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Preface

The present book represents a wide range of additives for gasoline used so far. As
gasoline is among the most popular fuel (due to its price and energy), it is impor-
tant to make its performance as much as possible. The main drawback of this fuel is
that it contributes to most of the air pollution as well as greenhouse gases in the
world. In this case, studying different used techniques to reduce air pollutants is
important as eliminating gasoline use is still challenging. It should be noted that
using gasoline additives should not negatively influence gasoline properties and its
power. Thereby, this book studied the effects of different additives on the gasoline
properties and power to make research comprehensive.

Consequently, this book aims to show the progress of additive usage in the gas-
oline industry to reduce air pollution and greenhouse gas emissions, enhance gaso-
line-powered engine performance, and improve gasoline properties such as octane
number. Finally, a brief suggestion regarding future research has been made in the
last chapter.

https://doi.org/10.1515/9783110999969-202
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1 History of gasoline

1.1 Introduction

Gasoline is made up of various chemical compounds and several additives, serving
as an appropriate vehicle fuel. It is made from crude oil, which is a mixture of sev-
eral distinct hydrocarbons in certain regions of the globe via refining. Crude oil con-
sists of different products that differ from place to place, but gasoline forms roughly
half an oil barrel in the United States [1, 2].

Furthermore, gasoline is available in a variety of forms or categories. Undiluted
gasoline is the portion of the petroleum pond generated solely by crude oil distilla-
tion. Distillation is considered the primary refining stage. This step, however, does
not produce appropriate fuel for the engines since gasoline’s composition differs
prominently in this stage. Crack gasoline, derived from the thermal or catalytic
breaking of heavier oil fractions, accounts for the majority of gasoline used in auto-
mobiles and aviation. In this step called catalytic reforming, the formation of aro-
matic compounds increases the naphtha fraction’s octane number. Also, further
isomerization, which results from catalytic reforming, alkylation, isomerization,
and polymerization, is conducted in the refining process to increase antiknock
characterization. Finally, caustic washing, mercaptans oxidation, and desulfuriza-
tion are carried out to make a suitable fuel. Undiluted gasoline, gasoline with
cracks, reformed and synthetic gasoline, and supplements are used to create a wide
range of gasoline [1, 3-5].

Gasoline mainly contains aromatic compounds, including alkylbenzenes as it is
most abundant compound. Moreover, essentially all classes of hydrocarbons ranging
from C, to C;, form gasoline [3]. The final gasoline’s average molecular weight varies
from 60 to 150 g/mol [5]. For better performance, additives could be added to gasoline
as automobile fuel. Common additives are oxygenates and octane boosters, which are
usually in much higher concentrations in the gasoline blend than other additives [1].

Gasoline is the primary transportation fuel in the United States: More than 25%
of all energy usage in the US has been attributed to vehicle fuels [6]. Gasoline’s en-
ergy capacity fluctuates between 112,500 Btu/gal and 114,000 Btu/gal depending on
the season. The former defines the average capacity in the cold season and the lat-
ter in the hot season [7]. The energy content of standard gasoline fluctuates by as
much as 3% to 5% between the lowest and highest energy levels from one batch
and one station to another.

Although petroleum is used today to produce gasoline, coal has already been
considered a powerful source. Until the beginning of the twentieth century, Ger-
many depended almost entirely on imported crude oil for its fuel requirements.
Thanks to scientific progress, high-pressure coal hydrogenation before World War I
availed Germany and other European nations to generate substantial amounts of

https://doi.org/10.1515/9783110999969-001
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2 —— 1 History of gasoline

gasoline [8]. However, coal could not compete with the readily accessible and easily
refined petroleum-based motor fuels because it is a considerably more arduous and
costly procedure to turn solid coal into liquid engine fuels.

Nowadays, to discover and carry petroleum, companies dig crude oil, refine it
to produce gasoline, and sell it to a network of dealers who are experts in particular
brand names and fuel blends. These large refiners may also offer these products to
wholesalers, service stations, and other refiners.

In the combustion chamber, the optimal chemical reaction of fuel creates car-
bon dioxide and water. Nonetheless, unburned hydrocarbons, carbon monoxide,
soot, nitrogen oxides, polycyclic aromatic hydrocarbons, and if the fuel includes
sulfur or heavy metals, their oxides are produced as a consequence of the transient
combustion processes. Since particle emissions significantly influence the environ-
ment and human health, their guidelines have principally focused on the particu-
late mass and number of gasoline direct injection engines worldwide. It has been
shown that additives and physicochemical characteristics can affect octane num-
ber. For example, adding ethanol reduces emissions and lowers the potential risk of
further health-related issues. In order to decrease hazardous emissions, today’s gas-
oline has developed into a high octane, low sulfur fuel with the addition of oxygen-
ates and restriction of maximum vapor pressure [9-12].

1.2 History of gasoline

Petroleum and its derivatives were known to several inhabitants in Eurasia, Africa,
and the Americas, where it leaked to the surface and was utilized since at least
70,000 years ago: Hunters used bitumen to adhere spearheads to wooden shafts,
settlers managed to apply petroleum in building constructions and vehicles, water-
proofing canals, killing lice, and preserving mummies [13].

Although primarily recognized in the last two centuries, petroleum origin ages
for millions of years. The organic material of most hydrocarbons has been derived
from planktonic entities such as diatoms, blue-green algae, and foraminifera which
were abundant about 541 million years ago. When these entities were buried in
fine-grained sediments, which then would be called protopetroleum, they could be
practically conserved. Going through a handful of physical and biochemical altera-
tions might turn them into compounds, including kerosene, methane, and petro-
leum. As it can be presumed, oil has not been distributed evenly around the world.
The Americas, Africa, Russia, and the countries which once formed the Soviet
Union follow the proportion of reserves in the Middle East, which contain approxi-
mately half the globe’s resources [14].

Petroleum usage as a tradable natural resource achieved momentum in the first
half of the nineteenth century as Michael Faraday, in 1825, defined “new compounds
of carbon and hydrogen” via heating oil, and Benjamin Silliman Jr. investigated the
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1.2 History of gasoline =— 3

possibility of using petroleum as illumination substance. In the late nineteenth cen-
tury, fuel acquired via coal and mineral oil could not resolve the global demand. Petro-
leum was on its dawn to dominate the global fuel market and transform civilization:
new values and opportunities were to be established, advanced channels of science
and technology were to be introduced, and modern approaches for energy generation
and consumption were to be developed. The history of human civilization was turning
over a new leaf, trying to improve the quality of life significantly [15, 16].

Before 1863, when commercial development of gasoline began, it was regarded
as a futile side product of refining crude oil [12]. Before the electric lamp, kerosene
was the primary oil refinery product for lighting, cooking, and heating. It has been
suggested that gasoline had been isolated as a result of further kerosene refining in
the 1860s. Primarily, gasoline was used in air-gas machines that could be burned to
illuminate establishments. During the end of the nineteenth century, almost all gas-
oline production was utilized as a dissolvent by industries and dry-cleaning compa-
nies. When Nicolaus August Otto invented the first four-stroke cycle engine in 1876
Germany, gasoline was used as fuel [17].

The views about gasoline were changed since the beginning of the twentieth
century when vehicles started dominating gasoline consumption. In 1919, internal
combustion engines were using 85% of the nearly 90 million casks of gasoline in
the United States in various vehicles. From 1899 until 1919, gasoline prices soared
by more than 135%, from 10.8 cents per gallon to 25.4 cents per gallon, as demand
surged. In 1929, 735,000 barrels were being consumed for aviation fuel. However,
the fuel usage increased to over 6.4 million casks at the outbreak of World War II.
Between 1929 and 1941, passenger automobile gasoline consumption climbed by
more than 30 million barrels, gasoline was almost exclusively utilized to power au-
tomobile and aviation engines, and the amount of gasoline reached more than 50%
of oil-based goods in general [4].

Gasoline was to be discontinued to be regarded as merely a by-product. More
kerosene was refined to gasoline so that the demand could be met. New methods
were being invented to ameliorate refinery efficiency: Thermal cracking, which
used heat and pressure, was introduced in the 1910s and made it possible for un-
suitable heavy petroleum products — that were more volatile — to be modified into
compounds boiling in the gasoline range. Another process, thermal reforming, was
developed in the 1930s to improve octane quality. Catalytic cracking was created in
the late 1930s to shrink hydrocarbon molecules, in which a catalyst enabled the
procedure at lower temperatures. Despite the invention of catalytic cracking, cok-
ing, an extreme form of thermal reforming, has continued to be widely used world-
wide to refine heavy crudes or oils. In 1940, catalytic reforming, a method that uses
ring closure to convert low-octane paraffin into higher-octane aromatics, came
next. Other techniques which are used in refineries to boost octane include poly-
merization, alkylation, isomerization, and hydrocracking [12].
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Since the 1950s, oil has become the world’s most crucial energy source mainly due
to its high energy content. In the United States, per capita, gasoline consumption
climbed from around 150 gallons per year to just under 500 gallons per year between
1948 and 1975. Figure 1.1 shows gasoline consumption in the United States from the
1950s [18, 19]. The Middle East and Latin America established themselves as major oil
producers by the 1970s. The cartel founded by the main Middle Eastern oil producers,
known as OPEC (Organization of the Petroleum Exporting Countries), became a domi-
nating player in global oil price-fixing by managing oil production. Even though sev-
eral European countries such as Germany and France have not availed themselves of
conventional oil production, they were able to develop methods to harness alternative
energy sources, thanks to technology and creativity. Following the discovery of oil and
gas under the North Sea in the 1960s, Britain, some Scandinavian countries, and the
Netherlands became significantly self-sufficient in oil. In the 1980s, French and Ger-
man industries started favoring diesel automobiles. It has been suggested that the rea-
son behind it traces back to the 1973 and 1979 oil crises because when the crises
subsided, Europe’s diesel supply was far greater than the demand. Having said that,
diesel engines emitted far less CO, than gasoline engines in the 1990s. However, this
divergence between CO, production in the two types of engines has been considerably
lowered as diesel engines have progressed and become more powerful than gasoline
engines [20]. As offshore oil production started to fall in the 2000s, the European
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Figure 1.1: US motor gasoline consumption from 1950 to 2020.
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Union has been inclined to more innovative and sustainable approaches, especially in
the last decade, trying to be a petroleum-free society. This means lesser use of gasoline
and diesel while more consumption of alternative energy forms [4, 16, 21].

Even so, the gasoline engines are here to stay inside the cities due to their ease,
cost, and diversity, enabling them to work at higher speeds. Although the demand
has decreased, or at most become stable in Europe and North America, gasoline de-
mand has risen prominently in the rest of the world. The gasoline demand mainly
rises from the growing middle class in the developing world. It has been expected
that global oil products will grow by an average rate of 1.2% during 2012-2025.
However, gasoline consumption growth leads to environmental changes as its com-
bustion releases greenhouse gases, and its induced air pollution could be followed
by health and medical issues [22, 23].

1.3 The influence of gasoline on World War | and World War II

After World War I, there was a wide range of variability in the kinds of fuels accessi-
ble on the commercial market. The variation was generally attributable to the origin
of the crude oil as well as the techniques that were used to refine it. In order to
transform the oil into gasoline, the development of the Octane Number Tests 219
was performed. Because fuels are composed of a combination of hydrocarbons, a
significant amount of research was conducted in the early stages to determine the
likelihood that specific hydrocarbon structures would knock. Ricardo undertook a
series of experiments on various hydrocarbons in 1921, during which he discovered
that certain arrangements of hydrocarbons are more susceptible to “knock” than
others. The most effective antiknock capabilities were exhibited by aromatics,
which are made of carbon atoms linked together in the form of a ring. In contrast,
paraffin’s antiknock performance, characterized by a continuous chain of carbon
atoms, was the poorest. These discoveries were made with a degree of generaliza-
tion; for instance, iso-octane, a paraffinic fuel, possesses outstanding antiknock
qualities. It was discovered that Romanian gasoline included a high concentration
of aromatics, which explains why it has such strong antiknock attributes [24]. Etha-
nol was the first additive of its kind to see widespread usage as an antiknock agent.
Since the manufacturing method was well established at the time, ethanol saw
widespread application as a motor fuel in early automobiles as well as airplanes.
Furthermore, there was a political push for ethanol since it was believed it would
benefit the farming sector. In 1906, researchers at the Edison Electric Testing Labo-
ratory discovered that due to ethanol’s antiknock qualities, it was able to function
on compression ratios that were far greater than those required by gasoline. In
1918, due to the caustic character of ethanol, the high expense of producing it, and
its low energy density, the focus on ethanol began to turn toward its use as an addi-
tive. Charles Kettering, who was the chief of research at General Motors (GM) at the
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6 =—— 1 History of gasoline

time, contributed a significant amount of effort to this study. In 1918, he said that
alcohol might be combined with gasoline to generate a viable motor fuel [25].

People were able to benefit from the antiknock technology that had been devel-
oped during World War II after the war. By 1944, oil companies were already specu-
lating on the long-term consequences of the sudden surge in demand for high-octane
fuels after the war. Because high-octane gasoline would be freely available at all
gas stations after the war, GM predicted that postwar vehicles would have high-
performance levels [26]. Fuel with an octane rating of 85 was readily available by
1945 when the average octane number was around 80. Because of the increasing
abundance of high-octane fuel, the price of gasoline fell. Thirty dollars would buy
a gallon of 100-octane gasoline in 1929. While the price had dropped to $16 in
1933, by 1943, it had fallen to just $0.20 for 100-octane fuel.

Ten years after the end of World War II, refining technology for high-octane
fuel was allowed to expand over the world fully. The octane rating would be ap-
proximately 90, which is where it has been up to this point. Performance did not
much increase with higher octane numbers.

Fuels with high octane values became widely available in the United States fol-
lowing World War II, influencing many automobile industry improvements. Com-
pression ratio improvements led to an increase in engine power, which in turn
resulted in a shift in consumer expectations for ever-increasing power. In response
to these demands, the automobile industry got into a “horsepower race,” creating
“muscle cars” with ever-increasing power outputs. Ultimately, these so-called mus-
cle cars would become synonymous with American automotive culture [27].

1.4 Gasoline mechanical and chemical properties

Gasoline, a blend of volatile and combustible liquid, consists of C4 to C12 com-
pounds. Half of the motor gasoline is obtained from crude oil for engine use, which
comes in two forms: aviation and automobile. Natural gasoline distillation ranges
from 40 ‘C to 200 ‘C. The hydrocarbons formed at the boiling range are classified
into aromatics, paraffin, and olefins. Interestingly, the characteristics of gasoline
could differ based on the application and the refinery methods. Additionally, based
on its octane number, motor gasoline is categorized into regular (85 to 88), midg-
rade (88 to 90), and premium (more than 90) gasoline [28, 29]. Table 1.1 shows the
hydrocarbon components of refinery gasoline (IARC 1989).

Straight-run naphtha, hydrocracked naphtha, isomerate, reformate, alkylate, fluid-
ized catalytic cracking, and polymer and pyrolysis gasoline build the most crucial body
of gasoline. These components vary in volatility, chemical composition, density, and
antiknock performance [28]. Chemists and mechanical engineers have spent much
time researching the knocking process. The self-ignition of some unburned terminal
gas before crossing by a typical propagating flame front is referred to as knocking.
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Table 1.1: Typical composition of gasoline.

Compound Weight percentage Volume percentage

Olefins Alkenes 2-5% 0-30%
Cycloalkenes 1-4%

Paraffin Alkanes 4-8% 30-90%

Isoparaffin Isoalkanes 25-40%

Naphthene Cycloalkanes 3-7%

Aromatics 20-50% 10-50%

Benzene 0.5-2.5%

Knocking occurs when the fuel’s vapors burn quickly and prematurely in an en-
gine’s cylinders while the pistons are being compressed. This phenomenon emits a
“metal ping” which is produced because of the pressure wave traveling across the
cylinder chamber. The knocking can be assessed: the colliding and its reflection
across the chamber wall make it possible to detect the pressure oscillation when the
local pressure is being measured directly. It is usually between 4 and 20 kHz [30].

Prior to World War I, there was little research on knocking, and it was not until
around 1920, when the size and power of automobile engines increased, that com-
mercial attempts to solve the problem began. Knocking reduces power and effi-
ciency, as well as causes engine damage over time. Nonetheless, standard criteria
or scoring system did not exist until the late 1920s, when the octane number system
was created to evaluate engine fuels. A fuel’s octane number is a measurement of
how likely it is to knock and has a minimum and maximum value.

Simple laboratory processes calculate the research octane number (RON). The
fuels are burnt in the lab under precise and predetermined conditions. Normal
heptane is an example of reference fuel. This is extremely low-quality gasoline
with a 0-octane rating. 2,2,4-Trimethyl pentane (iso-octane) is at the other extreme
of the spectrum that receives a 100 rating. To measure octane number, these two
reference fuels are combined until they make some gasoline that “knocks” as
much as the testing fuel. The chemical structures of these two have been demon-
strated in Figure 1.2. Methanol, ethanol, and toluene exceed iso-octane in terms of

CH
AR AR o~ CH—CH,—¢ SCH
- 27 W 3

HHHHHHH H 3

Normal heptane Iso-octane

Figure 1.2: Chemical structures of normal heptane and 2,2,4-trimethyl pentane.
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performance, and their octane ratings may be extrapolated to above 100. There is
no doubt about it: the better the octane number, the more miles per gallon one
gets out of their tank [31, 32].

Catalytic cracking technologies were created from the 1920s through the
1940s, which not only boosted gasoline processing efficiency but also gradually
increased its octane number. Before the octane number system was invented, the
Burton process, a non-continuous thermal process, was commercialized in 1913,
producing gasoline with an estimated octane number of 50-60. Continuous ther-
mal cracking, which dates more than 100 years, generates 73 RON gasoline.
Cracked gasoline attained exceptional octane levels in the upper 80s thanks to
the first catalytic process, Houdry technology (1938). Fluid catalytic cracking, the
pinnacle of the cracking technique, was introduced in 1943 and increased the oc-
tane rating of gasoline to 95 [33].

When new octane-boosting chemicals and the octane number rating were intro-
duced to the market in the 1930s, car fuel started being split into two groups: regu-
lar and premium, each with its octane range. Due to better refining processes and
additives usage, gasoline’s octane rating grew during the following 60 years. Addi-
tives’ application became increasingly associated with environmental issues (such
as clean air) and higher-octane ratings in the 1970s and 1980s. It is important to
note that since the introduction of the original Ford Model T engine, gasoline has
advanced significantly, and in constant dollars, it is currently less expensive [4, 34].
Some of the essential gasoline additives developed from the 1920s to the 1980s are
summarized and shown in Table 1.2 and Figure 1.3. The addition of these compounds
results in a rise in the octane number of gasoline.

Table 1.2: The octane number of common additives of gasoline.

Additive RON
Ethanol 108
Methanol 107
Ethyl tert-butyl ether (ETBE) 118
Methyl tert-butyl ether (MTBE) 116
Tetraethyl lead (TEL) 100
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Figure 1.3: Chemical structures of some of well-known additives.
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2 History of gasoline additives

2.1 Introduction

Fossil fuels serve as one of the crucial energy sources in the world. The petroleum sour-
ces are directly correlated with the increasing demand for energy production [1, 2]. The
more fossil fuel sources deplete, and the population grows, the further the world goes
on a path to an energy catastrophe. The most crucial fuel derived from petroleum is
gasoline, which plays a key role in human life. Gasoline is mainly consumed in cars,
sport utility vehicles, miniature aircraft, construction equipment and tools, farming,
and so on. As gasoline demand increases gradually, its prices rise daily, and the fuel
supply shortage puts many nations under economic and domestic pressure.

Moreover, consumption of fossil fuels leads to greenhouse gas buildup, acid
rain, and ozone layer depletion. These hazardous effects impact environment nega-
tively which puts the living in danger. Therefore, it is wise and necessary to hunt for
alternative energy sources that can create appropriate energy, which are eco-friendly
at a reasonable cost [3, 4]. Researchers have considered methods and additives to im-
prove gasoline performance in recent decades [5, 6]. In the early twentieth century,
research was being conducted to find a solution for fuels’ “knocking” — a phenomenon
occurring in engines — which produces high amounts of pressure that is problematic.
So, many elements and compounds were being probed to be used as antiknock agents.
In 1916, iodine as an additive to gasoline was suggested; however, Iodine was very ex-
pensive at the time. A year later, the alcohol and gasoline mixture was considered fit-
ting fuel. The potential of an organometallic compound was found 5 years later in 1921
and that was unfortunately life-threatening as well: tetraethyl lead (TEL). Eventually,
TEL was banned, and unleaded gasoline started to replace leaded gasoline [7].

Although scientists had previously claimed that TEL and methyl tert-butyl ether
(MTBE) have a strong positive influence on the power of gasoline, their hazardous
effects on the environment led researchers to work on alternative additives [8, 9]. In
other words, organic lead (TEL) was employed as an antiknock additive in gasoline
and jet fuels. The skin, lungs, and gastrointestinal system all absorb TEL quickly. It
may be transformed into triethyl lead, which is hazardous. TEL accumulates in the
limbic forebrain, frontal cortex, and hippocampus due to its highly lipophilic nature.
Delirium, nightmares, irritability, and hallucinations are all symptoms of acute high-
level exposure. Poor neurobehavioral scores in manual dexterity, executive function,
and verbal memory are among the long-term impacts of TEL exposure. Most treat-
ments focus on providing comfort; however, chelation therapy may be beneficial [10].
Also, MTBE is quickly becoming a serious environmental issue, but it might be stud-
ied by utilizing carbon and hydrogen isotope compositions.

The recent debate over the use of MTBE in gasoline to increase oxygen content
and reduce carbon monoxide emissions to the atmosphere had resulted in a projected

https://doi.org/10.1515/9783110999969-002
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phaseout of this chemical by 2002, albeit this has not yet occurred on a broad scale
countrywide. MTBE has been incorporated at low quantities (2%) into various gasoline
types to boost octane performance. Since 1979, it has been recognized as a carcinogen,
although it was assumed to pose lower health risk than many other components in
gasoline. MTBE has become a major pollutant of water and, to a lesser extent, air
(when gasoline escapes from underground storage tanks and comes into contact with
groundwater) (i.e., when distributed at a gasoline pump, however it is washed out rel-
atively swiftly in the first rain). MTBE is also photodegraded quickly in the air. In
many situations, MTBE dominates the chromatograms of MTBE-contaminated ground-
water samples, with only modest quantities of other components present. Determining
the actual source of MTBE can be problematic since many sites may have several sour-
ces of MTBE from many petrol stations in the region. Primary research suggested that
the refractory character of MTBE gave a possible possibility for employing isotope-
ratio mass spectrometry to determine the source/spill correlation of gasoline or MTBE.
GCIRMS (Gas chromatography combustion isotope ratio mass spectrometry) is argu-
ably the only practical approach that has any chance of discriminating distinct
sources of MTBE in groundwater samples while not being the final answer [11].

Newer additives have been mainly classified into chemical-based and eco-
friendly additives. Current commonly used chemical-based additives are demon-
strated in Table 2.1. Eco-friendly or bio-additives, which are generally produced
from plant oil or carbohydrate-rich feedstock (bio-alcohol), are especially practical
in diesel engines that do not need modification in the engine itself. Moreover, they
have a higher degradation rate and build less greenhouse gas. Palm oil has been
indicated as a feasible additive for gasoline [3, 12-15].

Table 2.1: Major chemical-based additives.

Additive groups Examples
Antiknock agents
Oxygenates
Alcohols Methanol, ethanol, propanol, butanol
Ethers Methyl tert-butyl ether (MTBE), ethyl tert-butyl ether

(ETBE), tertiary-amyl methyl ether (TAME)
Organometallic compounds Iron pentacarbonyl, ferrocene

Antioxidants

Phenolic compounds 2,4-Dimethyl-6-tert-butyl phenol
Cetane improver 2-Ethylhexyl nitrate
Metal deactivators N,N’-Disalicylidene-1,2-propanediamine

As presumed, additives are not limited to increasing octane agents. Diesel fuels
usually generate foams when pumped into vehicles’ tanks; antifoam agents such as
polysilicon compounds overcome this issue; fuel system icing inhibitors come in
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handy in jet fuels while water tends to freeze in high altitudes; corrosion inhibitors
are applied to prevent corrosion of steel equipment and infrastructure [16].

Some additives, which are usually used in other industries such as food preser-
vation or cosmetics, have also been suggested as gasoline additives for fuel and en-
gine stability. To illustrate, antioxidant additives inhibit some unfavored reactions
resulting in fuel stability. A critical chemical reaction occurs regarding engine
maintenance and oil storage: oxidation. Aromatics, olefins, and hydrocarbons,
which all form gasoline, are highly susceptible to oxidation. Metal presence, light
exposure, temperature rise, and oxygen make gasoline more prone to oxidation.
This reaction builds a mass known as “gum” which affects gasoline properties and
engine performance. The phenolic antioxidants have been studied since the 1960s
and are able to thwart the auto-oxidation reaction. Metal deactivators inhibit oxida-
tion, hydrocarbon-soluble salt production, and fuel thermal deterioration. Because
of their antioxidant characteristics, they are sometimes considered a subgroup of
antioxidant additives. They are employed in aviation gasoline and jet fuel. As for
cetane improvers, the cetane number for diesel is somehow the same as the octane
number for gasoline. The higher the diesel’s cetane number, the fewer it would
“knock” [17, 18].

The majority of greenhouse gases produced by industrial and transport activi-
ties contain more than 0.6 billion combustion units (especially cars), which is ex-
pected to be up to 2.5 billion units by 30 years [19-22]. The alternative fuel used as
an additive must be derived from renewable sources. It is essential to use methods
that do not affect the engine. Alcohol, especially ethanol and methanol, are the
best choices in this regard [23, 24]. Studies on blending nanometals and alcohols
with gasoline have proved that most of these additives are added to gasoline to re-
duce gasoline emissions and increase the fuel specifications such as octane num-
ber, brake power, and brake thermal efficiency (BTE). Within the last few years,
several experiments have indicated that alcohol’s influence is more robust than
MTBE and TEL, especially from the environmental point of view [25]. Alcohols are
subject to both reducing exhaust emissions and improving engine performance.
The main factors of engine performance are BTE and brake-specific fuel consump-
tion, which are enhanced by adding alcohol. However, some researchers have con-
cluded that this additive may have a negative effect on air pollution and BTE. They
have also come to the idea that increasing the percentage of oxygen in the blended
fuel could prepare a condition for creating NOx, CO, and CO, [26, 27]. Another ad-
vantage of blending alcohol with gasoline is the ability to meet the demand for
higher octane numbers [28, 29]. Higher octane number allows the engine to operate
at higher ratios of compression, and it causes higher thermal efficiency [30-32].
Some attempts have been made to blend nanoparticle with gasoline for different
purposes [33-35]. There are different nano-additives with various potentials. The
nano-additives in the emulsion have a high surface/volume ratio, which leads to
better atomization and rapid evaporation [36—38].
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Furthermore, some nanometals make the combustion more complete, which
leads to a reduction in hazardous emissions [39, 40]. Moreover, some researchers
used nanoparticles for methanol to gasoline (MTG), ethanol to gasoline (ETG) pro-
cesses, gas to liquid, or acetone to gasoline, which are economical [41-43]. MTG
and ETG are two critical chemical processes that effectively get beneficial chemicals
from coal and natural gas by syngas [44, 45]. Table 2.2 illustrates the research on
the influence of different additives on engine performance, exhaust emission, and
engine performance. The oxygenated fuels affect gasoline properties (flash point,
octane number, etc.). The engine load, injection pressure, engine speed, and other
engine-related factors do not affect fuel properties.

This review paper aims to explain the influence of various additives on exhaust
emissions, fuel properties, and gasoline engine performance by the latest research
studies. The other purpose of this review is to investigate the impacts of blending
many types of material and additives with gasoline fuel and compare each addi-
tive’s influence.

Table 2.2: Chemical and physical properties of alcohols and gasoline.

Properties Kinematic LHV Octane No. Boiling Flashpoint Oxygenate Density Molecular

viscosity  (kJ/kg) point  (°C) molecules (kg/m3)  weight
(cm?/ (°0) (g/mol)
Material 5.107%)
Gasoline 0.5 317.7 91-100 39 -46 0 700-800
Methanol 0.75 1,100 108.7 64 11 50 790 32.04
Ethanol 1.2 840 110 78 13-14 34.8 788 46.07
n-Butanol 3 585 96 118 35-37 21.6 810 74.121

2.2 The first types of additives for gasoline

The engine of the car was one cause of banging. Knocking is more common in an
automotive engine with a greater compression ratio, poor combustion, and detona-
tion. The end-gas auto-ignition causes it before the flame front from the spark plug
can reach it [46, 47]. Knocking happens when the compressed fuel-air combination
bursts prior to igniting the spark plug. In high-compression internal combustion en-
gines, gasoline is a chemical compound that is employed, and if it ignites exces-
sively and bursts, it can harm the engine via knocking [48].

Researchers and scientists in the automotive industry discovered that knock-
free engines were significantly more efficient and cost-effective during the first half
of the twentieth century. This discovery was made due to extensive research and
many experiments focusing on the problems that can arise in automobile engines
[7]. Octane has a significant role in how resistant gasoline is to engine knocking;
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hence, as gasoline’s octane level rises, it becomes more resistant to engine knock-
ing since it is more likely to be compressed by air and explode later. As a result,
employing gasoline additives to raise the octane number of gasoline is one of the
reasons why engines knock less when using fuel with a higher-octane number [49].

While working at the Dayton Engineering Laboratories Company (DELCO),
which Charles F. Kettering had established in 1909, Charles F. Kettering was the
one who discovered the impact problem. Thomas Midgley Jr., who was 27 years old
at the time, became a member of the DELCO research staff in 1916. Midgley attended
Cornell University for his education and received a degree in engineering there in
1911. After that, he found work at the Dayton location of the National Register Fund
Company. After he had helped his father for the time being, he was away from
DELCO for a while. Still, he eventually returned, and he and Kettering immediately
began looking into the cause of the engine knock.

Knocking was not a significant issue with the low-compression vehicle engines
of the day, but it hindered the development of higher-compression automotive en-
gines that were both more efficient and powerful. The difficulty was that knocking
got worse as the compression ratio increased, making it impossible to utilize higher
compression ratios. If that had been possible, it would have led to better fuel effi-
ciency and higher power output. Kettering’s dream was to create an automotive en-
gine that could operate at a more excellent compression ratio; hence, finding a
solution to the knock problem was very necessary. It was assumed at the time that
the knock was a result of preignition; however, Midgley’s early work proved that it
was generated by a rapid increase in pressure following the ignition [50-52]. Since
1916, many solutions have been proposed to minimize the damage to the vehicle’s
power plant in response to the challenges posed by engine knocking. Concurrently,
Thomas Midgely started adding iodine to gasoline in order to avoid and lessen en-
gine knocking. When added to gasoline as an additive, Iodine increases the fuel’s
octane level, which in turn results in a reduction in the amount of knocking placed
on the engine. This conclusion was reached after an exhaustive battery of tests [7].
Even though it was beneficial to increase the octane number by adding iodine to
gasoline, the practice was fraught with two significant drawbacks. The first issue
was that iodine was very corrosive, which led to a great deal of damage being done
to the engine’s body. The second issue was that iodine was costly to utilize. Despite
its inconvenience in usage, iodine’s effectiveness as an antiknock agent spurred
Midgley in his quest to find other agents. Because kerosene-soluble red dyes do not
act as an antiknock, the red hue was quickly disproven and dropped. The antiknock
activity was due to iodine, but colorless ethyl iodide was also an effective knock
inhibitor; therefore, it was determined that iodine was the species.

The search for an efficient and practical antiknock agent was halted by World
War I. Instead of searching for an antiknock compound that was both effective and
practical, Midgley concentrated all of his efforts on inventing synthetic aviation gaso-
line. With the use of this approach, the hydrogenation of benzene was achieved in a
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70:30 ratio, with the product being a combination of cyclohexane and benzene. As a
result of the war, this could not be put to its intended use; nonetheless, its effective-
ness was proven.

The Dayton Metal Products Company was founded in 1916 by Kettering after he
sold DELCO the year before. The General Motors Company (GM) purchased the
fledgling company’s research division in 1919, and the subsequent GM Research Di-
vision was formed. At the time, Kettering was GM’s vice president for research and
oversaw this facility.

After serving in the military during World War II, Midgley returned to his quest
for an effective antiknock chemical. With the help of Thomas A. Boyd and others,
he tried to use all of the compounds that became available to him, but he was un-
able to accomplish it. After the merger was completed, he was given 2 weeks to find
a new knock inhibitor to continue financing this research. GM would keep funding
this study in the event of his success.

In 1919, Boyd discovered that aniline could be used as an effective antiknock
agent. The timing could not have been better. Besides engineering, petrochemical
and chemical research and development, as well as alternative fuels and engine de-
sign, needed to be improved. Since then, Kettering had built partnerships with
firms like E.I. du Pont de Nemours and Standard Oil of New Jersey. Both companies
were interested in antiknock agent research and development for reasons that
should be self-explanatory [53]. The solution did not lie in aniline. Although it had
beneficial antiknock action, it had a highly foul odor (which departed the exhaust),
it oxidized in air, and there were worries about its toxicity as well as its corrosive
effects on metals. In addition, the exhaust was filled with the smell of it. Since this
was the case, aniline was eliminated from the running, and the search continued
[54]. In 1917, Charles Kettering and Thomas Midgley participated in a research proj-
ect together in which they tested the use of ethyl alcohol as an additive to gasoline.
As a result of their findings, it was determined that using alcohol as an additive to
gasoline is a preferable option because it is also friendly to the environment. They
do not cause any damage, and the octane rating of the gasoline is raised as a result
of their addition [7].

In the year 1854, a scientist from Germany made the initial discovery of TEL. A
point of technical interest, but “its notorious deadliness” prevented it from being ap-
plied in commercial applications. It is perilous, and even light, prolonged contact
with it has been known to induce hallucinations, breathing trouble, psychosis,
spasms, paralysis, asphyxiation, and death in the most severe cases. Even light, pro-
longed contact with it has been known to cause these effects. In 1921, 67 years after it
had been invented, it was still not being utilized; therefore, it was not an obvious
choice as an addition to gasoline [55]. The search for new additives continued until
1921 when it was announced that TEL, a new additive, had been found by Thomas
Midgley Jr. The production of this substance and additive in limited amounts were
done in 1922, and the following year saw the first daring driver make use of it. To
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produce this additive, it is required to mix molten sodium and molten lead to create a
highly reactive alloy. This may be done by combining the two metals in a melting
pot. After that, it reacts with ethyl chloride to produce TEL [56, 57].

In 1924, GM laid the groundwork for what would become the Ethyl Corporation,
with the intention of marketing lead-based gasoline. However, there were a few dis-
advantages to this particular gasoline. The toxicity of lead and the issues it causes
for the environment are the first and most significant of these concerns. For in-
stance, lead is responsible for a drop in IQ in children, as well as harmful effects on
children’s physical development [58], a poor influence on the immune system of
birds [59], and the occurrence of acute malignancies in adults and rodents [60].

On the other hand, it shortens the engine’s lifespan since it promotes ineffi-
ciency by depositing itself in various areas of the engine [56]. Lead, for instance,
can form a deposit on the chamber of the combustion device, which entirely blocks
combustion [56].

In 1925, a physiologist named Professor Yandell Henderson raised and cautioned
the scientific and engineering communities about using TEL in gasoline as an addi-
tive. He did so for all of these reasons, but most importantly, for reasons related to
medicine and public health, for the sake of humankind’s survival [61]. But govern-
ments and scientific societies did not heed Professor Henderson’s warnings. They
continued to use this additive because very few scientific and engineering facilities
and advancements were available before the 1940s. This made it difficult for them to
detect the harmful effects of TEL on a small scale. Toxic compounds continued to ac-
cumulate up until the 1970s [62]. In the meantime, beginning in the 1940s and con-
tinuing onwards, with the expansion of human knowledge and access to radioactive
materials, spectrometers for nuclear bombs began to be developed. These spectrome-
ters could detect and geochemically study lead-induced contamination around the
world [63].

However, in the United States, the use of TEL was not banned until 1973. After
1973, this additive was restricted over time, and in 1995, severe restrictions were im-
plemented to prevent the use of this material, except for certain types of aircraft. In
2008, it was discontinued as an antiknock agent for usage in the market [64]. Also,
in Europe, no legislation prohibited lead use until 1978. After that year, all EU na-
tions were required to prohibit the manufacture of lead as well as its import [65].

2.3 TEL gets challenged by alternative additives

As was previously noted, one of the most significant reasons for utilizing TEL was
to boost the octane number of gasoline to improve the engine’s performance and
act as an antiknock additive. The octane number is broken down into two distinct
categories. The first group was called the research octane number . This number is
connected to isooctane and n-heptane and is tested against them. The second

printed on 2/14/2023 2:45 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

2.3 TEL gets challenged by alternative additives =— 19

classification is the motor octane number [54, 66]. It is possible to boost the octane
number by utilizing additives, as well as the nature of the octane number itself,
which is such that it rises with an increase in the number of carbon chain branches
in a compound [67].

TEL was utilized as an octane booster and an antiknock agent in the 1920s and
1930s because it was inexpensive and effective. This made it the additive of choice
during this period. However, viable replacements for TEL must be discovered be-
cause of its toxicity and environmental damage [67]. Even after TEL was made avail-
able on markets worldwide, large gasoline corporations continued their hunt for
additional additives that may further lessen “knocking.”

The addition of 1,2-dibromoethane helped reduce the deleterious effects of TEL
and its tendency to precipitate. However, in order to accomplish this goal, consid-
erable quantities of this chemical, which is both rare and costly, were required. At
the same time, the Dow Chemical Company had wells in which they were able to
extract bromine by adding chlorine to brines that already contained alkaline bro-
mide [66]. After that, the factories of Ethyl and Dow joined forces and founded the
Ethyl-Dow Chemical Company to exploit and manufacture bromine. During World
War 11, as a direct result of this collaboration, a sizable plant was built with the
purpose of extracting bromine from seawater to use in the production of other
chemicals [66]. But bromine was also one of the highly toxic elements. Because it
was the primary component of chemicals, it was produced in large quantities until
it caused unjustifiable environmental effects. Despite the fact that it took a very
long time to raise awareness about the impact, it was produced in large quantities
until it caused these effects [68]. As was previously mentioned, one of the issues
that arose from the utilization of TEL was the accumulation of lead in the engine,
which shortened the engine’s lifespan. This issue was resolved by including ethyl-
ene dibromide, in the form of an additive, in the fuel that contained tetra-ethyl
lead for some time. Ethylene dibromide released the lead in the engine into the at-
mosphere to safeguard the engine, which jeopardized the general population’s
health. Furthermore, methyl bromide and bromofluoro-compounds were responsi-
ble for causing damage to the ozone layer [68].

2.3.1 Methylcyclopentadienyl manganese tricarbonyl

Since TEL, Ethyl Corporation had not released any significant new antiknock chem-
icals until they released a manganese compound. They successfully identified the
antiknock property of methylcyclopentadienyl manganese tricarbonyl (MMT) in
1954 and then released this product to the market. Manganese compounds were an-
other type of antiknock material and octane booster additive that had a spike in
popularity in the 1990s [69]. Despite the many benefits of this product and its fewer
harmful effects than TEL, its use was limited, and oil companies in Europe were
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forced to voluntarily stop using MMT because of the many public concerns related
to the use of MMT for human health and the environment. This was the case even
though MMT has fewer harmful effects than TEL [69-74].

It was shown that MMT might be dangerous, especially to children. Although
manganese was thought to have detrimental effects on the neurological and respi-
ratory systems, and even though it created wear and deposits in the engine, it
should be noted that manganese oxides had a negligible effect on the catalysts [75].
A federal appeals court in Washington, D.C., rejected the Environmental Protection
Agency (EPA) ruling in 1998. The court’s ruling authorized Ethyl Corp. to test MMT
while selling it. There was no time limit for completing the exams in the legislation,
and today MMT is being used in some countries as an additive [76].

2.3.2 Ferrocene

Ferrocenes emerged as more cost-effective substitutes for MMT in the effort to in-
crease octane values. The most common ferrocene compounds in antiknock composi-
tions are alkyl ferrocenes and dimethyl ferrocenyl carbinol. Both types of ferrocene
compounds include alkyl groups [74].

Due to the iron-containing deposits produced from ferrocene, the use of iron
compounds as antiknock compounds in Russia during the 1960s and 1970s resulted
in forming a conductive coating on the surfaces of the spark plugs. This was a signifi-
cant drawback of the practice [67]. In addition, wear and tear on an engine is acceler-
ated due to ferrocene oxides being so rough. Iron oxide was discovered as a physical
barrier between the exhaust gases and the catalyst/oxygen sensor. As a result, the
catalyst began to erode and clog, making it less efficient as a catalyst [73, 77].

2.3.3 Oxygenated additives

Before 1990, environmental rules were inclined toward lowering emissions. Cata-
lytic converters have long acted as powerful tools for combating air pollution. For
the first time after 1990, laws attempted to change the gasoline composition. Since
1995, reformulated gasoline has altered the composition proportion via minimizing
oxygen content and alteration of different contaminants. As additions, oxygenated
compounds are used in several reformulated gasoline. The oxygen aids in the total
combustion of fuel, lowering monoxide emissions.
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2.3.3.1 Methyl tertiary butyl ether

The methanol derivative, MTBE, is the most common additive to deliver the extra
oxygen needed to reformulate gasoline to meet these standards. This additive is
currently found in approximately 30% of gasoline sold in the United States [78, 79].

In the 1940s, MTBE was initially utilized as a gasoline additive to replace lead
in the 1970s and 1980s and was a popular additive in Europe. The introduction of
MTBE as an octane-enhancing additive to gasoline in the United States began in
1979. It was primarily found in higher-grade gasoline and was only seldom found in
lower-grade fuels. The most frequent usage of MTBE was found in New England,
New Jersey, and other east coast states between 1979 and the mid-1980s. The usage
of MTBE to raise gasoline’s octane rating began to rise in the late 1980s. Following
this, it was used to produce gasoline that burns more efficiently in certain condi-
tions. As a result of the Clean Air Act of 1990’s requirements, MTBE consumption
soared across the country, eventually reaching epidemic proportions across most of
the country. Due to stringent air quality regulations, MTBE was added to 95% of the
gasoline sold in California in June 1996. Since then, it has become almost univer-
sally used in the state (1998) [29]. With the introduction of the federal reformulated
gasoline program in the United States, MTBE consumption in the United States
climbed dramatically between 1990 and 1995.

MTBE was heavily criticized in the late 1990s for its effectiveness and safety.
According to a 1999 assessment by the National Research Council, adding oxygen
additions to gasoline, such as MTBE and ethanol, is significantly less helpful in
managing pollution than installing emission control technology and improving car
engines.

Groundwater, lakes, and reservoirs have all been implicated in cases of signifi-
cant sickness due to the presence of MTBE. The appearance of malignant tumors in
some animal studies prompted many authorities to warn about the substance’s po-
tential health risks. Some institutes suggested that MTBE should be taken off the
market as an additive for gasoline [80]. This started ethanol to find its place as an
oxygenate additive in blending. Even so, today, more than 90% of the global popu-
lation lives in areas that do not comply with the WHO Air Quality Guidelines [79].

2.3.3.2 Alcohol
When Kettering found that a TEL addition was unacceptable for usage, other corpo-
rations, such as Sun Qil Co., explored alternatives. For the first time, butyl alcohol
additions to a gasoline blend based on highly fragrant crude petroleum were of-
fered for sale by this firm [81]. Moreover, “White flash,” an Arco product containing
benzene, was on the market [82].

Since the early 1980s, ethanol, a fuel derived from corn, has been an increas-
ingly prominent addition in the United States. Its usage originated in reaction to
rising oil prices, as a gasoline alternative, and as a lead replacement for octane-
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enhancing purposes while lead was being phased out of the gasoline supply. More
recently, its usage has been encouraged for reasons relating to the environment
(the Clean Air Act Amendments). The primary function of fuel ethanol has shifted
from a replacement for gasoline, which also played a limited role as an octane en-
hancer, to that of an additive that cleans the air. Before November 1992, ethanol
was utilized as a gasoline replacement due to its market’s peculiarities and the
large subsidies offered by the federal government and individual states in the
United States. It was used as a direct replacement for gasoline in a mixture called
gasohol with 10% ethanol and 90% gasoline [83]. The most common mixture of gas-
oline and ethanol is called E10, consisting of 10% ethanol and 90% gasoline. In ad-
dition, ethanol can be used in its purest form, known as E100, or in a mixture
known as E85, which is composed of 85% ethanol and 15% gasoline. Molasses is
the primary component in the production of ethanol that is utilized in the United
States. There is now research being conducted to determine the viability of commer-
cializing the manufacture of ethanol derived from sources other than vegetables.
These sources include cellulosic materials such as scrap wood or paper [84].

N-Butanol (C,Hg0), on the other hand, has the potential to function either as a
straight fuel or as an addition. Butanol, often known as “biobutanol,” is a sustain-
able fuel when it is produced through the fermentation processes of a variety of mi-
croorganisms. Compared to ethanol, normal butanol offers many benefits that are
widely recognized. These advantages include a more extensive energy content,
more superb miscibility with transportation fuels and a lesser tendency to absorb
water. Butanol, in its normal state, may be mixed with gasoline in any concentra-
tion, and because it has a larger energy content than a fuel generated from petro-
leum, it has to be blended in at a lower volumetric concentration to achieve the
same level of performance. Because of these properties of butanol, there has been a
resurgence of interest in how it burns [85-91].

When Germany relied on coal supply during World War II, methanol was used as
a transportation fuel. There was a rush to find alternate motor fuels during the global
energy crisis of the 1970s, which resulted in methanol-based fuels being employed in
a broader range of applications later on. During this period, the state of California
saw the most significant use of methanol. Around 21,000 M-85 specialized cars were
put into service by the state under an M-85 fuel station scheme that used an M-85
combination of 85% methanol and 15% gasoline. State support for the M-85 program
was discontinued when oil prices stabilized. Methanol has been allowed to be added
to gasoline since the early 1980s, thanks to EN 228, a rule published by Comite Eu-
ropéenne de Normalisation, a European institution that sets standards. Refineries in
Europe continue to use methanol and gasoline in their products, although only on a
limited basis. The most widespread use of methanol-gasoline blends has occurred in
China, where rising domestic methanol supplies, the majority of which are produced
through the gasification of coal, as well as significant quantities imported from the
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Middle East, have been used as an automotive fuel mix over the last decade. This is
because China has the world’s most enormous automotive population [92].

2.3.4 The latest additives in gasoline

The petroleum refining sector is primarily responsible for creating and mixing addi-
tives. Additives are critical to the industry’s economic health since they increase
gasoline and diesel fuel sales. Additives usually cost little more than three to four
cents a gallon. Higher octane levels do not always mean lower fuel economy. They
can be used for various purposes and may clean the engine and increase octane
ratings, resulting in improved fuel economy.

Newer fuel additives do many tasks besides raising octane numbers and cutting
emissions. For example, some increase gasoline’s chemical stability, prolonging the
storage life; others protect reservoirs, pipes, and vessels from corrosion and prevent
deposit formation and dirt absorption; some prevent liquids from freezing, while
others thwart foam creation when pumping [16].

Regulations to decrease automobile emissions into the environment have been
established, so gasoline additives began to play an increasingly important role as
an antipollution agent in the 1970s. Despite advancements in cracking and reform-
ing methods, as well as additive research and blends (not to mention engine im-
provements), the usage of vehicle gasoline has increased air pollution. Modern
distillates, which are mixtures of straight run and cracked or chemically modified
products, have a greater aromatic concentration. A reason for increased particle
and oxidative reactions arises from incomplete combustion.

Both the oil sector and automakers will be required to take potentially costly
sulfur-reduction activities as a result of the regulations proposed by the EPA in the
1990s. These requirements have raised the need for fuel additives. Oxygenate addi-
tives such as alcohol are being used enormously. Other oxygenates such as ethers,
esters, and carbonates are either being used or are under study to be used at the
industrial level. The most rapidly expanding markets for fuel additives are non-
premium gasoline and diesel fuel.

Other additives are being developed in addition to MTBE and MMT. Alcohol de-
rivatives make up some of these. Ether derivatives, particularly ethyl-t-butyl ether,
are also employed. Carbonates such as dimethyl carbonate are being considered to
be used since it is regarded as “green” additive [93].

In addition to these, newer additives for gasoline are now being developed.
These additives are designed to prevent carbon buildup, burned and deformed
valves, high cylinder head temperatures, stuck valves, piston rings, clogged injec-
tors, rough idle, and detonation.
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2.3.5 Alternative fuels

Fossil fuel emissions such as NOx and CO have also been problematic for the envi-
ronment and humans. However, it is notable that conversion to alternative fuels for
economic reasons rather than environmental ones is not uncommon, while the pe-
troleum industry has developed reformulated gasoline that burns significantly
cleaner. Petroleum refiners should be able to meet increasingly rigorous environ-
mental regulations for gasoline with only slight price increases in the future, thanks
to predicted technological developments. Gasoline is the primary transportation
fuel, but petroleum resources will decrease in time as their utilization and demand
increase. Therefore, new alternative fuels should be researched and considered to
produce enough energy nowadays and in the future.

The efficient substitutes would be those that could generate energy very effi-
ciently, produce less pollution, and possess high stability and reliability. Keeping
these in mind, fuel cells seem to be the cleanest method for generating sustainable
energy now. Unlike battery cells, fuel cells can be continually supplied; therefore,
their output may be maintained forever [94].

Hydrogen-based energy production has become a reality thanks to fuel cell de-
velopment. Cars with hydrogen fuel cells are being developed worldwide. The Main
hydrogen-based fuel cells that are being used are molten carbonate fuel cells, solid
oxide fuel cells, and phosphoric acid fuel cells. Alkaline fuel cells and proton ex-
change membrane fuel cells are newer technologies that are needed to be studied
more. The cost of producing electricity using hydrogen fuel cells is far lower than
the power prices paid by the electric utility companies across the globe [95, 96].

When it comes to storing and transporting hydrogen, it is believed collecting it
from a liquid source is the most efficient method. Additionally, creating gasoline re-
formers for fuel cell cars is a vulnerable and sensitive concept because of the gaso-
line sulfur level. Even a few parts per million may be enough to poison a fuel cell
stack. Lastly, more public awareness is required due to the safety concerns associ-
ated with using hydrogen.

Microbial fuel cells (MFCs) generate protons and electrons, and their transpor-
tation and reaction with oxygen on the cathode generate electricity. Geobacter and
Comamonas as microbial agents have been studied and showed great potential to
decrease NOx emissions. Although MFCs’ power output usually is lower than fossil
fuels, and their equipment is not cheap, more advanced technologies might help
them to gain higher efficiency [97, 98].
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3 The usage of oxygenated additives in gasoline

3.1 Introduction

Oxygenates are organic compounds with oxygen atom(s) in their chemical struc-
tures. Being oxygen-rich enables them to burn cleaner and make less pollution. As
removing lead as an antiknock agent from ordinary gasoline decreases its octane
number significantly, other additions were required to raise the octane number
when lead was prohibited. That brings us to applying oxygenates to increase fuels’
antiknock trait. Oxygenates are added to both gasoline and diesel. When added to
gasoline, they generally reduce air pollution while more complete combustion in
engines is guaranteed. Even so, CO emission reductions are often less in modern
cars and bigger in older vehicles. Applying oxygenates to diesel decreases harmful
emissions via lowering NO, and particulate projection. Since fuels blended with
oxygenates reduce knocking and generate higher compression inside the engine,
they increase the engine’s horsepower. Moreover, oxygenates lead to a rise in fuel
consumption, hence profitable to fuel economy. This result is due to a slight de-
crease in the energy content of mixed fuel. Table 3.1 shows some well-known oxy-
genates [1, 2].

Table 3.1: Oxygenates.

Oxygenates Examples

Alcohols Methanol, ethanol, propanol, butanol, propanol

Ethers Methyl tert-butyl ether (MTBE), ethyl tert-butyl ether (ETBE),
tertiary-amyl methyl ether (TAME)

Carbonates Dimethyl carbonate (DMC), diethyl carbonate (DEC)

Esters Methyl acetate, ethyl acetate

The two prominent families of oxygenated additives are alcohols and ethers, which
will be discussed in this chapter and briefly describe other groups.

3.2 Ethers

One of the most common additives for gasoline are ethers such as methyl tert-butyl
ether (MTBE), tert-amyl ethyl ether (TAEE), and di-tert-amyl ether (di-TAE). They
have been used to improve the octane number and reduce soot and CO emissions.
Ethers are preferred as gasoline additive over alcohols because their octane values
are more outstanding, have lower vapor pressures, and are more predictable in

https://doi.org/10.1515/9783110999969-003
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blending with gasoline. However, the usage of ethers shortened in the United States
when the government mandated the use of ethanol [3].

3.2.1 Methyl tert-butyl ether

MTBE is one of the earliest oxygenates, first used as an octane enhancer to replace
lead in gasoline and later used to minimize carbon monoxide emissions. It is mainly
derived from methanol and isobutylene. Because of its low cost, high-octane value,
and ease of inclusion into gasoline stock, MTBE was the primary option of gasoline
oxygenate used globally beginning in the late 1970s [1, 4]. Despite claims that MTBE
negatively influences the environment by poisoning water sources, it is widely used
as an octane enhancer in motor gasoline throughout Europe, the Middle East,
Africa, Asia, and Latin America [5]. Recent bio-based MTBE for gasoline break-
throughs is projected to generate prospects for the MTBE industry [3].

3.2.2 Ethyl tert-butyl ether

Ethyl tert-butyl ether (ETBE) may be made by heating ethanol and isobutene together.
It has been suggested as a substitute for MBTE. As an addition to fuel, ETBE has the
potential to significantly reduce CO and unburned hydrocarbon (HC) emissions, al-
though because of greater oxygen availability, NO, emission increases slightly. ETBE is
thought to be unharmful to health even at high concentrations [1, 6].

3.2.3 Tert-amyl ethyl ether

TAEE and di-TAE are high-molecular-weight branching ethers derived from largely
renewable sources that are not commercially manufactured. However, they are pro-
spective options for usage as high-purity fuels and in gasoline compositions. Thanks
to the ability to increase octane number, they could be considered suitable additives
for gasoline.

3.2.4 tert-Amyl methyl ether

tert-Amyl methyl ether (TAME) is a transparent flammable liquid soluble in ethers,
alcohols, and HCs. It is widely used as an octane booster and to raise the oxygen
content in gasoline. TAME has a research octane number of 112, but has a lower
octane number compared to MTBE, making its progress in industrial settings slow
[1, 7].
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3.3 Alcohols

Alcohols play a crucial characteristic as fossil fuel additives, especially for diesel
and gasoline. The benefits of alcohols and the purpose of their usage for gasoline
and diesel could be different. To be more specific, ethanol has been used as an oxy-
genated additive for gasoline to improve its octane number; however, the purpose
of this additive in diesel is entirely different. In this regard, the usage of alcohol in
diesel is for environmental purposes, although in gasoline, it could be used en-
vironmentally or as an additive to improve its combustion factors.

Alcohols have hydroxyl groups with various carbon atoms. The properties of
gasoline and alcohol are listed in Table 3.2. In this part, we provide some details
about different alcohols and their properties. Ethanol has been preferred to other
alcohols specifically for its properties, such as improved volatility, oxygen percent-
age, and latent heat properties [8, 9]. The researchers concluded that increasing the
percentage of fuel oxygen can provide the conditions by which the CO, NOy, and
CO, can be enhanced [10, 11]. Some decades ago, alcohol like ethanol was found to
be an essential fuel for engine combustion. Gasoline incorporated with up to 5-7%
ethanol can be applied as a fuel for cars. It has been available for years in different
markets such as the United States and Brazil [12, 13]. The influence of these addi-
tives on the environment and fuel properties will be addressed in the following
parts.

3.3.1 Methanol

Methanol (CH;0H) or methyl alcohol is a chemical substance produced when a
methyl group is linked to a hydroxyl group. Figure 3.1 shows the worldwide produc-
tion of methanol from 2018 to 2020 and a forecast for 2030 [27]. Methanol is also
known as wood alcohol because it was once produced mainly by destructive wood
distillation. Methanol is applied to be a significant blending agent for pure oil. Pre-
vious studies have reported that about 22% of methanol can be added to pure oil to
run an engine without dangerous air pollution [11, 28]. Moreover, methanol is pro-
duced through a simple procedure. It is possible to produce methanol by a bed re-
actor using a supported catalyst with iron and copper nanoparticles [11].

As methanol is a mixture of hydrogen gas, CO,, and CO, it is necessary to pro-
duce a gas obtained from any plant using general gasification technologies to synthe-
size [13]. Methanol will be applied as an energy source that develops suitable energy
storage, HCs, and fuel. As an appropriate octane gasoline blend, methanol reduces
carbon monoxide and HC emissions by improving engine compression [12, 26]. In
methanol to HCs conversion on ZSM-5 zeolites, the ratio of HC compounds in the
product can be considerably changed by altering reactants’ pressures. Differences in
the reactants’ partial pressures can significantly shift the reaction’s aromatization
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Figure 3.1: Production of methanol around the world with a forecast of 2030.

Production capacity in million metric tons

steps and dehydration relative rates [29]. The performance of synthesized samples cat-
alytic in MTG (methanol-to-gasoline) reaction was studied by Wan et al. [30] in a fixed-
bed reactor. They reported that although the catalyst activity was higher sustained
with increasing Si02/A1203 ratio, reducing Si02/A1203 ratio caused higher methanol
conversion. Firoozi et al. [31] experimentally studied the influence of ZSM-5 crystal size
on the methanol to propene (MTP) process’s performance. They concluded that during
a 200 h testing reaction, the performance of nanosized ZSM-5 was better than micro-
sized ZSM-5 in methanol conversion. The long lifetime and the high catalytic activity of
the 36 small-sized ZSM-5 were attributed to more available acid sites.

3.3.2 Ethanol

Ethanol (also called ethyl alcohol) is a chemical compound that is often called EtOH.
EtOH is typically produced by sugar fermentation, a well-known technique world-
wide, especially in Brazil. Figure 3.2 shows the worldwide distribution of ethanol
production in the last year [32]. Blending alcohols, especially ethanol, with gasoline
has become commonplace partly because the octane number of ethanol is higher
than gasoline [33-35]. Ethanol also has a higher vaporization latent heat than gaso-
line [36]. Consequently, ethanol blending can supply excess consequent and cool-
ing fuel knocks resistance and volumetric efficiency advantages in DI engines [37].
One of ethanol’s benefits indicated in the previous research is ethanol to gasoline
conversion (ETG). This process mainly dealt with catalyst development.
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The catalytic dehydration and conversion of ethanol to propylene and ethylene
are some results obtained from the previous research using ZSM-5 zeolite, which
relies on catalyst acidity [38, 39]. The results of a study by Gayubo and his colleague
[40] indicated that using ZSM-5 as a catalyst for ETG is highly beneficial due to the
catalyst’s stability against coking. Improving the diffusion property of the reactant
and product molecules into and out of ZSM-5 is a practical strategy to decrease the
deactivation rate caused by carbon deposition [41, 42]. Thus, ZSM-5 with mesopores
triggers high catalytic stability. Viswanadham et al. [43] considered the perfor-
mance of nanocrystalline H-ZSM-5 in the ETG process. They concluded that the
nano-zeolite, including excess porosity and intense acidity, has shown enhanced
gasoline production, rich in branched paraffin and aromatics. This gasoline pos-
sesses a low concentration of benzene (which reduces PAH), a high concentration
of toluene, xylenes, isodecane, and enhances fuel applications’ suitability.

Thailand Rest of the world
2%

India
China 2% 2%
3%

Canada
2%
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USA
52%

Brazil
31%

Argentina
1%

Figure 3.2: Distribution of ethanol production around the world in 2020.
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3.3.3 Butanol

Although ethanol and methanol have several advantages, they cause corrosion. Thus,
isobutanol is a better choice with a significant worldwide market, as shown in Figure 3.3
[44]. Since butanol absorbs less water and can be blended, it has more energy than eth-
anol and methanol. Butanol has become an alternative fuel for gasoline and diesel
fuels. Butanol conversion into fuel is more costly and toxic, so its production rate is less
than ethanol and methanol [45-48]. All butanol forms have equal energy, even though
their physical properties are different. All forms of butanol can be used as fuel. Recently,
most studies are dealt with the combination of butanol gasoline in internal combustion
engines [49, 50]. In this regard, blending different types of butanol and gasoline in vari-
ous engine rotations can increase and decrease pollutants such as CO, CO,, and UHC
according to the conditions of the engine like being regulated or not-regulated [51].
The fact is that any fuel with high viscosity deposits carbon in engine combustion
[52, 53]. Butanol enhances the viscosity of ethanol and gasoline blending [54]. The
enhancement of fuel viscosity by additives causes increase in fuel injection time [55].
Using a minor percentage of butanol slightly increases the viscosity of the fuel [56].
Regarding the properties of n-butanol, this substance can enhance the perfor-
mance and the co-efficiency of the exploitation in cold-start conditions. Previous
studies [57-59] indicated that the emission of normal butanol pollutants purely
produces more HC than gasoline although decreasing CO, and NO,. Also, engine

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029

Market volume in million metric tons
N w E=Y [9,] (<)}

=

Figure 3.3: Market volume n-butanol around the world with a forecast of 2029.

printed on 2/14/2023 2:45 PMvia . Al use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

3.4 Other oxygenates =— 41

performance decreases, and the amount of combustion wave is enhanced. Other
alcohols can be used for this purpose such as propanol and alcohols with higher
carbon contents [60-62].

3.4 Other oxygenates

Although other groups of oxygenates are not used as typical as ethers and alcohols,
some of them have been promising in research.

3.4.1 Carbonates

Organic carbonates are environmentally friendly chemicals with several uses. They
are frequently utilized in the production of essential commercial and industrial
products. The most significant linear carbonates are dimethyl carbonate (DMC) and
diethyl carbonate (DEC).

DMC is not expensive to produce and process. Its production needs metha-
nol and ethylene carbonate, which are affordable. When trans-esterified, ethyl-
ene glycol is also created along with DMC, which is profoundly valuable for
industry. DMC has the most effect when blended with gasoline or diesel at
5-10% regarding thermal efficiency, better combustion, and reduced NO, emis-
sion [2, 63, 64].

DEC has not been studied as profoundly as DMC. However, it has been proven
that DEC as an additive can reduce soot and smoke emissions [65].

3.4.2 Esters

Ester additives outperform ethanol and ethers in various ways. They are not toxic,
do not produce carbon monoxide, and are cheaper to produce. Here, we will discuss
methyl acetate and ethyl acetate briefly [66].

Methyl acetate (C3HgO,) is a carboxylate ester and a flammable liquid that is
produced by two-step methylation of acetic acid. It has been promising in decreas-
ing CO emissions in diesel engines while increasing NO, [67].

Another compound, ethyl acetate, has been pointed out to generate a more
stable flame than ethanol or gasoline in the engine, increase water tolerance of
ethanol-gasoline blend and octane number, and decrease organic emissions
[68, 69].

Both methyl acetate and ethyl acetate increase fuel’s octane rating by at least
three folds [66].
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4 Previous research on the influence
of oxygenated additives blended with gasoline
on gasoline factors

4.1 Engine and combustion performance

The influence of different types of alcohols on engine performance factors is consid-
ered and given below.

4.1.1 Brake-specific fuel consumption

Brake-specific fuel consumption (BSFC) is a factor for showing the fuel efficiency of
any mover that burns fuel. It compares the efficiency of internal combustion (IC)
engines. The power produced is the main factor in measuring BSFC. The BSFC de-
creases with increasing engine load in the gasoline-powered motor. This is because
the air/fuel combination tends to be on the leaner side; therefore, stoichiometric
ratios are used [1].

BSFC is changed by the oxygen content of the oxygenated additive. Because
other fuel samples have a low heat value, the BSFC increases with the addition of
ethanol concentration to maintain engine power [2]. Blending oxygenate additives
can improve this factor because of their potential to complete the combustion by
enhancing the fuel’s oxygen content. Amirabedi et al. [3] reviewed the effect of eth-
anol and manganese oxide nano-metal blended with diesel on engine performance.
Their tests included three parts, and the results for BSFC presented that this factor
is enhanced via blending 10% of ethanol due to the higher vaporization latent heat
of ethanol.

On the other hand, when 10 ppm was added to gasoline 10% ethanol, the re-
sults revealed a significant reduction in BSFC (approximately —35%). Methanol usu-
ally improves the BSFC of gasoline and sometimes shows better performance than
ethanol owing to higher oxygen content; however, the main drawback of this addi-
tive is its limitation as it is poisonous. In some cases, 20—-40% improvement in
BSFC has been reported by researchers after blending methanol with gasoline
which enhances the amount of fuel needed to get the same power as pure gasoline.
Sarikoc [4] reported that blending 20% methanol with gasoline could improve the
BSFC by about 20-30% in different engine loads. However, adding hydrogen re-
duced methanol’s influence on BSFC, which has been reported by another re-
searcher [5]. This could be due to the lower methanol calorific value and higher
calorific value of hydrogen than gasoline [6]. Figure 4.1 compares the alcohol effects
on gasoline with diesel engines regarding BSFC.

https://doi.org/10.1515/9783110999969-004
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Figure 4.1: The difference between the influence of alcohols on diesel (a) and gasoline (b) BSFC.

4.1.2 Brake thermal efficiency and power

BTE is a critical factor in choosing an oxygenated or nano-particle additive. Blending oxy-
genated additives cause an increase in the BTE due to the higher latent vaporization heat.
He et al. [7] investigated the effect of adding normal butanol to gasoline on combustion
characteristics in the in-cylinder direct injection (DI) engine and the port injection (PI).
They concluded that the combustion time was shortened, engine ignition time was ad-
vanced, and BTE was improved only by adding n-butanol. Yusoff et al. [8] suggested that
the brake power is improved in an almost linear fashion when the engine speed increases.

Moreover, they concluded that most blends have no considerable result of brake
power. The normal-Bu20 and iso-Bu20 blend have higher brake power, whereas gasoline
reflects a negligible increment of 1.36 and 1.73%, respectively. Since iso-butanol and nor-
mal-butanol are essentially oxygenated when blended, the octane rating is increased.
They may not be prone to auto-ignition, but they can improve the brake power of
blended fuel. BTE is increased by fueling hydrous ethanol-gasoline instead of pure gaso-
line at the same tested engine speed. The main reason for such influence is associated
with the fact that ethanol produces the hydroxyl radical (-OH) and leads the combustion
to be more complete and improves flame propagation speed. Therefore, lower heat loss
to the cylinder walls and shorter combustion periods are obtained, and BTE is enhanced.
Sebayang et al. [9] suggested that the BTE of bioethanol-gasoline is higher than neat gas-
oline due to the high mean effective pressure of the blended fuel. Oh et al. [10] studied
the influence of adding hydrogen nano-bubble (HNB) additive to gasoline on engine per-
formance. Their results indicated a direct dependency between BTE and engine load be-
cause of the increase in the air-fuel rate. Also, they reported that BTE in the HNB
gasoline combustion is higher than neat gasoline fuel at all engine loads.

Table 4.1 summarizes some of the studies’ key findings considering the effects
of different alcohols on gasoline engines.
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Table 4.1: The influence of different alcohols on the engine performance of the gasoline-powered

engine.
Engine Power  Additive Additive Influence Main findings
property content on the
property
Four-stroke multi- BSFC Ethanol 6.25%  =-1.25 Higher engine speed means
cylinder MPFI Sl engine  BTE 10% =-3.5% less time for fuel burning in
coupled with an eddy 20% ==6.3%  the combustion chamber and
current dynamometer 6.25%  =2% causes lower BTE compared
10% =3% with lower engine speed. The
20% =~4% influence of engine load is
the opposite. And with
ethanol, enhancing the
engine speed causes
incomplete combustion [2].
Four-cylinder, water- BSFC n- 2.50% =-7% n-Butanol has a greater
cooled automotive spark- Butanol 5% =-6.3%  boiling temperature and heat
ignition engine 7.50%  =-5.3%  of vaporization than
gasoline. As a result,
n-butanol is less likely to
totally evaporate than
gasoline. Particularly, high
n-butanol ratios have a
harmful influence on
BSFC [11].
A 4-cylinder, inline, port  Power n- 20% =3.2% The combustion process is
fuel injection, high- BSFC Butanol 30% =5.2% significantly different in fuel-
speed Sl engine 20% ==2.5% lean and fuel-rich blends.
30% ==3.1% So, BSFC reduces via
enhancing butanol when the
engine works at fuel-lean
and vice versa [12].
Inline four-cylinder BSFC Butanol 10% =-~1% A higher exhaust gas
water-cooled gasoline Butanol 20% =-1.5% recirculation (EGR) ratio can
engine +EGR  10%B =-3% improve throttle opening
+EGR  +6%€E that reduces throttle and
20%B  =-4% pumping losses and raise
+6%E the engine efficiency [13].
12% =~7%
18% =-8.5%
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Table 4.1 (continued)

Engine Power Additive Additive Influence Main findings
property content on the
property

1.8 L turbocharged GDI BTE EGR 10% =4% Because the flame

engine EGR +air 20% =8% propagation speed reduces
10% ~8% due to EGR, the burning
EGR duration and engine power
20% =15% increase. This influence is
EGR stronger with air due to a

reduction in the burning
temperature [14].

4.2 Exhaust emissions
4.2.1 Greenhouse gases

The greenhouse effect is a natural process that leads to global warming. Methane,
fluorinated gases, CO,, nitrous oxide (N,0), and water vapor are mainly responsible
for this effect. Among all greenhouse gases, water vapor is responsible for most
greenhouse effects [15]. Unlike other GHGs, the concentration of water vapor cannot
vary. However, the temperature is the only factor that can make the concentration
of water vapor different in different places. Surprisingly, despite most people who
believe that CO, is the most significant characteristic of this effect, the vapor is re-
sponsible for almost 60% of this effect. It is worth mentioning that its concentration
remains stable in the atmosphere in comparison with other GHGs.

Moreover, it is a factor to enhance the amount of CO, in the atmosphere. Due to
the latest Intergovernmental Panel on Climate Change (IPCC) report, the amount of CO,
will increase till 2100 due to most scenarios [16]. Luckily, the regulation made in Paris
made the countries more responsible for their actions and the number of emissions
they are creating, especially CO, [17]. Although a vast thrive is inducing to avoid this
emission, researchers believe that to stabilize the world temperature; there should be
more reduction in CO, [18]. Moreover, it has been proven that the best technique to re-
duce this emission is stopping using the majority of types of energy, especially gasoline
and diesel. In this case, in the COVID-19 pandemic, due to restrictions in the developed
countries, the amount of CO, reduced sharply in 2019 and 2020 compared to before
that time [19]. Figure 4.2 shows the distribution of GHG emissions by sector in 2016
[20]. As can be seen, road transportation has the most considerable influence on this
effect in which gasoline-powered engines are the central part.
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Figure 4.2: Distribution of greenhouse gas emissions around the world by sector in 2016.

4.2.2 Carbon monoxide

Much research has been done on carbon monoxide (CO) and CO, emissions due to
their importance worldwide [21, 22]. CO is one of the main reasons for lung cancer
in polluted cities. GHGs, especially CO,, cause climatic changes. In this case, the
earth’s temperature would be —15 without GHGs [23]. Figure 4.3 shows and forecasts
carbon dioxide levels from 2018 to 2050 [24].

Hasan et al. [25] used ethanol as an additive to improve engine performance
and reduce air pollution. They found that ethanol content can reduce CO, emission
while having dual effects on CO emission. When the compression ratio is higher,
ethanol declines CO emissions. On the contrary, it has an opposite effect at a lower
compression ratio. CO and CO, emissions are affected by the engine’s changing
compression ratios and its operation. Sakthivel et al. [23] suggested that CO and HC
emissions are significantly reduced at all vehicle speeds with higher alcohol con-
tent because of complete combustion. Akansu et al. [26] reported that CO emission
of fuel with 20% ethanol is higher at low engine loads than neat gasoline. Owing to
the incomplete combustion, CO emission when using E20 is high. High thermal effi-
ciency diminishes the CO emission when adding E20 at a high engine load.
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Figure 4.3: Forecast of carbon dioxide emissions around the world.

Additionally, they suggested that hydrogen blending with this fuel decreases
the CO emission because its chemical content is zero carbon. Oh et al. [10] con-
cluded that adding hydrogen can improve internal combustion engines [27, 28].
Furthermore, hydrogen contains potential energy to reach CO, CO,, and HC to their
lowest amount [29]. Later, Yilmaz et al. [30] used the combination of hydrogen and
methanol. In this method, hydrogen can be served both as a fuel and additive. It is
also derived from the synthesis of resources like water, fossil fuels, and biomass. A
summary of prominent research main findings is listed in Table 4.2. Additionally,
Figure 4.4 shows the influence of ethanol on CO emissions.

4.2.3 Nitrogen oxides

Nitrogen oxides (NOx) are mainly made of NOx and nitrogen dioxide. While the air
dust is full of NOx, the generation of NOx depends on the ignition delay and the
engine temperature [9]. The following reactions affect NOx creation according to
the mechanism of Zeldovich [37]:

N, + O - NO + N
N+0,—NO+O0O
N+ OH — NO + H
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Table 4.2: The influence of different additives on the CO emissions of gasoline-powered engines.

Engine Additive Content Influence Main outcomes
on CO

Single-cylinder, four- Ethanol 20% =~-33 Biofuel blends have reduced CO
stroke, water-cooled, Lemon peel 40% ~=32% emissions because they include
variable compression ratio, 0il (LPO) fuel oxygen, which actively
and PFl engine Ethanol+LPO 20%E  =-63%  participates in the combustion

+40% to increase CO oxidation.

LPO Higher content of ethanol

means higher oxygen content in
the combustion process and
lower CO emission [31].

In-line four-cylinder water-  EGR 12% ==50% At low EGR, CO decrease as a
cooled gasoline engine EGR 24% =+170% modest quantity of exhaust gas
Ethanol 15% =+40% injection will not noticeably
EGR + ethanol EGR =+50% interfere with the mixture’s
24% + combustion. In contrast, at high
Eth30% EGR, CO increases as the

mixture cannot burn easily and
completely [13].

Four-cylinder, four-stroke,  bioethanol 20% =-33% Titanium, silver, and niobium
spark-ignition, water- Ag/Nb co- 100 ==52% metal elements operate as the
cooled doped TiO, ppm high-energy third body,
nanoparticle breaking chemical chains and
(TNA) producing unstable radicals
bioethanol+ B20%+ =-60% that lead to improved
TNA TNA combustion in the cylinder [32].
100
ppm
Sl engine with combined Anhydrous - ~+8% In terms of physical effect,
injection with 1.984 L ethanol increasing water content
working volume Hydrous with ==12% resulted in a greater region of
ethanol 20% over-concentrated mixture in
Hydrous water the cylinder and concentration
ethanol dual of oxygen reduced by water
fuel oxygen, lowering the flame
With =-48%  temperature and enhancing CO
50% emissions [33].
water
dual
fuel
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Table 4.2 (continued)

Engine Additive Content Influence Main outcomes
on CO
Single-cylinder spark- Ethanol 10% =-15% An increase in ethanol
ignition (at vehicle 20% ==24%  enhances the oxygen content of
speed 50% =-51% the fuel required for complete
50 km/h) combustion. It can also reduce

CO emissions as it is
responsible for converting CO

to COZ [34].
Single-cylinder and four- Fusel oil at 15% ==20% Enhance in fusel oil content
stroke gasoline engines load 2000 30% ==34% cause enough time and oxygen
Fusel oil at 15% ==17% for the combustion in the
load 4000 30% ==40%  cylinder, two main factors for
the eradication of CO emission
[35].
In-line, four-cylinder, Hydrous 10% ==26% CO to CO, increased by ethanol.
electronic fuel injection, ethanol 20% =-31% Moreover because of its higher
automotive spark-ignition (2,000 rpm oxygen content, ethanol made
engine engine the mixed gas more
speed) homogeneous and caused
Hydrous 10% =-27.5% complete combustion to trigger
ethanol 20% ==43% lower CO emissions [36].
(2,500 rpm
engine
speed)
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Figure 4.4: The influence of different variables and ethanol on CO emissions.
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Streams of reactions including NO lastly produce nitric acid compounds as

shown in Figure 4.5.

H20

NO+0; —= NO,— Reaction

=

Figure 4.5: NOx volume in the United States 1970-2020.

HNO> and HNO3

Most previous research indicates that blending alcohol with gasoline causes the devel-
opment of nitrogen oxides due to alcohol’s latent heat of vaporization, which provides
higher temperatures (1600°C or more) required for the reaction of nitrogen with oxygen
[38]. The acceleration of NOx emissions has been featured in most results using gaso-
line-bioethanol-blended fuels compared with neat gasoline [39, 40]. Other research
contradicts the previous studies, which claimed a decrease in NOx, CO, and improved
engine performance [41]. Another study dealt with adding the additives mentioned
above and reported that all emissions are reduced through blending bioethanol with
gasoline: NOx reduces about 10-15%when blending the fuel with E20 to E60 [42]. Li
et al. [43] premeditated the impact of using acetone—butanol-ethanol (ABE) as a gaso-
line additive on NOx emissions. They specified that a sample with 30% of ABE has
slightly higher NOx emissions. Because ethanol’s oxygen content and latent vaporiza-
tion heat are higher than butanol, the influence of 30% butanol blended with gasoline
includes less than 30% of ABE. Likewise, they discovered that higher NOx emissions
are specified by enhancing engine load due to higher cylinder temperatures. Previous
research [44, 45] reported that newer engines could better control NOy emissions when
using ethanol down to its better-sophisticated engine control strategies and after-
treatment devices. Figure 4.6 exhibits NOx emissions in the United States between
1970 and 2020 [46]

Manigandan et al. [47] concluded that different ratios of hydrogen and exhaust
gas recirculation (EGR) and TiO, 5% decrease the emissions of NOx, CO, and CO,
due to the effect of hydrogenated fuel. Hydrogen reduces flame development, rapid
combustion, and combustion duration while using EGR increases the above param-
eters. Vipin and Subramanian [48] reported that water injection efficiently affects
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emission and knocking compared to EGR. Figure 4.7 presents NOx emissions in var-
ious conditions with butanol blending [18].
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Figure 4.6: The mechanism of the NO reactions for generating nitric acid.
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Figure 4.7: The results of NOx emissions in various engine speed conditions and butanol
percentages in blended fuels.
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4.2.4 Unburned hydrocarbons

Hydrocarbon (HC) is generally produced for the sake of incomplete combustion
[49]. As the oxygenated additives can contribute to complete combustion, increas-
ing the percentage of such additives causes a decline in the number of unburnt hy-
drocarbons. Elfasakhany [50] worked on the influence of blending methanol and
ethanol with gasoline and its effect on air pollution at various engine speeds. He
reported that two critical reasons are leading HC and CO to decrease. The first one
is the high boiling point of gasoline. Since a higher boiling point contains compo-
nents that may not be wholly burnt, it increases CO and UHC emissions. The second
reason is that ethanol and methanol have higher latent heat of vaporization, en-
hancing CO, and reducing HC. In another research, Iodice et al. [51] considered the
impact of ethanol blended with gasoline on HC emission. They reported that the
complete combustion could be increased because of higher oxygen content and
faster flame speed of blended fuel than pure gasoline. Hence, it is the main reason
for lower HC emissions. One of the reasons for using nano-particles is to reduce
these types of emissions. Wang et al. [52], who blended hydrous ethanol with gaso-
line, claimed that HC productions, caused by unburned materials, are located
around the periphery’s reaction regions. At the lower loads, the mixture of lower
combustion temperature increases HC emission caused by flame quenching on the
chamber walls. Increasing the percentage of ethanol (hydrous ethanol), the rate of
oxygen causes a reduction in “lean outer flame,” reducing HC emissions.

Additionally, the HC emissions bring about other products like particulate nu-
cleation. It occurs at high exhaust gas temperatures [53]. Geng et al. [54] added
methyl-cyclopentadienyl manganese tricarbonyl (MMT) to gasoline to detect the
fuel emission. This study used a gasoline direct injection (GDI) engine with a speed
of 2,000 rpm and the EURO V ultralow sulfur gasoline. Compared with other addi-
tives, the steam pressure of MMT is lower, and it is also less soluble [55]. Based on
the results and tables, it is inferred that the HC emissions are remarkably dimin-
ished because it is homogenously blended, and the combustion efficiency is in-
creased [56]. As mentioned earlier, nano-particles mainly reduce fuel emissions
[57]. They may also cause converse outcomes. For instance, Valihesari et al. [58] an-
alyzed the Fe,05 and TiO, nano-particles as a gasoline additive in their research.
They indicated that the flame silencing delay is increased while reaching the cylinder
wall at the engine’s highest speed for the high temperature of the combustion cham-
ber. The TiO, nano-particles additive decreases the HC emissions, whereas the Fe,0;
nano-particles enhance the HC emission because incomplete combustion causes emis-
sions at higher speeds.

As for HC emissions in different situations, see Figure 4.8 [59].
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Figure 4.8: The results of HC emissions in various conditions of engine speed and butanol
percentages in blended fuels.

4.2.5 Soot emission

The primary purpose of adding alcohol is to reduce soot emission, while it can be
counted only as one reason for using nano-metals. However, nano-metals can also be
utilized to boost thermal performance in fuel [37]. Polyaromatic compounds or Polycy-
clic aromatic hydrocarbons (PAH) are considered the most dangerous compound in
soot due to their mutagenic, carcinogenic, and teratogenic toxicities as well as health
problem such as blood cancer. Worldwide fatality rate because of particulate matters
less than 25 pm is displayed in Figure 4.9 [60].

The blending of ethanol with gasoline has been experimented in engines [61-64]
and flame temperature [65]. It was demonstrated that the blended fuels in various gas-
oline engines could reduce PAH and sharply soot emissions [66]. Considering most of
the studies ever done on the influence of adding ethanol to gasoline, some researchers
reported different results. They reported that this fuel could also reduce CO and NOx
emissions [67, 68]; the emission of aldehydes [65] may also rise. Maricq et al. [69] ana-
lyzed the effect of adding different percentages of ethanol to gasoline at different fuel
flow rates on soot formation. The amount of ethanol in the blend resulted in an unde-
niable reduction in soot formed and its size. Inal et al. [70] scrutinized methanol influ-
ences addition on the formation of PAHs and soot by light scattering extinction and
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Figure 4.9: Regional deaths caused by PM2.5 emissions in 2018 worldwide.

gas chromatography-mass spectrometry techniques. The results indicated that the ma-
jority of detected aromatic was benzene. They determined that adding methanol could
lessen PAH formation and soot following its oxygen content, directing into complete
combustion. Li and Zou [71] focused on Ag and B-cyclodextrins, which were related to
5% of the nano-particles of TiO, to produce CD-TiO,-Agp.

On the other hand, limiting the quantity of sulfur and gasoline emissions is
counted as an essential priority in the petroleum refining industry. Different meth-
ods sulfurize gasoline. Non-hydrodesulfurization is regarded as a fast and economi-
cal technology. This method contains catalytic hydro-desulfurization, fluid catalytic
cracking (FCC), photocatalytic oxidation, oxidative biological, and adsorptive de-
sulfurization [72, 73]. TiO, comprehensively wipes out environmental pollution. It is
also noteworthy because it is cheap, nontoxic, and durable.

Furthermore, it has unique optical specifications, catalytic and photoelectric
conversion potential, and properties. It is also a metallic oxide that acts as an absor-
bent in sulfurization processes [74, 75]. Wang et al. [76] deliberated the blending of
ZSM-5 with Zr0,, titanium, and NiO for sulfurization of FCC.

Considering the limits of HDS, other technologies such as bio-desulfurization
[51, 77], selective adsorption [78], physical extraction [79], oxidative desulfurization
(ODS) [80, 81] complexation, pervaporation [82] can be applied to eliminate the
thiophene compounds. Among the items mentioned above, it is turned out that
ODS is the most suitable way for gasoline sulfurization in FCC. It is a good option
for a high percentage of sulfurization and not losing the octane number.

The European Union has seen a gradual decline in PM25 emissions since 2000.
More detailed information is given in Figure 4.10 [83].

printed on 2/14/2023 2:45 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

60 —— 4 Previous research on the influence of oxygenated additives

Emissions in 1,000 metric tons
B
[e)) [0} o N
o o o o
o o o o

0 - - || — —

2000 2005 2010 2015 2019

Waste management 73 69 77 75 85
Agriculture 152 117 92 77 70
m Residential, commercial & institutional 727 713 778 663 594
Transport 317 279 217 160 142
Manufacturing & extractive industry 313 277 214 191 188
m Energy supply 142 111 63 44 33

Figure 4.10: Total particulate matter emissions (PM2.5) in the European Union (EU-28) from
2000 to 2019, by sector.

4.2.6 Sulfuric emissions

Both natural and artificial processes are responsible for the sulfur dioxide emission
(SO,) into the atmosphere. Its emissions mainly rise from industrial activities such
as petroleum refining and metal smelting, where fossil fuels are heavily consumed.
We should be concerned about SO, emissions into the atmosphere because of the
harm they do to the environment and human health on a local to a global scale,
such as acid rains. Studies have pointed out that SO, emissions can travel very long
distances. To illustrate, the ones originating from the Asian continent may reach
the rest of the northern hemisphere, including North America [84—86].

When it comes to environmental effects, sulfur is a one-of-a-kind problem. It is
difficult and expensive to be obliterated from petroleum, which naturally includes
sulfur in different amounts. Only a tiny percentage of the contaminants remains after
distillation and breaking, but they are still present in the gasoline. The catalyst in the
catalytic converter will be poisoned if the sulfur content in the exhaust reaches a cer-
tain level. An exhaust system’s catalyst loses its capacity to store oxygen if sulfur is
allowed to flow through it, reducing the conversion process’ efficiency.
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Eliminating sulfur compounds improves combustion engines’ lifetime and fos-
ters positive attitudes towards the environment. For some years, researchers have
focused their attention on clean fuel in an attempt to reduce pollution and halt the
entry of contaminants into the atmosphere. As a result, several countries have
enacted rigorous regulations to reduce the sulfur content in public transportation
fuels like gasoline and diesel to less than 10 ppm [87-89].

Hydro-sulfurization is one of the traditional techniques used for sulfur removal.
Although it eliminates many sulfuric compounds, this method is relatively expen-
sive and complicated, especially for the removal of some content. Other alternative
processes include oxidative, adsorptive, and bio-desulfurization. Accordingly, alu-
mina, mesoporous silica, activated carbon, and porous graphitic carbon have been
suggested to eliminate sulfuric material [87, 90-94].

Developed countries’ efforts to reduce SO, emissions have resulted in enormous
progress in lowering sulfuric pollution during the previous several decades. Regional
and global ecosystems have significantly benefited as a consequence of these initia-
tives. A majority of developing countries have yet to execute effective strategies,
while the minority has just recently started to do so. China, for example, didn’t begin
enforcing firm SO, pollution limits until far into the 2000s. Nonetheless, China has
reduced the emissions significantly since 2013, when they issued a significant pollu-
tion regulation. On the other hand, SO, emissions in India and many other develop-
ing countries have continued to rise over the last few decades owing to the growth in
energy consumption and the absence of efficient emission controls [86, 95-98].

4.3 Fuel properties

The influence of various types of additives on fuel properties is summarized as follows.

4.3.1 Octane number

The octane index is one of the main properties of spark-ignition fuel [99]. Octane num-
ber can be boosted by blending oxygenates additives such as ethanol, tertiary butyl
alcohol (TBA), methyl tert-butyl ether (MTBE), methanol, normal-butanol, and tertiary
butyl formate (TBF), and their blends with gasoline reduce the total cost. The gasoline
octane index has a significant impact on the blending process of the fuel-air mixture as
well as the combustion condition. Researchers have previously concluded that the
proper octane index was required for achieving high efficiency and low emissions of
GCI combustion [100]. Methanol has significant properties: (1) high octane rating even
more than ethanol; (2) high vaporization latent heat; and (3) high oxygen percentage.
In the oil industry, two mixing techniques apply alcohol as an octane improver: RON-
mixing and splash-mixing blending techniques. The RON match-mixing technique is
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more complicated and usable. The splash-mixing technique is dependent on dosing
the octane improver to the gasoline. The blended fuel would contain a higher-octane
number in comparison with neat gasoline [101]. Morganti et al. [102] studied how
blending methanol and ethanol improved the octane number. The results showed that
methanol and ethanol enhance the octane number by more than 10%. Moreover, they
claimed that methanol is more effective in improving the octane number.

4.3.2 Other properties

Studying gasoline’s chemical and physical properties is essential as they are critical
in analyzing and controlling air pollution and engine performance [103, 104]. Im-
proving the chemical and physical properties such as viscosity and the latent heat
of vaporization of gasoline are among the first priorities in blending after the octan
number. In this case, properties such as viscosity or density are developed after
blending alcohol with gasoline because alcohol influenced them. Different addi-
tives are utilized in this area. Diisopropyl ether (DIPE) is an additive used by Dha-
modaran and his colleagues [105]. They suggested that blending DIPE with gasoline
reduced the density and the calorific value in resultant blends because of its lower
density of DIPE and its higher oxygen presence, respectively.

Furthermore, they reported that the blended fuel showed excellent volatility.
Mixing DIPE with gasoline lessened the pressure of Reid vapor because DIPE does
not offer any azeotropic behaviors. Rodriguez-Anton et al. [106] blended iso-butanol
and ethyl tert-butyl ether (ETBE) to analyze the influence of iso-butanol and ETBE on
the physical properties of gasoline. They stated that the lower oxygen percentage of
iso-butanol and its higher density develop a higher energy density and a stoichiomet-
ric air per fuel ratio in the vicinity of gasoline in comparison with ethanol. These pa-
rameters make higher renewable energy for the same percentage of oxygen fuel.
Although the energy density is lower than gasoline, the mixture’s stoichiometric air/
fuel energy density is almost equal for all fuels. Henceforth, the maximum torque
and power will be equal if the engine’s fuel nozzles can supply the required fuel flow.

Additionally, they reported that iso-butanol has lower oxygen content than ethanol
since it has a high potential due to its lower polarity effects, problems caused by corro-
siveness, and the tendency of phase separation for fuel infrastructures and injection
systems. Rodriguez et al. [107] contemplated the influence of ethanol-gasoline-ETBE
fuel on Reid vapor pressure. They concluded that adding ETBE to gasoline reduces the
Reid vapor pressure. This effect is directly related to ETBE percentage, while ethanol
blending boosted the Reid vapor pressure of the mixing higher than 30%v/v. Therefore,
increasing the ETBE content to compensate for the growth of Reid vapor pressure pro-
duced using ethanol at low concentrations. Nonetheless, the blended materials of both
oxygenates could overcome the higher oxygen content limit.
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with gasoline

5.1 Brake-specific fuel consumption

The heating value of alcohol, especially methanol and ethanol, is lower than that of
gasoline. Henceforth, more fuel is needed to get the same engine power output.
This feature shows that the ethanol’s heating value blended with gasoline fuel re-
duces by enhancing alcohol content. According to the results, cerium oxide and
aluminum nanoparticles, due to faster evaporation rate [1, 2], cause decreased
BSFC when added to the fuel because of complete combustion and emission of the
nitrogen produced from the reaction of nanoparticles in the ignition process. This
result was achieved when the amount of ethanol heat had been 1.3 times less than
the base fuel [3]. Jahirul and his co-workers [4] worked on the influence of the
blending of Al,03/TiO, nano-materials with gasoline on engine performance at dif-
ferent speeds and throttle valve positions. They found that at high engine speed,
the BSFC increased, especially at low throttle. Thus, there is no considerable fluctu-
ation in the BSFC from 50% to 100% of throttle valve openings.

In this context, additional research has been done in which it was discovered
that nanoparticles positively reduce BSFC when they are used in certain concentra-
tions and amounts. This finding is relevant because it was found that nanoparticles
have a positive effect on lowering BSFC. As an illustration, in order to name a few
of the most effective nanoparticles: TiO, (-23.42%), Mn,05 (-38.89%), CeO, (-30%),
and graphene oxide (GO) (-20%) [5].

Recent research has revealed that lowering fuel consumption may be accom-
plished by utilizing additives such as graphite nanoparticles, Fe,O; nanoparticles,
and tire pyrolysis oil (TPO) at varying proportions. These additives have proven to
be quite efficient in this endeavor. Graphite nanoparticles at concentrations of 40,
80, and 120 mg/L, as well as Fe,05; nanoparticles and both 5% and 10% TPO, were
combined with gasoline in one experiment and put through their paces under a set
of predetermined operating parameters on a SI engine. According to the findings,
utilizing nanoparticles and combining them with fossil fuels not only improves the
efficacy of relevant indicators but also lowers BSFC. This was demonstrated by the
study’s findings [6].

Oh et al. [7] studied the influence of adding hydrogen nano-bubble (HNB) to
fuel on engine performance improvement. They concluded that the fuel consump-
tion rate showed a smooth enhancement with increasing engine load.

https://doi.org/10.1515/9783110999969-005
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5.2 Brake thermal efficiency and power

BTE is a critical factor in choosing an oxygenated or nanoparticle additive. Blending
additives cause an increase in the BTE due to the higher latent vaporization heat.
He et al. [8] investigated the effect of adding normal butanol to gasoline on combus-
tion characteristics in the in-cylinder direct injection (DI) engine and the port injec-
tion (PI). They concluded that the combustion time was shortened, engine ignition
time was advanced, and BTE was improved only by adding n-butanol. Yusoff et al.
[9] suggested that the brake power is improved in an almost linear fashion when
the engine speed increases. Moreover, they concluded that most blends have no
considerable result of brake power. The normal-Bu20 and iso-Bu20 blend have
higher brake power, whereas gasoline reflects a negligible increment of 1.36% and
1.73%, respectively. Since iso-butanol and normal-butanol are essentially oxygen-
ated when blended, the octane rating is increased. They may not be prone to auto-
ignition, but they can improve the brake power of blended fuel. BTE is increased by
fueling hydrous ethanol-gasoline instead of pure gasoline at the same tested engine
speed. The main reason for such influence is associated with the fact that ethanol
produces the hydroxyl radical (—OH) and leads the combustion to be more complete
and improves flame propagation speed. Therefore, lower heat loss to the cylinder
walls and shorter combustion periods are obtained, and BTE is enhanced. Sebayang
et al. [10] suggested that the BTE of bioethanol-gasoline is higher than neat gasoline
due to the high mean effective pressure of the blended fuel. Oh et al. [7] studied the
influence of adding HNB additive to gasoline on engine performance. Their results
indicated a direct dependency between BTE and engine load because of the in-
crease in the air-fuel rate. Also, they reported that BTE in the HNB gasoline combus-
tion is higher than neat gasoline fuel at all engine loads.

When GO nanoparticles, which may boost BTE by up to 17%, as well as graphene
nanoplatelet (GNP) nanoparticles were added to the fuel and examined, it was shown
that GNP greatly minimizes ignition delay ID, which is one of the most critical elements
in determining the quality of combustion. On the other hand, the higher thermal con-
ductivity of GNP contributes to an improvement in BTE [11]. GO has a lower thermal
conductivity than GNP, which causes quicker burning. Still, GNP enhances BTE owing
to its high thermal conductivity is one of the noteworthy outcomes that have been
gained from this experiment [11]. The findings of other tests conducted by different re-
searchers on nanoparticle additions and their influence on BTE hint at the notion that
a factor known as a calorific value directly affects BTE. Because the rapid evaporation
of nanoparticles owing to complete combustion helps to transmit heat between fuel
components and nanoparticles more quickly, the BTE can be improved by mixing fuels
with greater calorific values and higher viscosities [2, 12, 13]. On the other hand, the
ratio between the surface area of nanoparticle droplets and their total volume is di-
rectly related to the rate of evaporation, which, as was previously mentioned, has a
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positive effect on reducing ignition delay and combustion completion, leading to an
increase in BTE for nanoparticles composed of Ti0,/SiO,, CeO,, and GO [14-16].
Extensive research has been done in the field of nanoparticles and diesel.
According to the findings of this research, cerium oxide nanoparticles are a suitable
additive for fuel and increase thermal efficiency due to their powerful catalytic
properties. These properties result from their high surface-to-volume ratio and their
high thermal stability. Because the nanoparticles are transported quicker with ris-
ing heat, which enhances the pace of combustion reactions, the presence of cerium
oxide in the fuel decreases the ignition delay and evaporation time. This is because
the rate of combustion processes rises. Therefore, the presence of oxygen in this
nanoparticle serves as an accelerator, which results in high BTE efficiency [18].

5.3 NOx emissions

Previous research [19, 20] reported that newer engines could better control NOx
emissions when using ethanol down to its better-sophisticated engine control strat-
egies and after-treatment devices. Manigandan et al. [21] concluded that different
ratios of hydrogen and exhaust gas recirculation (EGR) and TiO, 5% decrease NOX,
CO, and CO, emissions due to the effect of hydrogenated fuel. Hydrogen reduces
flame development, rapid combustion, and combustion duration while using EGR
increases the above parameters. Vipin and Subramanian [22] reported that water in-
jection efficiently affects emission and knocking compared to EGR.

Moreover, other research demonstrated that NOx emissions and the knocking
effect are reduced by adding EGR [23, 24]. Besides, nanoparticles can separate the
oxygen existing in the water. However, the presence of oxygen makes combustion
complete [25-27]. After adding water and TiO, nanoparticles, it is concluded that
NOx is decreased, but combustion tends to be complete.

It has been demonstrated that adding ethanol to gasoline results in an increase
in NOx emissions as a consequence of an increase in oxygen concentration as well
as oxygen bonding and the oxidation process. On the other hand, when we use
nanoparticles with fuel, we experience a reduction in NOx emissions. For instance,
as shown in Figure 5.1, when we use a mixture of gasoline that contains 10% etha-
nol and 10 parts per million Mn,0s, we experience a reduction in NOx emissions of
23.43%. Additionally, when we increase the amount of Mn,05; nanoparticles that we
use as fuel and replace compound gasoline that contains gasoline-10% ethanol-20
ppm Mn,0;, we experience a 32.34% reduction of NOx [28].

As was noted, the presence of ethanol causes an increase in NOx emissions; nev-
ertheless, a recent study shows that bio-ethanol can lower NOx while simultaneously
raising octane number. Because of this, we will see a drop in flame temperature due
to the delay in the combustion process. However, some nanoparticles are known to
enhance NOx emissions. One example of this is the TNA nanocomposite. If a fuel that
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Figure 5.1: The effects of gasoline, ethanol, and manganese oxdide on NOx emissions.

contains bioethanol is utilized, there is a possibility that the concentration of NOx
will slightly rise during the combustion process and then persist in the exhaust. As a
result of using the TNA nanocomposite, this material can break the bonds in the NOx
and release oxygen, which ultimately increases the NOx emissions [29-31].

5.4 CO emissions

As CO emissions are one of the most dangerous pollutants, researchers pay more at-
tention to it to make the highest possible reduction compared to some pollutants such
as HC, CO,, and NOx. In this regard, more techniques have been used to reduce this
emission from burning gasoline. One of them uses a newer catalyst system, such as
three-way catalysts, whose performance is improving continuously and is used to oxi-
dize CO to CO, [32-34]. The rise in oxygen content that occurs with the combustion of
oxygenated fuels is the root cause of CO emissions. As a result, one strategy for reduc-
ing carbon monoxide emissions is to cut back on the quantity of oxygen included in
fuels and additives. Because of this, the adoption of a CNT multilayer pipe construc-
tion is one of these ways. This technology has the potential to be successful in
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absorbing oxygen and lowering CO emissions [35, 36]. Since the incomplete combus-
tion of fossil fuel causes CO emissions, and since this occurs most frequently with die-
sel fuel, a significant amount of study has been done on this subject to find a solution
to this issue. Research has demonstrated that incorporating nano-catalysts such as
alumina into biodiesel fuel B5 (95% diesel + 5% biodiesel) and B10 (90% diesel + 10%
biodiesel) can be beneficial in terms of lowering CO emissions by 2.94%. Since it has
such a large contact surface, alumina boosts the amount of chemical reactivity, which
in turn shortens the time it takes for combustion to begin. In the same way, the degree
to which fuel-air mix improves ultimately results in more thorough and efficient com-
bustion. On the other hand, lowering the viscosity of the fuel plays a significant part
in increasing its atomization, and all of these processes ultimately result in lower CO
emissions [37, 38].

5.5 HC emissions

Additionally, the HC emissions bring about other products like particulate nucle-
ation. It occurs at high exhaust gas temperatures [39]. Geng et al. [40] added methyl-
cyclopentadienyl manganese tricarbonyl (MMT) to gasoline to detect the fuel emis-
sion. This study used a gasoline direct injection engine with a speed of 2,000 rpm
and the EURO V ultralow sulfur gasoline. Compared with other additives, the steam
pressure of MMT is lower, and it is also less soluble [41]. Based on the results and
tables, it is inferred that the HC emissions are remarkably diminished because it is
homogenously blended, and the combustion efficiency is increased [42]. As men-
tioned earlier, nanoparticles mainly reduce fuel emissions [43]. They may also cause
converse outcomes. For instance, Valihesari et al. [44] analyzed the Fe,O5 and TiO,
nanoparticles as a gasoline additive in their research. They indicated that the flame
silencing delay is increased while reaching the cylinder wall at the engine’s highest
speed for the high temperature of the combustion chamber. The TiO, nano-particles
additive decreases the HC emissions, whereas the Fe,0; nano-particles enhance the
HC emission because incomplete combustion causes emissions at higher speeds.

5.6 Soot emissions

Li and Zou [45] focused on Ag and B-cyclodextrins, which were related to 5% of the
nanoparticles of TiO, to produce CD-TiO,-Agp. On the other hand, limiting the quantity
of sulfur and gasoline emissions is counted as an essential priority in the petroleum
refining industry. Different methods sulfurize gasoline. Non-hydrodesulfurization is re-
garded as a fast and economical technology. This method contains catalytic hydro-
desulfurization, fluid catalytic cracking (FCC), photocatalytic oxidation, oxidative

printed on 2/14/2023 2:45 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

5.7 Octane number = 75

biological, and adsorptive desulfurization [46, 47]. TiO, comprehensively wipes out en-
vironmental pollution. It is also noteworthy because it is cheap, nontoxic, and durable.

Furthermore, it has unique optical specifications, catalytic and photoelectric
conversion potential, and properties. It is also a metallic oxide that acts as an absor-
bent in sulfurization processes [48, 49]. Wang et al. [50] deliberated the blending of
ZSM-5 with ZrO,, titanium, and NiO for sulfurization of FCC.

Considering the limits of HDS, other technologies such as bio-desulfurization
[3, 4], selective adsorption [51], physical extraction [52], oxidative desulfurization
(ODS) [53, 54] complexation, and pervaporation [55] can be applied to eliminate the
thiophene compounds. Among the items mentioned above, it is turned out that
ODS is the most suitable way for gasoline sulfurization in FCC. It is a good option
for a high percentage of sulfurization and not losing the octane number.

Catalyst is vital in the oxidation of soot and CO emissions [56, 57]. Regarding soot
oxidation, transition metal oxides such as Ce0,, Fe;05, Co50,, and MnOx [58-60],
rare earth metals oxides [61, 62], and precious metals (that are the most active cata-
lysts but at the highest price) [63, 64] have been used in a variety range.

5.7 Octane number

The influence of nano additives on octane number could be different due to the
used additive. Saxena et al. [65] added methanol to gasoline with improved catalyst
life on nano-crystalline ZSM-5 catalysts. They reported that this blend subjects to
develop the octane number and reduce undesired benzene. Viswanadham et al.
[66] investigated the effect of using a zeolite-based catalyst for octane number en-
hancement. They suggested that this catalyst increased the fuel octane number.
They also clarified considerations on the size distribution of pores, metal, and acid
sites in the catalyst. They claimed that these are suitable for the significant long-
term performance regarding boosting the octane. Also, this catalyst has the poten-
tial to improve other fuel properties.

Research conducted by a number of scientists demonstrates that increasing the
proportion of multi-walled amido-functionalized carbon nanotubes (MWNT) in gaso-
line results in a higher-octane rating for the fuel. In addition, the impact that octade-
cylamine has when utilized for amido-functionalized functionalization of MWNT is
more significant for boosting the octane number of gasoline. In addition to dodecyl-
amine, increasing the number of additives causes the octane number to rise. To
counter this, add on should be up to 7 ppm among the additives since, above this
level, the solubility of functionalized MWNTSs is not permanent. Because of this, the
maximum quantity that it should be is 7 ppm [67]. Carbon nanotubes (CNTs), capable
of scavenging free radicals, are appropriate anti-knock additives. This feature makes
them useful in addition to improving fuel atomization. CNTs can have more tremendous
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potential for reactivity if they are functionalized with amide groups, which are com-
pounds that can be dissolved in gasoline to raise that fuel’s octane rating [68].
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6 Effects of gasoline and its additives on health
and environment

6.1 Introduction

A combination of more than 250 hydrocarbons such as cycloalkanes, alkenes, and
aromatic hydrocarbons including toluene, xylene, and benzene — which are mainly
carcinogenic — make up gasoline. Aside from gasoline’s properties, multiple addi-
tives might be blended that affect its characteristics and toxicity. Gasoline has seen
a great deal of development in the last century and its current status on the market
is the result of a combination of refinery procedures, engine design, and increased
awareness of the health and environmental implications. To assure a high degree of
product consistency in the marketplace, considering the complexity of contempo-
rary engines, many of these designs and manufacturing innovations either arose
from or were the outcome of many standards and regulations [1-3].

Gasoline and other fossil fuel consumptions are responsible for the majority of
today’s air pollution. Fortunately, critical causes of ambient air pollution have the
potential to be effectively mitigated via the implementation of laws and investments
in cleaner modes of mobility, energy-efficient housing, power generation, industry,
and better management of municipal garbage. Having said that, according to the
World Health Organization (WHO), about 4.2 million people worldwide lose their
lives annually as a direct consequence of exposure to outdoor air pollution. Their
cause of death is usually but not limited to cardiovascular diseases such as stroke
and heart disease, lung cancer, and chronic respiratory illnesses. Over 90% of the
world’s population breathes in air that does not comply with the WHO Air Quality
Guidelines [4].

Regarding climate change and global warming as consequences of greenhouse
gasses that are produced mainly due to industrial, transportation, and agricultural
activities, not only do they affect soil, ecosystems, biodiversity, and freshwater re-
sources, but they can also increase the risk of infectious diseases alongside with
noncommunicable diseases [5]. Climate change has both acute and chronic impacts
on the environment. Immediate effects, such as extreme weather events including
hurricanes, flooding, drought, and heat waves, occur due to the increase in average
temperature; long-term effects lead to reduced water availability, soil drying out,
changes in the amount of arable land for farming, increased pollution, and the cre-
ation of habitats that are conducive to the spread of human and animal pathogens
via insect vectors [6].
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6.2 Gasoline and air pollution

Toxicology testing on gasoline and its evaporative emissions, as well as refinery pro-
cess streams, has yielded considerable hazard characterization data. The burning of
diesel and gasoline, which produce more than 75% of all atmospheric pollutants, is a
significant cause of air pollution in cities. The European Union considers primary pol-
lutants as nitrogen oxides (NO,), sulfur dioxide (SO,), ammonia (NHs), ozone, partic-
ulate matter (PM), carbon monoxide (CO), non-methane volatile organic compounds
(NMVOCs), and methane (CH4). A substantial growing body of evidence shows that
human exposure to vehicle pollutants causes various cancerous and noncancerous
diseases, including cardiopulmonary disorders, reproductive dysfunction, neurologi-
cal disorders, dementia, auditory dysfunction, and multiple malignancies, thereby in-
creasing mortality and morbidity rates [2, 3, 7-10].

6.2.1 Gasoline’s effects on health

Different gasoline exposure pathways exist. Gasoline starts vaporizing at room tem-
perature; therefore, inhalation is a common route. In confined or poorly ventilated
spaces, its fumes may induce asphyxiation. Respiratory symptoms may include
pneumonitis, pulmonary irritation (irritant-induced asthma), and respiratory fail-
ure. Gasoline sniffing is thought to be happening in specific regions and cultures.
More than half of the children in multiple indigenous communities in Australia,
America, and Canada have reported that they had sniffed gasoline at least once. Its
acute effects include euphoria, increased libido, and ataxia. In addition, gasoline’s
chronic exposure and abuse have been related to neurological alterations and even
encephalopathy [1, 11].

Chemical burns and dermatitis are most often caused by gasoline spills and
splashes, which are difficult to forecast or avoid. At petrol stations, a significant
number of these injuries occur to youngsters. Gasoline can induce dermatitis and
nail disorders, especially in station or exposed workers [12, 13]. Gasoline ingestion
happens predominantly in children under five years old. Gasoline ingestion may
lead to hydrocarbon poisoning and sometimes pneumonitis or pulmonary aspira-
tion; 350 gr of it could be fatal for adults. Intoxication symptoms include nausea,
vomiting, alterations in mental status, seizures, and circulatory failure [1, 13].

6.2.2 Non-methane volatile organic compounds
NMVOCs contain a broad spectrum of compounds with varying characteristics, but

they all have one thing in common: they all are volatile and organic. Some NMVOCs
are not harmful per se, but their reaction in the air could produce ozone which has
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devastating effects on the environment. Although it might seem that no serious
health consequences are expected from typical unleaded gasoline use, exposure to
benzene, toluene, xylene, butadiene, and polycyclic aromatic hydrocarbons may
raise the risk of cancer formation and encourage cancer growth and metastasis [3].

6.2.3 Nitrogen oxides

Nitrogen oxides (NO,) along with NMVOCs form the majority of air pollutants. Their
principal origin is road transport vehicles in Europe and the United States. Expo-
sure to NO, emissions has been linked with respiratory disorders such as bronchitis
and asthma in children. Acid rains develop due to the interaction of NO,, water,
and oxygen in the atmosphere, which are not only harmful to people but also haz-
ardous to the ecosystem and environment [14].

6.2.4 Ozone

Ozone is produced when nitrogen oxides and ultraviolet (UV) light oxidate NMVOCs
photochemically. Stratospheric ozone has a protective effect on the Earth; however,
tropospheric (lower layer) ozone is considered an air pollutant since it may cause
damage to plants via oxidation processes, hence wreaking havoc on crops and for-
ests, as well as affecting people breathing it whom their premature death has been
suggested to have a cardiovascular and pulmonary basis. Annually, ozone exposure
leads to 470,000 respiratory deaths. This pollutant is unusual because it rises in the
sunshine and falls on cloudy days because of its dependency on UV radiation [15-17].

6.2.5 Particulate matters

PMs are emitted directly into the air and are directly linked to ophthalmic and respira-
tory disorders such as asthma and premature death [15]. Children’s lung function has
decreased in communities with higher PM. Moreover, it has been indicated that this
alteration can be reversible when children go to societies with lower PM levels [18].

Nitrate particles that are emitted from burning fuels together with black carbon
(BC) (soot), ammonia, moisture, and other compounds are key components of PMs
that have diameters less than 2.5 micrometers (PM, ). PM,; has been correlated
with autism, ADHD, and asthma in children [19]. BC particles are mainly created
because of incomplete combustion of fossil fuels and biomass burning and cause
many health-related issues in humans and animals. BC has a noticeable impact on
the environment regarding global warming: it absorbs solar energy, controls cloud
formation, and facilitates snow melting.
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Similar to PM, s, components of PM;, (PM that has diameters less than 10 micro-
meters) can be both organic and inorganic. Some studies have indicated a link be-
tween multiple sclerosis and PM;, exposure [20].

6.2.6 Sulfur

6.2.6.1 Sulfur dioxide

Sulfur dioxide (SO,) is a hazardous gas produced as a by-product of burning fossil
fuels and other industrial processes. All living beings, including humans, animals,
and plants, are influenced. People who already have pulmonary diseases, the el-
derly, and children are the most at risk of experiencing adverse effects, making
them the most susceptible population. During the 1960s, the concentrations of air
pollutants, particularly that of sulfur dioxide (SO2), were extremely high in many
industrial cities; hence the prevalence of asthma and chronic bronchitis increased
among their residents. Sulfur dioxide emissions in industrialized regions cause re-
spiratory irritation, bronchitis, mucus formation, and bronchospasm. In addition,
redness of the skin, cloudiness of the eyes, and a worsening of underlying cardio-
vascular disease have all been reported as side effects. It would seem that emissions
of sulfur dioxide cause environmental damage, such as the acidity of soil and pre-
cipitation of acid [21, 22].

6.2.6.2 Sulfur hexafluoride

Sulfur hexafluoride (SF¢) is a potent greenhouse and non-combustible gas, and be-
cause of the latter, it remains stable at ultrahigh temperatures. Accordingly, due to
its insulation characteristics, it is extensively used in industries and power plants
[23]. SF¢ gas has almost no acute effect on the environment, and since it is a non-
toxic gas, it does not usually pose a significant risk regarding health issues. Never-
theless, because of its enormous contribution to global warming - it is 23,900 times
more potent than CO, - the long-term consequences might be dire: Harmful mate-
rial buildup in food and water by reducing water availability and altering fertile
soils are some examples. It will facilitate the spread of diseases between people and
animals, resulting in an increase in the frequency and severity of outbreaks and al-
terations in transmissible illnesses [6, 24].

6.2.7 Carbon monoxide
When burned improperly, fossil fuel generates CO in the combustion process. Nau-

sea, vomiting, weakness, and neurological symptoms such as headaches, dizziness,
and loss of consciousness are some of the symptoms of CO poisoning.
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CO poisoning may also cause death. Hemoglobin’s affinity for CO is much
higher than its affinity for oxygen. Poisoning from CO may occur if a person is ex-
posed to significant amounts of gas for an extended period of time.

The consequences of CO are strongly connected to global warming. Tempera-
ture increases in the ground, and the water might lead to severe weather conditions
or storms. Contrary to its disadvantages, its potential to increase plant growth has
been stated in some studies [22].

6.2.8 Methane

Methane is mainly produced in industrial agriculture, fossil fuels, especially from
natural gas, wastes, and natural resources such as wetlands. It is one of the princi-
pal greenhouse gases that has prominently contributed to global warming [25].

6.2.9 Ammonia

Ammonia (NH;) emissions are mainly produced from agricultural activity. Its emissions
have increased prominently after the twentieth century. Ammonia and ammonium
(NH,") high deposition has been demonstrated to cause environmental disturbances
such as acidification, eutrophication, and biodiversity reduction [26]. Ammonia, com-
bined with other emissions such as NO, and SO, may produce aerosols that are re-
garded as PM, 5. PM, 5 exposure effects mainly include pulmonary disorders.

6.3 Gasoline additives
6.3.1 Organometallic compounds

6.3.1.1 Tetraethyl lead

Leaded gasoline can cause lead poisoning; however, tetraethyl lead as a significant
additive has been phased out globally beginning in the 1970s. Lead can be excreted
in breast milk. Low levels of lead exposure can prominently influence children’s
cognitive and educational abilities, resulting in neurodevelopment delay. Along
with neurological disorders, memory loss, and seizures, lead poisoning contributes
to decreased lung function in children. Central nervous system (CNS) disorders, car-
diovascular abnormalities, renal disorders, depression, and reduced libido ensue
lead poisoning in adults [27, 28].
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6.3.1.2 Other organometallic compounds

Considering safer organometallic additives, up to 30 ppm of ferrocene has been iden-
tified to show no adverse carcinogenic and toxic effects. It has been indicated that
ferrocene, in the form of pills, demonstrates antimalarial and anticancer characteris-
tics [29, 30]. Methylcyclopentadienyl manganese tricarbonyl (MMT) is used in gaso-
line in Canada, the United States, South America, Europe, Asia, and Africa. The
usage of MMT improves the environment by cutting tailpipe emissions of toxins such
as benzene, formaldehyde, and acetaldehyde, as well as NO, and greenhouse gases.
Diet is the primary source of manganese exposure, although it can be inhaled in a
lesser amount too. Manganese has been shown to induce neurotoxicity [31, 32].

6.3.2 Ethers

After cessation of applying TEL, methyl tertiary-butyl ether (MTBE) was started to
substitute leaded gasoline. Commercialized MTBE production began in 1979 in the
United States and in 1973 in Europe. When it was first brought onto the market in
Italy in the late 1970s, it was quickly followed by other European nations. MTBE
poses a more significant threat to groundwater quality than other gasoline additives.
In contrast to benzene and toluene, MTBE pollution from spills or leaked undersea
fuel reservoirs may spread over a broader region due to its water solubility. Human
exposure to fuel oxygenates may occur via direct consumption, as well as through
cutaneous contact and inhalation when water sources are polluted. Recent studies
have shown a link between MTBE exposure and metabolic syndrome, increasing the
risk of cardiac disease, stroke, and diabetes mellitus type 2. MTBE-induced obesity
and chronic inflammation are associated with multiple organ tumors as well. Al-
though the United States phased out this additive in 2006, it is still being used in
Europe, Asia, and Latin America. MTBE concentration was not statistically significant
in Germany, France, Sweden, Denmark, Finland, and the United Kingdom compared
to the United States [33-36].

Regarding other examples of ether additives, the production of gasoline com-
bined with ethyl tert-butyl ether (ETBE) is on the rise to minimize greenhouse gas
emissions. The scientific literature on ETBE biodegradation in soils and groundwa-
ter is relatively limited. Despite the variations in their physical and chemical char-
acteristics, it seems that ETBE behaves in groundwater in a manner similar to MTBE
[37, 38]. Similar to MTBE, tert-amyl methyl ether (TAME) has toxic properties. TAME
has been found in animal studies to be almost 10 times more potent than MTBE and
a more powerful CNS depressant. Nonetheless, it seems that the fuel ethers repre-
sent no extra danger to the development of liver damage. Exposure to these ethers
at low concentrations will not likely result in a considerable rise in the human body
burden of these chemicals, making any harmful consequences of these ethers in
humans improbable under actual exposure settings [39-41].
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6.3.3 Biofuels

The main sources of biofuels include plants, animals, and algae that are heavily
used in synthesizing bioethanol and biobutanol. Animal, plant, and algal fats and
oils serve as the starting point for the generation of biofuels. The health impact as-
sessment of first-generation liquid biofuels shows some advantages regarding carci-
nogenic compounds and nonionizing radiation. However, considering respirable
compounds, health impacts may vary due to the feedstock origin of the biofuel. Fol-
lowing cellulose, the second most significant source of sugars for biofuel produc-
tion is mannans from softwood. Mannan-degrading enzymes are an essential class
of enzymes that can be employed for both pre-treatment and complete sugar release
in the synthesis of second-generation biofuels, as well as the creation of possibly
health-promoting mannooligosaccharides (MOS). Some studies have shown that
MOS may have a positive impact on animal health as well as human health. Nota-
bly, alternative fuels like biodiesel and bioethanol are not necessarily advantageous
in terms of human health impacts solely because they are derived from a renewable
source; nonetheless, their influence on the environment is thought to be signifi-
cantly better than fossil fuels [42-44].

6.3.4 Ethanol

A growing body of studies suggests that combining ethanol with gasoline decreases
hazardous chemical emissions, particularly aromatics during cold start and high-
way driving. Because cytotoxic matters, reactive oxygen species, and carcinogenic
compounds such as dehydrotropyl ions and methyl sulfate are greatly decreased
owing to the application of ethanol; it may be argued that ethanol blending in gaso-
line is advantageous to human health and environment [3, 45, 46].
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7 Future perspectives and conclusion

7.1 Key concerns and other research requirements

Reducing exhaust emissions will be the main field of study for ongoing research.
New formulas for blending fuels (gasoline and diesel) leading to lower soot contam-
ination could be contemplated in future studies. The following research areas have
excellent capability and capacities for future research in this regard. Energy and
cost optimization use different nano-additives. Researchers should focus on nano-
metallic additives, which have two critical advantages; they reduce soot emission
(by splitting hydrogen of the water, achieving complete combustion) and improve
engine performance BTE. It helps cost optimization because using alcohol to reduce
air pollution in this situation is not essential. Researchers should pay more atten-
tion to gasoline’s chemical-physical properties as they directly affect air pollution
and engine performance. Many studies have been done at various speeds, engine
loads, pressures, injection timings, and other laboratory conditions [1-3]. This
study paves the way for considering other conditions like different engine materials
or conducting more experiments with engines with various volumes.

7.2 Conclusion

This book focused on the influence of different additives on engine performance,
exhaust emission, and chemical and physical properties of gasoline (precisely the
octane number). The following are the main conclusions:

1. Adding alcohol reduces CO and HC emissions, which is the main reason for en-
hancing CO,. It is experimentally concluded that oxygenated additives, espe-
cially alcohols with higher oxygen content such as methanol and ethanol,
improve combustion efficiency. Therefore, it is one of the causes that reduce
particulate matter, HC, and CO emissions. Higher latent heat vaporization of al-
cohols compared to gasoline and lower boiling points are the other reasons for
these results. On the other hand, increasing oxygen content and reaction with
CO brings about CO, emission. The alternative way to reduce CO, is by using
biofuel because raw materials used for biofuel may capture CO, from the
atmosphere.

2. NOx emission is enhanced by using alcohol as additives because of alcohol’s
oxygen content and some of their chemical and physical properties like latent
heat of vaporization, triggering higher temperatures for making NOx. Previ-
ously, mechanical and chemical engineers tried to eliminate this problem using
EGR.

https://doi.org/10.1515/9783110999969-007
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3. Nano-additives are used for different purposes, such as controlling air pollution
and improving engine and fuel performance. Before using nano-additives, we
should analyze them and study their influence on the environment because
some of them, such as silver oxides, might decline soot emissions. On the con-
trary, these types of nano-additives harm other living beings, especially sea
creatures.

4. The octane number of gasoline would be improved by alcohol. Using methanol
as an additive can improve the octane number. Nevertheless, blending ethanol
with gasoline is more harmful to the ozone layer, making climatic changes.
Moreover, alcohols influence other gasoline properties like density, viscos-
ity, and latent heat of vaporization due to their properties’ differences from
gasoline.

5. Other additives such as MTBE, DIPE, and ETBE may improve the octane number
and BTE, but they might harm the environment by increasing soot emission.
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