 describe a lubricant and fuel friction modifier
prepared by reacting primary alkoxyalkylamines with carboxylic acids or by
aminolysis of a formate ester.

EU Publication No. EP 947576, Oct. 6, 1999 (Fuentes-Afflick et al.) describes
fuel compositions that include aliphatic hydrocarbyl substituted amines and/or
polyetheramines and esters of carboxylic acids and polyhydric alcohols to
improve fuel economy.

US Pat. No. 5,858,029 describes friction-reducing additives for fuels and
lubricants involving the reaction products of primary etheramines with hydro-
carboxylic acids to give hydroxyamides that exhibit friction reduction in fuels
and lubricants.

US Pat. No. 4,617,026 describes the use of a monocarboxylic acid of an ester of a
trihydric alcohol containing glycerol monooleate as fuels and lubricant friction
modifier.

US Pat. Nos. 4,280,916;4,512,903; 4,789,493; 4,808,196; and 4,867,752 describes
fatty acid amides as friction modifiers.

EU Publication No. 0,869,163, A1 describes a method for reducing engine friction
by use of ethoxylated amines.
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A fuel additive consisting of a mixture of lithium didodecylbenzenesulfonate,
t-butyl perbenzoate, and MEK peroxide has been described [194]. The additive is
provided in a solvent such as diphenyl (also known as 1,1-biphenyl, bibenzene,
phenylbenzene, and lemonene), which has a pleasant odor, to make it a more aesthet-
ically pleasing product for the consumer. The additive can also be formulated into the
fuel without the use of a solvent. This additive system has been demonstrated to
improve fuel efficiency and also the performance of engines.

A combination of an aliphatic hydrocarbyl-substituted amine, or a
poly(oxyalkylene) amine, and an ester of a carboxylic acid and a polyhydric alcohol
has significantly reduced fuel consumption [195] in an internal combustion engine.

Another effective additive concentrate [197] for use in fuels, especially in gasoline
internal combustion engines, consists of 0.2—-10 wt% n-butylamine oleate as the
ashless friction modifier, tall oil fatty acid, and a deposit inhibitor, along with a
carrier fluid. The total treat level of this additive is 2000 ppm in the fuel. In this
concentrate of 200 to 800ppm of a deposit inhibitor (polyisobutylene amine,
polyisobutylene succinimide, or polyether amine) is present.

5.1 DEHAZER AND DEMULSIFIERS

As we mentioned earlier in this chapter, fuels are often contaminated with trace
amounts of water during storage or during transportation. The dispersion of water in
the fuel gives a hazy appearance to the fuel. The dispersed or dissolved water can
cause corrosion or carburetor icing in gasoline engines (these engines are now
obsolete). The hazy appearance of fuel can be cleared up by using surface active
compound to break the emulsion or dispersion. Such surface active compounds have
both hydrophilic and hydrophobic properties in the same molecule to act at the inter-
face of water and the hydrocarbons. Demulsification is the reverse of emulsification;
the forces that are responsible for stabilizing the emulsion need to be overcome to
bring about demulsification. All emulsions are thermodynamically unstable, although
they may remain in emulsion form for a very long time because of the barrier
preventing the aggregation of the dispersed droplets. Emulsion systems therefore
exist in metastable form. Coagulation is the formation of larger aggregates through
the process of particle cohesion leading to phase separation and emulsion breakage.
The droplets merge to form bigger unstable drops, called coalescence, which
determines the stability or instability of emulsions. The initiation of a demulsifica-
tion process begins with Brownian diffusion and differential settling [198] (due to
density differences), followed by flocculation, coalescence, and phase separation.
The droplet sizes and their distributions, as well as the densities and viscosities of
the internal and external phases in the emulsion, are important in deciding an
emulsion’s stability.

The smaller the dispersed droplet size, higher is the emulsion’s stability. The
greater the differences in the densities of the internal and external phases, the higher
are the chances of quicker phase separation. The higher the viscosity of the external
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phase, the slower will be the phase separation process. These surfactants act by one
of the following mechanisms [199]:

1. The demulsifier molecule adsorbs onto the dispersed water molecule at the
oil-water interface and displaces the polar molecule responsible for the
emulsification/dispersion of the water molecule. This increases the stearic
forces with in the surface film, and the local surface tension increases,
leading to a thinning of the film. This action promotes the coalescence
of water droplets by molecular attraction, and water separates out from
the fuel.

2. The water molecules get chemically attracted to the hydrophilic group of the
surfactant and subsequently coalesce into bigger droplets that separate out
from the fuel due to gravity differences.

Currently, from the nonionnic surfactants, the ethylene oxide condensates and
polyoxy alkylenepolyol are the favored demulsifiers for fuels, since it is possible to
design the molecules of appropriate molecular weight and solubility to control the
demulsification processes. Ethylene oxide/propylene oxide/butylenes oxide can be
reacted with an alkyl phenol, sorbitol, glycerol, or glycol to obtain these products.
The ratio of the alkylene oxide in the molecule decides the solubility of product in
water or the hydrocarbon. Among the anionic surfactants, the alkyl- and dialkyl-
sulphosuccinates are important.

A careful selection of surface active compound is necessary to provide adequate
water separation. It is convenient to incorporate such additives (in concentration
5-20mg/kg) in a multifunctional package containing other performance additives.
The effectiveness of demulsifiers in fuels can be evaluated, for example, by the
ASTM D 1094 test method.

5.12 COMBUSTION IMPROVERS

The combustion of the fuels can be enhanced by the use of a catalyst. These are generally
fuel-soluble organometallic compounds or complexes of iron, such as ferrocene, substi-
tuted ferrocenes, iron naphthenate, iron succinate, stoichiometric or over-based iron
soaps (carboxylate or sulfonate), iron picrate, or iron carboxylate and iron beta-
diketonate complexes. Iron carboxylate, such as iron tris(2-ethylhexanoate) has been
preferred as a cost-effective source of the fuel-soluble iron. A wide range of “substituted
ferrocenes” are known [200] that can be used as combustion improver catalysts.
Suitable iron complexes are methylcyclopentadienyl-iron, bis-methylcyclo-
pentadienyl-iron, bis-ethylcyclopentadienyl-iron, and bis-1,2-di-methylcyclo-
pentadienyl-iron. Also useful are the iron complexes of aromatic Mannich bases,
prepared by reaction of an amine with an aldehyde or ketone followed by nucle-
ophilic attack on an active hydrogen-containing compound such as the product of
the reaction of two equivalents of (tetrapropenyl) phenol, two of formaldehyde,
and one of ethylenediamine, and hydroxyaromatic oximes such as (polyisobutenyl)
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salicylaldoxime. Yet another complex is prepared by the reaction of polyisobutenyl
phenol, formaldehyde, and hydroxylamine.

The synergistic combination of iron and an alkaline earth metal improves the
regeneration of the diesel particulate trap, and there is a lower average backpressure
across the trap. Thus the additive reduces overall emission. When a fuel containing a
combustion improver is burned, any trapped material is oxidized at a reduced ignition
temperature unlike fuel burned without this additive.

Copper compounds have been suggested as combustion improvers for diesel
fuels. Diesel particulates consist of inorganic ash (due to engine wear particles and
combustion products of lubricant oil additives), sulfuric acid (from sulfur in the fuel
and lubricants), and hydrocarbons from incomplete fuel combustion. The hydrocar-
bons are typically further divided into SOF (solvent organic fraction; i.e., material
extractable in dichloromethane) and hydrocarbonaceous soot.

Diesel fuels and diesel engines are especially prone to the emission of high levels
of small size soot particulate matter in the exhaust gas when the engine is highly
loaded, worn, or badly maintained. Particulate matter is also emitted from diesel
engine exhausts when operated at partial load, and these emissions are normally invis-
ible to the naked eye. The emission of black smoke and soot from diesel engines is
hazardous to human health. Emissions of particulate matter of less than 10 microme-
ters of principle dimension (“PM10 matter”) are claimed to cause a large number of
respiratory diseases. It is suspected that these smaller particles penetrate deep into the
lungs and adhere to mucocilliary tissue. While the mucocilliary system is thought to
have evolved to cope with airborne dusts, pollens, and the like, it does not cope well
with smaller particles, especially those less than 2.5 pym in aerodynamic diameter.

5.12.1 Conventional Approaches

Many modern engine designs use exhaust gas recirculation (EGR). The exhaust gas
is recycled in a controlled way to the intake valve of a diesel engine. This does
contribute to the reduction of oxides of nitrogen (NO,), but there are two significant
drawbacks associated with the use of EGR. First, particulates production is increased,
and, second, soot particles in the exhaust gas get recirculated in the engine. Thus, in
addition to any encountered emissions problems, engines running with EGR for
prolonged periods of time can become choked with carbon particulates in areas such
as the exhaust gas recycle lines, control valves, inlet ports and valves, and the piston
top ring lands. Even the piston rings can become choked with carbon in the ring
grooves. Carbon and other particles can also get into the engine lubricant, causing its
deterioration.

As an alternative to reducing the production of particulates and other pollutants,
several postcombustion treatments have been proposed. These include De-NO,
catalysts, hydrocarbon oxidation catalysts, and the use of particulate filters, espe-
cially diesel particulate filters (DPF), capable of oxidizing the collected material. The
use of a filter is desirable in the light of recent evidence that suggests the total mass
of particulates emitted to be less important than the number of ultrafine particles (as
stated above, usually regarded as having a diameter of 2.5 ym or less).
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A problem associated with the use of particulate filter traps is that of trap blockage,
which causes an increase in exhaust backpressure and a loss of engine efficiency and/
or “chimney fires” resulting from sudden and intense burnoff of soot from highly
loaded traps. Catalytic devices have been used to aid in trap oxidation. NO, is known
to be a powerful oxidant. Using a by-pass system, it is possible to produce high
concentrations of NO, in the exhaust gas when regeneration is required. However,
these devices require a low-sulfur fuel (<50 ppm) to avoid increased sulfate emissions
when using this method. Also low-speed engine operation can cause carbonaceous
deposits to form on the active parts of the diesel engine oxidation catalyst and so
inhibit the effectiveness of the catalyst until a sufficiently high gas temperature is
available to regenerate the catalyst’s active surface.

Diesel filters that feature “washcoats” comprised of metal ions capable of catalyzing
soot oxidation are known and described in SAE papers (A. Mayer et al., SAE 960138;
R. W. McCabe, and R. M. Sinkevitch, SAE 870009; B. Engler et al., SAE 860007).
These do improve regeneration but can block the active sites by a coating of soot.

A number of fuel additives have further been proposed in to solve this problem
(Miyamoto et al., SAE 881224; Martin et al., I. Mech. E., November 1990; Lepperhoff
etal., SAE 950369; Rao et al., SAE 940458; Ise et al., SAE 860292; Daly et al., SAE
930131). These additives reduce the soot ignition temperature to facilitate trap regen-
eration (i.e., decrease in backpressure), which occurs at high frequency during
normal driving.

Iron-based additives are known for use in the regeneration of particulate filters
and are described in WO-A-92/20762. The use of alkali and alkaline earth metal-
based additives for the regeneration of diesel particulate filters is described in
WO-A-96/34074 and WO-A-96/34075.

It has been found that a mixture of iron-containing and alkaline earth group metal-
containing fuel-soluble or fuel-dispersible species are good combustion improvers.
The alkaline earth group metal-containing species consists of strontium or calcium
and the ratio of iron to alkaline earth group metal is from 10:1 to 5:4 [201]. This
mixture acts synergistically to improve the regeneration of diesel particulate filter
when added to the fuel prior to combustion. The additive combination enhances the
oxidation of the trapped hydrocarbonaceous soot. The concentration of the metal-
containing species in the fuel is about 10 to 30 ppm. The strontium compound was
prepared by the reaction of Sr(OH),-8H,O with poly(butenyl) succinic anhydride
prepared, as described in WO-A-96/34075.

Processes for preparing ferrocene di-carboxylic acid di-esters have been described
[202]. There are also many patents dealing with process for producing ferrous picrate
fuel additives. These include US Pat. Nos. 2,506,539; 3,282,858; 4,073,626;
4,099,930; 4,129,421; 4,265,639; 4,424,063; 5,087,268; 5,359,103; 5,720,783; and
5,925,153.

Ferrous picrate as combustion improver has been prepared [203] by dissolving
picric acid in a mixture of an aromatic hydrocarbon and an aliphatic alcohol in the
presence of a trace amount of water and a metallic iron to form a ferrous picrate
solution. This ferrous picrate solution is then blended with an organic solvent to form
the ferrous picrate having less than 0.25% water [204-206].
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Lanthanide compounds, particularly organometallic compounds of cerium [207],
are known to be useful additives in fuel because they aid combustion. It is believed
that these compounds adsorb onto the asphaltenes that are always present in fuel oil.
During the combustion process, metal oxides are formed, and because of the catalytic
effect of rare earth oxides on the combustion of asphaltenes, they reduce the quantity
of solid unburned components released during combustion. Hence organometallic
lanthanide additives in fuel have an effect of improving combustion and reducing
harmful emissions.

French Pat. No. 2,172,797 describes the organic acid salts prepared from cerium
that are useful as combustion improvers. The use of organic acid salts of rare
earth compounds is necessary since these compounds were found to be soluble
in fuels.

US Pat. No. 4,264,335 describes the use of cerium 2-ethylhexanoate for suppress-
ing the octane requirement of a gasoline-fired internal combustion engine.
Cerium 2-ethylhexanoate was found to be more soluble in gasoline than cerium
octanoate.

US Pat. No. 5,240,896 describes the use of a ceramic material containing a rare
earth oxide. The ceramic material is insoluble in fuel. It is claimed that
combustion of the liquid fuel is accelerated upon contact with the solid ceramic.

EU Pat. No. 0485551 describes a device that conveys dry particles of a rare earth
oxide directly to the combustion chamber of an internal combustion engine via
the air intake.

The combustion carbonaceous products have reduced acidity if the hydrocarbona-
ceous fuels and additive compositions consist [208] of a fuel-soluble manganese
carbonyl compound and a fuel-soluble alkali or alkaline earth metal-containing
neutral or basic detergent salt. These compositions in addition to these components
contain fuel-soluble ashless dispersants, a fuel-soluble demulsifying agent, an
aliphatic or cycloaliphatic amine, and a metal deactivator. The deposition of sludge
on critical engine or burner parts or surfaces is reduced and the fuels have improved
stability and emulsibility characteristics. And the fuel compositions can result in
decreased fuel consumption in diesel engines.

A review [209] of studies conducted in practical combustion systems such as
oil-fired domestic and utility boilers, gas turbines, and diesel engines has demon-
strated that metallic fuel additives can be effective in reducing soot emissions.
Manganese, iron, and barium are the metals most often reported to be highly effective,
although problems with metal oxide deposits on combustor surfaces sometimes pro-
hibit their use. An evaluation of laboratory burner flame experiments reveals three
distinct mechanisms by which the various metallic additives function to remove soot.
Several mathematical models of soot reduction through additive use are discussed.
Iron additives and their combustion products are relatively nontoxic, whereas the
popular manganese additives and their oxides are fairly hazardous. Additives are
only recommended for short-term use; combustor design modifications is the eco-
nomically preferred long-term solution.
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The composition containing a polyunsaturated aliphatic or alicyclic compound
with 3—6 double bonds along with a derivative of di-hydrobenzo-gamma-pyrane as
pseudo-catalyst has been claimed to posses combustion improver properties [210].
The composition may also include surfactants such as polyethylene glycol and/or
one or more polyoxyalkene derivatives of polypropylene glycol, polyethylene glycol,
or sorbitol dissolved in an ester of fatty acid.

An improved fuel additive comprises [211] a mixture of nitroparaffins (nitro-
methane, nitroethane, and nitropropane), and a combination of modified commer-
cially available ester oil and toluene. The ratio of ester oil and toluene to nitroparaffins
is preferably less than 20vol%, with nitroparaffins comprising the balance of the
additive. A method of preparing and using the additive formulation is also provided.
A fatty acid ester of sorbitan [212] has been described which reduces deposit,
corrosion and facilitate more efficient combustion.

5.12.2 Unconventional Approaches

Magnetic fields [213] have been applied to improve the combustion of fuels. An
interesting patent claims that magnetic fields improves combustion efficiency by
energizing the fuel molecules, which results in more complete combustion of the fuel
in a combustion chamber. A series of magnets were arranged around the periphery
of an activation chamber, and a fuel conduit was passed through the magnetic field
region defined between the magnets. The fuel conduit was passed through the device
many times, repeatedly exposing the fuel to magnetic fields within the device and
thus increasing the amount of energy imparted to the fuel before combustion. A con-
centrating rod was set up to attracts the magnetic fields toward the center of the
chamber to focus the magnetic fields through the fuel conduit.

Ion-exchange resin to which a fuel additive is chemically bound has been described
to release the additive gradually [214]. The system is efficient as compared to the
after market fuel additive bottles sold in the market.

US Pat. No. 4,639,255 describes various solid fuel additive compositions. A
pelleted additive formulation was developed using pellets containing about
25-75% by weight of additive. The additive is contained in a fuel-dispersible
compacting agent, such as paraffin wax, and the additive pellets are sealed on
their surface. Detergent additives are selected from polyisobutene amines and
functional derivatives. A typical additive mixture of this novel composition
comprises [215], for example,

1. 60-80% by weight of at least one polyisobutene amine having a number
average molecular weight Mn of about 800 to 1500 g/mol

2. 20-40% by weight of at least one synthetic carrier liquid, such as an
alkylphenol-initiated polyether, or mineral oil-based carrier oil

This is mixed with half the amount of molten commercial hard paraffin (melting
point 55 °C) while stirring. After homogenization, the mixture is allowed to cool to
room temperature. The paraffin on solidification encapsulates the additive. The solid
fuel additive thus prepared is soluble in conventional fuels.
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Drivers are resorting also to pills/tablets, powders, ion-exchange resins,
inorganic salts, liquid additives, and magnets to align fuel molecules, and
mechanical devices to increase the fuel economy of vehicles. These products
are backed up by manufacturers’ promises of increased fuel efficiency of the
order of 10-30%. While the EPA evaluates and tests products, government
agencies and the organized oil industry do not endorse any gasoline-saving
products for cars. The author’s experience of testing several such fuel-saving
devices from all over the world also indicates negative feedback and exagger-
ated claims by the different manufacturers of these products. The best way to
save fuel in vehicles is to drive efficiently, stay within the speed limits, and
avoid sudden braking. Timely maintenance of the vehicle, proper tire pressure,
changes of oil and filters on schedule are other parameters to improve fuel
efficiency. A poorly tuned engine may increase fuel consumption by as much as
10-20%, depending on a car’s condition. Good energy-efficient lubricating
engines, gears, and transmission oils are now available and provide energy
efficiency in addition to long engine life. Certified ashless deposit control addi-
tives in gasoline and diesel in appropriate doses clean the fuel system and keep
the engine clean for optimum performance.

5.13 FLOW IMPROVERS AND PARAFFIN DISPERSANTS OF FUELS

The quality of diesel fuel has undergone tremendous change over the last decade.
Aromatics, olefins, and sulfur contents have been drastically reduced. The final
boiling point has been reduced too. Diesel fuel has become lighter. These changes
have reduced paraffin chain length, and the reduced aromatics have changed paraf-
fin’s solubility, making fuels more paraffinic in nature. These changes obviously
necessitate corresponding adjustments in the flow improver structures.

Polymers play important role in modifying the properties of both fuels and lubri-
cants. Polymeric molecules are versatile as their molecular weights can be adjusted
and functional groups attached at different positions to get the desired characteristics
in petroleum products. A polymer is defined as a chemical compound in which large
numbers of similar or identical atoms or groups of atoms are united by covalent
bond. A polymer may be united with a low molecular weight substance or with
another polymer by chemical linkage. The resulting compound is known as
conjugated polymer. In practice, there is no significant difference between a high
polymer and a macromolecular substance.

Large number of molecules having at least a double bond can be conveniently
polymerized to yield a larger molecule called a polymer. Monomer compounds like
ethylene, propylene, butylenes, styrene, isoprene, butadiene, acrylates, methacrylate,
acrylonitril, vinylacetate, vinylchloride, and tetrafluoroethylene, can be conveniently
polymerized.

Condensation polymers are also formed by the chemical reaction of two com-
pounds, such as phenol/urea with formaldehyde, to yield a high molecular weight
resin or polymer. The molecular forces between the two molecules, other than the
primary valance bond, have great influence on the properties and behavior of
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polymers. Hydrogen bonding and Van der Waals forces are the two such forces. The
strength of the hydrogen bond increases with the increase in electronegativity of the
atom linked with the hydrogen atom. These linked atoms can be fluorine, oxygen, or
nitrogen.

The hydrogen bond is mainly ionic or electrostatic in nature. Van der Waals forces
are called secondary forces and are combination of several forces that are not as
strong as the hydrogen bond. An X-ray examination of polyethylene indicates that
the molecules have a shape and structure similar to that of long-chain paraffin hydro-
carbons. Its properties are also similar to paraffin wax in many ways. The waxy
nature and low softening temperature is due to the weak secondary forces and absence
of hydrogen bonding. If the hydrogen atoms of the methylene groups are replaced by
a hydrocarbon group as in polyisobutylene or polystyrene, the packing of the chain
becomes difficult.

Polyisobutylene at room temperature is like rubber, and on stretching, it becomes
crystalline, since the small methyl groups can pack closely together. However, the
large phenyl group in polystyrene is irregularly spaced along the chains and prevents
the molecules from forming a regularly packed crystalline arrangement. Consequently
the paraffinic structure in polystyrene is completely lost, and its properties become
similar to glass. The presence of a polar group in the paraffin chain increases the
attraction among the chains, since the dipole forces are greater than the Van der
Waals forces and operate over a larger distance. This dipole—dipole interaction influ-
ences the chain packing as well. As the intermolecular forces, due to the presence of
polar groups, increase, the polymers become progressively harder, higher melting,
insoluble, and brittle. The incorporation of amine, amide, imides, or hydroxyl groups
in the hydrocarbon chain increases the intermolecular forces, because of the formation
of stronger hydrogen bonds. Thus the properties of polymers can be modified sub-
stantially by the introduction of polarity by substitution or by copolymerization.

Within a group of polymers, these properties further depend on the chain length,
structure, and average molecular weight. Fuel additives have to be oil soluble or dis-
persible. Polymers of very high molecular weight become oil insoluble. Generally,
polymers used in fuels are of lower molecular weight as compared to the polymeric
additives used in lubricants. The structure of polymers and their behavior in solution
are important and govern the end properties. All polymer single crystals have the
same general appearance. These are composed of thin, flat platelets of about 100A
thick and often several microns in lateral dimensions. Electron diffraction measure-
ments indicate that the polymer chains are oriented normal to the plane of the
lamellae. Since the molecules in the polymers are at least 100A thick, the only
possible explanation is that the chains are folded [216]. For example, in ethylene the
molecules can fold in such a manner that only about five chain carbon atoms are
involved in the fold. Polymers that have bulky substituents, closely spaced along the
chain, often take a helical configuration in the crystalline phase. This helical config-
uration permits the substituents to pack closely without distortion of the chain bond.
Polyethylene, polypropylene, polyisobutylene, poly(1-butene), and polymethyl
methacrylate form helical structures. The size of the side groups in these polymers
determines the number of units per turn. The helix in polypropylene, poly(1-butene),
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and polystyrene have three units per turn. Polymethyl methacrylate forms a helix
with five units in two turns, while polyisobutylene forms a helix with eight units in
five turns. In solutions, these high molecular weight polymers are found as randomly
coiled chain molecules. These properties of polymers make them versatile, and their
applications in fuel and lubricants are derived from these characteristics.

The flow improvers belong to several classes of polymers and copolymers with
different degrees of polymerization and molecular weights. The effectiveness of the
flow improvers and pour point depressants is a function of the nature of the paraffins
present in the middle distillate, their dosage, molecular weights, and the structure of
the polymer employed.

5.13.1 Characteristics of Middle Distillate Fuel at Low Temperatures

Cloud point and pour points are the two measurements used to characterize middle
distillates at lower temperature. Cloud point (ASTM D 2500) is the temperature at
which the paraffinic molecules present in the fuels begin to appear when the fuel is
cooled at a specified rate, and fuel becomes hazy in appearance. In contrast, pour
point (ASTM D 97) is the lowest temperature expressed as a multiple of 3°C at
which the oil is observed to flow.

EN 116, a test method used for determining the filterability of diesel fuel, has also
been used to characterize the low temperature behavior of fuels. It was found that
fuels having similar cloud and pour points may differ in their low temperatures flow
characteristics. These laboratory tests were not found to correlate with the field
experience.

Dean and Johnson [217] observed that rapid cooling of middle distillates results
in the formation of smaller crystals whereas slow cooling gives rise to larger wax
crystals that hinders the flow.

Low-temperature properties of distillate fuels depend on the concentration of var-
ious n-paraffinic compounds and their distribution in the fuel. These paraffins may be
composed of C,~C,, hydrocarbons, depending on the crude oil source and refining
processes followed. The nature and amounts of n-paraffins in these fractions influence
the low temperature behavior. Diesel fuels may have 12-40% paraffinic hydrocar-
bons (C,;~C,,), and so have limited solubility in the fuels especially at lower temper-
atures. The wax can block the fuel system and filters of diesel vehicles (at lower
temperature), causing erratic engine operation, loss of power, and even complete
engine failure. To avoid these problems, the low-temperature properties of diesel fuel
are required to be matched with the climatic conditions under which the engines are
operated. This problem can be solved by employing either of the following schemes:

1. In the refinery, the distillates may be undercut and blended with low wax con-
taining streams. This approach can adversely affect refinery economics because
lower boiling material is being diverted to a less profitable material. A more
economical way to improve the cold flow properties of middle distillates is by
catalytic isomerization of n-paraffins to isoparaffins, which have lower freezing
points. This process is called iso-dewaxing.
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2. Incorporation of flow improvers [218-221] in the diesel fuel. Flow improvers
are chemicals that function by several mechanisms that can depress the pour
point, inhibit wax crystal growth, and depress the cold filter plugging point
(CFPP).

3. Combination of schemes 1 and 2.

The crystallization of paraffin wax under slow cooling conditions affects the
viscosity and thus causes a change in the rheological behavior of the fuel. Fuels
become non-Newtonian at the initial point of wax crystallization [222,223].

It is clear that in order to have adequate flow characteristics of middle distillates,
when the fuel is cooled in the field conditions, the wax crystallization process or the
paraffinic molecular structure must be controlled. This can be done by the use of
polymeric flow improver and/or by controlling the refinery processes.

5.13.2 Pour Point Depressants

Pour point depressants appreciably reduce the yield stress of frozen fuels and thus
improve pumpability at low temperatures. Microscopic observations in polarized
light show that at a few degrees above the pour point, wax crystals begin to form in
the system. In the absence of the pour point depressant, these crystals continue to
grow and form a coherent gel-like structure that restricts the flow of fuel. In the
presence of pour point depressants, the wax crystal size is reduced, and the coherent
gel-like structure tends to form at significantly lower temperatures.

Presently as pour point depressants, many polymeric materials like polymethylac-
rylates, ethylene vinyl acetates copolymers, fumarate vinyl acetate copolymers,
alkylated polystyrenes, acylated polystyrenes, polyolefins, aliphatic amine oxides,
and oxidized waxes are being used. Pour point depressants are essentially wax crystal
modifiers. On cooling, the solubility of pour point depressant is such that it comes
out of solution before the wax; the depressant may act as a nucleating agent and pro-
mote the formation of small wax crystals that are less capable of forming a gel. If the
depressant and wax come out of solution together, they may co-crystallize into bulky
crystals that have lower tendency to form a rigid gel. If the depressant comes out of
solution after the wax, the precipitation on the surface of the normally formed wax
may inhibit the adhesion of the crystals necessary to form a gel. The extent of pour
point reduction with the use of additives, however, depends on several factors such as
type and structure of wax, its concentration in the fuel, nature of the fuel, cooling
conditions, and the type of pour point depressant and its concentration.

Alkyl aromatics adsorb on the nascent wax crystal, causing it to grow in new
directions and form a compact, multilayer-isotropic wax crystal. Such crystals cannot
form the gel-like structure, which causes the oil to congeal at lower temperatures.
Polyalkyl methacrylate and polyacrylamide modify wax crystal growth in a similar
manner, although the mechanism is through co-crystallization with the wax rather
than adsorption on the surface of the wax crystal.

Polyalkyl methacryalates are the most widely used pour point depressants due to
the structure and the flexibility of their molecules to design variants of the base oils
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or middle distillates containing different types of waxes. A typical pour point depres-
sant based on PMA has following structure:

(|:H3 (iH3
— [HzC—C—]n——[HzC— C—]m —
I
C C
/ \ /\
R]0 (0] R20 (0]

Here R, and R, are two alkyl side chains of different carbon lengths; n and m are
the degrees of polymerization of two monomers of varying alkyl chain lengths. One
of the alkyl side chains R, or R, is of such length that it is of similar size to that of
wax molecules, and thus interacts with the wax crystals. The other alkyl group is of
lower carbon length and is neutral to the wax molecules. These shorter side chains
act as spacers between the longer chains and wax crystals and try to fit into the wax
crystal lattice structure. A polyalkyl methacrylate copolymer having two alkyl groups
of C,—C,; and C,—C,, in a specified ratio provides excellent low-temperature prop-
erties in petroleum oils [224].

The efficiency of the pour point depressant (PPD) depends on how the longer
chains match the wax crystal structure and interact with the crystallizing molecules
of waxes. Wax in oil is a mixture of different carbon chains; therefore, in the pour
point depressant or in the flow improvers, mixtures of alkyl chains of matching
length are also useful.

5.13.3 Flow Improver Additives

The basic difference between a pour point depressant and the flow improvers lies in
their mechanism of action. Pour point depressant additives change the nature of the
wax crystals that precipitate from the fuel and thus reduce their tendency to interlock
and set into gels. This phenomenon reduces the pourability temperature of the fuel.
Pour point depressants will obviously influence the flow characteristics to some
extent, but they are not fully satisfactory. Flow improvers, in contrast, interfere with
the growing wax crystals, reduce the sizes of the crystals, change the wax crystal
morphology, and provide more advantageous wax crystal shapes so that the fuel flow
is not impaired [225,226]. Both pour point depressants and flow improvers generally
do not change or influence the cloud point of the fuel, although a few reports indicate
that a particular ethylene-vinyl acetate copolymer, and a few others, lower the cloud
point of diesel fuel slightly [227,228]. Table 5.8 shows the influence’s of some addi-
tives on the cloud point, the solidification point, and the filterability of a hydrotreated
diesel fuel having 1000 ppm of sulfur.

The solidification point is 3 °C lower to the pour point for fuel without additives.
These data indicate that the pour point can be reduced to a great extent, but the
filterability cannot be reduced to the same level. The flow improvers are therefore to
be assessed by their effects on filterability, since this is the most important property
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TABLE 5.8 Influence of pour point depressants on diesel fuel properties

Hydrotreated Diesel Fuel (0.1% Temperature (°C)

Sulfur) Cloud Point Solidification Point Filterability
Fuel without additive -1 -5 -2
Fuel with unsaturated naphthalene -2 -36 -6
ester

Fuel with ethylene vinyl acetate -2 -38 =7
copolymer

Fuel with polymethacryalate -2 -17 -5

for vehicle operability at lower temperatures. Thus the two group of compounds—
pour point depressants and flow improvers—belong to two different chemical groups.
The structure of flow improver will greatly vary according to the crude oil source,
the nature of the wax present (carbon chain length) in the fuel and also the tempera-
ture at which the fuel is used. Distillate fuels are widely treated with polymeric
compounds known as flow improvers to improve filterability and pumpability of the
fuels at the desired operating temperatures. The requirement will, however, vary
from country to country, place to place, depending on the climatic conditions.
According to IP 309/EN 116/DIN 51,428, the efficiency of the flow improvers is
expressed indirectly by measurement of the cold filter plugging point (CFPP).

5.13.4 Paraffin Dispersants

Although the pour point, pumpability, and filterability of diesel fuels can be improved
by the use of suitable flow improvers, it has been observed that the wax of the flow
improver treated fuels has the tendency to settle at the bottom during storage at low
temperatures. This is because paraffins have higher density than the other liquid
components. This phenomenon is a function of both temperature and time. To resolve
this problem, another class of additives, called wax dispersants or wax antisettling
additives, are required [229]. To evaluate this property, another term, wax dispersion
index (WDI), has been introduced. This is defined as the ratio of the volume of the
settled wax versus the total volume of the fuel multiplied by 100.

Apparent volume of the settled or dispersed wax (A)

WDI =100x
Apparent volume of the fuel (B)

When A and B are the same, WDI is 100, which means complete dispersion of
wax. This is the most desirable phase to achieve. However, the wax dispersant
additives must be ensured not to interfere with other additives and properties of
the fuel. Both the flow improvers and the wax dispersant act by interacting with
the wax crystal coming out of solution at lower temperatures. The only difference
is in the crystal sizes controlled by these two additives. The wax dispersant
confines the crystal size to a much smaller size so that they remain dispersed



FLOW IMPROVERS AND PARAFFIN DISPERSANTS OF FUELS 249

TABLE 5.9 Performances of flow improvers and wax dispersants in diesel fuel (cloud
point +2 °C; pour point -3 °C)

Flow Improver (FI) FI+Wax Dispersant

Fuel blend CFPP °C WDI CFPP, °C WDI
Fuel without additive +1 10 — —
Flow improver 1 -1 17 -14 100
Flow improver 2 -6 10 -15 100
Flow improver 3 -8 15 -16 100
Flow improver 4 -4 10 -10 100
Wax dispersant only — — -8 100

(without flow improver)

in the oil phase in the colloidal form (less than 1 micron size). Compatible flow
improvers and wax dispersant can provide greater synergism and better flow
properties and dispersion of wax crystals are obtained.

Several commercial products are available for good results in flow improvement
at lower temperatures in different middle distillates [229].

Table 5.9 shows the effects of wax dispersants on CFPP and WDI in the presence
of some of the commercially available flow improvers. The data presented in this
table show the importance of using compatible flow improvers and wax dispersants
in the middle distillates.

Specifications for diesel fuels are therefore, designed according to the seasonal
and climatic conditions where the fuel is to be used. Different countries have separate
requirements for fuel properties according to the climatic conditions.

Following types of polymers have been reported to be effective in diesel fuel for
improving the filterability:

* Ethylene propylene (OCP) copolymer

* Ethylene vinyl acetate copolymer

* Ethylene cyclic amide copolymer

* Alkenyl succinamides

* Alkyl aromatics

* Acylated styrene polymers and copolymers

* Polysaccharides, condensation polymers of polyols and long-chain fatty
acids [230].

The common procedure for manufacturing the olefin copolymer is by solution
polymerization using a homogeneous Ziegler—Natta catalyst that is soluble in the
reaction mixture. In the solution polymerization process, both Ziegler—Natta and
Metallocene catalysts are used for synthesizing random polymers. Metallocene
catalyzed polymers have lower molecular weight as compared to Ziegler—Natta
catalyzed OCP. The process involves mixing ethylene and propylene in an appro-
priate ratio in a hydrocarbon solvent like hexane along with the soluble catalyst
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in the reactor, and as the polymerization proceeds, viscosity increases. The polymer
concentration is generally kept at 5-6% to maintain good agitation and tempera-
ture control. When the desired consistency is achieved, the reaction is terminated
and catalyst is washed. The polymer solution is added with an extender oil and
antioxidant, when still in solution with the solvent. Solvent and unreacted mono-
mers are distilled off, purified, and recycled for further use. The polymer can be
isolated as a solid or mixed with light mineral oil to get the finished product.

OCP can also be produced in a suspension polymerization reaction. Ethylene is
contacted with liquid propylene where the later acts as both monomer and the reac-
tion medium. In the presence of a catalyst the polymerization takes place quickly,
and polymer is suspended in the liquid propylene. The temperature in this process is
controlled automatically by the evaporation of propylene through the generated
reaction heat. The suspended polymer is stripped off the propylene, which is recy-
cled. Olefin copolymers of a defined chain length [231] have also been used as diesel
cold flow improvers as well as in fuel oils.

Preparations of ethylene and vinyl esters, and acrylates and methacrylates copol-
ymers, have been extensively described in literature. These are prepared by free
radical initiation using peroxide in a solvent medium. Acrylic esters are represented
by following structure:

R

CH,=CO-CO-R!

When R is H and R' is CH,, it is vinyl acetate. R may be methyl and R' may be a
straight-chain alkyl group containing 12—18 carbon atoms. Mixtures of alkyl acrylate
and methacrylate as well as their partial esters have been found to be effective flow
improvers. Lower alkyl acrylate esters can also be used with free radical polymeriz-
able mono-ethylenically unsaturated compounds like mono-vinylidene compounds
having one functional group in its structure such as vinyl acetate, styrene, alkyl
styrene, and vinyl alkyl ethers. These monomers can also be polymerized with
nitrogen containing vinyl compounds such as 2-vinyl pyridine, 4-vinyl pyridine,
N-vinyl pyrrolidone, 4-vinyl pyrrolidone. Monomers of unsaturated amides prepared
by the reaction of acrylic acid or low molecular weight acrylic ester with butyl amine,
hexyl amine, tetra propylene amine, or octyl amine. have also been used. The amides
have following structure:

R,

I
CH,=C—CONHR,

R, could be a hydrogen or methyl group. R, is hydrogen or an alkyl group containing
upto 24 carbon atoms.

Esters of nitrogen containing compounds (US Pat. No. 4,491,455) having polyhy-
droxyl groups with linear saturated fatty acids have been described as cold flow
improvers for fuel oils.
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Combinations of additives that function both as wax nucleators and/or wax crystal
growth stimulators and as wax growth arrestors have been described in US Pat. No.
3,961,916,—1976 to Ilnyckyj et al. The combination consists of ethylene copolymer-
ized with ethylenically unsaturated mono- or dicarboxylic acid alkyl esters or a vinyl
ester of a C,—C, saturated fatty acid.

A three-component combination flow improver consisting of an ethylene
polymer or copolymer, a second polymer of an oil-soluble ester and/or C, and
higher olefin polymer, and, as a third component, a nitrogen-containing compound
has been reported (US Pat. No. 4,211,534,—1980 to Feldman) to have advan-
tages over the two-component system for improving the cold flow properties of
distillate fuels.

US Pat. No. 3,982,909,—1976 to Hollyday discloses an additive system consist-
ing of amides, diamides, and ammonium salts alone or in combination with hydro-
carbons such as microcrystalline waxes or petrolatums and/or an ethylene backbone
polymeric pour depressant.

Nitrogen-containing oil-soluble succinic acid and its derivatives (US Pat. No.
4,147,520,—1975 to Ilynckyj) in combination with ethylene vinyl acetate copolymer
wax nucleators significantly improve flow and filterability properties of high-boiling
middle distillates.

An oil-soluble amide or amine salt of an aromatic or cycloaliphatic carboxylic
acid and an ethylene-vinyl acetate copolymers [232] having a vinyl acetate content
of about 10-20% and a number average molecular weight (Mn) in the range of
1500-7000 has also been reported.

The flow improver combination is useful in a broad category of distillate fuels
boiling in the range of about 150-400°C (ASTM D1160). These fuels tend to
contain longer chain n-paraffins and generally have higher cloud points. Such
wide-cut fuels are more difficult to treat effectively with conventional flow
improver additives.

The nitrogen-containing wax crystal growth inhibitors used are generally those
having 50-150 carbon atoms and oil-soluble amine salts and amides formed by react-
ing 1 molar portion of a hydrocarbyl substituted amine with 1 molar portion of the
aromatic or cycloaliphatic polycarboxylic acid, preferably dicarboxylic acids, or
their anhydrides or partial esters, such as mono-esters, of dicarboxylic acids. The
preferred amine is a secondary hydrogenated tallow amine, composed of approxi-
mately 4% C,,, 31% C,,, and 59% C,. Suitable carboxylic acids are isophthalic acid
or its anhydride. It is believed that the nitrogen-containing compounds are highly
effective in inhibiting the growth of wax crystals.

Generally, as a distillate fuel cools, normal alkanes containing 14 to 22 carbon
atoms crystallize out, the longer alkanes crystallizing first. Nitrogen-containing com-
pounds appear to be highly effective in controlling the growth of the bulk of alkane
waxes but appear to be slightly less effective in controlling the initial stages of wax
precipitation.

Although the optimum polymer properties will vary from one fuel to another,
the ethylene-vinyl acetate copolymer containing about 17% vinyl acetate with 8
degree branching that is, 8 methyl terminating alkyl side chains other than those of
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vinyl acetate per 100 methylene groups is more effective. This has a number of
average molecular weight (Mn) of 3400 as measured by vapor phase osmometry.
The degree of branching is the number of methyl groups other than those of the
vinyl acetate in the polymer molecule per 100 methylene groups as determined
by proton nuclear magnetic resonance spectroscopy. It has been found that the
relative proportion of the nitrogen-containing compound and the ethylene vinyl
acetate copolymer is important in achieving the improvement in flow and
filterability.

The nitrogen-containing compound should be used between 60 and 80%, with
the balance being the ethylene-vinyl acetate copolymer. The fuel has been evalu-
ated according to the Distillate Operability Test (DOT test), which is a slow
cooling test shown to be reasonably accurate compared with actual field
conditions.

Mineral oil middle distillate compositions containing a paraffin dispersant
that is a reaction product of aminoalkylene carboxylic acids with primary or
secondary long-chain amines [233] have been reported. The conventional ethylene
copolymers, especially copolymers of ethylene and unsaturated esters, are used as
cold flow improvers. DE 1147799 and DE 1914756 describe, copolymers of
ethylene with vinyl acetate, containing from 25 to 45% by weight of vinyl acetate
or vinyl propionate and having a molecular weight of from 500 to 5000. However,
these mixtures are still unsatisfactory with regard to the dispersing properties of
the paraffin, which separates out on standing for a long duration. It is therefore
necessary that the additives also disperse the separated paraffins. EP 398,101-A
describes a reaction product of aminoalkylene polycarboxylic acids with
long-chain secondary amines as paraffin dispersants. To achieve good dispersion
of the paraffins, however, 0.25 to 40 ppm of a conductivity improver has to be
added to the diesel fuel, in addition to the dispersant.

Polysaccharide derivatives have been identified as flow improvers for waxy
crude oil and heavy fuels. These additives decrease pour point, reduce yield
stress and viscosity, and are therefore suitable for fuels transported through pipe
lines. These also reduce wax deposition during transportation and storage.
Amylose stearate, dextrin stearate, esters of amylose and dextrin with hydroge-
nated rape oil fatty acids are reported to be useful flow improvers. Substituted
polysaccharides [234] with different molecular weights (12,000-15,500) were
synthesized by reacting aliphatic acid chlorides of different carbon numbers
(C,,—C,,) with dextrin in dry pyridine at 100-120 °C for 24 hours. The resulting
polymers were purified by dissolving in toluene, filtration, and subsequent
precipitation in methanol. These products have been tested as pour point depres-
sants and flow improvers for middle distillates (gasoils), and comparative
evaluation with some commercial additives showed their good activity, especially
as flow improvers.

Polysaccharides are also synthesized by the etherification of amylose, dextrin,
and dipentaerythritol by acids such as stearic acid, hydrogenated rape oil fatty acids
and behanic acids. A typical polysaccharide unit is represented by the following
structure:
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H OCOR

L —n

R varies from C,, H,, to C; H,, and n is approximately 16—42.

The polysaccharides derivatives are more active in the lower fraction of distillation
and less active in the higher fractions with respect to the flow-improving properties.
However, their pour point reduction capabilities remain fairly constant at 15°C
depression.

5.13.5 Distillate Operability Test (DOT Test)

Flow improved Distillate Operability Test is a slow cooling test designed to correlate
with the pumping of stored heating oil. The cold flow properties of the described
fuels containing the additives were determined by the slow cool flow test as follows:
300ml of fuel is cooled linearly at 1°C per hour to the test temperature, then held
constant. After 2 hours at the test temperature, approximately 20ml of the surface
layer is removed by suction to prevent the test from being influenced by the abnor-
mally large wax crystals that tend to form on the oil-air interface during cooling.
Wax that has settled in the bottle is dispersed by gentle stirring, and then a CFPP
filter assembly is inserted. A vacuum of 300 mm of water is applied, and 200 ml of
the fuel is passed through the filter into the graduated receiver. A Pass is recorded if
the 200 ml are collected within 60 seconds through a given mesh size, or a Fail if the
filter becomes blocked and the flow rate is too slow. Filter assemblies with filter
screens of 20, 30, 40, 60, 80, 100, 120, 150, 200, 250, and 350 mesh numbers are
used to determine the finest mesh number that a wax-containing fuel will pass. The
smaller the wax crystals are and the finer the mesh is the greater the effectiveness of
flow improver additive. In this test no two fuels will give the same test results at the
same treat level of the same flow improver, and therefore actual treat levels will vary
somewhat from fuel to fuel.

5.14 DRAG REDUCERS

Liquid hydrocarbon fuels are generally transported through pipelines. Sometimes it
becomes necessary to increase the pipeline’s capacity without an additional expendi-
ture. Viscous drag experienced in the pipeline is the limiting factor for pipeline
capacity. Drag reducers are only used if the products are transported by pipelines
whose capacity is less than that required.
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The drag reducer molecules have a tendency to reduce the drag created due to the
flow of fuel through the pipeline at its surface. Due to this drag reduction, the pipeline
capacity can be increased without laying additional pipelines. The high molecular
weight polymers, however, have a disadvantage that they readily break down, due to
the shear in the pipeline, and therefore the chemical has to be injected at a regular
intervals to makeup for the loss. A treat rate of about 2 ppm of polymer is sufficient
to obtain a pipeline capacity enhancement of 10-15%.

Drag can be reduced by the use of specific high molecular weight polymers. The
high molecular weight polymers confer non-Newtonian behavior on the fuel. US Pat.
No. 4,384,089 describes a method for making a very high molecular weight polyal-
phaolefin polymer for increasing the throughput of hydrocarbon liquids flowing
through a pipeline.

Other examples of such a drag reduction polymer are described in US Pat. Nos.
4,508,128; 4,573,488; and 5,080,121. Low concentrations of relatively high molec-
ular weight polymers (4-5 million Daltons) of polyisobutylene (PIB) are known
to reduce flow turbulence and have been used as drag-reducing additives.
Polyisobutylenes are commercially produced in low molecular weight to very high
molecular weight products of 10 million or more. The highest molecular weight
products are used as pipeline flow improvers by reducing the onset of turbulence.
Because of their high molecular weight, these polymers are able to disrupt eddy
currents and allow the laminar flow at flow rates that would be otherwise turbulent.

Polyisobutylenes are produced by the polymerization of C,-olefins consisting of
an isobutene using acidic catalyst (e.g., AICl,, BF,). The polymerization of isobutene
is sensitive to certain impurities like 1-butene and di-isobutylene. The higher butane
content and higher temperature give rise to a low molecular weight product. The
polymerization process is exothermic, and low temperatures are required to control
the reaction.

CH3
I
H3C—CH2—CH=CH2 CH3—C=C—CH3 C =CH2
| I
H H CH;4
Butene-1 Butene-2 Isobutylene

C4- Olefins hydrocarbons
C,-Olefins hydrocarbons

Conventional refinery C, raffinate contains about 40% isobutylene, 40% N-butene,
and about 20% butane. Polymerization of this mixture with AICl, yields products
where the double bond is located toward the center of the molecule. The conventional
polyisobutylene contains about 10% a-olefin, 42% f-olefin and its isomer, and 15%
tetra substituted olefin. The product also contains chlorine and is not desirable.

A process using the BF, catalyst and concentrated isobutylene has yielded good
quality PIB, where the double bond is located toward the end of the chain. The reac-
tion with BF, proceeds through protonation of the isobutylene, leading to the
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formation of a carbonium ion. The chain growth mechanism further leads to the
formation of a cationic polymer, which on removal of the proton from the methyl
group forms the a-olefin polymer (PIB) in a yield of about 85%.

The molecular weight, the percentage of terminal double bond in isobutylene, and
the concentration of the active material determine the molecular structure of the PIB
and its reactivity. The terminal double bond can be saturated by hydrogenation.

Polyisobutylene can also be produced by cationic polymerization in solution by
using the Ziegler—Natta catalyst.

5.15 ANTI-ICING ADDITIVES

Exuded free water from diesel gasoils (or from heating oils), or water from outside
freezes at low temperatures. The formed ice crystals can choke both the fuel pipe
and filter, thus inhibit the flow of fuel. For prevention, light molecular weight
alcohols or glycols were added to gasoils earlier, but in later years only glycol-
ethers are used. The freezing point of the water-additive mixture is much lower
than the freezing point of water. For example, these additives are poly(ethylene-
glycol)-mono-alkyl-ethers [235]:

R—-(O-CH,-CH,) -OH

R: 4-6 carbon number of the alkyl-group
n=3-8 whole number

5.16 ANTIFOAM ADDITIVES

Gas oils can foam during pumping to fill the fuel tank. In passenger cars, the
relatively small tank and low diametric pipes can cause the foam to spill over. In
trucks having multiple fuel tanks, the filling time can be exceedingly long.
Antifoam additives are applied to prevent gasoil foaming. These materials
decrease the gas bubbles by their low surface absorption, whereby the stability of
the liquid phase becomes a separate surface membrane. Antifoam additives are
polysiloxanes, like poly(methyl-siloxane) and silica-polyether copolymers, and
they are used together with a cosolvent [236,237,238].

The important surface active materials of diesel fuel additive packages have foam sta-
bilizers too. Accordingly, these additive packages containing antifoaming additive(s)
assist the formation of separated drops. So there has to be equilibrium (compatibility)
between the antifoaming compound and the other compounds of the additive package.
The choice compound is an organic compound of modified siloxanes. These are based
on a di-methylsiloxane (silica o0il) polymer connected with organic chains (e.g., copoly-
mers of ethylene-oxide and propylene-oxide). The silica group assures low surface
tension, and the connected organic groups increase the compatibility with the gasoil. The
physical-chemical and application properties of the antifoam are determined by the ratio
of siloxane to organic groups, and the number and nature of the organic groups.
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5.17 BIOCIDES

Fuels get contamined quickly by microorganisms in air or water. These can be
bacteria or fungus (mold fungus) [239]. Microorganisms also grow very fast in the
presence of water because they accumulate at the interface of water and fuel.
Thousands of microorganism do not have a harmful effect, but a colony does, because
organic side products are formed during their multiplication. They accelerate the
corrosion of the fuel tank, or the “microbiological saliva” formed will choke the
filters [239,240]. The most effective biocides inhibit the microbiological degradation
by destroying the microorganisms. The biocides can be cyclic imines, other amin
derivatives (e.g., succinimide), or imidazoline, like the N,N’-methylene-bis-5-metil-
oxaazodiline waiting to be approved by the NATO [241]. Morpholine derivatives are
also effective [242].

5.18 COLORING MATTERS AND MARKERS

Colored additives are used to differentiate products with same application, but
different quality and properties during their storage [243]. Coloring matters. Yellow,
red, blue, green, the colors extended to fuels do not change other properties of fuel.
The most used colors are anthraquinone (blue color) and its derivatives and
azocompounds (red color) [244]. A new structure coloring matter is ftalociamine and
its derivatives [245].

Markers are invisible. They develop color only with another reagent. For
example, a marker is added together with an additive into the fuel and its
concentration is in proportion with the concentration of the additive package. As an
adequate reagent is added to the fuel, it changes its hue. The concentration of the
additive can be estimated by the color’s intensity [246]. Furthermore it can be iden-
tified with HPLC.

5.19 ADDITIVE COMPOSITIONS

Usually automotive fuel additives are not blended individually to the base fuel; they
are added, except for some additives, as a prepared concentrated solution of
additives with an adequate ratio. This is called the additive composition or additive
package [247].

Components of the fuel additive packages are the following [248]:

* Active agent (e.g., detergent/dispersant/antioxidant)

» Solvents (e.g., synthetic oils, polyisobuthilenes, polyethers, polyether amines)
and cosolvents (e.g., aromatics, alcohols).

The packaged solution of additives has to be stable and completely soluble in fuel.
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During preparation of the additive mixture, interactions between different additive
types must be considered:

* Positive interactions (synergy). The intensify effects of each compound, as in
the case of using antioxidant and metal deactivator where the desired effect is
the summation of individual effects.

* Negative interactions (antagonism). One or more compounds cancel the effects
of other compounds, as in the case of same lubricity improver decreasing the
effect of an anticorrosion additive or a lubricity improver suppressed by a deter-
gent dispersant from the metal surfaces during adsorption.

* Incompatibility. Acidic and basic additives interact chemical reaction.
In packages, each additives must be carefully chosen, due to the following reasons:

* Surface active additives can disturb adsorption and counter the effects of other
additives

* Detergent-dispersant additives can change the emulsion, lessening the
efficiencies of the antiwear and antioxidant additives.

Recently additive, packages containing two to three additives with similar effect,
but with different chemical structures have come into use. Two examples are
detergent-dispersant part packages that contains two to three compounds and flow
improver partpackages that have multiple cold flow improvers, such as a cold filter
plugging point improver, a paraffin dispersant, and a pour point depressant.

Additive packages are blended to fuels in concentrations of 300-1000mg/kg
depend on the active agent content and composition of the base fuel for performance.
The blending of additives or additive compositions in to fuels can occur:

* In the refinery during the blending of fuels
¢ At the oil terminal
» At the discretion of the user

The first two cases are handled by oil professional. The third option is not advised by
the large fuel producers, sellers, and environmental protection offices.
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I CHAPTER6

Blending of Fuels

The blending of fuels is performed with the use of blending components, as was
already discussed in previous chapters. The blending is followed by admixtures of
additive packages or single additives.

6.1 BLENDING OF GASOLINES

Table 6.1 shows the average share of the main blending components in gasolines
used in the United States and in the European Union. Some blending compo-
nents (Table 6.2) are produced by the oil refineries but most are provided by
other hydrocarbon processing plants. For example, hydrogenated pyrolysis
naphtha comes from petrochemical plants that combine bioethanol from ethanol
producers.

During the blending of gasolines not only the physical and chemical properties
of each blending component has to be considered but those contributions that may
be harmful material emissions. The data in Table 6.2 show the octane numbers, at
given shares of the blending components, along with their compositions and
quality measures. These concerns are substantiated by the use of reformates, FCC-
naphtha, alkylate, ethanol, and bio-ETBE. The vapor pressure value is determined
mainly by n-butane fraction, light FCC-naphtha, isomerates, and ethanol. The
main source (ca. 80%) of the benzene content is the reformate, but the benzene
content of the C,~C, fraction of the cocker, as well as of light FCC-naphtha, light
straight-run, and hydrocracking gasolines, is also significant. The quantity of
reformate and light FCC-naphtha determines definitely the other aromatic content
(ca. 65%). The olefin content depends definitely on the used quantity of light FCC-
naphtha (ca. 90%). In many refineries, the polymer naphthas and naphthas from
variants of thermal cracking processes have different effects on the olefin content.
Basically, the sulfur content is determined by the fraction of heavy FCC-naphtha
(ca. 97%; see Figure 6.1).

The main sources of the volatile organic compounds (VOC) in gasolines are
n-butane (ca. 25%), ethanol (ca. 12%), alkylate (ca. 8%), reformate (ca. 15%), heavy
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TABLE 6.1 Composition of gasoline pool in the United States and European Union

Component Share (v/v %)

Gasoline blending component United States European Union
FCC-naphtha 335 34.0
Reformate 33.0 35.0
Straight-run naphtha 4.0 7.5
Alkylate 12.0 4.4
Isomerizate 4.5 5.5
Butanes 5.5 5.7
Ethanol/MTBE/bio-ETBE 6.0 4.0
Polymer naphtha 0.5 1.5
Others 1.0 24
Total (%) 100.0 100.0

FCC-naphtha (ca. 5%), light FCC-naphtha (ca. 23%), and coking C.~C, fraction
(ca. 1%). The reformate and FCC-naphthas favor the formation of nitrogen oxides
(reformate ca. 21%; heavy FCC-naphtha: ca. 40%; light FCC-naphtha: ca. 30%;
n-butane: ca. 5%; isomerate: ca. 4%; coking CS—C6 fraction: ca. 2%). The formation
of toxic materials and their emission quantities depend on mainly the proportions
used of reformate and the FCC-naphthas (reformate ca. 60%; heavy FCC-naphtha:
ca. 14%; light FCC-naphtha: ca. 16%; n-butane: ca. 5%; isomerate: ca. 2%j; coking
CS—C6 fraction: ca. 1%; alkylatum: ca. 2%).

Beyond the emissions from the blending components, any harmful material emis-
sions from the additives must be considered during the preparation of the blending
“recipe” of gasolines, as was discussed in detail in the preceding chapter.

6.2 BLENDING OF DIESEL GASOILS

Diesel gasoils are blended from desulphurized gasoil streams, from desulphurized
and “dewaxed” gasoil streams, or from desulphurized, dearomatized, and “dewaxed”
gasoil streams. The gasoil boiling points range is based on the ratios of three
components:

* Biodiesels
* Biogas oils
* Fischer—Tropsch gasoils

The blending process is followed by the admixture of additives or additive packages.
It is possible that before this final blending some additives have already been
introduced into the blending component streams (e.g., flow improvers, stabilizers)
for reasons of easier storage and handling.
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FIGURE 6.1 The typical distribution of sulphur content in FCC naphtha
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FIGURE 6.2 Streams in gasoil boiling range produced by different technologies

The blending components can be produced at the refineries, and large companies
produce their own additive packages. The smaller ones buy partial or complete
packages and make their own blends by using one or more additives in the diesel
gasoils. The ratios of the most important properties—cetane number, sulfur content,
and density—of gasoil streams produced with the different technologies are pre-
sented in Figures 6.2 and 6.3.

During the blending of diesel gasoils, not only the physical and chemical properties
of each blending component has to be considered, but its contribution to harmful
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material emissions. Of course, the additives have already been considered during the
preparation of the blending “recipe” of diesel gasoils, as was discussed in the pre-
ceding chapter. The positive effects of the additives must override the negative effects
in every case.

The blending of fuels is carried out in a computer-controlled system. The algo-
rithms for the applied program values are reviewed continuously or periodically, and
also evaluated by the computer. The computer can approve or even modify the
blending process by changing the ratios of stream quantities.

The blending optimalization is carried out at minimal production costs in order to
maximize profits. As with other high-quantity crude oil industrial products, the
blending of fuels is carried out according to two basic principles. First, the stream
ratio of blending components is set in the blending system so that the quality
properties of mixture are specified at the entrance to the storage tank. Second,
the quantity ratios of the blending components are chosen at the mixing point so that
the given quality properties of the fuel mixture are reached at the point of filling the
storage tank.

The design and connection system of a fuel-blending system is shown in
Figure 6.4. At the juncture of the blending management and control technology come
short deadline timings of more products; the multivariate control and verification of
diesel gasoils, gasolines, and other fuels; and the versatility of NIR (near infra-red
technology) spectroscopy and/or other modern analytical processes to maximize
profits.

The main components of the blending technology package are the following:

¢ Interface for monthly linear programmed refinery models for middle-period
recipes

* Timing system for optimalizing future products and blending orders
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* Online multivariate control and optimalization system for feedback from control
equipment to enable inline certification and transport of products.

The blend optimization and supervisory system (BOSS) shown in Figure 6.5
determines high the optimal blends of the refinery products (e.g., diesel gasoils and

gasolines) and in the case of inline blends supervises the blending applications.

The controlled blending of fuels assures consistent profits for the refineries, and
the application of suitably admixtured products having favorable hydrocarbon
compositions means numerous advantages for the users as well:

* Smooth performance of vehicles

o Easy cold start
o Smooth idle
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¢ More efficient fuel use:
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Good combustion

Excellent acceleration
Low noise pollution

o Reduction of fuel consumption

o Reduction of exhaust gas

Optimal track behavior (no vibration, engine stop, etc.)

o Emission exhaust gas with more preferable composition

» Lower maintenance needs, longer engine life, lower maintenance cost




I CHAPTER 7

Properties of Motor Fuels and Their
Effects on Engines and the
Environment

In this chapter the main physical, chemical, and application properties of fuels and
their environmental impacts are discussed, first for the gasolines and then for the
diesel gasoils.

71 EFFECTS OF GASOLINE PROPERTIES ON ENGINES
AND THE ENVIRONMENT

Gasoline is a mixture of hydrocarbons—alkanes (paraffins: saturated hydrocarbons),
alkenes (olefins: unsaturated hydrocarbons), and aromatics (arenes)—along with
sulfur- and nitrogen-containing organic compounds. A typical gasoline may contain
more than 500 organic compounds (C,~C ). Most of these compounds can be iden-
tified by gas chromatography (GC) and more recently by a combined GC-MS
method. The hydrocarbons are volatile, and their physicochemical properties vary
widely. Because gasoline is exposed to different physical, chemical, and mechanical
influences, the properties of gasoline must be carefully balanced to obtain satisfac-
tory engine performance over a range of operating parameters. Engine design, driving
style, environment, and engine maintenance, and properties like octane number and
volatility of the fuel, affect the efficiency of gasoline. The composition of gasoline
has changed considerably over a period of years, primarily due to the replacement of
straight-run naphtha with cracked stocks obtained from secondary refinery processes
like FCC and coker units, and from catalytic reforming, alkylation, isomerization,
ether synthesis, and the like. The straight-run naphtha is now being mostly applied as
a petrochemical feedstock in light olefin production.

The quality of the gasoline and the technical features of the Otto engine determine
what fuel(s) can be introduced into the combustion chamber. The properties of
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gasolines affect the carburation, the ignition, combustion processes, fuel efficiency,
and the emission characteristics. [1-13].

Among the many properties of the gasolines that must meet standards or certain
regulations, the most important are the following:

* Qctane number (combustion process)

* Volatility (e.g., vapor pressure, boiling point curve)
* Stability

* Corrosive effect

* Chemical composition
o Hydrocarbons (benzene, total aromatic and olefin content)

o Oxygen-containing compounds (bioethanol, methanol, MTBE, ETBE,
TAME, etc.)

o Sulfur content
o Lead content
o Halogen content
* Density
* Other properties
o Energy content

o Lubricity
o Flashpoint, ignition point

o

Electrical conductivity
o Water content

71.1 Combustion Process (Octane Number)

One way to increase the efficiency of an engine is to raise the compression ratio.
However this has undesired consequences. Above certain limits using the same fuel
quality, the normal combustion process changes; the engine starts to knock (“tinkle”).
During the normal combustion process, the combustion of the fuel is initiated by a
spark, and the resulting flame front spreads throughout the combustion chamber at
a steady speed. The unburned mixture ahead of the flame front may explode, which
is incited by the high pressure and temperature of the burning gas. The combustion
speed greatly increases and the engine makes an unpleasant noise, called knocking
[1-5,7,10,12,13]. The high pressure wave induced by the high-temperature explosion
decreases the performance and efficiency of the engine, and damages the engine.
During the heating of the fuel-air mixture before ignition, there is a pre-period,
when intermediate products of the oxidation reaction (e.g., aldehydes, peroxides)
begin to form. Aldehydes tend to dissociate, and any formed molecular fragments
facilitate a flame reaction, which accelerates the pre-flame reaction that causes
the explosion. The knock of the gasoline is fundamentally determined by the type
of hydrocarbons in the gasoline and the engine design. Among the hydrocarbons
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FIGURE 7.1 Relationship of the octane number and the boiling point of the hydrocarbons

that have knock resistance [14], the most resistant ones are the aromatics
(e.g., benzene, toluene, xylenes) and the multibranched paraffins (e.g.,
2,2, 4-trimethyl-pentane), followed by the olefins, the naphthenes, the mono-
branched paraffins, and finally the n-paraffins (Figure 7.1) [15]. As for the operating
conditions, the temperature increase enhances the knocking tendency, but the
compression increase has the highest effect.

The knock resistance and the knocking (autoignition) tendencies of the gasolines
are characterized by the octane number. The octane number is the percentage, by
volume, of isooctane in a mixture of isooctane (2,2,4-trimethyl-pentane) and
n-heptane that gives the fuel the same antiknock qualities—under standard condi-
tions—as the given gasoline. The research octane number of the 2,2,4-trimethyl-
pentane is 100 while that of the n-heptane is 0 [16,17]. The physical and chemical
properties of some of these compounds are shown in Table 7.1.

The knock resistance of fuels used in engines of on-road vehicles is characterized
by the research octane number (RON, ASTM D-2699, EN ISO 5164) and the motor
octane number (MON, ASTM D-2700, EN ISO 5163). Online octane analyzers are
also available in refineries for continuous determination of these values (ASTM
D-2885). The research octane number is determined at low rpm without loading, and
the motor octane number at high temperature with partial loading. The measurements
are carried out with a one-cylinder CFR test engine. The research octane number is
determined at constant speed (600 rpm) and the ignition angle with air pre-heated to
50°C. The motor octane number is determined at 900 rpm using an adjustable igni-
tion setting, with a mixture pre-heated to 149 °C (Table 7.2). Due to the stringent
conditions (particularly the higher temperature of the mixture), the motor octane
number of the commercially available gasolines is always lower than the research
octane number.

The difference between the research and the motor octane number is called
sensibility (knocking sensibility), which gives information about how sensible the
fuel is to the operational changes of the engine. The smaller the difference, the better
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TABLE 7.2 Main conditions for determining the octane number

Test Method
Properties Research (F-1) Motor (F-2)
Fuel Gasoline
Motor CFR with one cylinder
Bore diameter, mm 114.3
Displacement, cm? 610
RPM, 1/min 600 900
Pre-ignition angle, deg 13 changing
Preheating of air, °C 52 38+ 14
Temperature of mixture, °C — 149
Temperature of cooling, °C 98-100

is the quality of the gasoline or blending component. Generally, the isoparaffins have
the best sensibility (between —2 and 3). The sensibility of engine gasolines does not
have to be higher than 10. Some countries specify an average of RON and MON to
indicate octane rating, denoted as AKI (antiknocking index).

Gasoline engines are constructed and calibrated to operate with a gasoline of
appropriate octane number. If lower octane fuel is used, knocking will set in, which
can lead to engine damage. Modern engines are fitted with knock sensors, and spark
timing can be adjusted to lower octane fuel by retarding, while performance decreases
and fuel consumption increases. Using higher octane fuel than recommended does
not provide any additional benefit to the user, but no harm to the engine is expected.
For older engines, the octane number requirement changes with the sea-level height
because of the temperature and pressure changes. Lower octane at high altitudes and
higher octane at sea level are preferred. In modern engines, an electronic control
system adjusts to the temperature and pressure changes, so octane number require-
ment remains the same at all altitudes.

Besides the high research and motor octane numbers, gasolines must have a good
(steady) octane number distribution over the whole boiling range. Wrong and
relatively steady octane number distributions are illustrated in Figure 7.2 a and b
[14,18]. (In order to determine the octane number distribution, the gasoline is dis-
tilled into 5 to 10 narrow boiling range fractions. Then the two octane number is
separately measured, and plotted in a column-diagram as a function of volume
percent.)

The octane number distributions of gasolines are often characterized by giving the
octane number of the lighter fraction (distilled until 100 °C or 75 vol%) too. This is
called the front octane number: R, . orR__. or FEON, ... (front end octane number)
or FEON_.. . These data give information about cold start possibilities and the
accelerations from low speed (e.g., to estimate the time of acceleration). The main
reason is that the act of “stepping on the gas pedal” causes the lighter hydrocarbons
to evaporate faster and constitute the predominant mixture in engine [19].
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The octane number distribution of gasoline is simply estimated as the difference
between the octane number of the total fraction and the front octane number (AR)
[20,21].

There is another octane number that is used to evaluate the on-road driving
behavior of fuels, called the road octane number. The testing is carried out in stock
cars. The value of the road octane number is usually between that of the research and
motor octane numbers. The road octane number is often calculated by including
other properties of the fuel. An average of the RON and MON numbers is frequently
used to characterize gasoline quality, especially in the United States [2,13].

For the estimation of the road octane number, we suggested some equations. In
the case of leaded gasoline [2,13],

RAON =16.34—-0.873xRON -0.387x AR +2.051xC,, —0.08 xd

API

where,

RON = research octane number
AR = difference of the full octane number and the front octane number
C,, = lead content of gasoline, g/dm’
d,, = API gravity

To evaluate the acceleration and steady speed, a so-called antiknock quality
achievement index is recommended [2]:

RPI,. =0.51xRON +0.4 MON +0.09x FEON, .. or
RPIy = 0.25x RON +0.75x MON

where,

RPIL, . = road achievement index at acceleration
RPIL = road achievement index at steady speed
RON = research octane number

MON = motor octane number

FEONl 00ec = front octane number

Engine gasolines are manufactured to handle different refinery gasoline streams
and additives. But, after the blending, the blended octane number cannot be calcu-
lated from the octane numbers of the individual components and their percentage
shares. Instead of these values, a blending octane number (RONB — RON blending,
MONB — MON blending) is to be used, and it shows that the investigated compo-
nent still behaves as a specific component in the blend. The octane number of the
blended gasoline is determined as follows: a defined volume (20-25 vol%) of a
known octane number gasoline (basic gasoline) is mixed with the sample, and the
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octane number of the mixture is measured. The blending octane number can be
calculated with the equation [2]

RON, —RON,, )100
v

RONB = RON, + ‘{/ (

where,

RONB = blending octane number of the component calculated from experimental
octane number data

RON,, = blending octane number of the base gasoline calculated from experimental
octane number data

RON, = blending octane number of the mixture calculated from experimental
octane number data

V = volume share of the component, %

The blending octane number significantly depends on the octane number of the base
gasoline, the mixing ratio, and the chemical composition of the sample [22-27].
The distinction and marking of engine gasolines in commercial practice is based on
the research octane number. To fulfill the demands of drivers throughout the world,
gasolines with different octane numbers (e.g., 91, 95, 98) are sold at filling stations.

7.1.2 Volatility of Engine Gasolines

The volatility characteristic of engine gasolines has a fundamental influence on the
performance of Otto engines. Volatility is characterized generally by the gasoline’s
Reid vapor pressure and distillation curve [1-4,13]. The vapor—liquid ratio is often
considered as well [1-4].

Good volatility has important consequences also for emissions and cold start and
warm-up performances. Control of vapor pressure at higher temperatures reduces
evaporation losses. Highly volatile gasoline can cause vapor lock in the gasoline
pipeline, tank overload, and higher emission. Vapor lock occurs when a large amount
of fuel vapor is formed that inhibits or even makes it impossible for the fuel to pump
to the engine. This can lead to power loss and impede engine function.

The vapor pressure indicates the amount of low boiling components in the engine
gasoline. It gives information about the formation of vapor in the fuel line in use, as
well as about the amount of that can easily evaporate during travel and storage. The
Reid vapor pressure (RVP) is determined at 38 °C when the vapor-liquid volume
ratio is 4:1, in a pressure bomb (Reid equipment) that is immersed into a waterbath
at standardized conditions. Its value must not be high; otherwise, hydrocarbon gases
and vapors form in the gasoline pipelines and in the fuel pump, so the gasoline supply
becomes uneven. Accordingly, the injection system or the carburetor does not get
enough liquid gasoline because of the break in gasoline flow. All these phenomena
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FIGURE 7.3 Typical distillation curve of gasolines

affect negatively engine performance. In addition, the higher vapor pressure increases
travel and storage losses.

The maximum vapor pressure is based on the seasons, the climate of the region,
and atmospheric pressure. In winter the vapor pressure limit is higher than in the
summer. For these reasons distributed engine gasolines are graded according to
volatility (e.g., 1, 2, EN 228:2009 + A1:2010 standard).

The other essential measured used to control the volatility of engine gasolines is
the distillation curve, also known as boiling point curve. Remember, an engine’s
gasoline is a mixture of many hydrocarbons, so it cannot be characterized by a single,
well-defined boiling point, but only by a boiling point range attached to the distilled
volume ratio. This range is determined using “Engler” distillation, also known as
ASTM distillation, at atmospheric pressure and under standardized conditions.

A typical distillation curve (the boiling temperature of the distilled fraction in
vol% of the engine’s gasoline) is shown in Figure 7.3 [2]. Notice how the range and
the course of the distillation curve (characteristic curve) highly affect the behavior of
the motor fuel in the engine.

The fuel-air combustion mixture produced is appropriate for both cold and hot
engines. (That is why the engine gasoline consists of lower and higher boiling point
compounds.) The performance of the engine—both in cold and hot running—is
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TABLE 7.3 Gasoline fractions and effects of different boiling points on an engine’s

operation

Front Fraction,

Middle Fraction,

End Fraction, 90%
Point, End Boiling

Operation Parameters 10-30% Point 50-70% Point Point
Cold startup Determinative Insignificant Insignificant
Evaporation loss Determinative Insignificant Insignificant
Gas and vapor formation Determinative Considerable Insignificant
Hot starting Determinative Considerable Insignificant
Idle with hot engine Determinative Considerable Insignificant
Icing Considerable Determinative Insignificant
Hot running Insignificant Determinative Considerable
Acceleration Insignificant Determinative Considerable
Energy content Insignificant Determinative Considerable
Oil dilution Insignificant Insignificant Determinative
Combustion residue Insignificant Insignificant Determinative

generally characterized by startup readiness, the steadiness of the idle, and the throttle
response. However, besides the distillation curve and the aforesaid vapor pressure,
engine performance significantly depends on the design of the engine, the carbure-
tion, the ignition, and last but not least the ambient temperature. (The distillation
curve—Ilike the vapor pressure—is standardized depending on the season. In winter,
the temperature of some points of the distillation curve is lower by 5-15°C than in
warm periods, namely the distillation curve is below the regular curve of the summer
gasoline. The easy start-up and the fast reach of the running temperature is ensured
only this way.) As the abovementioned facts show, the smooth running of a vehicle
depends closely on some particularly important measures and ranges of the distillation
curve (see Figure 7.3). These relationships are listed in Table 7.3 [2].

At low temperatures icing appears in the carburetor (vaporizer) as gasoline
evaporates. Then the water vapor in the fed air condensates and freezes next to the
inlet. Consequently the air stream is blocked, and the mixture enriches with fuel,
which leads to incomplete combustion and power loss.

Icing generally occurs only between 0 and 10 °C when the relative humidity is at
least 85%. At temperatures higher than 10°C, the carburetor does not cool below
0°C, and in ambient temperature below 0 °C, the humidity of the air is lower, namely
it is not high enough for icing. It has generally been found that icing increases with
increased gasoline volatility.

For a homogeneous fuel—air mixture formation, the composition of all the gasoline
fractions should be appropriate. When mixtures of different compositions are in the
cylinders, the combustion processes will be irregular as well.

For the characterization of gasoline volatility the vapor-liquid ratio is also used
sometimes. (The method is described in standard ASTM D 2533.) The ratio is deter-
mined at a given temperature and pressure; otherwise, the temperature belonging to
the given vapor—liquid volume ratio is determined.
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A volatility index (VLI) is also used to analyze volatility. This index is calculated
from the vapor pressure and volume fraction of the Engler distillation range up to
70°C (e.g., 1, 2, EN 228:2009 + A1:2010 standard):

VLI =10xRVP+7xE

70>

where,

RVP = Reid vapor pressure, kPa
E., = amount of fraction of Engler distillation up to 70°C, v/v%

Eight different classes can be distinguished in this way. The volatility index of
Western European gasolines is between 850 and 1200.

The correlation between the volatility of the fuel and engine performance is best
described by the driveability index (DI) (e.g., EN 228:2009 + A1:2010 standard):

DI=1.5xt,+3.0xty, +1,,

where,
fios000 = t€mperatures at 10, 50, 90 volume fractions of Engler distillation in
degrees Fahrenheit

This expression is extended by a term that takes into account the oxygen content
called the corrected driveability index (CDI) (e.g., EN 228:2009 + A1:2010
standard):

CDI=1.5xt,+3.0xt,, +1, +20xC,,

where,

1105000 = tEMperatures at 10, 50, 90 volume fractions of Engler distillation in
degrees Fahrenheit

C,, = oxygen content of gasoline, %

The highest permitted CDI value is usually 1200; good performance of the vehicle
and low hydrocarbon emissions are reached at this value. Difficulties can arise in
spring and autumn.

The required volatility of gasoline causes vaporization losses at storage, fuel
uptake, and during driving—in summer weather the warming of the gasoline tank
and injector, contributes further to hydrocarbon emissions: solvents: ca. 40%; exhaust
gas of vehicles: ca. 25%; evaporation losses of vehicles: ca. 10%; filling of vehicles:
ca. 2%; other: ca. 25% [2].

Recent changes to the engine distribution system have introduced a special float
cap fuel tank, with closed filling and drawer systems and hydrocarbon recovery units



290 MOTOR FUELS AND THEIR EFFECTS ON ENGINES AND THE ENVIRONMENT

— — Liquid stream
- ——- Vapor mixture stream

—— Condensate
Hydrocarbon
recovery et~ ettt el et S
system :
= I
|-
— } =
Floating
roof tank | q - |

—— 4

Safety spiracle

—_

C )
Fix-roof tank
with internal
floating roof [~

Tank car filling Filling station

FIGURE 7.4 Scheme of closed distribution system of hydrocarbons

(see Figure 7.4). The hydrocarbon vapor and gas emissions of rail, road, and
ship-filling stations, and gasoline stations will be decreased significantly (90-95%)
[2], since the new setup enables recirculation and condensation of hydrocarbon vapors.

7.1.3 Stability of Gasolines

During storage, gasoline can undergo oxidation, forming “rubber-like” materials
(nonvolatile, insoluble gums) and their precursors that are deposited in the engine,
adversely affecting the operation, driveability, and exhaust emissions. The modern,
high—performance and low-emission engines—mainly due to new injection sys-
tems—require the proper mix of fuel and air for optimum operation, and they are
very sensitive to deposits in the fuel system. Sometimes the insoluble gums settle as
sludge in the lower section of the fuel tank. Because oxidized gasolines contain
hydroperoxides (gasolines with acidic pH), the different elastomers in the fuel sys-
tems get damaged. The fuel sludge can even permeate the elastomer, causing the fuel
tank to leak and pollute the environment [1,2,4,7,13].

Oxidation stability depends on the composition of the gasoline, the manufacturing
of the blending components (cracking, hydrogenation), and the storage conditions
(e.g., tank, presence of metals and metal oxides, ambient and storage temperature,
storage time, mixing). Storage stability is especially important in case of military and
strategic reserves that are not used for a long period of time.

The types of hydrocarbons used also affect the stability of gasolines. Molecules
with double bonds are much more sensitive to oxidation than aromatics or paraffins.
Olefinic blending components are formed in refineries by different cracking processes
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in the absence of hydrogen (thermal and catalytic cracking, visbreaking, coking, etc.)
and steam cracking of liquid hydrocarbons (gasoline pyrolysis). Furthermore diole-
fins and acetylene derivates can be formed as well. These are more sensitive to
oxidation and easily form high molecular weight gums during storage. In certain
regions of the world with high temperatures, the increased use of cracking products
has brought about stability and marketing problems.

“Autooxidation” of gasolines can be promoted significantly by some sulfur,
nitrogen, and oxygen compounds. The resulting peroxides reduce the octane number.

Therefore refineries have to avoid blending components that enhance undesired
oxidation, and the oxidation stability of cracked gasolines has to be improved with
hydrogenation and/or with the antioxidants.

Some metals (e.g., copper) can catalyze oxidation reactions; they have to be
avoided in fuel systems. If these metals are present, their effects should be suppressed
by metal deactivators.

The gasoline quality is significantly affected by storage conditions, so high tem-
peratures, too much aeration and contacting with air, and small stored amounts
reduce the product quality.

The oxidation of hydrocarbons takes place through peroxide and hydroperoxide
radicals forming acidic compounds and gum-like materials. The formation of the
latter proceeds through complex reactions. The first step is the formation of perox-
ides. Before the gasoline quality decreases their presence can be detected only in a
small amounts. The first step of the forming of hydroperoxides and peroxides is the
reaction of olefins with oxygen [1,2,28-34]:

CH

+0, > CH O-OH (hydroperoxide)

2n 2n-1 "

In the next step the gum-like polymer forms from the hydroperoxides. The equation
of gum formation is

n(C,H,,)+n0, »(-C,H,, -0-0-)

n

The reactions take place by a chain mechanism:

1. At the chain-initiation step, free radicals (electron acceptor intermediates)
form:

R-H—->R +H

2. At the chain-propagation step, the hydrocarbon free radical (R°) reacts with
oxygen and peroxide radical as chain carrier is formed:

R'+0, >R-0-O

This product can react with another hydrocarbon molecule forming a new
hydrocarbon free radical and hydroperoxide:
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R-0-0"+R'H—>R-0-OH+R’

This chain reaction proceeds until the chain termination step or an antiox-
idant is introduced. The free radicals—besides the oxidation—promote the
polymerization, resulting in the formation of high molecular weight
substances.

3. Atthe chain-termination step, the chain reaction, in the absence of antioxidants,
recombines the free radicals:

R"+R">R-R
R-0-0"+R">R-0-0-R

The oxidation or the formation of gum-like compounds takes place at a high rate
when initiator-forming compounds are present. These are, for example, the very
reactive olefins and diolefins. R— O— O° free radicals that have long life and their
concentration is high.

Antioxidants (e.g., gasoline additives) break the chain reaction or block the chain.
The antioxidant (inhibitor) donates a hydrogen atom to the peroxide radical that is
the chain carrier:

R-0-0" + AH —> R-O-OH + A’
Inhibitor Hydroperoxid  Inhibitor radical

The efficiency of the chain terminating antioxidants is affected by the stability of
radical A" and by the rate of its recombination or by its reaction with another free
radical to form a stable compound.

The application of alcohols as oxygen-containing compounds in gasolines does
not deteriorate the stability if the rate of free radical formation in the gasoline is
under the detection limit. In FCC gasolines or other gasolines that are susceptible to
oxidation, where the formation of free radicals and peroxide radicals is significant,
the presence of alcohol enhances their formation. The radicals formed initiate the
oxidation of alcohols to aldehydes and acids. Generally, these effects can be pre-
vented by applying the proper inhibitors in the adequate amount.

To evaluate the storage stability of the engine gasolines, the most frequently used
methods are the following:

e Induction period (EN ISO 7536/ASTM D 525). The gasoline sample is oxi-
dized in a bomb at 100 psi (689 kPa) and 120°C in oxygen. The pressure is
recorded until the pressure drop is more than 2 psi (13.8 kPa) in 15-minute; this
is the breakpoint. The induction period is the time required for the sample to
reach the breakpoint. The characteristic curves of the induction period are
shown in Figure 7.5 [2].
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* Gum content determination (EN 6246/ASTM D 381). The gasoline sample is
evaporated in air stream at a specified temperature and the residue (“unwashed”
gum content) is extracted with n-heptane. The insoluble residue is the gum
content. The maximum 5 mg/100 cm? value is satisfactory according to most of
the standards.

* Potential residue method (ASTM D 873). This is usually a 16-hour measurement
under conditions of induction period measurement. The sample is filtered, and
after the evaporation, the residual gum (soluble and insoluble) is the potential
gum content.

* Evaporation residue determined in copper beaker glass. This gives information
about the effects of the metals catalyzing the oxidation.

71.4 Corrosive Properties

Gasolines are in contact with the metal construction materials of the vehicles does
not have any harmful effect. Pure hydrocarbons are not corrosive. Active sulfur-
containing and acidic compounds in gasolines are very aggressive toward copper and
its alloys, and they can cause significant wear. Solid and/or gel materials that are
formed in chemical reactions can deposit in different parts of the engine and cause
disturbances [1,2,13].

Gasoline corrosion is determined by a copper strip test (EN ISO 2160).
A 12.5-mm wide, 75-mm long, and 1.5-3-mm thick, previously buffed and polished,
copper strip is immersed into a water-free gasoline at 50 °C for 3 hours. The degree
of corrosion is determined by a comparison with standard strips.
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71.5 Chemical Composition

The chemical composition of fuel determines numerous other properties, for example,
the octane number, stability, corrosivity, and lubricity. These have been discussed in
detail previously. However, there remains to discuss how their individual compo-
nents and mixtures can damage the environment and human health. For this we focus
on the hydrocarbon composition of the exhaust gases [27,35,36].

Tables 7.4 and 7.5 show the properties of harmful material emissions from
vehicles before and after treatment with catalysts [1]. Effect of gasoline quality to
harmful material emission can be summarize for non-catalyst vehicles in the
following. Decreasing of vapor pressure from 70 kPa to 60 kPa only the volatile
hydrocarbon quantity decreases with more than 20%, CO, NOx, benzene, buta-
diene and aldehydes and particles do not change. This tendency is similar to vehi-
cles with catalyst. Increasing the value of E100 from 50% to 60% quantity of
hydrocarbons in the exhaust gas decreases a low. Increasing the value of E150
from 85% to 90% low quantity aldehyde and butadiene and NOx emission
increasing can be observed. In case of vehicles without catalyst, benzene content
of exhaust gas decreased with 10-20% at changing benzene content from 5 v/v%
to 3 v/v% and after 1 v/v%. Decreasing of total aromatic content from 40% to 25%
reduced the benzene, particle and CO content of exhaust gas, changing the olefin
content from 10% to 5%, only the butadiene and particle emission decreased
unequivocally in case of non-catalyst vehicles; in case of vehicles with catalyst the
value of emissed NOx decreased with 4—7%. Blending oxygen content compounds
decreased unequivocally the carbon monoxide emission (10-30%) and particle
emission in case of both vehicle types, but at the same time increased the
concentration of aldehydes in the exhaust gas (10-20%). Decreasing the sulphur
content from 300 mg/kg to 10 mg/kg reduced the particle emission (ca. 10%) in
case of vehicles without catalyst, while in case of vehicles with catalyst all type of
harmful material emission are reduced between 2% and 20%, except the volatile
hydrocarbons, what does not change.

Smog forms by a photochemical transformation of emissions of harmful
materials. The potential forming index of smog is determined by the amount of
different hydrocarbon groups present, using the following expression [2,35,36]:

PSPFI = 1.6xC, +1.27xC,, +0.82xC,

Where

PSPFI = photochemical smog potential forming index
C, = concentration of aromatic hydrocarbons, %

C,, = concentration of olefinic hydrocarbons, %

C, = concentration of paraffinic hydrocarbons, %

As the expression shows, the main source of photochemical smog is a group
of aromatics, followed by the olefins and paraffins. Aromatics are 25% more
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reactive than olefins and 200% more reactive than paraffins. The compensation
for the octane number deficiency that resulted from the significant decrease of
lead-containing compounds by increasing the aromatic concentration has not
been an environment friendly solution. This has contributed to the relatively high
ozone destructive effect and the atmospheric reactivity of these compounds in
general [37-39]. This latter gives information about the rate of the gas phase
reaction with the hydroxyl radical of the discussed components. Human health
studies have shown that this index is at a level capable of damaging the mucosal
membrane.

The benzene concentration has been rigorously limited by national standards as a
result of a worldwide effort to decrease the aromatic and especially the benzene
content of gasolines (<0.4-1.0 v/v%). Benzene gets out to the atmosphere by evapo-
ration, and through exhaust gas emissions is highly carcinogenic. It damages blood-
forming organs (causing leukemia); toluene and xylenes significantly damage the
nervous system.

Benzene is a health hazard, and the higher the aromatic content of gasoline, the
higher are the carbon particulates and carcinogenic polyaromatic emissions.

The influence of aromatic compounds (compounds containing at least one
benzene ring) has also been studied exhaustively with regard to the performance of
gasoline. Aromatics are carbon-rich, high energy density, and high octane number
fuel components but increase engine deposits and tailpipe emissions that include
carbon dioxide. The boiling point of benzene (80 °C) is in the distillation range of
gasoline and thus cannot be removed, so gasoline will contain the carcinogenic
benzene. The importance to control benzene in gasoline has been recognized in
most countries. The combustion of higher aromatics in engines also forms benzene.
The US AQIRP (Air Quality Improvement Research Program) program determined
that in reducing the aromatics from 45 to 20%, the total amount of toxins in exhaust
can be reduced by 28% (74% of the toxic emission is benzene). A European study
showed that the aromatic content has a linear relationship with CO, emission. By
reducing the aromatics from 50 to 20%, CO, emissions were reduced by 5%. Most
common the C; and C,; alkylbenzenes have a boiling point in the range of 306 to
424°F (152-218°C). The CARB gasoline specifications restrict the aromatic
content, and T90 ASTM distillation that automatically limits the presence of C,
aromatics. The most desirable gasoline aromatic is toluene (boiling point 110 °C)
from the point of view of combustion and emissions, but this component is carcino-
genic as well.

7.1.6 Other Properties

In addition to the already discussed, important properties, some other physical,
chemical, and performance properties of gasolines can be important commercially,
or during storage and use.

As discussed in Chapter 5, the lubricating properties have become important
due to the reduced sulfur content of gasolines to 50 mg/kg and later to 10 mg/kg.
Because of the deep desulfurization, concentration of components of the natural
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lubricating properties decreased to the extent that significant wear has been
observed in dosage pumps. The practically sulfur-free, modern gasolines have to
contain lubricity improver additives to control pump wear.

The sulfur content of gasolines came from hydrogen sulfide, organic sulfur com-
pounds (e.g., mercaptanes), and from free sulfur. Sulfur causes corrosion problems,
when it is in higher concentration than 10-20 mg/kg. Sulfur dioxide formed in
combustion produces an acid when combined with water below the dew point. This
acid increases cylinder wear at cold start, and in the case of a not sufficiently warm
engine, it corrodes the exhaust pipe. Moreover the sulfur dioxide and sulfur trioxide
in the environment, significantly contribute to acid rain. Some sulfur compounds
change the color and stability of gasolines [1-13].

Modern vehicles are even more sensitive to sulfur levels in fuel than older vehicles.
The newer emission regulations prescribe long life compliance with highly efficient
after treatment catalysts that requires ultra-low sulfur content in the fuel and lubri-
cant. Vehicle manufacturers are also developing engines with improved fuel economy
and reduced CO, emission by operating at a lean air—fuel ratio. These technologies
can reduce fuel consumption by 15-20% but are very sensitive to sulfur content in
the fuel. Therefore the important target in all fuel quality improvements is the
reduction of the sulfur content. For fuel-efficient lean mixture operation and ultra-low
emission constructions, sulfur-free gasoline is essential.

With the reduction of sulfur in gasoline other harmful emissions will also be
lowered considerably. For example, the emissions computed with different EUDC
methods on decreasing the sulfur content from 382 to 18 mg/kg are as follows: CO:
—42%; hydrocarbons: —52%; NO : —21%. The results of the EUDC studies were
published by EPEFE (European Programme on Emission, Fuels and Engine
Technology), a subcommitte of the European Automobile/Oil Program. The same
organization found that, hydrocarbon emissions do not decrease linearly with the
sulfur content. In addition, the sulfur content of gasolines (sulfur dioxides that form
during combustion) decreases very significantly the activity of the after-treatment
catalysts [14,20,40-45]. As a result in developed industrial countries the permitted
sulfur content is at most 10 mg/kg (European Union, EN 228:2009 + A1:2010)—
15 mg/kg (United States, California).

Liquid fuels have the advantage of high energy content. Engine performance is
determined not exclusively by the heating value of the fuel, but by the internal energy
of a theoretically correct fuel-air mixture. This oscillates within narrow margins, and
for gasolines, it is about 3.8 MJ/dm?. The heating value is computed by the fuel’s
elemental composition.

Knowing the exact density of a fuel is useful primarily at the point of gasoline
receipt. The flow of fuel into the engine influences the operation of the carburetor.
The volumetric mass of the flow to the carburetor is set generally at 0.700 g/cm?. If
the density of the gasoline is lower, such as when the ambient temperature is high,
then the carburetor malfunctions.

The oxygen content of gasolines, raised by adding alcohols and/or ethers, has
to be in line with strict standards for the last 10 to 15 years. This is because these
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compounds have a high octane number (ca. 110-118), and by boosting the
internal oxygen content, they assure improved combustion.

The water content of gasolines influences unfavorably both the engine’s operation
and storage. Water dissolves poorly in hydrocarbons. Solubility depends on the type of
hydrocarbon and increases with rising temperatures. Aromatics have the highest water
uptake capacity, followed by naphthenes and paraffins. The saturation limit at 20 °C is
about 0.005-0.05%. Alcohol solubility in water is practically unlimited. Therefore
they are used in limited concentrations in order to avoid phase separation [46—48].

The flammability of fuels is determined by their flashpoint. Gasolines have low
flashpoint and are the most dangerous class. The self ignition temperature relates to
some extent to compression tolerance, and it increases in the order of paraffin, iso-
paraffin, and aromatic. In gasolines the probability of self-ignition is actually low. It
can happen when the gasoline vapors being heavier than the air are concentrated
(near to the soil, and take fire from a far ignition source).

Electric conductivity. Static electricity, can be quite dangerous. Refining is by a
chemical method that generates friction electricity, which is accumulated in gasoline.
The chemical is positively changed; the gasoline is negatively charged. Contact with
a conductor can cause a spark and so a fire. Streaming fuels can be charged as well.
To avoid a spark generation, tanks and pipes are grounded. The charging is also influ-
enced by the humidity of air.

The heat of evaporation influences the carbureting. Very high evaporation heat of
low carbon number alcohols is utilized in racing cars where the cylinder is cooled with
the compressed mixture containing alcohols.

7.2 EFFECTS OF PROPERTIES OF DIESEL GASOILS ON ENGINES
AND THE ENVIRONMENT

Early diesel engines were large, slow in speed, and ran on low-quality fuels. As the
engine has been improved, and became lighter and capable of higher speed, the
viscous and heavy fuel had to be changed to lighter fuel of a well-defined quality.
Diesel engine performance is a function of injection timing, compression ratio,
certain mix of atomized air and fuel, and ignition delay. The cetane number and other
properties of diesel fuel become important in the high-speed engines. High-speed
diesel fuel is the main transport fuel for highway, off-highway engines, tractors, and
railroad engines.

The diesel gasoil quality and diesel engine parameters determine together the
introduction of fuel(s) into the combustion chamber, the mixture forming, the ignition,
and the combustion characteristics, and so the emission properties. The properties of
diesel gasoils affect [1,3,15,50]:

* Mixture forming
* Ignition and combustion processes
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¢ Performance
* Lubricating oil
¢ Environment and emission

Beside these listed effects the diesel gasoil’s quality can influence more or less other
properties, pertaining to storability, flammability, and so forth. The critical properties are:

* Density and energy content
¢ Distillation
* Chemical composition (hydrocarbon group, heteroatom content):
o Stability
o Corrosion effect
o Lubricity
o Cold flow

Less critical properties are:

* Viscosity

* Foaming

* Flashpoint

* coking ability

* electrical conductivity

72.1 Ignition and Combustion Properties of Diesel Gasoils

Ignition delay is determined by an engine’s design, operating conditions, and the
cetane number of diesel gasoil. The Diesel gasoil with a lower cetane number causes
higher ignition delay. This means delayed cold starting, consequently higher emis-
sions, often as “white smoke,” and engine noise caused by the higher pressure peaks.
With higher cetane number diesel engines run in hot operation mode, so the
combustion is better and smoother, which decreases the emissions of all harmful
materials, the noise level, and fuel consumption and increases the engine’s life.

The cetane number of diesel gasoils depends on the hydrocarbon composition:
the more paraffinic and lower aromatic compounds there are in the fuel, the higher
is the cetane number (see Chapter 3). The value of the cetane number can, however,
be improved with additives.

7.2.2 Density and Energy Content of Diesel Gasoils

The density of diesel gasoils influences directly the volumetric energy content (lower
heating value), which in turn influences the driving moment as a function of the rev-
olution. With higher density and the same injection volume, engines gives higher
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performance as a result of the higher energy content, so the acceleration of the vehicle
will be higher [1,13,51].

With increase in the density, particle emission increases, but at the same time the
volumetric fuel consumption decreases if the vehicle manufacturer has set a maximal
injection volume [1,2,50-57]. A decrease of density does the opposite.

7.2.3 Distillation Properties of Diesel Fuels

A fundamental parameter of diesel fuels is the distillation curve, which is a curve of
boiling points. Because diesel gasoil is a mixture of several hydrocarbons, it cannot
be characterized by a single, well-defined boiling point, but only with a boiling
range, and by some temperature data related to the amount of distilled fraction.
The determination is carried out with Engler distillation, also known as ASTM-
distillation, at standard conditions and ambient pressure (ASTM D86, EN ISO
3405). The boiling point curve determined by this method is physically not exact,
but reflects boiling point distribution which is close to the practical conditions of
rapid evaporation. With the increase of the temperature, more volatile components
may be reduced, while the heavier compounds may be caught by lighter ones.
Therefore the real initial boiling point is kept lower, and the final boiling point
higher than the measured values. The results of a standard test are used to compare
these parameters of diesel gasoil.

A typical distillation curve (the boiling temperature as a function of the distillated
fraction, v/v%) of a diesel gasoil is shown in Figure 7.6. In principle, hydrocarbons
out of the presented boiling range are suitable to combust in diesel engines as well.
This relates to both the lighter (ca. 118-190°C boiling range) and the heavier (ca.
370-500°C boiling range) fractions. For the previous case, the examples are the
so-called city diesel gasoils, and for the latter, the ship’s diesel-engine fuel. It should
be noted that the boiling range of the city diesel gasoils is lower than that of the con-
ventional diesel gasoils. Accordingly, they are of favorable hydrocarbon composition
(see later), volatility, and of low sulfur content, so the emissions are much lower
(e.g., 50, 58). However, because of their lower density, their energy content is lower,
so the fuel consumption (usually in volume) can be higher by 3—6% than that of con-
ventional diesel gasoils. (The production and sale of city gasoils have lower impor-
tance because of the very strict specifications used for standard diesel fuels, e.g., < 10
mgS/kg; < 8% PAH.)

Diesel fuel has a wide boiling point range, which can be divided into three
sections: light fraction, medium fraction (50% distilled T50) and heavy end (790,
195, and final boiling point). The lighter fraction affects the flashpoint of the fuel and
also the starting ability of the vehicle. The medium fraction influences density
and viscosity, which in turn affect engine performance. The heavy ends have profound
influence on the emission and are subjected to thorough investigations. However,
clear directions have not emerged from the European EPEFE studies. In heavy-duty
diesel engines, decreasing T95 from 375 °C to 320 °C were observed to cause lower
NO_ and higher HC emissions. In light-duty engines, the same change brought on a
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FIGURE 7.6 Typical distillation curve of gasoils.

reduction in particulate matter and an increase in NO_emissions. No clearcut conclu-
sions emerged out of these studies, except that the heavy ends are responsible for the
formation of soot, smoke, and particulate matter. There is a trend to lower the heavy
ends and thus improve fuel quality.

In motor vehicles the boiling range of the fuel basically affects other properties
such as viscosity, density, ignition, flashpoint, and flow at low temperatures. The
range and course of the boiling point curve determine the applicability of the diesel
gasoils and their behavior in the engine. One of the preferred points on the curve—
but not prescribed because of the foregoing reason—is the initial boiling point, which
is closely related to the flashpoint in being a safety requirement. Therefore the initial
boiling point of the diesel gasoils should be at least as high as that of the closed-cup
flashpoint, 55-60°C. So the amount of lighter components in diesel gasoil is
regulated by the initial boiling point and the flashpoint. The value of the closed-cup
flashpoint is limited by standards, whereas the flashpoint is indirectly regulated by
the initial boiling point.

The fraction distillated below 250 °C is responsible for the low density and
energy content; the boiling fraction up to 350 °C, and higher up to 370 (360) °C
(at least 85% and 95%), sets the limit for the heavier components. Fractions in
this temperature range contain polynuclear aromatics in high concentration and
are mainly responsible for particulate emissions. They significantly contribute to
the formation of carbonaceous deposits on the nozzles as well. Of course, at the
top of the boiling range, the concentration of the higher molecular weight
n-paraffins can be so high that they significantly degrade the cold flow properties
of diesel gasoils (see Chapter 3).

It was experimentally proved that a distillation point of 90v/v% correlates well
with the freezing point as an independent variable, pour point with a concentration of
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C,,—C,, n-paraffins, and the cold filter plugging point with the two previous
independent variables [50].

The amount, distribution, and dominant effects of the unfavorable properties in
hydrocarbons are essentially determined by the source of the crude oil, from which
gasoil is produced.

72.4 Chemical Composition

The chemical composition of diesel gasoils determines several important properties,
such as the already discussed ignition and combustion properties, the density, the
energy content, and even the shape of the distillation curve. The chemical composi-
tion of diesel gasoils also affects the stability, the corrosive effects, the low tempera-
ture flow properties, and the composition of the gas mixture formed during the
combustion, and so the emissions.

7.2.5 Stability of Diesel Gasoils

Oxidation stability of diesel gasoil is a problem for consumers and engine manufac-
turers alike. Diesel gasoils can only be partially oxidized and polymerized, so
rubber-like materials (insoluble resins) and their precursors are formed. They are
responsible for forming deposits in the fuel system (or be corrosive), which causes
the fouling of filters, and if they are transmitted through the filter, they can form
deposits on the upper cylinder wall of the engine and on the nozzles. These resin
compounds greatly decrease the performance of the engine, impair driving, and
increase the emission as well.
The stability of diesel gasoils depends on:

* Fuel composition. The production technology of the blending component is the
main factor. For example, FCC gasoil or cocker gasoil not sufficiently hydroge-
nated contains a lot of unsaturated, aromatic, and heteroatomic compounds,
unlike hydrocracked gasoil.

* Storage conditions. The tank’s construction (fix or float caped), the presence of
metals and metal-oxides, the ambient and storage temperatures, and the dura-
tion of storage are all important factors, and, of course, these can all combine.

Double bond containing molecules of diesel gasoils are more sensitive to oxidation
than paraffins and aromatics. Sulfur-, nitrogen-, and oxygen-containing compounds
significantly promote “autooxidation.” The oxidation of hydrocarbons takes place
through peroxide and hydroperoxide radicals with the forming of acidic and rubber-
like products. Reactions start with the forming of free radicals and proceed by a chain
mechanism (as has been discussed for gasoline).

It must be emphasized that all the nitrogen-containing compounds significantly
decrease the stability of diesel gasoils [1,4,50,59]. For example, during the
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FIGURE 7.7 Decreasing storage stability due to nitrogen compounds

polymerization of pyrrole derivatives or the reactions of indoles with some heterocy-
clic compounds (Figure 7.7), high molecular weight compounds are formed, and
these are hardly soluble in further chemical reactions (e.g., oxidation) [50]. Other
nitrogen- and/or sulfur-containing compounds, organic acids, and the above-
mentioned reactive olefins behave as indoles as well. Their oxidation reactions are
catalyzed by some metals (e.g., by copper).

Phenalenes formed by the oxidation of reactive olefins as shown in Figure 7.7,
and they make complex indophenalene salts with indols, like diesel gasoil blending
component constituting compounds, in the presence of an acid catalyst. An organic
acid is initially in the gasoil, or it is formed during the oxidation of merchaptanes
to sulfonic acid. However, the presence of acids should be restricted in any case,
for example, by the removal of the acidic components or their precursors from
the fuel, by transformation of the precursors (sulfur- and nitrogen-containing
compounds, acids, olefins, etc.) in the process of heteroatom removal, or by the
application of antioxidant or basic stabilizer additives. The solution to the
presented problems is not so easy. The stability-decreasing compounds of each
blending component are to be considered, since in unfavorable circumstances,
despite the blending of two or more components that are stable, while in storage
reactions may take place to make them unstable, and heavy molecular weight
rubber-like compounds may form.

It should be noted also that the thermal stability of gasoils is adversely
influenced by some additives. For example, the cetane number improver (ignition
improver) 2-ethyl-hexyl-nitrate assists the formation of heavy molecular weight
intermediate products [50].
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The level of oxidation stability of diesel gasoils as desired by vehicle manufac-
turers and customers, can be attained with appropriate hydrogenation of the blending
components using thermal technologies, and with the application of special additives
in a suitable concentration (see Chapter 5).

72.6 Corrosion Properties

Diesel gasoils come in contacts with the metallic structural materials of vehicles, but
they must not exert any corrosive effect on them. Pure hydrocarbons are noncorrosive
materials. The acidic and active sulfur-containing compounds present in gasoil (e.g.,
naphthenic acids) are very aggressive toward copper and its alloys and can cause
significant “wear,” especially at long shutdowns. Solids and/or gels formed in the
chemical reactions can be deposited and cause trouble in various parts of the engine
[1,3,13,50].

With long-term storage in changing temperatures, water condensation can corrode
tank walls. The corrosion can be prevented by applying anticorrosion additives.

However, in engines and exhaust systems, corrosion and other undesired effects
cannot be prevented with addititives, since they are brought by the acidic compounds
(sulfur dioxide, sulfur trioxide, nitrogen oxides, acids) formed during the combustion
of sulfur- and nitrogen-containing compounds. These can reduce the reserves of the
engine oils under certain conditions, and in the environment engine oils contribute to
the formation of the acid rains and the ozone depletion. Furthermore these sulfur-
containing combustion products significantly decrease the activity of after-treatment
catalysts. Consequently, as we discussed in the preceding chapter, in the last couple
of years the sulfur content of diesel gasoils was drastically reduced in several steps.
In the developed, industrial west, the maximum sulfur content is 10 mg/kg (European
Union) and 15 mg/kg (United States, California). The nitrogen content has not yet
been limited. The reasoning may be that deep hydrodesulfurization takes place with
the reduction of the nitrogen content. Some countries are, however, setting up stan-
dards to limit the nitrogen content.

7.2.7 Lubricating Properties

Recently the significant loss of lubricity in diesel gasoils, due to their decreased
sulfur and nitrogen contents, and reduced content of polar compounds (e.g.,
aromatics), has become apparent in the wear to the cam disc of the injection pump
and the injector. The wear on the cam disc has a direct effect on the vehicles
performance causing higher fuel consumption, higher emissions, and a shorter pump
lifetime (see Chapter 3).

Several laboratory methods have been developed to test injection pump wear
(HFRR: high frequency reciprocating rig; BOCLE: ball on cylinder lubricity evalu-
ator; BOTS: boll on three corner seats). While investigations using different vehicle
pumps give more reliable results, especially using vehicle fleet experiments, these
are very expensive and have a high energy demand. Nevertheless, the detrimental
effects of diesel gasoils with low lubrication capacity is supported by standardized
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laboratory lubrication investigations, and the maximal wear values are prescribed
accordingly in product standards. In Europe, the high frequency reciprocating rig
(HFRR) testing is prevalent (EN ISO 12156-1). Current standards limit the scar
values obtained by this test.

Essentially, in an HFRR test, sliding friction in the injection pump is simulated by
pressing a 6-mm diameter ball with constant force on a polished steel sheet, which is
under diesel gasoil. The degree of wear is measured by the average wear scar (um)
on the ball after 75 minutes and at the temperature used during the test.

In last 5 to 8 years some lubricity improver additives have been developed for
preventing harmful wear, and so far they have proved satisfactory.

7.2.8 Low-Temperature Flow Properties

The high cetane number of the diesel gasoil is mainly due to the straight-chain par-
affin hydrocarbons. But these compounds adversely affect cold flow properties of
diesel gasoil, because they have a high freezing point and settle out by forming crys-
tals (see Chapter 3).

The crystals are large enough to hinder pumping, to block up the fuel filters, and
to settle in the tanks. These phenomena, their mechanisms, and the possibilities of
prevention with additives (flow improvers, paraffin dispergators, etc.) were presented
and discussed earlier. Additionally, the cold flow properties can be improved in other
ways, for example, by electric heating of the fuel filter.

In the test to determine the CFPP (cold filter plugging point) (EN 116), which is
the lowest temperature for continuous fuel feed, a filter with 45-um pores is used,
while the test standard for diesel engine vehicles use filters with 5-pum pores. So it is
important to apply additives that enable continuous fuel feed through such small
pore filters.

7.2.9 Effects of Chemical Composition on Emissions

The relations between the chemical composition and the properties of diesel gasoils
have been discussed earlier. In this chapter, the emissions harmful exhaust gases due
to the chemical composition of fuel will briefly be reviewed [50-57,60].

The compositions and changes in some properties of diesel gasoils as measured in
their emissions are shown in Table 7.6 for light diesel vehicles, and in Table 7.7 for
heavy diesel vehicles [50]. The errors in these estimations are significant, but because
they are based on the results of a fleet investigation, they may differ depending on
their sources.

Clearly, the sulfur content decrease is not reflected directly in the decrease of
carcinogenic components in the exhaust particles, which contain a share of carbon-
rich particles and polycyclic aromatics. So, besides developing a more perfect
engine, work still need to be done on reducing the polycyclic aromatics content of
diesel gasoils, as these emissions are carcinogens. Ideally, the reduction of aromatic
content (including polycyclic aromatics) will proceed simultaneously with the
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TABLE 7.6 Effects of diesel fuels on the emissions (light vehicles)

Property Changes Change CO Hydrocarbon NO_  Particle
Decreasing of sulfur content 2000 — 500 mg/kg 0 0 l
Decreasing of density” 850 — 820 kg/m? l l 0 L
Decreasing of polyaromatics 8 — 1 v/v%

Increasing of cetane number 50 — 55 1l 1l +0 l
Decreasing of T, 370 - 330°C -0 -0 -0 -0

Note: 0 = no impact and +0 = from -2 to +2 %; | or 1 = 2-10 % impact; |} or 11 = 10-20 % impact;
1l or 111 => 20 % impact.
“The difference was significant only when studying the combined effects; further studies are needed.

TABLE 7.7 Effects of diesel fuels on emissions (heavy vehicles)

Property Changes Change CO  Hydrocarbon NO_  Particle
Decrease of sulfur content 2000 — 500 mg/kg O 0 1l
Decrease of density* 850 — 820 kg/m? 0 0 | |
Decrease of polyaromatics 8 — 1 v/v%

Increase of cetane number 50 — 55 1 ! l !
Decrease of T, 370 — 330°C -0 -0 -0 -0

Note: 0 = no impact and +0 = from -2 to +2 %; | or 1 = 2-10 % impact; || or 11 = 10-20 % impact;
11l or 111 => 20 % impact.
“The difference was significant only when studying the combined effects; further studies are needed.

reduction of the sulfur content of diesel gasoils, so that the total particle emissions
are reduced significantly.

Emissions from Aromatics Aromatics do have a big role in diesel engine
emissions. During combustion, the higher aromatic content increases the flame
temperature and consequently the NO_emission. Since diesel fuel contains a higher
boiling fraction, certain polyaromatics are present in it, and these influence the
formation of particulate and PAH emissions. The ACEA follow-up program to
EPEFE has shown that by reducing total aromatics 30-10%, NO _ is reduced by about
4-5% in both heavy-duty and light-duty diesel engines. Similarly, when polyaromat-
ics were reduced 9-1%, particulate emissions were reduced by about 4-6 %. The
presence of polyaromatics (tri*) in diesel fuel has a direct correlation with PAH emis-
sions in diesel engine exhaust [61]. Diesel engine manufacturers have achieved great
success by incorporating new technologies to control engine emissions like NO_
and particulates.

The influence of the aromatic content of diesel fuel on soot formation has been
investigated by varying aromatics in the fuel at 0-27 % (total of mono-, di-, and
tri-nuclear aromatics to max 25%). Aromatics in diesel fuel are also correlated to
unburned hydrocarbons, particulate formation, and NO_in the emissions. Thus the
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high boiling polynuclear aromatics in diesel fuel were limited. In another study, the
sulfur content and density have been found to be the most important parameters
affecting the particulate emissions in both DI and IDI engines [62]. A soluble organic
fraction (SOF) of PM was found to be 17-22% due to higher soot loading in the
engines. Higher cetane numbers in diesel fuels were found to be beneficial in reducing
gaseous emissions of NO , CO, and hydrocarbons (HC).

Vehicles with oxidation catalysts convert a large amount of SO, into SO, ; thus
increasing the particulate matter substantially. US studies on heavy-duty diesel
engines showed particulate reduction in the range 12-27% for sulfur reduction from
0.3-0.05%. For similar sulfur reduction, European studies showed benefits in the
range 7-12% [63]. Some studies showed no change. As the emission regulations
become tighter with respect to NO , PM, and CO, emissions and fuel consumption,
ultra-low sulfur fuels will need to be used to meet these requirements. There is com-
promise between PM fuel consumption and NO . The deNOx catalyst seems to
remove this emission from oxygen-rich exhaust. The oxides of sulfur compete with
the oxides of nitrogen for adsorption on the deNOx catalyst, thus decreasing its
catalytic efficiency. In NO_ storage catalysts, a platinum catalyst converts NO to
NO,, which is stored as barium nitrate. Rich fuel operation provides hydrocarbons to
reduce NO_ over a standard three-way catalyst. The presence of sulfur in the fuel
results in storage of sulfur as barium sulfate, which exhausts the storage system. The
catalyst thus requires sulfur-free fuel for good performance. Oxides of sulfur poison
the NO_ adsorption sites of the catalyst. Fuels containing 30 ppm sulfur show
relatively poor performance in NO_ conversion efficiency as compared to diesel fuel
containing 3 ppm sulfur. Thus sulfur reduction is absolutely necessary in employing
these catalyst systems.

For reducing emissions, combustion improvement technologies, such as
high-pressure injection, exhaust gas recirculation (EGR) systems, and exhaust gas
treatment technologies, like oxidation catalysts, diesel particulate filters (DPF), and
NO, storage reduction catalysts, have been developed. DPFs are used for capturing
and removing particulate matter in exhaust gas with filters of various structures. For
example, a wall-flow type DPF has a structure where the two ends of a honeycomb
monolith are alternately plugged. However, in this type of particulate filter, as the
captured PM accumulates, pressure loss increases and engine power decreases, as
does the fuel efficiency. Thus, DPFs have to be replaced after certain mileages, or
have the particulate matter removed by oxidation and combustion. Recently, contin-
uous regenerative DPFs have been developed. Common rail engines are being devel-
oped with electronic injections that increase the exhaust gas temperature to burn off
trapped particulates. Through the combination of post-combustion fuel injection in
the cylinder, pre-filter hydrocarbon combustion, and a catalytic additive mixed on
board with the fuel, the modern diesel engine could be enabled to continuously
regenerate diesel particulates filters. Sulfur in diesel fuel is converted to SO, and then to
a sulfate by the oxidation catalyst in the DPF. Sulfate particulates are emitted into the
atmosphere. It is therefore necessary to use diesel fuels with ultra-low sulfur content
(3 ppm) to obtain the maximum advantage of advanced low emissions engines. Ash
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from the fuel and lubricants also has a profound effect on the life of diesel particulate
filters, and this has to be kept to a low level as well.

The particle filter contains catalytically active coating on the filter body to
accelerate burn-off during a regeneration phase of the soot particles accumulated on
the filter. The particle filter’s catalytic coating contains compounds of barium,
magnesium, and an element of the platinum group metals. The soot particles
accumulated on the filter are burned by the exhaust gas of the diesel engine driven
using a lean mixture. Soot particles have an ignition temperature and the particle
filter is effectively regenerated from time to time by raising the temperature of the
particle filter above the soot ignition temperature.

The effect of fuel additives containing sodium and lithium of an aliphatic alcohol
on the regeneration behavior of diesel particulate filters was studied [64]. The
efficiency of these additives was compared with ferrocene, which was found to be
effective in particulate filter regeneration. The additives were tested under
steady-state conditions, on a transient dynamometer, and finally in a real driving test.
As aresult of the addition of alkali metal salts, the ignition temperature of the soot in
the particulate filter proved to be considerably lower than the ignition temperature
without the additive. The results with the alkali metal additives are similar to those of
ferrocene and other additives with transition metals like manganese and copper.
However, the regeneration intervals of the particulate filter are shorter under real
operating conditions. This way the critical filter loading with soot can be avoided,
since it can lead to filter damage during regeneration. The ash accumulation in the
particulate filter caused the filter pressure to continuously drop during the driving
test. Besides this positive outcome, the ash formed is water soluble and can easily be
removed by rinsing the filter with water. Engine bench tests and vehicle programs on
light-duty and heavy-duty diesels have confirmed that a bimetallic platinum and
cerium diesel fuel borne catalyst (FBC) can reduce engine emissions and improve the
efficiency of diesel oxidation catalysts and diesel particulate filters [65]. Particulate
emission reductions were up to 25% for FBC alone, up to 50% for the FBC and
oxidation catalyst, and up to 95% for FBC and a diesel particulate filter. Vehicle and
engine bench tests confirm that the regeneration of the filters at exhaust gas tempera-
tures can be as low as 280-320 °C. Field trials with commercial fleets have confirmed
the engine bench test, which showed the fuel saving to be around 6%. Measurements
have also confirmed that ultra-low additive dose rates of 4 to 8 ppm do not result in
an increase of ultra-fine particulate emissions and significantly reduce the ash loading
of diesel particulate filters. Combined with exhaust gas recirculation, the fuel-borne
catalyst and a diesel particulate filter have demonstrated NO_+ HC and particulate
emissions to be below 2.5 g/bhp-h (3.3 g/kWh) and 0.01 g/bhp-h (0.013 g/kWh).

Ultra-Fine Particulate Emissions Many studies have suggested that the
emission of ultra fine nanoparticles (smaller than 50 nm in size) have the ability to
penetrate into human lung tissue and cause serious respiratory disorders and acute
pulmonary disease [66,67]. A study found that 6% of all deaths in Austria, France,
and Switzerland are due to the air particulate pollution [68]. Other studies have
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shown that particle emissions of gasoline injection engines are much lower than
those of diesel engines [69—71]. These emissions increase during cold starting and at
high loading. Fuel additives also influence particulate emissions [72]. Different
additives have shown different results; for example, polyether amines have been
shown to reduce particle number emissions (by 35% for PFI and by 28% for GDI
engines at 100 km/h).

72.10 Other Properties

Besides the effects of diesel gasoil properties, discussed so far in this chapter, there
are yet some important physical properties that we summarize below.

Viscosity The work on perfecting the fuel-feeding system and the mixture-
forming system of diesel engines, and investigations into lubricity improver additives,
has overshadowed the significance of viscosity in diesel gasoils. Viscosity also has a
role in good injection and assists in the lubrication of the fuel supply system [1,3,13,50].

Too high viscosity makes the pumping difficult at a low temperature, resulting in
cold start problems, and too low viscosity can lead to failure at hot starting and at a
high temperature it can cause performance to deteriorate and eventually to wear out
the pump. During injection, too high viscosity causes larger diesel gasoil drops to
form (“poor atomization”), so these are fed to the burning zone before having been
finely mixed with air. Lower performance results with higher harmful material emis-
sions, and, under some conditions, the dilution of the engine oil. The industry stan-
dards for the kinematic viscosity range of diesel gasoils have to be considered. For
example, with the decrease of temperature of ordinary fuel 40-20°C or with the
increase of the pressure to ca. 600 bar, the viscosity doubles [50].

Compatibility with Seals 1t has been found that in diesel gasoils of low aromatic
content especially during long term storage the seals shrink, and consequently
dripping fuel can be observed. Improved seals with appropriate resistance (e.g.,
fluoroelastomers) were developed. They have a tight sealing in the range of —40°C
to +130°C [50,68,73].

Foaming Foaming of diesel gasoils occurs especially in cool or cold weather.
Because at this time the viscosity of the diesel gasoil is higher, during the filling of
the vehicle fuel tank the compact foam can reach the loading point, which will turns
off the fuel flow in the nozzle. This increases the filling time, and can cause the over-
flow of fuel, thus polluting environment and can cause inconvenience to the consumer.
However, foaming rarely occurs because all modern diesel gasoils contain antifoam-
ing additives.

Coke Residue The coke residue indicated in fuel by the Conradson number
contains both organic and inorganic (e.g., residue from metal-containing additives)
components. The index helps give information about the fuel coke forming liability on
jets and in combustion chambers. Since metal-containing combustion improvers can
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significantly affect the Conradson number, and lead to inaccurate conclusions, there-
fore, coke residue should be determined from the base (additive-free) diesel gasoil.

Water Content The water gets into gasoil with blending components, such as
when the initial boiling point is established by stripping or when ammonia and
hydrogen sulfide (produced by heteroatom removal) are removed by blowing with
steam. After the subsequent drying processes the diesel gasoil still contains a small
amount of water. The maximum amount of dissolved water in the diesel gasoils
depends on the hydrocarbon composition and the temperature. At a low temperature
and low aromatic content, the diesel gasoil dissolves less water. Therefore, when the
temperature decreases, water precipitates from the diesel gasoil. In winter it may
form ice crystals that plug the fuel filter or hinder filling by settled paraffin crystals.
To prevent or avoid this process, deicing additives are used.

Electric conductivity The presence and accumulation of the static electricity can
be dangerous. Flowing engine fuels can be charged up. To avoid spark formation,
tanks and pipelines must be grounded. Charging is also affected by humidity. The use
of the antistatic additives helps solve this problem because they improve the electric
conductivity.

Flashpoint During the storage and transport of diesel gasoils, the flashpoint is an
important safety parameter. The flashpoint can easily be found in crude oil refineries
by establishing the initial boiling point of blending components or measuring by a
flash point tester.
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I CHAPTER 8

Aviation Fuels

8.1 AVIATION GASOLINES

The aviation industry uses two types of fuels: gasoline for piston or Wankel
engines and jet fuel (kerosene type) for the jet engines (turbine engines) aircrafts.
The former is known as aviation gasoline (Avgas) and the later is as aviation tur-
bine fuel (ATF). Early aircrafts used low octane straight-run gasoline, which
resulted in overheating and engine failure. With the discovery of tetraethyl lead as
an octane improver, it was realized that higher octane gasoline increases engine
power output. Soon after, aviation gasoline of 92 octane containing maximum
6ml of tetraethyl lead (TEL)/gal (2.6 gal/liter) was introduced. This was further
improved to 100 octane to reduce engine size and improve engine power during
World War II. Several gasoline grades of varying octane numbers were in use.
These ranged as 68, 80, 82, 87, 92, 100, and 100 low lead (LL). Various test
methods were also formulated (ASTM D-614, ASTM D-2700, ASTM D-909) to
determine the octane number.

Aviation gasolines are characterized by energy content (heat of combustion),
knock resistance, volatility (fuel tendency to vaporization, distillation characteris-
tics), low freezing point, high stability, cleanliness, and high electrical conductivity.
They usually contain an antioxidant, anti-icing, corrosion inhibitor and an antistatic
agent. A small dosage of metal deactivator is also incorporated to meet the corrosion
characteristics and to provide synergisms with the antioxidant. The most important
properties of aviation gasoline are octane rating (especially rich rating) and volatility.
These properties along with the electrical conductivity degrade during transportation
and storage, therefore special care has to be taken in working out the specifications
of products [1].

The demand for these fuels is, however, now limited due to the widespread use of
jet engines in both military and civil aircrafts. The annual US usage of Avgas was
about 700,000m?* in 2008, which was approximately 0.14% of the motor gasoline
consumption.

Aviation gasolines are the mixtures of C,—C, hydrocarbons (mainly isoparaffins).
They contain C, isoparaffins as a major constituent. The reason for the high isoparaffin

Fuels and Fuel-Additives, First Edition. S. P. Srivastava and Jend Hancsék.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.

316



AVIATION GASOLINES 317

content is that these hydrocarbons are the most favorable regarding the three main
characteristics of aviation fuels: lean-mixture antiknock, rich-mixture antiknock,
low-temperature fluidity. The main petroleum derived component used in the
blending of Avgas is alkylate, which is essentially a mixture of various isooctanes
and is produced by the catalytic reaction of C, olefins and isobutane (alkylation and
the properties of alkylates have been discussed in Chapter 3). Some refineries also
use reformates.

Avgas has lower and more uniform vapor pressure than automotive gasoline to
keep it in the liquid state at high-altitude and to prevent vapor lock formation.
Currently Avgas is available in several grades with variation in maximum lead
concentrations.

8.1.1 Aviation Gasoline Grades

In the past the aviation gasoline was generally identified by two numbers
(e.g., 100/130) associated with its motor octane number (MON). The first number
indicates the octane rating of the fuel tested to “aviation-lean” standards, which is
similar to the antiknock index given to automotive gasoline in the United States. The
second number indicates the octane rating of the fuel tested to the “aviation-rich”
standard, which tries to simulate a supercharged condition with a rich mixture, at
elevated temperatures, and a high manifold pressure. Nowadays, only the lean-mixture
octane rating is used. Avgas is generally dyed to identify different grades. Table 8.1
gives the key specifications for four grades of Avgas according to the ASTM D-910
specifications. These quality specifications are applied in Europe as well.

Most piston aircraft engines require 100LL Avgas, and an equivalent unleaded
grade of fuel has not yet been developed for these engines. Aircraft is often pur-
chased with engines that use 100LL because many airports only serve 100LL. Efforts
are being made to develop a lead-free product by using a combination of following
components [2]: alkylate: 12-18vol%; super alkylate: 28—42%; toluene: 20-30%;
toluidines: 3—5%:; ethanol: 0-5%; C, stream 10-20%.

ASTM D-910-1998 specification lists chemical additives that can be used in
appropriate dosages. Russian Avgases are specified in GOST 1012-72 and TU N
4-60-67 standards.

8.1.2 Aviation Gasoline Additives

Antiknock compounds Tetracthyl lead plus ethylene bromide provide two
atoms of bromine per atom of lead. Ethylene bromide acts as scavenging agent for
lead. When Avgas is burned in an engine, the lead in the tetraethyl lead is converted
to lead oxide. These deposits quickly collect on the valves and spark plugs, and can
damage the engine. Ethylene dibromide reacts with the lead oxide as it forms, and
converts it to a mixture of lead bromide and lead oxybromides. Because these
compounds are volatile, they are exhausted from the engine along with the rest of the
combustion product. The dosage of TEL depends on the grade.
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TABLE 8.1 Key specifications of aviation gasolines

Grade Grade

Properties Method Grade 80 100  100LL
Motor octane no., lean mix., min. ASTM D2700 80 100 100
Motor octane no., rich mix., min. ASTM D2700 87 — —
Performance no., (supercharged) min. ASTM D-909 — 130 130
Color ASTM D-2392 Red Green Blue
Blue dye, mg/L max. 0.2 2.7 2.7
Yellow dye, mg/L max. Nil 2.8 Nil
Red dye, mg/L max. 23 Nil Nil
TEL/L max., gPb/L, max. ASTM D 5159 0.14 1.12 0.56
Distillation
10% vol, °C max. ASTM D-86 75
40% vol, °C min. 75
50% vol, °C max. 105
90% vol, °C max. 135
FBP, °C max 170
Sum of 10vol% + 50 vol%, evaporated 135

temperatures, °C min.
Recovery, % min. 97
Residue, % max. 1.5
Loss, % max. 1.5
Vapor pressure at 37.8 °C, kPa
Min. ASTM D-5191 38.0
Max. 49.0
Freezing point, °C max. ASTM D-2386 =58
Corrosion, copper strip 2 hours at ASTM D 130 1

100°C, max.
Potential gum mg/100 ml max. ASTM D-873 6
Sulfur, % max. ASTM D-2622 0.05
Lead precipitate, mg/100cm? ASTM D-873 3
Electric conductivity, pS/m ASTM D-2624 50450

Note: For complete specification of Avgas 80, 100, and 100LL grades, refer to ASTM D-910 or Def Stan
91-90 (DERD 2485). MIL-G-5572P provides corresponding specifications for Avgas.

Antioxidants, 12 mg/L max

2,6-ditertiary butyl phenol (DBP)

2,6-ditertiary butyl 4-methyl phenol (DBPC or BHC)

2,4-dimethyl-6-tertiary butyl phenol

75% min. 2,6 ditertiary butyl phenol, plus 25% mixed tertiary and tritertiary butyl
phenols

75% min. di- and tri-isopropyl phenyl, plus 25% max. di- and tritertiary butyl
phenols

72% min. 2,4-dimethyl-6-tertiary butyl phenols, 28% max. monomethyl and
dimethy] tertiary butyl phenols
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N, N'-di-isopropyl para-phenylene diamine
N, N’-di-secondary butyl para-phenylene diamine

Anti-icing Agents

Isopropyl alcohol (IPA) at dosage recommended by aircraft manufacturers
Diethylene glycol monomethyl ether (Di-GME) at 0.10-0.15% vol

These are often mixed at the point-of-sale so that users do not have to bear the extra cost.
Antistatic Agent/Electrical Conductivity Improver Additives

Stadis™ 450 1-5 ppm max.

Stadis 450, with dinonylnaphthyl sulfonic acid (DINNSA) as the active ingre-
dient, is an example. These additives are soluble in fuel and ionize to provide
electrical conductivity in the system.

Dyes

Blue: 1,4-Dialkylamino anthraquinone

Yellow: p-Diethylamino-azobenzene or 1,3-benzenediol 2,4-bis[(alkylphenyl)
azo-]|

Red: Alkyl derivative of azobenzene-4-azo-naphthol

The combinations of these dyes provide different colors to the fuel; for example, a
blue and red dye combination gives purple color. A blue and yellow combination
gives green color.

The following additives are also incorporated for additional advantages:

Corrosion inhibitors. For example, Dow Corning’s DCI-4A is used for civilian
and DCI-6A used for military fuels.

Biocide. This can be added if evidence exists of bacterial colonies inside the fuel
system.

8.1.3 Automotive Gasoline for Aircraft

Automotive gasoline (known as Mogas or Autogas in the aviation industry) that
does not contain oxygenates may be used in certified aircraft that have a Supplemental
type certification for automotive gasoline and in experimental aircraft. However, for
most aircraft, automotive gasoline is not a replacement for Avgas because automo-
tive gasoline quality control standards do not meet Avgas standards. Recently, in
small air planes the possible use of gasoline having an ethanol content up to 15%
was investigated. It was concluded that the use of ethanol-containing fuel would be
safe provided that there would be frequent and careful checkups of the fuel supply
system [3].
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The EPA has previously named Avgas as one of the most “significant sources of
lead.” In view of these restrictions, the 100LL Avgas phaseout has been planned and
work is being carried out to develop a suitable substitute without tetraethyl lead.

8.2 JET FUELS

Jet aircrafts are powered by gas-turbine engines. In jet engines, air flows through the
compressor (driven by the turbine) to the combustion zone, where fuel is injected and
burned. The exhaust gases are expanded in the turbine and exhausted into the
atmosphere. The aircraft is thus pushed by jet propulsion (gas jet propulsion). These
jet engines have significantly higher performance than piston engines. Consequently,
after the invention of their first type, they spread rapidly. They are continuously
under development, which has allowed the growth of worldwide air transportation.
Air travel is an indispensable part of mobility in modern societies. The quantity of
fuel used in the world was 205x 10%t (70x 10°t in the European Union), which was
ca. 8% of the transportation fuels used in the world in 2010. Predictions show the
consumption of Jet fuels would be increasing [4,5].

8.2.1 Main Quality Requirements and Properties of Jet Fuels

The most important properties of jet fuels are the energy content and combustion
quality. Next in importance to performance are stability (oxidation and heat),
fluidity (cold flow properties), volatility, purity, and noncorrosivity. Jet fuel is
also used as a coolant for fuel systems. The important properties of jet fuels
from the aspect of safety are flashpoint and conductivity. In general, the fuel’s
volumetric energy content (energy per unit volume of fuel; MJ/L) is more impor-
tant than the mass energy content (energy per unit weight of fuel; MJ/kg). The
relationship between these variables is very complex, and other influences must
be considered.

In a jet engine, combustion is continuous, whereas in a piston engine, combustion
is intermittent. In the jet engines particles formed at the beginning of combustion
must be totally burned away during the pass through the flame. Otherwise, they form
deposits and cause erosions. Hence particle-forming components (e.g., aromatics,
especially naphthalene) of jet fuels must be restricted.

Storage and heat stability basically depend on the composition of fuel. But storage
and operational conditions (coolant for engine, etc.) have effects too. For the proper
working, particle and gum formation must be avoided. These can cause fuel supply
problems, filter fouling, burning product deposits, and the like. Storage stability can
be improved by appropriate hydrocarbon compositions (of highly saturated content)
and by using an antioxidant additive.

Lubricity is an important property of jet fuel because the fuel lubricates some
moving parts in the fuel pumps. This property is assured by the heteroatom content
(oxygen, nitrogen, and sulfur content) of the fuel and/or the lubricity improver
additives.
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Among the flow properties, suitable values of viscosity and freezing point—at
very low temperatures to about —60°C—are especially important for good
pumpability.

Jet fuel volatility is determined by distillation and vapor pressure values, which
are critical to achieving proper vaporization before combustion. Vapor pressure
that is too high can cause vapor lock in the fuel system, and transport and storage
losses.

The special flammability or flashpoint at which jet fuel ignites provides good
conductivity that serves to prevent the static charges and explosions.

8.2.2 Aviation Turbine Fuel Specifications

Civilian jet fuels and military jet fuels specification are different. The American
ASTM and the British MOD (United Kingdom Ministry of Defence) have taken
the lead in setting and maintaining specifications. The specifications of many
other countries are similar or identical to the ASTM or MOD specifications. In
some Eastern European countries, the jet specifications are those issued by the
Russian GOST.

The four commercial US (ASTM D 1655) and Russian (GOST 10227) jet fuels
are Jet-A, Jet-Al, and GOST TS-1 (kerosene-type fuels). There is further a grade
Jet-B (wide-cut fuel), as listed in Table 8.2.

Jet A and Jet A-1, the most common jet fuels, must meet an internationally stan-
dardized set of specifications. Jet A and Jet A-1 are kerosene-type fuels. The primary
difference between them is the freezing point (the temperature at which wax crystals
appear in a laboratory test). Like Jet A-1, Jet A has a fairly high flashpoint of 38°C
(100 °F), with an autoignition temperature of 210°C (410 °F). Jet A, is mainly used
in the United States and has a freezing point of —40°C or below, while Jet A-1 has a
freezing point of —47°C or below. Jet A does not normally contain an antistatic
additive, while Jet A-1 often requires this additive. Jet A and Jet A-1 are produced
according to the requirements of ASTM D1655 and Def Stan 91-91 standards,
respectively.

The only other jet fuel that is commonly used in civilian turbine engine powered
aircrafts is called Jet B and is used for its enhanced cold weather performance. Jet B
is mixture of naphtha-kerosene and therefore contains lighter compounds, which
makes its handling more difficult due to its high flammability. Jet B is a civil version
of JP 4. (as explained later)

Jet fuels are mixture of a large number of different hydrocarbons. The range of
carbon numbers is restricted by the requirements for the product, for example,
freezing point or smoke point. Kerosene-type jet fuels (including Jet A and Jet A-1)
have a carbon number distribution between about 8 and 16. Wide-cut or naphtha-
type jet fuels (including Jet B) contain hydrocarbons of about 5 and 16 carbon
numbers.

For the military jet fuels in the United States and in other countries, special spec-
ifications are required because military aircraft must meet higher performance stan-
dards than civilian aircraft.
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United States jet fuels have been coded since 1944 as JP-1, JP-2, JP-3, JP-4, JP-5,
JP-6, JP-7, JP-8, and JP-8+ 100 (JP=Jet propulsion). In kerosene-type fuels (JP-1,
JP-5-JP8, and JP-8+100) the differences are in the freezing points and/or thermal
stability, and also in the additives. JP-8 and JET A-1 are quiet comparable in
performance.

8.2.3 Production of Aviation Turbine Fuels

In the production of jet fuels, the type of hydrocarbon compound groups and the
available raw materials and their costs, for example, are the main considerations.
Fuels of jet engines can be naphtha-kerosene type, or kerosene type only. Some
such compounds that are in the boiling point range of jet fuels are summarized in
Table 8.3 [6,7].

As data in Table 8.3 indicate, the preferable compounds are the isoparaffins
and naphtenes, due to their oxidation stability and combustion properties.
Some properties of jet fuels are determined by compounds that are present in
very low concentrations (e.g., lubricity, corrosion, and conductivity). In jet fuels
water can only be present in solution, as free or emulsified water is not
permitted.

The classification of jet fuel production from conventional and alternative raw
materials is shown on Figure 8.1 [6]. For the crude oil kerosene fraction, a suitable
boiling point range (initial boiling point ca. 140-160 °C and final boiling point ca.
220-260°C) is obtained by distillation. If the quality properties satisfy the
specifications of the country’s standard, the kerosene fraction can be used as jet fuel
(straight-run jet) after suitable additivation. However, in most cases quality
improvement is necessary in order to partially or totally reduce the heteroatom- and/
or aromatic contents [6-9].

The heteroatom compounds of kerosene fractions may contain sulfur, nitrogen, or
oxygen atoms. For example:

¢ Sulfur compounds:
o Mercaptans:

R-S-H, C,<R<C,

10 —
o Sulfide chain:

R, -S-R,
Sulfides

R,-S-S-R,
Disulfides
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POSSIBILITIES OF PRODUCTION
OF JET FUEL

FROM RENEWABLE
FEEDSTOCK

/ \ FROM

HYDROGENATION OF SYNTHESIS GAS
TRIGLYCERIDES
HYDROGENATION OF

LIGNOCELLULOIDES
FOSSIL BASED

/ FEEDSTOCK
PRODUCTION WITH \ PRODUCTION

C(;)I;T{\(’)%IESSISO N WITH SYNTHESIS )
/ \ Based on synthesis gas (CH,, coal, crude oil products)
Fischer-Tropsch synthesis, products, andhydrocracking
WITHOUT CARBON WITH CARBON isomerization
NUMBER CHANGING NUMBER CHANGING
Hydrogenation, desulphurization Hydrocracking of heavy distillates,
and/or aromatic saturation of oligomerization + hydrogenation

petroleum fractions, hydrogenation
of heavy reformates

FIGURE 8.1 Classification of the possibilities of producing jet fuels

o Sulfide cyclic:

J AR
S
Thiophenes

R

S
Benzothiophenes
R: alkyl group

NH,

Aniline

» Nitrogen compounds:

A
=

N
Quinolin
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COD
N
H

Indole

* Oxygen compounds:

OH

O

Phenol

R-COOH C,<R<C,

Carboxyl acids
R: alkyl-group

The mercaptan content of jet fuel can be at most 0.003% (in several countries it is
lower than 0.001%), because these compounds are very corrosive. So they must be
transformed or removed, even if the total sulfur content satisfies the value in the
standard.

The transformation of mercaptans to noncorrosive compounds like disulfides is
called “sweeting.” They are not corrosive and have a less undesirable odor than
mercaptans [7-9]. Many process are developed for this aim [7—11]. Among these, the
most prevalent is mercaptan oxidation by a MEROX® (Mercaptan Oxidation) process
that uses a cobalt-based catalyst:

2R-SH+%0,—->R-S-S-R+H,0

In some cases the sulfur content of jet product does not reduce, because disulfides are
not separated from the product.

If the sulfur content of a straight-run kerosene fraction has to be reduced in a
significant quantity, then the sulfur must be removed not only from mercaptans but
also from other compounds. Technically and economically, the best process is
hydrodesulphurization. The sulfur atom is then removed in the form H.S, and in the
meantime, the corresponding saturated hydrocarbon is formed. (A detailed descrip-
tion of hydrodesulphurization can be found in Chapter 3.) Depending on the
requirements, jet fuel can be produced with sulfur content lower than 1mg/kg
(Ippm) on a CoMo/Al O, (NiMo/ALO,) catalyst, at temperatures 310-340°C,
pressure 20-40bar, 3—4 m*m3h liquid hourly space velocity, and 150-250 Nm?3/
m* H_/hydrocarbon ratio.

During the heteroatom removal, not only does the desulphurization takes place
but nitrogen and oxygen atoms are also removed from their compounds, forming
ammonia, water, and the corresponding saturated hydrocarbon. Additionally, a partial
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saturation of aromatics (20-50%) takes place, depending on the applied catalyst and pro-
cess parameters. This results in the reduction of particle formation during combustion.

In many countries jet fuel is passed through clay beds or other special
adsorbents for removal of surface active materials (naphthenic acid, phenol,
benzene sulphonic acid, etc.) before the transportation from the fuel terminals or
airports [8,12,13]. Because of the increase of demand for jet fuels, crude oil dis-
tillates cannot satisfy the quantity requirements. So cracking of heavy distillates
to kerosene boiling point products is necessary. Examples of these technologies
are the fluid catalytic cracking (FCC) and hydrocracking (see Chapter 3).
Suitably large fractions of FCC must be desulphurized, and olefins have to be
saturated. The kerosene fraction of hydrocracking is an excellent Jet fuel
blending component.

To improve the quality of jet fuels (combustion properties and harmful material
emissions) obtained from distillation, partial or total saturation of aromatics are
required. This way more preferable, mainly naphthene content jet fuel is produced
(see at Table 8.4) [6].

The saturation of aromatics is carried out on NiMo/ALO, or Pt and/or Pd/acid
support catalysts, at temperatures 280-320°C, 30-40bar pressure, 1.5-3.0m*/m*h
liquid hourly space velocity, and at 200-250 Nm*/m’ H_/feedstock ratio. The aro-
matic content of jet fuel that is produced with 98-99% liquid yield is lower than
1-5%. Other quality properties are also excellent (smoke point: min. 29 mm; freezing
point: =51 °C) [6].

Over the last 5 to 10 years, the issue of fuel production from alternative resources
has come to the foreground [6,14-23]. As shown in Figure 8.1, some of these possi-
bilities include production of jet from triglycerides with suitable carbon numbers
and Fischer—Tropsch synthesis from different sources. Alternative fuels such as the
introduction of bio-JET into the aviation were already discussed in Chapter 4
[14-16].

The properties of jet fuel produced by different methods are further improved with
additives. These are important from the point of new of security.

8.2.4 Additives of Jet Fuel

In different Jet fuels the additive used and their properties are carefully specified. The
additives should not interact with each other and have negative impact on other fuel
quality characteristics.

The main difference between the crude oil based civil and military Jet fuels is the
additives used in them. For example Jet-A1 in the United States contains antioxidant
and antistatic additives, whereas the military Jet fuel must contain at least three dif-
ferent kinds of additives. The different types of Jet fuel additives are discussed below
[28-30].

Antioxidants Aviation fuels produced by hydroprocessing lose the naturally
occurring antioxidants that provide protection from oxidation. Oxidation of
hydrocarbons proceeds through a free radical mechanism, and peroxide radicals
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TABLE 8.4 Properties of naphthenes and aromatics with the same carbon number

n-Penthyl- n-Penthyl- n-Hexil- n-Hexil- n-Hepthyl- n-Hepthyl-

Property Benzene Cyclohexane Benzene Cyclohexane Benzene Cyclohexane

Heating value, 34.1 36.5 34.1 36.5 342 36.6
MlJ/kg

Freezing —43 -58 —42 =52 -40 —47
point, °C

are formed. Peroxides are known to attack elastomers, causing embrittlement,
and they also contribute to gum and particulate formation. The use of antioxi-
dants effectively prevents peroxide degradation. Under JFSCL and Def Stan
91-91, a 17-24 mg/L dosage of an approved antioxidant must be added to the fuel
blend that has been hydro processed. All the antioxidants are approved by chem-
istry. The use of antioxidants is optional in ASTM D1655 specification. The
following are approved antioxidant additives (dosage: 24 mg/l max) for aviation
turbine fuels.

2,6-Ditertiary butyl phenol (DBP)

2,6-Ditertiary butyl 4-methyl phenol (DBPC or BHC)

2,4-Dimethyl-6-tertiary butyl phenol

2,6-Ditertiary butyl phenol (75% min., plus 25% mixed tertiary and tritertiary-
butyl phenols)

2,4-Dimethyl-6-tertiary butyl phenol (55% min., plus 15% min. 2,6- ditertiary
butyl 4-methyl phenol, remainder as monomethyl and dimethyl teriary-butyl
phenols)

2,4-Dimethyl-6- tertiary butyl phenol (72% min., plus 28% max. monomethyl and
dimethyl tertiary butyl phenols)

Metal Deactivators Metal ions in fuel catalyze oxidation reactions. The fuel can
undergo degradation, leading to the formation of gum or sludge, which contribute to
poor thermal stability. Copper and zinc are the two common metals found in the jet
fuel system. The metal deactivator additive (MDA) has the ability to chelate the
metal ions and prevent fuel degradation. The metal deactivators in synergy with an
antioxidant improve both thermal stability and oxidation stability. The use of MDA
showed improved results in the JFTOT test. The following two MDAs have been
found suitable for jet fuels:

N,N'-Disalicylidene-1,2-propanediamine
N,N’-Disalicylidene-1,2-cyclohexanediamine

ASTM D-1655 recommends an application of 2-5.7mg/L max. of N,N'-
disalicylidine-1,2-propane diamine metal deactivator in jet fuel.
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Fuel System Icing Inhibitors Icing inhibitors deter the plugging of the fuel
supply system caused by ice crystals. Most fuels contain trace amounts of
dissolved or dispersed water. Water can also get into the system during storage.
At low temperatures, the dissolved water may form fine droplets. Although the
amounts are small, the droplets can freeze at high altitudes and cause filter
plugging. Fuel system icing inhibitors were developed to protect the system
against this plugging. The most widely used additive is diethylene glycol
monomethyl ether (DEGME). The use of icing inhibitor is required in UK and
US military jet fuels. It is optional in many civilian specifications and is very
seldom used. Diethylene glycol monomethyl ether (DIGME) is recommended
in a 0.10-0.15vol% dosage.

Corrosion Inhibitors and Lubricity Improvers Corrosion inhibitors were
originally added to military jet fuels to protect the fuel distribution system and
aircraft engines from corrosion. Many aircraft fuel system components, especially
pumps, rely on fuel to lubricate the moving parts. Hydroprocessing of fuels removes
the components that provide fuel with natural lubricating properties. Because
mostly military aircrafts are susceptible to lubricity problems, UK and US military
specifications require corrosion inhibitors (e.g., alkyl-succinic-acid derivatives)/
lubricity additives (e.g., C8-C10 carboxylic-acid esthers) in fuel. Although civilian
fuel specifications do not require the use of lubricity additives and fuel produced
according to ASTM D1655-04a, these additives may be supplied to fuel by an
agreement between the purchaser and the supplier [27,28]. Def Stan 91-91/5 has
qualified several commercial products to be used in specific concentration.

Thermal Stability Additive (Only Allowed for Use in Certain Military Jet
Fuels) Jet engine fuels are often subjected to very high temperatures. Fuel-
related carbon deposits have been observed in the filter screen and fuel nozzles,
but not observed in piston engine aircrafts operating on Avgas. Several sulfur-
and nitrogen-containing organic compounds [29,30] are responsible for the
thermal instability of the fuel. Jet fuels must therefore be subjected to the Jet
Fuel Thermal Oxidation Test JFTOT) by ASTM D3241. In this procedure, the
fuel is pumped over a heated tube under pressure and through a metal screen of
17 um at 260 °C. The filter pressure drop during the test and the tube color are
monitored.

Modern military jet engines require aviation fuel that has a higher thermal sta-
bility and heat sink capacity than Civilian Jet engines. The fuel is exposed to higher
heat load in these jet engines.

Static Dissipater Naturally occurring polar compounds having good electrical
conductivity are removed in refining processes. The refined fuels have lower electrical
conductivity and have increased risk of charge generation, especially during loading
or as the fuel passes through filters. To eliminate this risk, a static dissipator additive
is widely used in jet kerosene. The minimum and maximum fuel conductivity
requirements for Def Stan 91-91 and JP-8 are 50-450 pS/m. The addition of a static
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dissipator is not mandatory under ASTM D1655 specification. Currently Stadis® 450
is the only additive manufactured for use in aviation turbine fuels and approved by
the major turbine manufacturers. This additive is used in a 3-5mg/L dosage in jet
fuel.

Leak Detection Additive These are gas phase additives, such as sulfur-hexaflu-
oride (SF)). These are used as a part of a tracer system for fuel system leak detection
at major airports. Airports occasionally run leak detection testing of hydrants, which
may be carried out monthly or quarterly. Current use requires agreement by pur-
chasers on a case to case basis.

Biocides Application of biocides is permitted by engine and aircraft manufac-
turers only for turnaround period. The aircraft are refilled and fully treated with the
biocide and, as a general rule, will fly on the treated fuel until it is fully used up. Fuel
system icing inhibitor may also serve to inhibit fungal and bacterial growth in aircraft
fuel system to a certain extent, but are not fully reliable.
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I CHAPTERY9

Fuel Oils and Marine Fuels

In the early nineteenth century, steam produced by burning coal was the main source
of power for ocean-going vessels. The refining industry started developing during
those years, and initially all crude oil fractions heavier than kerosene were sold as
residual fuel. Fuel oil on combustion releases a large amount of heat, which is defined
as the specific energy of the fuel. This heat can be used for steam generation in steam
turbines. The high pressure of the combustion gases can also be used to drive an
engine, or a gas turbine. Thermal powerplants use this heat to generate steam, which
then drives the turbines. For marine engines and gas turbines, mechanical energy
provided by the combustion gases is used either directly for propulsion or converted
into electrical energy for power plants. Thus residual fuel began to replace coal in
steamships due to its low ash content and good transportable nature.

With the discovery of the diesel engine in 1892 by Rudolf Diesel these engines
started gradually replacing steam engines and the first four-stroke marine diesel
engine ships were operating in 1912. A series of innovations of the diesel engine
made it possible to use heavy fuel oil in medium speed trunk piston engines.

In the 1920s, a thermal cracking process (see Chapter 3) was developed and
widely adopted in the petroleum industry, which changed the composition of residual
fuel. In this process the heavy distillate or residual fraction of crude oil is subjected
to very high temperatures that cause the larger molecules to crack into smaller mole-
cules boiling in the range of gasoline and kerosene. As a consequence of this, the
residual fuel became heavier, containing larger amounts of sulfur compounds,
thermal tars, and visbreaker products. Great care was required to blend these residual
stocks into fuel oil to avoid sediment formation due to the incompatibility and insol-
uble characteristics of asphaltenes and tars. With the development of catalytic
cracking, residual fuel composition further changed. Vacuum distillation came into
use to provide additional clean feed for catalytic cracking. Vacuum distillates were
now converted to gasoline and middle distillates in the catalytic cracker. In turn, the
residue from vacuum distillation became the basic component of residual fuel oil,
containing the heaviest fraction of the crude and including asphaltenes. This residue
has very high viscosity and a higher amount of sulfur. The vacuum residue is often
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visbroken to reduce its viscosity (see Chapter 3). This stock is then diluted further
with low-price cracked stock to yield fuel oil of the required viscosity.

In the 1930s, two-stroke marine engines became popular due to the larger size of
ships. Between World War I and World War II, the share of these marine engine-
driven ships increased to approximately 25% of the overall ocean-going fleet. In the
mid-1950s, high alkalinity cylinder lubricants became available to neutralize the
acids generated by the combustion of high-sulfur residual fuels, and the wear rates
became comparable to those when distillate diesel fuel was used. Diesel ships using
residual fuel oil gained in popularity and in the second half of the 1960s, motor ships
overtook steamships, both in numbers and in tonnage. By the start of the twenty first
century, motor ships accounted for 98% of the world fleet. These marine engines have
also found their way into the power industry due to the use of low-cost residual fuels.

With the increase in crude prices, most refiners resorted to the conversion of the
vacuum residue into value-added products such as gasoline and diesel fuel by the use
of coking, supercritical extraction, fluid catalytic cracking (FCC), heteroatom
removal, and hydrocracking, for example. These are the so-called residue conversion
processes. This shift in the refining processes further resulted in the reduced applica-
tion of fuel oil in power generation and other industrial applications. In the electric
power industry the feedstock base remarkably shifted toward natural gas, which is
less damaging to the environments.

Refiners have coped with this decrease in demand for residual fuel oil by shifting
their production from lighter grades to heavier grades. This benefits both refiners and
end users, since the heavier fuel oil is cheaper for end users and refiners produce
more value-added products like gasoline and diesel fuel. Some refineries have elim-
inated residual fuel production completely by incorporating cokers or hydrocrackers
units in their configuration.

Out of the streams of Figure 3.1 presented in Chapter 3, the following are used for
fuel oil blending:

* Atmospheric residue

* Vacuum residue

* Heavy product of visbreaker

* Heavy gasoils of coking

 Extracts of solvent-refined base oil

* Heavy cyclic oils of distillate and residue hydrocracking

* Desulphurized residue oils

» Extracts or even resin phases produced by supercritical extractions of residues

9.1 CLASSIFICATION OF FUEL OILS

Fuel oils are classified according to their applications. For example, RFO (residual
fuel oil) terminology is used for burner fuels (in combustion equipment). The term
Bunker fuel oil is used for marine ship fuels. RFO has been further classified in
BS 2869 into light, medium, and heavy fuel oils according to the increasing viscosity



CLASSIFICATION OF FUEL OILS 335

of the fuels. ASTM D 396-80 classifies fuels into NO 1 to 6 according to the
increasing viscosity. French AFNOR classifies fuels according to the sulfur content
of the fuels (TBTS, BTS, and HTS). Marine bunker fuel oils have been classified
according to the viscosity at 50°C and have 14 grades (IFO 30-700). (The most
popular grades are, however, IFO-180 and IFO-380.)

In 2005, ISO classified fuel oils (ISO-8217-2005) into 4 distillate grades and 10
residual grades. Detailed specifications of these grades are provided in this chapter.
First, we consider the quality characteristics of fuel oils in some detail.

9.1.1 Characteristics of Fuel Oils

The properties of fuel oils define fuel oil applications and classifications. Fuel oils
are characterized by viscosity, flashpoint, pour point, water and sediment content,
carbon residue, ash content, distillation behavior or distillation temperature ranges,
specific gravity, sulfur content, heating value, and carbon—hydrogen content.

However, fuel oil specifications do not cover all these properties. Viscosity is an
important property and indicates the oil’s resistance to flow. It is significant because
it indicates the ease at which oil can be pumped. Differences in fuel oil viscosities are
caused by variations in the concentrations of fuel oil constituents and different
refining methods.

Flashpoint is the lowest temperature to which the oil can be heated for its vapors
to ignite by a flame.

Pour point is the lowest temperature at which a fuel can be stored and handled.
Fuels with higher pour points can be used when heated storage and piping
facilities are provided.

Water and sediment content should be as low as possible to prevent fouling the
facilities. Sediment accumulates on filter screens and burner parts. Water in
distillate fuels can cause tanks to corrode and emulsions to form in residual oil.

Carbon residue is obtained by a test in which the oil sample is destructively dis-
tilled in the absence of air. Higher carbon residue value is indicative of the
tendency of the fuel to form deposits.

Ash is the noncombustible material in the oil. An excessive amount indicates the
presence of materials that can cause high wear in pumps.

The distillation test shows the volatility and ease of vaporization of a fuel.

Specific gravity is the ratio of the density of a fuel oil to the density of water at a
specific temperature. Specific gravities cover a range in each grade, with some
overlaps between distillate and residual grades. API gravity (developed by the
American Petroleum Institute) is a parameter widely used in place of specific
gravity.

Air pollution considerations are important in determining the allowable sulfur
content of fuel oils. The sulfur content is frequently limited by legislation aimed at
reducing sulfur oxide emissions from combustion equipment. Sulfur in fuel oils is
also undesirable because of the corrosiveness of sulfur compounds in the flue gas.
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Although low-temperature corrosion can be minimized by maintaining the stack at
temperatures above the dew point of the flue gas, this limits the overall thermal
efficiency of the combustion equipment. Heating value is an important property,
although ASTM Standard D 396 does not list it as one of the criteria for fuel oil
classification. Heating value can generally be correlated with the API gravity.

9.1.2 Classification of Heating Fuels for Power Plants

Fuel oil is a broad term used for fractions obtained from petroleum distillation, as a dis-
tillate or a residue. These liquid fuels can be burned in a furnace or boiler for the gener-
ation of heat or used in an engine for the generation of power. In this sense, diesel is also
a type of fuel oil. Fuel oils for heating are broadly classified as distillate fuel oils (lighter
oils) or residual fuel oils (heavier oils). So far in the European Union there has been no
unified specification for domestic and industrial heating oils, and for fuel oils. For
example, there is a British standard, BS 2869, for heating oils (provided in Table 9.1),
and a German standard, DIN 51603-2, for fuel oils used in Germany (Table 9.2).

Fuel oil is classified into six classes in the United States, numbered 1 to 6,
according to the boiling point, composition, and purpose in ASTM D 396. The
boiling point, ranges from 175 to 600 °C, and carbon chain length, 9 to 70 atoms.
Viscosity also increases with number, and the heaviest oil has to be heated before it
can be pumped. The price usually decreases as the fuel number increases.

Numbers 1, 2, and 3 fuel oils are referred to as distillate fuel oils. For example, No. 2
fuel oil, No. 2 distillate and No. 2 diesel fuel oil are almost the same (diesel is different in
that it also has a cetane number limit that describes the ignition quality of the fuel).
Distillate fuel oils are distilled from crude oil. Gasoil refers to the process of distillation.

Number 1 is similar to kerosene and is the fraction that boils off immediately
after gasoline is formed. Number 1 is a light distillate intended for vaporizing-
type burners. High volatility is essential to continued evaporation of the fuel oil
with minimum residue.

Number 2 is the diesel fuel that trucks and some cars can run on, thus often called
“road diesel.” It is also similar to heating oil. Number 2 is a heavier distillate than No. 1.
It is used primarily with pressure-atomizing (gun) burners that spray the oil into a
combustion chamber. The atomized oil vapor mixes with air and burns. This grade is used
in most domestic burners and many medium-capacity commercial-industrial burners.

Number 3 is a distillate fuel oil and is rarely used.

Number 4 fuel oil is usually a blend of distillate and residual fuel oils, such as
Nos. 2 and 6; however, sometimes it is just a heavy distillate. Number 4 may be clas-
sified as diesel, distillate, or residual fuel oil. Number 4 is an intermediate fuel that is
considered either a heavy distillate or a light residual. It is intended for burners that
atomize oils of higher viscosity than domestic burners can handle.

Grade No. 5 (light) is a residual fuel of intermediate viscosity for burners that
handle more viscous fuel than No. 4 without preheating. Preheating may be necessary
in some equipment for burning and, in colder climates, for handling. Grade No. 5
(heavy) is a residual fuel more viscous than No. 5 (light) but intended for similar
purposes. Preheating is usually necessary for burning and in colder climates.
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TABLE 9.2 Specifications of fuel oils used in Germany (DIN 51603-2)

Fuel Oil Type

Characteristics Fuel OilL Fuel Oil T Fuel OilM Fuel Oil S Method
Density at 15°C, g/cm? <I.1 — — — DIN 51757
Density at 20°C, g/cm? — <I.1 <I.1 — DIN 51757
Flashpoint, °C >85 >85 >85 >80 DIN 51758
Kinematical viscosity

At 20°C, mm?*/s <6 <12 — — DIN 51550,

At 50°C, mm?/s — — <40 — DIN 51562

At 75°C, mm?/s — — <12 —

At 100°C, mm?*/s — — — 50 DIN ISO 3104

At 130°C, mm?/s — — — 20 DIN 51366
Conradson number, % <0.5 <1 <16 <16 DIN 51551
Sulfur content, % <0.2 <0.8 <0.5 <2.8 DIN 51400
‘Water content, % <0.3 <0.3 <0.3 <0.5 DIN ISO 3733
Heating value, MJ/kg >38.7 >37.8 >38.5 >39.5 DIN 51900
Ash, % <0.01 <0.01 <0.02 <0.15 DINEN7
Crystallization point, °C — — <15 —

Number 5 fuel oil and No. 6 fuel oil are called residual fuel oils (RFO), or heavy
fuel oils. The terms heavy fuel oil and residual fuel oil are sometimes used inter-
changeably for No. 6. Numbers 5 and 6 are what remains of the crude oil after
gasoline and the distillate fuel oils are recovered through distillation. Number 5 fuel
oil is a mixture of 75—-80% No. 6 oil and 25-20% of No. 2 oil. Number 6 fuel oil may
also contain a small amount of No. 2 to get it to meet industry specifications.

Residual fuel oils are sometimes called light when they have been mixed with dis-
tillate fuel oil, while distillate fuel oils are called heavy when they have been mixed
with residual fuel oil. Heavy gas oil, for example, is a distillate that contains residual
fuel oil.

Low-sulfur residual oils are marketed in many areas to permit users to meet sulfur
dioxide emission regulations. These fuel oils are produced either by refinery processes
that remove sulfur from the oil (hydrodesulphurization) or by blending high-sulfur
residual oils with low-sulfur distillate oils. A combination of these two procedures
can also be used to get low-sulfur stocks. These oils have significantly different
characteristics from regular residual oils. For example, the viscosity—temperature
relationship can be such that low-sulfur fuel oils have viscosities of No. 6 fuel oils
when cold, and of No. 4 when heated. Therefore normal guidelines for fuel handling
and burning can be altered when using such fuels.

9.1.3 Classification of Bunker Fuels

Bunker fuel is technically any type of fuel oil used aboard ships. It gets its name
from the containers on ships and in ports that it is stored in. Earlier in steam-
ships coal was stored in coal bunkers but now they are bunker fuel tanks.
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According to ASTM D 396, Bunker A is No. 2 fuel oil, bunker B is No. 4 or
No. 5, and bunker C is No. 6. Since No. 6 is the most common, “bunker fuel” is
often used as a synonym for No. 6 fuel oil. Number 5 fuel oil is also called Navy
special fuel oil or just Navy special; No. 5 or 6 is also called furnace fuel oil
(FFO). The high viscosity of bunker fuel requires heating before the oil can be
pumped from a bunker tank.

Residual fuel oils have high viscosity, particularly the No. 6 oil, which requires
proper handling and storage system. This fuel must be stored at around 100 °F (38 °C)
and heated to 150°F (66 °C)-250°F (121 °C) before it can be easily pumped. BS
2869 Class G Heavy Fuel Oil is similar in behavior, requiring storage at 104 °F
(40°C) and pumping at around 122 °F (50 °C).

In the maritime field another type of classification is used for fuel oils:

* MGO (marine gas oil)—roughly equivalent to No. 2 fuel oil, made from distil-
late only

* MDO (marine diesel oil)—a blend of heavy gas oil that may contain very small
amounts of black refinery feed stocks, but with a low viscosity of up to 12 mm?s,
so it does not need to be heated for use in internal combustion engines

* IFO (intermediate fuel oil)—a blend of gasoil and heavy fuel oil, with less
gasoil than marine diesel oil

¢ MFO (marine fuel oil)—same as HFO

* HFO (heavy fuel oil)—pure or nearly pure residual oil that is roughly equivalent
to No. 6 fuel oil

The characteristics of No. 6 fuel oil are listed in Table 9.3. No. 4 fuel oil has
kinetic viscosity of 20 mm?s at 40 °C and No. 5 fuel oil has kinetic viscosity of
40 mm?s at 50 °C.

Marine diesel oil contains some heavy fuel oil, unlike regular diesels. Also marine
fuel oils sometimes contain waste products such as used motor oil.

TABLE 9.3 Characteristics of No. 6 Bunker fuel oil

Properties Typical Values
Kinematical viscosity at 50 °C, mm?/s 500
Density, kg/m? 985
Flashpoint, °C 60
Energy content, MJ/kg 43
Chemical composition

Carbon, % 86

Sulfur, % 2.5

Ash content, % 0.08

Vanadium, mg/kg 200
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Marine fuels were traditionally classified by their kinematic viscosity. This is a
mostly valid criterion for the quality of the oil as long as the oil is made only from
atmospheric distillation. Today, almost all marine fuels are based on fractions from
other more advanced refinery processes, and viscosity says little about the quality as
a fuel. CCAI and CII are two indexes that describe the ignition quality of residual
fuel oil, and CCAl is especially often calculated for marine fuels. Despite this, marine
fuels are still quoted on the international bunker markets with their maximum vis-
cosity (according to the ISO 8217) due to the fact that marine engines are designed
to use different viscosities of fuel. The following fuels are generally quoted for
marine application:

e IFO 380—intermediate fuel oil with a maximum viscosity of 380mm?*/s at
50°C

e IFO 180—intermediate fuel oil with a maximum viscosity of 180mm?/s at
50°C

e LS 380—Ilow-sulfur (<1.5%) intermediate fuel oil with a maximum viscosity of
380 mm?/s at 50°C

e LS 180—Ilow-sulfur (<1.5%) intermediate fuel oil with a maximum viscosity of
180mm?/s at 50°C

¢ MDO—marine diesel oil
¢ MGO—marine gas oil

The first British standard for fuel oil came in 1982. The latest standards are ISO
8217 from 2005 and 2010. The ISO standard describes four types of distillate fuels
and 10 types of residual fuels. Over the years the standards have become stricter on
environmentally important parameters such as sulfur content. The latest standard
also banned the addition of used lubricating oil to the residual fuels.

Some parameters of marine fuel oils [1] according to ISO 8217 (3rd ed., 2005)
are provided in Table 9.4, and marine residual fuels (10 grades) are described in
Table 9.5.

In 2010, ISO 8217 was modified. Tables 9.6 and 9.7 show the advisory data [3].
These were partly new quality parameters (e.g., hydrogen sulfide content, acid
number, total sediment by hot filtration, and oxidation stability in the case of marine
distillate fuels; hydrogen sulfide content, and acid number in the case of marine
residual fuels) and partly new limits (e.g., cloud point in the case of DMX; grade
and total sediment by hot filtration in the case of RMA grade).

Importantly, the aluminum and silicon (Al+Si) content was significantly
decreased, which can be less than 25-60 mg/kg instead of the earlier 80 mg/kg. The
vanadium and ash content of most fuel oils was lowered as well. The acid number of
marine distillate fuels is max. 0.5 mg KOH/g and that of marine residual fuels is less
than 2.5 mg KOH/g. (These values are used instead of the former strong acid number.)
The oxidation stability of fatty acid methyl esters (FAME) is specified as well in the
case of marine distillate fuels. The lubricity test is compulsory in products having
less than 0.05% sulfur content.
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TABLE 9.4 Marine distillate fuels—ISO 8217:2005

Properties DMX* DMA DMB DMC
Density at 15 °C, max., kg/m? — 890.0 900.0 920.0
Viscosity at 40 °C, max., mm?/s 55 6.0 11.0 14.0
Viscosity at 40 °C, min., mm?*/s 14 1.5 — —
Water, max., % v/v — — 0.3 0.3
Sulfur content,* max., % (m/m) 1.0 1.5 2.0 2.0
Aluminum + silicon content,” max., mg/kg — — — 25
Flashpoint,® min., °C 43 60 60 60
Pour point, summer, max., °C — 0 6 6
Pour point, winter, max., °C — -6 0 0
Cloud point, max., °C -16 — — —
Calculated cetane index, min. 45 40 35 —

Note: DMX is used for equipment such as emergency generators and not normally used in the engine

room.

“Maximum sulfur content is 1.5% in the designated areas (wef 1-07-2010 1% sulfur is max.).

®The aluminum +silicon value is used to check for remains of the catalyst after catalytic cracking. Most
catalysts contain aluminum or silicon, and the catalyst remains can damage the engine.

“The flashpoint of all fuels used in the engine room should be at least 60 °C

The sulfur content reduction of distillate and residue marine fuels is a continual
issue [4—12]. In ISO 8217:2010, the sulfur content of residue marine fuels is defined
according to the relevant statutory requirements. The sulfur content of the distillate
marine fuels may be very low (<10-500 mg/kg), whereas for residue marine fuels,
0.5-1.5% sulfur content is generally the target value.

In March 2009, the United States and Canada announced the formation of a North
American Emission Control Area (ECA), which will require marine fuel sulfur
content to be reduced to 0.1% by 2015. Open-sea sulfur content specifications are to
be reduced to 0.5% by 2020 [13].

Starting in 2010, the total fuel oil consumption is being annually decreased by about
0.4 million b/d, but the marine fuel consumption has been growing at an annual rate of
about ca. 2.3% [13]. In due course, technology and costs may force shippers to switch
from residual- to distillate-based bunker fuel to meet the new specifications. Already
demand for distillate bunker fuel is growing at an annual rate of 2-3%. Consequently
demand for residual bunker fuel is expected to decrease by about 0.7 million bpd by 2020.

9.2 PRODUCTION OF FUEL OILS

As fuel oil consumption decreases worldwide, that of other white products will
increase. Consequently, in the modern refineries, it is now practical to use such sys-
tems of technologies that produce fuel oils only in the required quantities in order to
satisfy more stringent specifications. The biggest problem of fuel oils remains that of
the sulfur, nitrogen, and metals content. This has been the focus of research in the last
10 to 15 years. The quality specifications for fuels oils and the stricter emissions
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TABLE 9.6 Marine distillate fuels

PRODUCTION OF FUEL OILS 343

Properties DMX DMA DMZ DMB
Density at 15 °C, max., kg/m? 900.0
Viscosity at 40 °C, min., mm?/s 1.400-2.000
Microcarbon residue max., % 0.3¢
Microcarbon residue, max., % — — — 0.3
Sulfur content, max., % (m/m) 1.0-2.0
Ash, max., % m/m 0.01
Flashpoint, min., °C 60.0
Pour point, summer, max., °C 0-6
Pour point, winter, max., °C —-6-0
Calculated cetane index, min. 45-35
Acid number, max., mg KOH/g 0.5
Lubricity, corrected wear scar diameter, 520
(wsd 1.4 at 60°C), max., um
Hydrogen sulfide °, max., mg/kg 2.0 2.0 2.0 2.0

“Residue at 10%.

specifications for power plant and marine shipping have already led to the development
of fuel oils having high heteroatom content (4—5%), and also to low-sulfur fuel oil
(LSFO) and ultra-low sulfur fuel oil (ULSFO) [14-16].

The high sulfur, nitrogen, and metal present in residues lower fuel quality (mainly
due to the sulfur and nitrogen content), especially the fuel produced using cracking
technologies. These fuels require quality improver technologies to release more
hydrogens in the hydrogenation process [17, 18]. The basic nitrogen compounds
(e.g., pyridine, quinoline, acridin, and alkyl derivates) neutralize the acidic catalysts
used in catalytic cracking. The main properties of vacuum residues produced from
different crude oils that affect cracking are summarized in Table 9.8.

Over the last decade, refineries have turned to improving the quality and quan-
tities of fuel oils produced by residue-processing technologies. With the decreasing
demand for fuel oils, more refineries have started to use technologies that convert
heavy fuel oils and other residues into light products.

Residue-processing technologies can be classified according to the following
[19-23]:

Noncatalytic Processes
« Extraction processes:
o Conventional
o Supercritical extraction
* Visbreaking:
o Conventional
o Aquaconversion/emulsification of fuel
o Hydro



*G1< snioydsoyd pue )g< WNIOED 10 ‘G[< JUIZ puk ()<

WNIOTED JoU ST SUOTIPUOD SUTMO[[O] 9 JO QU0 JAYIIA USyM ()() UTBIUOD 0) PAISPISUOD 3q PUE [10 SUNEITIqN] PIsn WOIJ 921J 2 ISNW [anJ Y} ), 09 Ut :Jutodyser :910N

(4 S/HOY Sw “"xew ‘Toquinu proy

oro W/W 9 “Xew ‘page ‘JUdWIPas [e10],

juowaanbar L101mBIg w/w 9, “Xew ‘Injns

0€—0 D, “Xew ‘IauIm ‘Towwns ‘urod Inog

S0-¢0 AJA 9 “XBU “TOJBA\

008 Sy/Swr “Xew ‘wnipeuep

0S1°0—-0%0°0 9, “Xew ‘Ysy

001-0S 3y/Sw “xew ‘wnIpos

09-6¢C 3y/Sw “Xew ‘UodSIIS + WNUIN[Y

000¢05C 9 “"Xeu ‘QnPISAT UOGIBRIOIIIA

0101-026 JAU/3Y “xeul ‘), G e ANsuaq

0°00L-00°01 S/;WW XeW ‘D, OG I8 AIISOISIA

00L 00S 08¢ 00L 00¢ 08¢ 081 081 08 0¢ 0T fradoig
SINY DINY JINY and N VINY

sopeIn

S[ony [enpIsal JULIE]N  L°6 ATAVL



979 Ly1 660 gy T9¢ 691 oF'T 0TSOl LS 020ULIQ

11¢ 1L 19°0 ¥1'9 96T 1’9 8T TISO'T LE KAvoy yeiseq
I9)SUIWPAO[ ]

0€7 LT 790 LS 6'€C 8¢l Wl 68P0°1 54 ‘epeue)

I o1 8Y°0 L¥0 — €9 — 8SH0'1 — Tweq3y

L8Y 001 8L°0 86t S 181 T LThO'T St eARIAl “00IXOIN

49! 0 LY'0 95°¢ 1'€C 9Tl W POr0l €3 ey

gee LTl L0 €Sy $0T 8L T 86201 s¢ SUB[IY ‘BISSIY

19 8 $9°0 ve'e €6l €01 P 8ETO'L 6S oranbeyoeg
emndy|

€01 ST 0L°0 LLY 861 6 81T L8101 1T “ISed S[PPIN

€S 81 0L0 ! 891 6'¢ — 6510'T €€ aueIn
vlenf

699 99 09°0 06C €1e STl 8’1 76001 €€ ©L], B[ONZAUSA

LT 7L 790 LTE SL 19 6V 1 S8001 43 uereg yoen

801 6'8 9%°0 1.0 9°CI L0 — SYL6°0 L€l profjeig

1T 91 €0 Tl 011 60 — 8896°0 0¢ puolq pressey

6'¢ 9y — $5°0 96 S0> — 8L96°0 SII pualg [[o1L,

v'C 6L vT0 850 96 S0> — 00960 SII pua[g duION

S0 I'e 70 €0 6'S S0> — ¥8€6°0 $'9 puojg piolN

(By/Bw) ooy  (Sy/Swr) () WwAUOD (%) WAU0) (%) PqunN (%) wAuo)  oney  (wo/S) (%) [10 ApnID J00Ispao

wnipeues  Juojuo) [OIN  UoSonIN mjng uosperuo) Qudeydsy woly D/H ANsudq 0} QANR[OY PIOIA

Sunpoe.d 193j3€ Jey) S[I0 IPILID JUIIFIP WO SINPISAI wnndea jo sanaddoad urey 8¢ T TIVL



346 FUEL OILS AND MARINE FUELS

* Coking:
o Delayed
o Flexi
o Fluid
¢ Combined-cycle gasification

Catalytic Processes
¢ Hydrogenation catalytic processes:

o Residue heteroatom removal of metal, sulfur, and nitrogen

o Residue hydrocracking of fix beds, slurry phases, and ebulatted beds
¢ Catalytic process without hydrogen:

o Residue fluid catalytic cracking (RFCC)

In most refineries, more residue-processing technologies are being used, but these
technologies are basically coking, residue hydrocracking, and residue FCC. Using
residue hydrocracking and FCC, the distillate yield of the refinery can vary between
78% to 100% from crude oil, which contains about 31% residue [20]. The total prod-
uct yield of all refineries has been found to be based on these technologies in the
processing of fuel oil. The lowest fuel oil yield was observed in refineries whose
coker units are set up beside a residue FCC or residue hydrocracking plant.

In terms of quality, the products of refineries differ. In the heteroatom residue
hydrocracking plants, the fuel oil obtained does meet the required low sulfur and
nitrogen percentages, but with the modern residue fluid hydrocracking process, the
sulfur- and nitrogen-removing efficiency is raised to between 55% and 95%
[21-32].

9.3 FUEL OIL STABILITY AND COMPATIBILITY

Residual fuel oil storage stability is affected by the large presence of asphaltene
sediments. In heavy fuel oil tanks, stratification takes place as a result. Asphaltenes
are insoluble in n-heptane but soluble in toluene. Fuel oils are required by ISO
10307-2 to keep the total potential sediment down to 0.10 m/m% max. Stratification
in heavy fuel oil tanks is minimized when this specification is met. Asphaltenes are
high molecular weight molecules in crude oil that contain organically bound
vanadium and nickel. They also contain a fairly high percentage of sulfur and
nitrogen. Asphaltenes have a predominantly aromatic structure and are polar
molecules; they are kept in colloidal suspension by their outer molecular structure.
Thermally cracked asphaltene molecules lose some of their outer structure (depending
on the severity of the thermal cracking process). A milder process like visbreaking
also affects this outer molecular structure. As this happens, asphaltenes start
coagulating and form a sludge. Thus the blending of heavy fuel oil must be carried
out in a very controlled manner. The choice of blending stock and the refinery process
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used in producing the fuel oil will greatly affect the blending process. Paraffinic
cutter stocks can make the fuel unstable. Therefore aromatic cutter stocks (e.g.,
heavy- and/or light-cycle oil) are preferred. When the mixing of two fuels does not
cause asphaltene coagulation, they are said to be compatible with each other. Two
heavy fuels with different compositions (e.g., an atmospheric heavy fuel from paraf-
finic crude, and the other from a visbreaker operation) can be incompatible with each
other. Dispersants can therefore be used to control the compatibility problem in
heavy fuel oils.

Because of the special nature of residual fuels, it is necessary to have a fuel-
handling system with steam-heated storage tanks and lines with purifiers/clarifiers
and fine filters before the fuel goes into the engine.

9.4 ADDITIVES FOR RESIDUAL FUELS

Residual fuel oils are unprocessed products obtained from the heavy fraction of
crude oil after valuable products such as gasoline, diesel, kerosene, and aviation tur-
bine fuels are recovered by a combination of distillation and secondary refining
processes. This processing increases the percentage of asphaltenes, which leads to
stability problems. Blending this residue with a commercial residual fuel oil is pres-
ently a complicated process requiring more of aromatic cutter stocks to stabilize the
fuel. The residual fuels as supplied to marine ships also contain water, sediments, and
catalyst fines. These must be removed on board before using the fuel in the engines.
There may also be microbial contamination, which has to be controlled by the
addition of a biocide. Residual fuels may contain some of the following additives for
improved performance [33-36]:

* Pre-combustion conditioning treatment additives such as demulsifiers and
dispersants

* Combustion improvers

* Ash modifiers and anti slagging additives

* H,S scavengers — oil-soluble sulfide derivatives
* Biocides

The pre-combustion additives are required during the purification process of the
fuel. These additives mainly remove water and disperse any separated asphaltenes.
Dispersants or sludge inhibitors may contain aromatic compounds or alkyl naph-
thalenes for solubilizing the asphaltenes. Improving combustion of marine residual
fuel to reduce emissions is a developing area of research [37]. Presently, there are
large numbers of commercial products available for this application, but their
claims are difficult to verify. This is mainly due to the very complex chemical
nature of fuel.

Combustion improvers used in marine fuels are usually organometallic com-
pounds, containing iron or other metals. The industry has been widely using an
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iron-based component as an oxidation catalyst to accelerate the combustion of residual
fuel oils. This results in a cleaner combustion chamber, cleaner exhaust valves, turbo-
charger nozzle rings and blades, and so on. Other benefits of black smoke reduction
and energy efficiency are also associated with the improved combustion.

Anti-slagging additives are sometimes used to reduce corrosion on the fire side of
the oil-fired boilers. Corrosion is caused by the sulfur, vanadium, and sodium present
in the residual fuel. At temperatures higher than 600 °C, sodium and vanadium cause
metal corrosion. During combustion, sulfur is converted to sulfur dioxide, which is
catalyzed by vanadium pentaoxide to sulfur trioxide, the main compound responsible
for corrosion. Magnesium naphthenate [38] has been reported to be beneficial, since
burning magnesium oxide reacts with vanadium penta oxide to form a noncorrosive
magnesium vanadate.
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I Glossary: Common Terminology in Fuels and Additives

Acidity/acid number The necessary amount of potassium-hydroxide, in milli-
grams, used to neutralize total acid content (water soluble and insoluble) of a
single gram of petroleum product.

(1) Total acidity method is a measure of the amount of KOH needed to neu-
tralize all or part of the acidity of a petroleum product. It is a measure of
the combined organic and inorganic acidity. The acids in the sample are
extracted in neutral alcohol and then titrated against standard alcoholic
potassium hydroxide under heated conditions to get an indication of the
corrosive properties of the product.

(2) Inorganic acidity is a measure of the mineral acid present.

(3) Organic acidity is obtained by deducting the inorganic acidity from the
total acidity

Additive Chemicals added in minor proportions to a parent substance to create,
enhance, or suppress a certain property or properties in the parent material.
Additives are also referred to as improvers. Any substance added to a base fuel to
change its properties, characteristics, or performance is an additive.

Aniline point The lowest temperature at which equal volumes of aniline and
hydrocarbon fuels or lubricant base stock are completely miscible. An earlier
method of measuring the aromatic content of a hydrocarbon blend to determine its
solvency is now out of use.

A high aniline point indicates that the fuel is highly paraffinic. In the case of
aromatics, the aniline point is low. The aniline point also gives an indirect
measurement of the calorific value of the product.

Antifoam agent An additive used to suppress the foaming tendency of petroleum
products. Usually silicone or a polymer is used to break up surface bubbles by
reducing the interfacial tension.

Antistatic additive An additive that increases the conductivity of a hydrocarbon
fuel or lubricant to improve the dissipation of electrostatic charges during
high-speed dispensing of fuels or rotating equipments, thus reducing the fire/
explosion hazard.

Fuels and Fuel-Additives, First Edition. S. P. Srivastava and Jend Hancsok.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.
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API gravity The acronym for the American Petroleum Institute. API is a special
function of relative density (specific gravity) at 60/60 °F, represented by

API :w—l?ﬂj
SG

1415
131.5+ API

where
API=degrees API
SG =specific gravity (60 °F/60 °F)

An accurate determination of the gravity of petroleum and its products is
necessary for the conversion of measured volumes to volumes at the standard
temperature of 60 °F.

Gravity is a factor governing the quality of crude oils. However, the gravity of
a petroleum product is an uncertain indication of its quality. Correlated with other
properties, gravity can be used to give the approximate hydrocarbon composition
and heat of combustion

Ash/ash (sulfated) Inorganic residue remaining after ignition of combustible
material. It is determined by treating the residue with sulfuric acid and evapo-
rating it to a dryness expressed as % by mass.

Antiknock Resistance to detonation or “pinging” of spark-ignited engines.

Antiknock agents Chemical compounds that, when added in small amounts to the
fuel charge of an internal-combustion engine, have the property of suppressing, or
at least strongly depressing, a knocking noise.

Antioxidants Chemicals added to gasoline, jet, diesel fuels, and other products to
inhibit oxidation.

Aromatic hydrocarbons Hydrocarbons characterized by the presence of the
benzene ring.

Asphaltenes Coal-like substances in the residues of distilled crude oil. Asphaltenes
are rich in the undesirable elements (e.g., sulfur, nitrogen, nickel, and vanadium)
that occur in fuel oils.

ASTM The acronym for the American Society for Testing and Materials. The test
procedures and specifications developed by the ASTM for petroleum products
and lubricants are used worldwide.

Bactericide Additive to inhibit bacterial growth in fuel systems where water or
moisture ingress take place.

Base number Amount of acid (perchloric or hydrochloric) required to neutralize
petroleum product’s basicity and expressed as mg KOH/gram of samples.

Bitumen Brown or black viscous residue from the vacuum distillation of crude
petroleum, or from propane extraction of shortened atmospheric residue. It also
occurs in nature as asphalt “lakes” and “tar sands.”
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Blending The process of mixing two or more components or hydrocarbon streams
to obtain a final product.

Blow-by In internal combustion engines, leakage of combustion gases from
combustion chamber, past the rings, into the crankcase is called blow-by gases.
The passage of unburned fuel and combustion gases through the piston rings of
IC engines results in fuel dilution and contamination of the crankcase oil.

Boiling range The spread of temperatures over which a hydrocarbon product starts
to boil or distill vapors and proceeds to complete evaporation. The boiling range
is determined by test procedures for specific petroleum products.

Calorific value The quantity of heat released on combustion. Calorific value is a
measure of the heat-producing ability of a fuel. A weighed quantity of the fuel
sample is burned in oxygen in a bomb calorimeter under controlled conditions.
The calorific value is calculated from the weight of the sample and the rise in tem-
perature. It can also be calculated from the formula:

Qv=12400-2100d>
where Qv=Calorific value, gross cals/g
d*=density at 15°C

Carbon residue Amount of residue left after the burning/pyrolysis of an oil. This
residue provides some indication of the relative coke-forming tendencies of
the fuel, and its amount can be determined by the Conradson method or the
Ramsbottom method.

Catalyst A substance used to accelerate or retard a chemical reaction without itself
undergoing significant chemical change or change in volume during the process.

Catalytic converter An integral part of vehicle emission control systems.
Oxidizing converters remove hydrocarbons and carbon monoxide (CO) from
exhaust gases, while reducing converters control nitrogen oxide (NO ) emis-
sions. Both use noble metal (platinum, palladium, or rhodium) catalysts that can
be “poisoned” by the sulfur in the fuel. Lead in fuel is now banned and P is
restricted.

Cetane index An empirical method for predicting the cetane number of diesel
fuel by a calculation based on API gravity and the mid-boiling point. A value is
calculated from the physical properties of the diesel fuel to predict its cetane
number.

Cetane number The measure of the ignition quality of a diesel fuel. The higher the
cetane number, the easier a high-speed, direct-injection engine will start, and the
less “white smoking” and “diesel knock” will occur after startup. The cetane
number of diesel fuels is determined in a single cylinder CFR engine by com-
paring the ignition delay characteristics of the fuel with that of the reference fuels.
For this purpose, normal cetane (100 CN) and hepta methyl nonane or alpha
methyl naphthalene, which have a CN of 0, are used.

Cetane number improver An additive (iso-propyl- or 2-ethyl-hexyl-nitrate) that
increases the cetane number of a diesel fuel.
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Cloud Point Cloud point is the temperature at which a cloud or haze of wax crys-
tals appears at the bottom of the test jar when the gasoil is cooled under prescribed
conditions. It gives a rough idea of the temperature above which the gasoil can be
safely handled without any fear of congealing or filter clogging.

Compression ratio The ratio of the volume of combustion space at bottom dead
center to that at top dead center in an internal combustion engine.

Copper strip corrosion A qualitative measure of the tendency of a petroleum
product to corrode a copper strip. A cleaned and smoothly polished copper strip is
immersed in the sample, which is then maintained at the specified temperature for
the specified length of time. This strip is removed from the sample, washed with
sulfur-free petroleum spirit and examined for evidence’ of etching, pitting or dis-
coloration. It is then compared with ASTM copper strip corrosion standard color
code to measure the degree of corrosion. This test serves as a measure of possible
corrosion of copper, brass, or bronze parts of the fuel system.

Corrosion Detrimental change in the size or characteristics of material under
exposure or use. Corrosion usually results from chemical action, either regularly
and slowly as in rusting or rapidly as in metal pickling. Corrosion tests are carried
out on petroleum products to determine whether corrosive sulfur compounds or
other corrosive compounds are present.

Corrosion inhibitor An additive that protects metal surfaces from chemical attack
by water or other contaminants.

Cracking The process by which an organic compound is split into two or more
compounds of lower molecular weight. The cracking process has become increas-
ingly important in the petroleum industry as a means of breaking down the heavier
components of petroleum into gas, naphthas, and distillates, thereby increasing
the yield of gasoline, jet fuel and the gasoil obtained from crude oils. The cracking
process may be carried out with heat and pressure (thermal cracking) or in
presence of a catalyst (catalytic cracking), or with hydrogen and catalyst together
(hydrocracking).

Crude oil Crude petroleum. A naturally occurring mixture, consisting predom-
inately of hydrocarbons and organic compounds containing sulfur, nitrogen,
oxygen, and traces of metallic constituents, which is capable of being removed
from the earth in a liquid state. Crude petroleum is commonly accompanied by
varying quantities of extraneous substances such as water, inorganic matter,
and gas. Basic types of crudes are asphaltic, naphthenic, paraffinic, or
intermediate, depending on the relative proportion of these types of hydrocar-
bons present.

Density The mass of the liquid per unit volume. Density is used for calculating the
mass when volume of the bulk is known (Volume x Density = Mass).

Detergent dispersant A substance incorporated in fuels that gives them the prop-
erty of cleaning and keeping clean the fuel system and engine parts and preventing
deposits where they would be harmful.

DIN Deutsche Industrie Norm. The German Industry Standard.
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Distillation The basic test used to characterize liquid fuels. For any petroleum
product, boiling takes place over a range of temperatures rather than at a single
temperature. This range is of great importance in fuels.

Emissions (mobile sources) Emissions of exhaust gases that may be regarded as
pollutants (CO, NO, hydrocarbons, particulate matters, CO,, etc.).

Emissions (stationary sources) FEmissions from stationary power plants or
engines. Fuel composition can influence emissions of sulfur oxides, nitrogen
oxides, metals, halogenic compounds, and other particulates from these
sources.

Emulsifier Chemical additive that promotes the formation of a stable emulsion of
petroleum products with water. Emulsifiers are composed of polar surface active
compounds of different chemicals.

Engine deposits Hard or persistent accumulation of sludge, varnish, and carbona-
ceous residues due to blow-by of unburned and partially burned fuel, or the partial
breakdown of the lubricant.

Engler distillation A small-scale laboratory test used to determine the boiling
range of a hydrocarbon stream.

Exhaust gas recirculation (EGR) System to reduce automotive emission of
nitrogen oxides (NO ). It routes exhaust gases into the intake manifold where the
air—fuel mixture is diluted to reduce peak combustion temperatures, thereby
reducing the tendency to form NO .

Fatty acid An organic acid of mainly unsaturated (olefinic double-bond) hydro-
carbon chain structure originally derived from fats and fatty oils.

Flash point The lowest temperature at which, under specified test conditions, a
petroleum product vaporizes rapidly enough to form above its surface an air-vapor
mixture that gives a flash when ignited by a small flame. The flash point of a
petroleum product is an indication of the risk of fire or explosion associated with
its use or storage. It can be determined in a closed and open cup. The flash point
is an indicator of the fire and explosion hazards associated with a petroleum
product.

Friction Resistance to motion of one object over another. Friction depends on the
smoothness of the contacting surfaces, as well as the load applied.

Fuel ethanol Ethanol (ethyl alcohol, CszOH) without denaturants, but containing
some impurities and water.

Gasoline A volatile mixture of liquid hydrocarbons, containing small amounts of
additives and suitable for use as a fuel in spark-ignition, internal combustion
engines.

Gasoline—ethanol blend A spark-ignition automotive engine fuel containing dena-
tured fuel ethanol in a base gasoline.

Gums The amount of nonvolatile heptane-insoluble residue left when the sample
is evaporated in a jet of hot air at 160 °C. For jet fuels, the evaporation is carried
out in a jet of super heated steam at 232 °C.
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Exhisting gums The amount of gum formed after the sample is aged in an oxidation
stability bath and evaporated under specified conditions.

Potential gums The gum contained in gasoline that may accumulate in the tank,
fuel line, pump, where it tends to interfere with the action of moving parts, injec-
tors, and obstruct the flow of fuel.

Hydrocarbons Any chemical compound made up exclusively of carbon and
hydrogen atoms. Hydrocarbons form the principal constituents of petroleum.

Hydrogenation The process of adding hydrogen to the hydrocarbon molecule.

Hydrolytic stability Ability of additives and certain biodiesel to resist chemical
decomposition (hydrolysis) in the presence of water.

Induction period A period under given conditions in which a petroleum product
does not absorb oxygen at a substantial rate to form gum.

Inhibitor An additive that improves the performance of a petroleum product by
controlling/ inhibiting undesirable chemical reactions, i.e. oxidation inhibitor, rust
inhibitor, corrosion inhibitor etc.

Kinematic viscosity Measure of a fluid’s resistance to flow under gravity at a
specific temperature (usually 40 °C or 100 °C).

Knock The sound of “ping” associated with autoignition of a portion of the fuel-
air mixture ahead of the advancing flame front in the combustion chamber of a
gasoline engine.

Lead Commonly used name for tetraethyl or tetramethyl lead (TEL), an additive
earlier used in gasoline to improve octane ratings. Use of TEL has now been dis-
continued due to environmental restrictions.

Liquified petroleum gases LPG, a bottled gas. Industry term for any material
composed predominately of the following hydrocarbons or mixtures of them: pro-
pane, propylene, butanes, and butylenes. LPG is recovered from crude oil, and
natural and refinery gases.

Lubricity The ability to lubricate.

Metal deactivators Organic compounds that suppress the catalytic action of heavy
metal compounds sometimes contained in hydrocarbon distillates. Metal
compounds (e.g., copper derivatives) tend to promote gum formation.

MMT Methylcyclopentadienyl-manganese-tricarbonyl. MMT is a gasoline
antiknock additive.

Neutralization number The number of milligrams of potassium hydroxide
required to neutralize one gram of a sample. It indicates the acidity of a petroleum
product.

Octane number Term used to indicate numerically the relative antiknock value of
automotive and aviation gasolines having a rating below 100. The octane number
is based on a comparison with the reference fuels, isooctane and normal-heptane
that have been assigned octane numbers of 100 and zero, respectively, in the
knock-rating scale. The octane number of a fuel is the volume percent of isooc-
tane in a blend of the two reference fuels that matches the knocking tendencies of
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the fuel sample when tested under specified conditions. Under mild conditions,
the engine measures Research Octane Number (RON); under severe conditions
Motor Octane Number (MON). An Antiknock Index (AKI) is also used, which is
the average of RON and MON: (R+M)/2.

Octane number, aviation method Octane number of aviation gasolines, deter-
mined by a test method that indicates the knock characteristics at a lean fuel—air
ratio, at lean or cruise rating.

Octane number, motor method Octane number of automotive gasolines
determined by a test method that indicates the knock characteristics under severe
conditions: at high temperatures, high speed, and/or high load.

Octane number, research method Octane number of automotive gasolines deter-
mined by a test method that indicates the knock characteristics under mild condi-
tions: temperatures and speed approximating ordinary driving conditions.

Octane requirement (OR) The lowest octane number reference fuel that will
allow an engine to run without knocking under standard conditions of service.
This is a characteristic of each individual vehicle.

Octane requirement increase (ORI) As results of deposits accumulate in the
combustion chamber, the octane requirement of engine increases compared to that
of the new engine. The value is the octane requirement increasing (ORI).

Oxidation The process by which oxygen combines with other substances. The
oxidation reaction in petroleum products may lead to gum and resin formation,
which is of importance in the utilization of gasolines, jet fuels, and gasoils, partic-
ularly those that contain unsaturated compounds.

Oxidation inhibitor A substance added in small quantities to a petroleum product
to increase its oxidation resistance (reduce the rate of oxidation), thereby
increasing service or storage life. These are also called antioxidants.

Oxidation stability Resistance of a petroleum product to oxidation, and therefore
a measure of its potential service or storage life.

Oxygenates An oxygen-containing, ashless organic compound, such as alcohol or
ether (MTBE, TAME, ETBE), that can be used as a gasoline-blending component.

Paraffinic A type of petroleum fluid derived from paraffinic crude oil and contain-
ing a high proportion of straight chain saturated hydrocarbons. Presence of high
amount of paraffins lead to cold flow problems.

Pensky—Martens closed tester Laboratory apparatus used to determine the flash-
point and fire points of fuels.

Performance number PN. An arbitrary scale, normally used to denote knock
characteristics of aviation gasolines having an octane rating above 100.

Pour point The lowest temperature at which a hydrocarbon product will pour
when chilled without disturbance under specified conditions.

Pour point depressant A compound that, when added to a wax-containing product
such as diesel fuel and lubricants, reduces the solid point of the product. The
additive apparently functions by modifying the crystal structure of wax that sepa-
rates at low temperatures.
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PPM Parts per million, usually by weight.

Pre-ignition Ignition of the fuel-air mixture in a gasoline engine before the spark
plug fires. Often caused by incandescent fuel or deposits in the combustion
chamber. It wastes power and may damage the engine.

Reference fuels Standardized laboratory engine fuels and blends that are used in
determining the octane numbers of engine gasolines and the cetane numbers of
diesel fuels, and for other properties.

Refining A series of processes to convert crude oil and its fractions into finished
petroleum products, including thermal cracking, catalytic cracking, alkylation,
hydrocracking, hydrogenation, hydrodesulphurization, and isomerization.

Reid vapor pressure RVP. A test for determining the vapor pressure of volatile
hydrocarbon products (gasolines) under controlled conditions.

Road octane A numerical value based on the relative antiknock performance in an
automobile of a test gasoline as compared with specified reference fuels. Road
octanes are determined by operating a car over a stretch of level road or on a chas-
sis dynamometer under conditions simulating those encountered on the highway.

Smoke point A test made of kerosene and jet fuels that indicates the highest point
to which the flame can be turned before it will smoke. The smoke point is the
maximum flame height, in millimeters, at which the fuel will burn without
smoking under specified conditions in a smoke point apparatus. This is an impor-
tant test for kerosene and indicates the aromatic content of kerosene. Higher
smoke point is better for domestic use.

Specific gravity The ratio of the weight of a given volume of material to the weight
of an equal volume of some standard substance. In a hydrocarbon product, the
standard reference material is distilled water, and the temperature of both the
hydrocarbon product and the water is 60 °F.

Syncrude Unconventional crudes such as those derived from tar sands, oil shale
and coal liquefaction, and the product mixture of Fischer—Tropsch synthesis.

Tar sands A mixture of 84-88% sand and mineral-rich clays, 4% water, and
8—12% bitumen, heavy oil. Bitumen is a dense, sticky, semisolid substance that is
about 83% carbon. The word tar is a correct description because the tar or heavy
oil separated from the sand is a highly aromatic, high-sulfur material more closely
related to a tar derived from coal than to crude oils. Tar sand is also known as oil
sands and heavy oils. The extensive Athabasca tar sands in Canada have received
considerable attention for decades, but costs have always proved a deterrent for
commercial exploitation on a large scale.

Viscosity The measure of the internal friction or resistance to flow of a fluid. In
determining viscosities of liquid hydrocarbon products, values are often expressed
as the number of seconds in time required for a certain volume of the liquid under
test to pass through a standard orifice under prescribed conditions.

The viscosity of a liquid is the measure of its resistance to flow. It is expressed
either in Saybolt seconds or in mm?%s (kinematic viscosity). Viscosity is an
important characteristic of fuels and lubricants.
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