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ABSTRACT 

With the increase in number of vehicles using diesel engines, the 

contributions to environmental pollution made by diesel engines is also on the 

rise. Carbon monoxide, oxides of nitrogen and sulfur, hydrocarbons, and 

particulates are currently regulated as harmful emissions from diesel engines. 

Recent technologies to control harmful engine emissions have been almost 

exclusively directed towards gasoline engines. It Is generally held that fuel 

quality will have to play an important role with all Internal Combustion (IC) 

engines to meet future stringent regulations. 

The objective of the present study was to determine the effects of 

heterogeneous catalyst on combustion. Micron sized solid catalyst, suspended 

in a specific organic peroxide, has been found to promote better combustion by 

modifying kinetics and changing the thermodynamic pathways of the reactions. 

The catalyst reduces emissions without dramatically changing the properties of 

the fuel. 

The characteristic parameters of a baseline fuel, and the same fuel with 

the additive, were analyzed. The dosage of additive used was found to be 

compatible with commercial diesel fuel. Diesel vehicles were driven unloaded at 

normal road conditions during the experiments. Exhaust emissions were 

measured when the tmcks were at static conditions and the engine running on 

idle and at 2000 rpm. The gaseous components In the exhaust, O2, CO2, CO, 

NO, NO2, NOx, SO2, and CxHy were monitored. Particulates were trapped on a 

viii 



pre-weighed glass filter. Some of the filters were sent to an Independent 

laboratory for microscopic and elemental analysis of the collected debris. 

Zinc oxide/peroxide suspended in tert-buXy\ hydro peroxide were used as 

the heterogeneous fuel catalyst. This combination increased the cetane rating of 

a commercial diesel fuel from 45 to a level of 70 depending on treatment ratio. A 

treatment ratio of one ounce of the additive per 5 gallons of diesel fuel increased 

cetane number by an average of 5 points. Road mileage with the additive 

increased by an average of more than 10%. Gaseous and particulate emissions 

were reduced by more than 20%. Engine wear decreased due to Increased 

lubricity of the fuel. A decrease in flash point of the diesel fuel may make the 

additive more suitable for cold weather operations. 
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CHAPTER I 

INTRODUCTION 

With the increase in number of vehicles using diesel engines, the 

contributions to environmental pollution made by diesel engines is also on the 

rise. Carbon monoxide, oxides of nitrogen and sulfur, hydrocarbons, and 

particulates are currently regulated as harmful emissions from diesel engines. 

Recent technologies to control harmful engine emissions have been almost 

exclusively directed towards gasoline engines. It is generally held that fuel 

quality will have to play an important role with all Internal Combustion (IC) 

engines to meet future stringent regulations. 

The objective of the present study was to determine the effects of 

heterogeneous catalyst on combustion. Micron sized solid catalyst, suspended 

in a specific organic peroxide, has been found to promote better combustion by 

modifying kinetics and changing the thermodynamic pathways of the reactions. 

The catalyst reduces emissions without dramatically changing the properties of 

the fuel. 

The characteristic parameters of a baseline fuel, and the same fuel with 

the additive, were analyzed. The dosage of additive used was found to be 

compatible with commercial diesel fuel. Diesel vehicles were driven unloaded at 

normal road conditions during the experiments. Exhaust emissions were 

measured when the trucks were at static conditions and the engine running on 

idle and at 2000 rpm. The gaseous components In the exhaust, O2, CO2, CO, 
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NO, NO2, NOx, SO2, and CxHy were monitored. Particulates were trapped on a 

pre-weighed glass filter. Some of the filters were sent to an independent 

laboratory for microscopic and elemental analysis of the collected debris. 

Zinc oxide/peroxide suspended In tert-buXy\ hydro peroxide were used as 

the heterogeneous fuel catalyst. This combination increased the cetane number 

of a commercial diesel fuel from 45 to a level of 70 depending on treatment ratio. 

A treatment ratio of one ounce of the additive per 5 gallons of diesel fuel 

Increased cetane number by an average of 5 points. Road mileage with the 

additive increased by an average of more than 10%. Gaseous and particulate 

emissions were reduced by more than 20%. Engine wear decreased due to 

increased lubricity of the fuel. A decrease In flash point of the diesel fuel may 

make the additive more suitable for cold weather operations. 

Diesel Fuel Additive 

Necessitv of Diesel Fuel Additive Use 

Increasing fuel costs in association with a gradual decline in diesel fuel 

quality have placed more emphasis on the efficient use of fuels. Recent studies 

have Identified cetane number, aromatic content and type, sulfur content, and 

density as the Important parameters that affect emission control. It Is inherently 

difficult to quantify the effects of these individual parameters, since they are inter 

dependent. For example, an increase in the aromatic content of the fuel can 

result in a decrease in the cetane number of the fuel. A loss of cetane number 

usually translates Into a loss of road economy. In general, the demand for 



gasoline and middle distillates, Including diesel fuel, is on the rise while there is a 

general decline in the consumption of heavy fuels. To meet the changing 

demands, the refineries have begun adding cracked-base stocks with high 

aromatic content to produce diesel fuels, and thereby compromising diesel fuel 

quality In the process (Akasaka et al. 1994). 

Cetane number has been found to be one of the determining factors in 

improving the quality of the engine emissions. Several studies have found a 

significant reduction in overall harmful emissions and especially in particulate 

matter and oxides of nitrogen with the increase in cetane number of the fuel. 

Chemical cetane improvement additives such as iso-propyl nitrate, iso-amyl 

nitrate may offer a more economic altemative to naturally high cetane fuels 

produced by refineries (Nandi et al. 1994). 

Increasing the natural cetane number may pose difficulties for both 

refiners and end users. Refiners will have to hydrotreat to produce fuel with 

lower aromatics and lower density. Hydrotreating will require process changes 

and increase the cost of production for the refiners. Fuels with high natural 

cetane number are, in general, less dense than fuels with lower base cetane 

numbers. This reduces the fuel economy and power available per volume of 

high cetane fuels. End users stand to lose from this since fuel is purchased on a 

volumetric basis (Green et al. 1997). 

High cetane fuels produced with additives offer some advantages. From 

the refiners' point of view. It is cheaper to use cetane improvers than to make the 

required process changes. Reductions in aromatics can conceivably cost three 



to ten times more than the use of additives to achieve the same level of 

emissions reduction (McCarthy et al. 1994). Another advantage of using an 

additive to increase fuel cetane levels is that additives do not affect the physical 

properties of the fuel in a significant manner. In principle, a fuel treated with a 

cetane Improver should retain the same fuel economy and high volumetric 

energy density as those of a fuel having a lower base cetane number. Diesel 

fuels with additives will still offer the benefits of a high cetane fuel, a cleaner 

burning fuel, easier cold starting, less smoke and noise (Green et al. 1997). 

Although most discussion is about diesel additives in this section will be about 

cetane improvers, these are not the only diesel additives in use today. Other 

additives are discussed In next section. 

Different Tvpes of Diesel Additives 

Moulton et al. (1984) have summarized numerous types of diesel fuel 

additives according to their function and undesirable effects generated by their 

use. These characteristics are presented In Table 1.1. Any decision to use 

additives should be made only when it is cleariy the most economical solution to 

prevent or solve a problem. Since additives are fuel specific, compatibility 

studies should be carefully carried out before use. Most fuel refiners commonly 

use detergents, antioxidants, corrosion Inhibitors, and metal deactivators; in 

adequate amounts to stabilize the fuel during the nonnal storage period. 

The first Increment of an additive is usually more cost effective than the 

later ones. Flow improvers are normally used by suppliers to Improve the fuel's 



pour point during the cold season. Smoke suppressant and engine performance 

additives are usually employed by the end users. However, use of cetane 

improvers by the refiners are likely to increase due to increasing demand of clean 

burning fuel and declining quality of most base fuels (Moulton et al. 1984). 

Table 1.1: Different types of diesel additives. 
Additive Tvpe 

Ignition 
Improvers 

Smoke 
suppressants 

Storage and 
handling 
additives 

Antioxidants/ 
stabilizers 

Corrosion 
inhibitors 

Metal 
deactivators 

Antistatic 
additives 

Additive 

Alkyl Nitrates 

Barium-based 

Manganese-
based 

Detergents/ 
emulslfiers/ 
dispersants 

Function 

Improve cetane, reduce 
ignition delay 

Interfere with soot 
formafion 
Catalyze soot combustion 

Prevent settling or 
separation 

Prevent reactions with 
oxygen, which form gums 

Coat and protect metals 

Coat metal to protect fuel 
from reactions catalyzed 
by metal 

Increase electrical 
conductivity, prevent static 
discharge 

Undesirable 

Effects 

None 

Emissions 
may be toxic 
Deposits 
may harm 
engine 

None 

None 

None 

None 

None 

Source: Moulton et al., 1984. 

Moulton et al. (1984) have Identified several Ignition Improvers, smoke 

suppressants, and flow Improvers with test reports in technical literature. Many 
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other additives have been classified by function Into one of two groups: 

(1) additives for combustion or engine performance, and (2) additives for storage, 

handling, or fuel system compatibility. Different types of diesel additives are 

discussed briefly below. 

lonition improvers. Compounds such as hexyl nitrate and octyl nitrate 

have been used as Ignition Improvers. Ignifion Improvers work by decreasing the 

ignition delay, which provides more time for combustion and an eariy release of 

heat. Several factors affect the performance of a cetane Improver. For example, 

the high cetane number of the untreated fuel, reduced specific gravity, elevated 

mid range boiling temperature, and presence of unbranched aliphatlcs, all 

enhance the performance of a cetane improver. Collins et al. (1982) studied the 

change of cetane number with addition of cetane improver at different specific 

gravity, mid-boiling temperature, and base cetane number. The findings of 

Collins et al. established the importance of specific gravity, mid-boiling 

temperature, and base cetane number, in the performance of the cetane 

improvers. This work also emphasized that the first increment of the additive Is 

usually the most effective. The marginal cost of increasing cetane number must 

rise with increases in the enhanced cetane number. A viable alternative for the 

refiners may be to combine the refinery processing technology with the additive 

technology (Moulton et al. 1984). 

Smoke suppressants. White or blue smoke, that contains unburned fuel 

droplets occurs during cold starts, while black smoke is the result of the presence 

of carbon soot produced during the combustion process (LePera et al. 1972). 



Fuels with higher cetane number will exhibit shorter ignifion delays, thereby 

providing more time for the combustion reacfions during the cycle. This 

combination reduces soot formation since more of the carbon particulates get the 

chance to react with oxygen and converted to CO2. Fuel hydrogen content 

correlates with smoke producing potential better than most other fuel properties. 

Other issues being equal, an increase in the hydrogen content has been found to 

reduce smoke in the exhaust (Voorhies et al. 1980). The majority of smoke 

suppressants available today are metal salts and metal organic compounds. For 

diesel engines, barium- and manganese-based additives have been found to be 

the most effective. Organometallic compounds decompose in flames to form 

metal ions, that act as the active agents in soot reduction. Barium ions prevent 

the formafion of carbon soot, while manganese Ions catalyze the burning of soot 

once carbon Is formed In the flames (Howard et al. 1980). 

Flow Improvers. Flow improvers lower the fuel's pour-point temperature, 

and thereby reduce the temperature at which the fuel clogs the filter. Flow 

enhancers are long-chain polymers with segments similar to paraffin molecules. 

Flow Improvers used separately In small quantities than solvents, reduce the size 

of the crystal structures, even though the number of structures may Increase. 

Some flow Improvers do not lower the cloud point. However, additives that do 

lower the cloud point are classifled as solvents. Unlike flow improvers, solvents 

have to be used In large quantities (Moulton et al. 1984). Frankenfeld et al. 

(1980) suggested that the performance of different flow Improvers depend on 

their ability to co-crystallize with the particular paraffins in the fuel. That is why 



the same flow improver may yield different results with fuels that have different 

wax distributions. 

Performance additives. Several additives are available that affect the 

processes occun'Ing in the combustion chamber. As stated eariier, it is difficult to 

isolate and quantify the influence of these factors individually since they are inter 

dependent. For example, Ignifion Improvers and smoke suppressants both 

promote better combustion, even though they are classifled as different types of 

additives. Fuel pyrolysis, which refers to the breaking of large fuel molecules into 

reactive segments, is one of the other processes available. Some additives are 

claimed to promote better air fuel mixtures by changing viscosity or surface 

tension for better atomlzatlon (Moulton et al. 1984). 

Another concept of the combustion process that is being developed Is 

"microexplosions." This happens when the low-boiling fraction of the fuel flashes 

to form gas or steam in situ. The microexplosions blow the fuel droplets apart 

(Lasheras et al. 1982). 

Combustion catalysts are perhaps the most advertised diesel additives 

used to modify combustion. The Increased combusfion with catalysts yields 

more heat release eariier In the cycle. It also helps to achieve a more complete 

combustion, thus reducing harmful emissions. Barium and manganese catalysts 

seem to be suitable for use In the diesel engines. Other metals such as sodium, 

lithium, and potassium increase combustion rates and decrease smoke 

emissions, but due to their corrosive nature may cause engine damage when 

present In fuel. Iron and chromium are effective catalysts at high temperatures, 
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which are seldom encountered In the diesel engine combustion chamber 

(Moulton et al. 1984). 

Additives for storaoe and handlino. Detergents, antioxidants, corrosion 

inhibitors, and metal deactivators are some of the better known additives of this 

type. Detergents have different solubility properties In different segments of the 

molecules, which enable them to form links with dissimilar materials. These 

linkages help keep small particles like gums suspended in the fuel. Additives 

such as these prevent phase separafion and/ or particle settling are also 

commonly referred to as dispersants, emulslfiers, stabilizers and so on (Ranney 

1978). The antioxidants prevent gum formation by prevenfing reactions between 

oxygen in the air and a portion of the fuel. This increases the stability of the fuel 

in storage. Metal deactivators also Improve storage stability by forming a film 

between reactive metals or metal alloys such as copper, brass, etc. and the fuel. 

Corrosion inhibitors also coat the surface of the metallic components of the 

engine and prevent corrosion by water or reacfive compounds present in the fuel 

(Moulton et al. 1984). 



CHAPTER II 

LITERATURE REVIEW 

Introduction 

The Los Angeles basin in Califomia was the first regional area in the US to 

identify air pollufion as a problem during the 1940s. Its large population density 

and the topography of the area were perhaps two of the major contributing 

factors. Moreover, automobiles were quickly identified as one of the major 

concerns in this regard; emission standards were being enforced in California as 

eariy as the 1960s. The rest of the United States, Europe, and Japan followed 

the trend set by California during the following decades. Fuel-efficient engines 

equipped with exhaust after treatment have helped lower the emission of 

hydrocarbons (HC), carbon monoxide (CO), and oxides of nitrogen (NOx) per 

vehicle. It is esfimated that an average engine In the 1990s consumes less than 

half the fuel used by an average engine in 1970s. This tremendous progress in 

the field of engine design has been offset by an explosion in the number of 

vehicles, thereby keeping the over all fuel consumption at about the same level. 

(Pulkrabek 1997). Moreover, the emission standards will only become more rigid 

with the increasing worid populafion. Because of the dramafic advances made 

in the last couple of decades, it will be very difficult, as well as expensive, to 

comply with these future stringent regulations. 

All three phases, solids, liquids, and gases, are present In the exhaust 

emissions from a diesel engine. The aggregates of solids and the liquids in the 
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exhaust are called total particulate matter (TPM). Dry carbon (soot), liquid 

hydrocarbons, and sulfates constitute the TPM. The carbon soot is the result of 

Incomplete fuel combusfion. Because carbon soot is principally a solid phase, it 

remains essenfially unaffected by a solid, flow-through, catalytic converter. The 

liquid phase droplets in the exhaust consist of lighter unbumed fuel and 

lubricants, which are also collectively known as soluble organic fraction (SOF) or 

volafile organic fraction (VOF). This liquid phase exists either in the form of 

aerosol droplets and/or in the adsorbed state on the dry carbon particles 

(Zelenka et al. 1990). A solid, flow-through catalytic converter can remove or 

oxidize the VOF fraction. As discussed eariier, just as with the exhaust from 

other internal combusfion (IC) engines, gas-phase emissions from a diesel 

engine will consist of HC, CO, NOx, and sulfur oxides. Catalytic treatment of 

diesel exhaust Is comparafively more complicated than exhaust of other spark 

Ignited gasoline engines because of its complexity In terms of diversity of 

components, cooler exhaust temperature, etc. (Voss et al. 1995). Engine 

modifications alone are probably inadequate enough to meet the stringent 

emission requirements, making catalytic converters a necessity. 

The use of catalytic converters in automobiles is unique in applied 

chemistry. Since It was the first application of a catalyst on a massive scale In a 

consumer product, It attracted a level of public attention unlike many other 

technical devices. The catalyst was expected to perfonn for at least 5 years in 

extremely varied environments In terms of temperature, composition, and flow 

rate. The possible presence of trace amounts of potential poisons in fuel 
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additives, lubricafing oils, etc. also made the design of a catalytic converter a 

challenging task (Satterfield 1991). 

This chapter begins with a discussion on the characterisfics of 

hydrocarbon fuels with emphasis on diesel fuels. A general section on the 

constituents of engine exhausts follows the first section. The circumstances 

under which these various pollutants are produced will be discussed in detail in 

this section including the chemistry of their production. The literature review 

would be incomplete unless the vast field of exhaust treatment was discussed. 

Thus, the next subsecfion of this chapter discusses the general operating 

principles of engine exhaust treatment procedures. Various regulations 

concerning diesel engine exhausts and the test procedures ufillzed are presented 

In Appendix A. 

Diesel and Its Properties 

Based on the combustion related characterisfics, Longwell (1991) divided 

fuels into five following categories: 

1. Gas, 

2. Gasoline, 

3. DIsfillates, 

4. Fuel Oils, 

5. Coal. 

These classifications have not been made on the basis of detailed characteristics 

of individual components of fuel, rather they have been made on lumped 
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properties defining combustion characteristics. Diesel fuels belong to the third 

category. They are a blend of virgin, catalytlcally-cracked, and sometimes 

thermally-cracked feed stocks. Combinations of these components have a 

tendency to form gums and insoluble sediments while in storage, thus making 

chemical treatment of a modern diesel fuel a necessity. Usually causfic, virgin, 

and light catalytic components are water washed. Thermal and heavy catalytic 

fractions are now hydorfined. High sulfur levels in stocks are reduced by 

sweetening techniques to control odor (Longwell 1991). Sweetening techniques 

involve mixing of the hydrocarbon stream with aqueous caustic soda. The 

mixture is allowed to settle in two layers, thus allowing them to be drained 

separately. The properties and molecular weights of diesel fuel can vary over a 

considerable range. The molecular weights of diesel fuel may range from 84 to 

282 (Wu et al. 1991). In general, the greater the amount of refining perfomned on 

fuel, the lower Its molecular weight and viscosity. The production cost will also 

be higher. Fuels having lower molecular weights and viscosity are suitable for IC 

engines. These are easier to pump and can be injected in the form of smaller 

droplets (Pulkrabek 1997). 

The diesel engine, invented in 1892, began to be used in trucks, 

locomotives, and tractors In substanfial numbers in the years 1925 to 1935. It 

was about three fimes more efficient than the steam engines in use at that fime. 

However, NOx emissions are a major problem with diesel engines. At present, 

diesel engines fail to meet NOx emission standards of the gasoline powered 

passenger cars. To compound the problem, about 0.5 percent of fuel burned 
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emerges as carbon soot with adsorbed compounds on their surfaces that are 

possibly carcinogenic. This problem has attracted much attention from the 

research community. Unfortunately, modlficafions made to lower the NOx level 

have been found to increase particulate levels and vice versa (Longwell 1991). 

Diesel Prooerties 

Fuel requirements of diesel engines are quite similar even though the 

engines cover a wide range of size, speed, power output, and mechanical 

design. Longwell (1991) suggested a list of desirable characterisfics for all diesel 

fuels and physical properties that may be used as a measure of those 

characterisfics. These are presented In Table 2.1. Some of the properties that 

are important in defining the quality of diesel fuel are discussed later In this 

section. It should be noted that specific properties are Indicative of potential 

performance, but more importantly they show the compafibility of a fuel to a 

particular engine. Typically, the only sure way to measure the performance of a 

fuel in an engine Is to bum the fuel In the engine. 
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Table 2.1. Relevant properties and desirable 
characteristics of diesel fuels. 

Properties 

Flash point 

Pour and cloud points 

Thermal stability 

Proper viscosity range 

Cetane number 

Proper volatility 

Gravity 

Low sulfur 

Characteristics 

Safe handling. 

Easy flow at low temperature 

Minimum plugging 

Easy atomlzatlon 

Ease of ignifion and start up 

Completion of combustion 

Fuel economy 

Lower engine wear and deposits 

Source: Longwell, 1991 

Cetane number (CN). The cetane number Is an index of a diesel fuel's 

ability to ignite spontaneously under the temperature and pressure condlfions 

that exist in the engine cylinders. Like its counter part for gasoline (octane 

number), CN is determined by comparing the test fuel with two standard 

reference fuels. The fuel n-cetane (C16H34) Is given the CN of 100 and hepta-

methyl-nonane (C12H34) is given the value 15. Alpha-methyl-napthalene is 

assigned a CN of zero. The CN of other fuels is then determined as the percent 

of pure cetane and hepta-methyl-nonane that reproduces the Ignition quality of 

the fijel being tested. Ignition quality is compared with the help of Ignition delay 

for each fuel. The higher the CN, the shorter the ignition delay. Nomrially, CN 

varies between 40 to 60. In general, a more paraffinic fuel will have higher CN 

and aromafic fuels will have lower CN (Longwell 1991). A low CN will make the 

ignition delay of the fuel too long. Long ignition delay causes a rapid rise of 

pressure at the beginning of the combustion, since more than the opfimum 
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quantity of fuel is Injected Into the cylinder before the first fuel particle ignites. 

The result is low thermal efficiency and a rough-running engine. However, a high 

CN causes premature combustion in the cycle. Premature combusfion requires 

more work in addition to that is necessary in the compression stroke. Finally, a 

fuel with CN number less than 40 will cause an unacceptable level of emissions 

(Pulkrabek 1997). 

A special compression-ignifion engine with the ability to let the 

compression ratio be changed while operafing is used to determine CN 

experimentally. At 13° engine rotation before Top-Dead-Center (TDC), the fuel 

under test is injected into the cylinder. The compression ratio Is then changed to 

start the combustion at TDC, giving an Ignition delay of 13° of engine rotation. 

Keeping the same compression ratio, the test fuel Is now replaced with a 

metered blend of two reference fuels from two separate fuel tanks. The 

composifion of the blend is varied unfil the combustion again occurs at TDC, 

giving an Ignition delay of 13°. CN of the test fuel Is given by the following 

relationship: 

CN of fuel = (% of n-cetane) + (0.15)* (% of hepta-methyl-nonane). (2.1) 

This method of determining CN requires a cosfiy test engine (Pulkrabek 1997). 

Determining precisely the exact moment of the beginning of combustion Is also 

difficult. An alternafive to this procedure is a technique for finding the cetane 

index by using empirical relationships between API gravity and volume average 

boiling point of the test fuel. Cetane numbers may be found from calculafions of 
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the cetane Index with an accuracy of two units (Longwell 1991). Ferguson 

(1986) proposed one such empirical equation: 

CI=-420.34+0.016*G2+0.192*G(logioTmp)+ 

65.01 (logioTn,p)̂ -0.0001809* (T^p)̂  (2.2) 

Where: G = A.P.I Gravity, Tmp = midpoint boiling temperature In °F. 

Disfillation. This is one of the most important physical properties of the 

fuel. It affects other properties such as specific gravity, vapor pressure, flash 

point, and so forth. Distillation characteristics are generally presented In 

graphical form showing the percentage of volume recovered at definite 

temperatures. Usually, the temperatures, at which certain percentages of 

volume (10, 35, 50, 65, and 90 percent) are recovered, are determined. Higher 

mid and/or final boiling point temperatures make complete vaporization of the 

fuel difficult. For complete combustion, volatile, readily vaporized fuels are 

Indispensable In high-speed engines. The need for volafillty decreases as the 

speed of the engine decreases (Longwell 1991). 

In the standard test, a sample of the fuel being tested is heated in a flask 

fitted with a thermometer. The vaporized fuel Is collected in a graduated cylinder 

after passing through an Inclined condenser Immersed in an ice-water bath 

(Goodger1953). 

Flash point. This property describes the ease of vaporization of a fuel 

when heated and the readiness of that vapor to flash when exposed to an open 

flame. The fraction and nature of the most volatile component present in the fijel 

usually dominates this property. Flash points are used to classify diesel fijels 

with respect to fire hazard, storage, and for taxation purposes. 
17 



In the determlnafion of the flash point, a sample of fuel Is slowly heated in 

a special container fitted with a thennometer and a stirrer. A standard-sized test 

flame is introduced into the vapor at intervals. When the vapor flashes, the 

temperature is noted (Goodger 1953). 

Viscositv. Viscosity determines the ease with which the fuel can be 

atomized in the combustion chamber. A fuel with high viscosity causes the spray 

to penetrate too far into the cylinder. Because carbonization may occur on the 

hot cylinder walls, fuel having too low a viscosity may cause excessive wear and 

tear of the injector plungers and ban-els that are dependent on fuel for lubrication 

purposes (Longwell 1991). Viscosity also determines the power requirements to 

pump the fuel through the pipelines of the fuel system. 

Gravity. A dense fuel is more likely to exhibit higher volumetric heafing 

values. On the other hand, the presence of aromafic components give rise to 

higher gravlfies that can cause the cetane number of dense fuels to be low 

(Longwell 1991). 

Pour and Cloud points. The cloud point, which is only applied to 

transparent fuels. Is the temperature at which wax and other solid substances 

can be seen to crystallize out upon chilling then making the transparent fluid 

appear cloudy. This represents the minimum allowable temperature for engine 

operation. Othen/vlse, it may result in clogging of the fuel filters by wax (Goodger 

1953). 

The pour point occurs at a lower temperature than the cloud point, and is 

the temperature at which the fuel ceases to flow when the container is tilted 
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horizontally. These temperatures are important In mobile engines whenever the 

fuel must be handled at or near ambient temperature (Longwell 1991). 

Sulfur content. Sulfur compounds In the fuel are converted to sulfur 

oxides during combusfion. These oxides combine with water and other 

combustion products to produce sulfurous (H2SO3) and sulfuric acid (H2SO4). In 

the relatively cooler parts of the engine, these acids condense and pose a 

serious corrosion threat. On top of this, SO3 formed during combustion reacts 

with lubricafing film to form varnishes and gums. High-speed engines are more 

susceptible to the sulfur content of the fuels than low-speed engines. Some of 

the high-speed engines require as low as 0.4 percent sulfur for safisfactory 

operation. On the other hand, low-speed engines can operate at sulfur contents 

higher than 4 percent (Longwell 1991). 

Other fuel properties. Four other properties of the fuel may be considered 

relevant to the perfomnance of the engine (Longwell 1991). They are: 

1. Carbon residue: This is a measure of the carbonizing tendencies of a 

fuel. A fuel with high cariDon residue content Is more likely to form 

deposits on the fuel Injector fip or other parts of the combustion 

cylinder. The test to detemriine Carbon residue involves heafing the 

sample in a cmcible at high temperature for a specific period of fime. 

The sample is weighed after the heafing to determine the amount of 

residue (Owen et al. 1995). 

2. Ash content: Predominance of ash-bearing components in the fuel will 

increase wear of the ring and liner in engine cylinders. It Is detemiined 

19 



by burning the fuel in a dish fill all the combusfibles are consumed. 

The unburned residue Is reported as the ash content (Owen et al. 

1995). 

3. Acidity or neutralization number: Organic acids may react with metals 

In the fuel system to produce metal soaps or surfactants that clog 

filters and foul Injectors. This is determined by titrating the fuel 

dissolved in a solvent with a standard acid or base solution (Owen et 

al. 1995). 

4. Sediment and water content: Sediments in fuels clog filters and foul 

injectors. Water promotes rusfing in the engine parts. This is 

determined by centrifuging a mixture of equal volume of sample oil with 

a solvent. Disfillation or titration is used to determine water content 

independenfiy of sediment (Owen et al. 1995). 

Additives in Diesel Fuels 

There are many addifives available that claim to Improve the performance 

of diesel fuel. These supplement the expensive chemical finishing processes in 

the refinery. Up to now, cetane improvement additives have not been found to 

be commercially viable because of their cost compared to initial selection of 

crude and refinery finishing. Iso-octyl nitrate has been found to cause an 

increase of 4 to 6 points In cetane number of a fuel at a treatment ratio of 0.1 % 

(v/v). Wax crystal modifiers allow the engine to operate 10 to 15°F below the 

cloud point by changing the structure of the wax crystals. The treatment ratio 
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varies between 50 to 500 ppm. This allows them to pass through the filtrafion 

equipment without clogging. The amount and composition of the wax-forming 

components in the fuel largely determines the effectiveness of the wax crystal 

modifiers. Emulsion-breaking additives may cause a rapid separation of the 

water and oil phases. Additives are also used to prevent the formation of rust 

(Longwell 1991). 

Enoine Exhaust and Its Components 

The exhaust gases emitted by automobiles significanfiy contribute to the 

worid's air pollufion problems. Specifically, during the later half of this century, 

an ever Increasing number of automobiles and tmcks, along with more stationary 

engines, and power plants have considerably aggravated the air pollution 

situation. Air pollufion is recognized as a major problem in all major metropolitan 

areas around the worid. Laws have been passed in the United States, as well as 

other industrialized countries, regulafing the maximum allowable emissions from 

automobiles. These laws have had a dramafic effect on the reduction of pollution 

from individual vehicles and have brought about a significant decrease in the 

harmful emission levels from engines. Because of the shear increase In the 

number of automobiles and engines burning fossil fuels, air pollution sfill poses a 

major threat to the environment. 

The diesel engine is an economical power plant. Diesel engines operate 

at a relatively high compression ratio than Otto engine (spari< ignition) counter 

part. The absence of a throttling valve in a diesel engine lowers the pumping 
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losses. These are two reasons why diesel engines show higher thermal 

efficiency than Otto engines (Henein 1979). Growing concern about energy 

resources has increased Interest In the performance and environmental effects of 

the diesel engine. Diesel engines are used in wide spectrum of applications 

varying from stationary engines such as those used in power plants to diesel 

engines used in automobiles and trucks. The power of the diesel engines used 

in vehicles varies between 50 to 400 HP. Although heavy duty tmcks and buses 

are equipped with diesel engines throughout the worid, only Western European 

countries have shown extensive use of diesel engines in passenger cars and 

light duty tmcks because of tax incentives (Lox et al. 1991). 

The concentrations of the different emission products are the resultant 

effect of their formation, and elimination reactions in the cylinder of the engine. 

Lox et al. (1991) has listed the various emissions from a diesel engine (Table 

2.2). 

Product of Incomplete Combustion. 
Source: Loxetal., 1991. 

Table 2.2. Emissions from Diesel Engines. 
Gaseous 

N2 
CO2 
CO 

H2 
NO/NO2 

SO2/SO3 
HC (C2-C15) 
Oxygenates* 

Organic nitrogen and sulfur 
compounds 

Liquid 
H2O 

H2SO4 
Hydrocarbons 

(C5-C10) 
Oxygenates* 
Polyaromatlcs 

Solid 
Soot 

Metals 
Inorganic 

(Mineral Oxides) 
Sulfates 

Solid 
Hydrocarbons 
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Four components present in the exhaust of Intemal combustion engines 

have been identified as a major threat to the environment. They are 

hydrocarbons (HC), carbon monoxide (CO), oxides of nitrogen (NOx) and solid 

particulates. It Is difficult to Identify the exact causes behind the presence of 

these contaminants, either qualitatively or quantitatively. However, a brief 

discussion on the probable sources of these contaminants follows next. 

Hvdrocarbons 

A mixture of hydrocarbons is emitted by diesel engines. The reason for 

these emissions may range from simple evaporation before combustion to more 

complex incomplete combustion. Several studies have found the exhaust to be 

carcinogenic or mutagenic on bacteria, cell cultures, and on living animals. 

Benzene and its homologues and the aromatic polycyclic hydrocarbons (PAH) 

are mainly held responsible for these health effects (Chiron 1986). Reasons 

behind the presence of hydrocarbons are discussed In the following sections. 

Air-Fuel ratio (AF). Hydrocarbon emissions depend strongly on the AF 

ratio. If the reactant mixture is rich in fuel (low AF ratio), there will not be enough 

oxygen to react with all the fuel. The result will be an exhaust gas rich in 

hydrocarbons and CO. Poor combustion also occurs when the mixture is too 

lean. In general, diesel engines operate in an excess air or high AF ratio 

environment. But, there will always be some local spots in the combustion 

chamber that are either too lean or too rich for proper combusfion. The actual 

air-fuel mixture in a diesel engine is non-homogeneous. Fuel is added during 
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combustion, creafing many flame fronts. If this air-fuel mixture were undemilxed, 

some carbon particles In a fuel rich zone would never come Into contact with 

oxygen with which it can react. In case of over mixing, fuel particles may be 

mixed with combustion by products, thus prevenfing the fuel particles from 

complete combustion. Moreover, diesel fuels have high boiling and 

condensation temperatures because of their higher molecular weights. This 

causes some of the hydrocarbons to condense on the surface of the particulate 

carbon (soot) (Pulkrabek 1997). A change in AF ratio affects the combustion In 

many other ways. A fuel rich mixture means that longer fimes are required for 

injection of the fuel. If the injection rate and timing remain constant, a decreased 

AF ratio (rich) means more fuel is injected later in the cycle, resulfing In a shorter 

reaction time for the last part of the fuel stream. This coupled with a low oxygen 

concentration decreases the rate of elimination reacfions (Henein 1979). Again, 

a low AF ratio means higher temperature, since there will be more fuel to burn, 

and there is a drop In heat losses to the coolant (nitrogen). A higher flame 

temperature may also Increase the rate of elimination reacfions (Bolt et al. 1969). 

Turbocharcina. The process of increasing the density of air in the 

combustion chamber using a compressor driven by a turbine powered by the 

exhaust gas from the cylinder is known as turbocharging (Lilly et al. 1984). 

Turbocharging increases the average gas temperature over the whole cycle at 

any AF rafio. Elevated temperatures, with oxygen concentrafion remaining 

constant, will increase the rate of oxidafion reactions. This In turn should reduce 

the concentrafion of unburned hydrocarbons. More oxidafion reactions now 
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occur at the exhaust manifold and the turtDocharger. Turbocharging Increases the 

exhaust temperature to go up, which increases reaction time, and promotes 

better mixing (Perez et al. 1968). 

Ignition fimina. Khan et al. (1971) found that the concentration of 

unburned hydrocarbons in the exhaust increases as the Injection timing is 

advanced. The longer Ignifion delay may allow more fuel vapor and aerosol 

droplets to be swept away with the swiriing air. Khan et al. (1971) also 

suggested that advancement in ignition fiming might increase the fuel 

impingement on the wall, thereby causing quenching of the combustion process. 

Crevice volumes. The clearance between the piston and cylinder walls, 

gaps in the gasket between block and head, unrounded comers at the edge of 

the combustion chamber etc. constitute the crevice volume. At high pressure, as 

much as 3 percent of the fuel in the engine cylinder may be compressed into the 

crevice volume of the cylinder. Later during the expansion stroke, when the 

pressure in the cylinder drops below the crevice volume pressure, the air-fuel 

mixture flows back Into the cylinder and takes part in the reaction. But some of 

the fuel particles anive too late for the flame reaction and they remain In the 

exhaust. Crevice volume around the piston ring plays a major role in this 

phenomenon (Pulkrabek 1997). 

Leaks past the exhaust valve. As discussed eariier, during the 

compression stroke and combustion, some air-fuel is pressured into the crevice 

volume around the edges of the exhaust valve and between the valve and valve 

seat. At the beginning of the expansion stroke, when the exhaust valve opens, 

25 



the air-fuel mixture still In the crevice volume Is vented into the exhaust manifold 

(Pulkrabek 1997). 

Deposits and oil on cylinder walls. Deposits on the wall as well as the thin 

layer of oil that provides lubrication between the cylinder walls and the moving 

piston absorb gas molecules, including those of fuel vapor. Adsorption Is a 

surface phenomenon that increases with pressure. Gases adsortDed during 

compression and combustion are desorbed during the expansion stroke when 

the pressure falls dramafically. Engines with higher compression ratios such as 

diesel engines are more vulnerable to this problem because of their high 

operafing pressures. Clean combustion chambers with a minimum of deposits 

will reduce hydrocarbon emissions. The clearance between the piston and the 

cylinder increases with the age of the engine, requiring thicker lubricafing films 

that Increases hydrocarbon emissions from older engines. Additionally, some 

lubricafing oil may be scrapped off the cylinder walls and bumed during 

combusfion. Lubricafing oils usually have high molecular weight and are very 

difficult to completely bum. This problem is minimized with new engines, but 

Increases with engine age (Pulkrabek 1997). 

Particulates 

Diesel particulates are clusters of small, round sub-particles with an 

average diameter between 0.2 to 0.3 micron. They have a nucleus of practically 

pure carbon surrounded by adsortDed hydrocartjons. A single soot particle may 

be composed of up to 4000 cart)on spheres (Heywood 1988). The small 
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diameter of the soot particles allows them to penetrate deep Into the lungs. 

About 80 percent of the inhaled particles are retained in the lungs for an almost 

indefinite amount of fime. Diesel exhaust particles are believed to be a source of 

mutagenic effects (Chiron 1986). 

Solid carbon soots In diesel engine exhausts are generated in the fuel-rich 

zones within the cylinder during combustion. Carbon soot Is responsible for the 

odorous pollution associated with diesel engines. When maximum power is 

needed from the engine, the combusfion environment is especially supportive for 

the producfion of carbon particulate matter since the maximum amount of fuel is 

injected at this condition resulfing In a fuel rich mixture. Carbon particulates 

generated in the fuel-rich zones of the combusfion cylinder are later mixed with 

other combustion components because of the turbulent mixing in the engine. 

Over 90 percent of the carbon particulates generated eariier in the fuel rich zones 

are able to find sufficient oxygen to react further to produce harmless carbon 

dioxide. As discussed in eariier sections, lubricating oil components vaporized 

during combustion contribute to the exhaust particles. As much as 25 percent of 

the carbon soot In the diesel engine exhaust come from this source; the rest are 

derived from the fuel. The carbon soot in the exhaust account up to 0.2 to 0.5 

percent of the fuel (Pulkrabek 1997). Some of the reasons behind the presence 

of carbon soot will be discussed next. 

Fuel properties. Experimental results suggest that diesel fuels with higher 

cetane number produce more particulates (Henein 1971; Golothan 1967; Troth 

1966; McConnel et al. 1967). The lower stability of these fuels, causes more fuel 
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to be injected after the end of the ignition delay causing the rate of cartx)n 

formation to Increase during combustion, may be blamed for the more intense 

smoke (Khan 1970). Experimental results do not show any definite effect of fuel 

volafillty on the emission of particulates. Golothan (1967) found that with the 

cetane number being the same, the more volafile fuels produce less smoke. 

Savage (1965) came across just the opposite performance in his experiments. 

Henlen (1979) held that the different injection characterisfics of the engines with 

more volafile fuels were responsible for these kinds of unpredictable results. 

Injection fimina and rate of ln|ectlon. Advancement of injection fiming with 

all other parameters remaining the same, results In longer delay periods, more 

fuels injected before ignifion, higher temperatures In the cycle, and retarded 

combusfion reactions, which result In the Increase of the residence fime. All 

these factors contribute to the reduction of particulates in the emission (Khan 

1970). But as a result of premature Injection, these results increased noise, 

mechanical, and thermal stresses, and higher NOx concentrafions (Henein, 

1979). Retarded Injection may also reduce particulate emission, since It results 

in a decreased temperature that In tum reduces the rate of formation reactions 

(Khan et al. 1971). Using higher initial rates of injection have been found to be 

effective In reducing the concentration of particulates by Improving the 

elimination reactions (Khan et al. 1971; Hames et al. 1971). 

Inlet air temperature. An increased inlet air temperature usually causes 

the rate of decomposition reactions to go up. It also results in greater particulate 

concentrations in the exhaust (Khan 1970). On the other hand, with some less 
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volafile fuels, the rate of oxidation reactions may be accelerated more than the 

rate of the decomposition reactions. The resultant effect being less smoke 

(Henein etal. 1969). 

Carbon Monoxide (CO^ 

Carbon monoxide Is an intermediate product of combustion reactions. 

With the progression of combustion, CO is converted to CO2 through the 

recombination reactions between CO and different oxidants. If these 

recombination reactions cannot proceed to complefion due to the absence of 

oxidants, or If the reaction rates are slow because of low temperature, then CO 

remains in the exhaust gases. Carbon monoxide Is formed In a fuel rich 

environment when there is insufficient oxygen to react with all the fuel molecules. 

Since diesel engines in general operate on the lean side of the equivalence ratio, 

CO emission problems in diesel engines are comparable to those of gasoline 

(Otto) engines fitted with exhaust gas treatment equipment such as three-way 

catalytic converters (Arhens et al. 1990; Gorissen 1990). Despite the overall 

operation of the diesel engine on the lean side, there will always be some region 

rich in fuel locally because of poor mixing. Incomplete combustion will also 

contribute CO to the exhaust of the diesel engines. 

Effects of CO on the human organism are well documented. Carbon 

monoxide Is a coloriess, odoriess, and poisonous gas. CartDon monoxide has 

almost 250 fimes greater affinity for hemoglobin than oxygen. Hemoglobin 

transports oxygen from the air to different body fissue. CariDon monoxide 
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dismpts the normal respiratory function of the body by attaching itself to 

hemoglobin (Chiron 1987). Apart from being a pollutant, CO also represents lost 

chemical energy that the engine failed to ufilize. CartDon monoxide is a fuel that 

supplies additional energy when combusted (Pulkrabek 1997): 

1 
CO + - Oo ̂  COo + heat 

2 ^ 

Oxides of Nitrooen (NOx) 

Otherwise stable diatomic nitrogen (N2) break into more reacfive 

monatomic nitrogen (N) at extremely high temperatures. Oxides of nitrogen are 

produced when the monatomic nitrogen combines with reacting oxygen. Most of 

the oxides of nitrogen present in the engine exhaust are nitric oxide (NO). Some 

nitrogen dioxide along with traces of other nitrogen-oxygen combinations are also 

present In the engine emission. This mixture of oxides Is called NOx as a group 

(Pulkrabek 1997). When compared with a gasoline Otto engine, diesel engines 

emit less NOx than Otto engines without exhaust gas aftertreatment, but more 

than gasoline engines with three-way catalytic converters (Arhens et al. 1990; 

Gorissen 1990). 

Smog, a major concern In large cities around the worid, is formed by the 

photochemical reactions of NOx and atmospheric air. Sunlight causes NO2 to 

decompose into NO and monatomic oxygen. Highly reactive monatomic oxygen 

inifiates a number of reactions including the one that forms ozone. Even though, 

the ozone present in the atmosphere at high altitude protects us from the harmful 

UV light of the sun, ground-level ozone is detrimental to biological tissues. It is 
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responsible for billions of dollars of crop loss each year. Ozone is also formed 

from the reacfions between air and other engine emissions such as aldehydes, 

hydrocarbons, and other oxides of nitrogen, etc. The simplified reactions behind 

the producfion of smog and ozone are (Pulkrabek 1997): 

NO2 + energy from sunlight -> NO + O + smog, and 

0 + 0 2 ^ 0 3 . 

The primary source of NOx production is the atmospheric nitrogen. Trace 

amounts of nitrogen may also be found in the fuel in the fonm of NH3, NC, and 

HCN, their contribution to the overall production of NOx is minor. Mechanisms 

for the producfion of NOx are inherenfiy complicated. Several mechanisms for 

the formation of NO have been suggested. Among them, the one proposed by 

Zeldovlch et al. (1947) Is widely accepted. According to his mechanism, atomic 

oxygen formed from the dissociafion of oxygen molecule at high temperature 

initiates the chain reactions Instead of nitrogen atoms. This Is because atomic 

nitrogen has a low equilibrium concentration compared to that of atomic oxygen 

during the combustion process. In diesel engines, therefore, the local NO 

formation Is a direct function of the local oxygen atom concentration which In turn 

depends on the local concentration of oxygen molecules and the local 

temperature (Henein 1979). The mechanism proposes by Zeldovich et al. (1947) 

is: 

O 2 0 2 O 

O + N2 o NO + N 

N + O2 o NO + 0 

N + OH o NO + H 
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Chemical equilibrium of dissociation reactions of oxygen, nitrogen, and water 

favors the right side at high temperatures. The higher the temperature, the 

higher the probability that the othenA/ise stable molecules will dissociate to 

generate reacfive monatomic forms, which produce NOx. At low temperatures, 

there is little production of NOx. Although the maximum temperature occurs at 

the stochiometric mixture of fuel and air (adiabafic flame temperature), maximum 

NO production occurs at a slighfiy lean mixture of fuel. Under sllghfiy lean 

conditions, the temperature is still high enough to favor dissociation, and there is 

still a sufficient amount of oxygen to react with monatomic nitrogen (N). 

Combustion fime also has an effect on the production of NOx. Modern engines 

have lower NOx emissions because their combustion cylinders are designed for 

fast bums (Newhall et al. 1971). Other factors known to influence the NOx 

formation and concentrafion in the exhaust are discussed below. 

Fuel properties. Diesel fuels with low cetane numbers are present in 

larger amounts at the beginning of the combustion because of a longer ignition 

delay, producing a high temperature eariy In the cycle. As a result, more NO Is 

produced (McConnell 1963-64). 

Effect of iniection fiming. Advancement of injection fiming causes longer 

ignition, since fuel is injected at lower temperatures and pressures. But the 

increase In ignition delay In crank degrees is usually less than the Injection 

advance, causing auto ignition eariier in the cycle and raising the gas 

temperature. Longer ignifion delay causes more fuel to evaporate and higher NO 

production. Late injection has been found to be an effective way to curb NO 
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production, but it also results in a loss of fuel economy (Bascom et al. 1971; 

Wilson etal. 1974). 

Effect of swiri and turbocharoinq. Wilson et al. (1974) found an increase 

in NO emissions with swiri. Although turbocharging increases the temperature, it 

has been found to lower the NO emissions sllghfiy (Bascom et al. 1971). 

Exhaust Treatment 

The exhaust from a diesel engine is a complicated phenomenon 

depending not only on the technical parameters such as engine design, and 

engine operation characterisfics, or fuel and lube oil composition, but also on 

how these emissions are defined and measured (Lox et al. 1991). As It was 

noted eariier, diesel engines have a much better standing in terms of CO and 

hydrocarbon emissions when compared to gasoline (Otto) engines. Even in the 

case of NOx emissions, diesel engines show similar performance when 

compared with a gasoline engine not fitted with an exhaust gas after-treatment. 

But when equipped with an exhaust gas after-treatment, the gasoline engines 

emit much less NOx than their diesel engine counterparts. In terms of particulate 

emissions, diesel engines lag far behind the gasoline engines. In fact, diesel 

engines emit 10 fimes more particulate matter than gasoline engines (Arhens et 

al. 1990; Gorissen 1990). 

The treatment of exhaust gases has been complicated by the presence of 

several different chemicals like NOx, CO, and particulates. The possible 

measure to minimize one harmful emission may as well create the environment 
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for the increase of another since the production of each of the pollutants may 

have different mechanisms. For example, CO Is the result of inefficient 

combusfion whereas NOx results from highly efficient combustion reactions. 

Engine design and fuel properties also play a vital role in controlling harmful 

emissions from diesel engines. CarefijI control of the air-fuel ratio helps 

immeasurably in minimizing emissions. Although developments in engine design 

will certainly make a major contribution in keeping the emissions low. It is not 

certain whether engine development alone will be able to meet all the future 

regulatory requirements (Lox et al. 1991). The composition of fuel also has a 

major role in emission reduction. Among many components of the fuel, only the 

sulfur content In the fuel shows a clear relationship with sulfur-dioxide In the 

exhaust gas. Aromafics content of the fuel, especially diaromatics, have been 

suspected to be responsible for particulate emissions (Flanigan et al. 1989; 

Abbass et al. 1989). Some of the common methods used in the treatment of 

auto emissions are discussed in the following sections. 

Catalytic Converters 

Catalytic converters are the most effective after-treatment system for 

reducing engine emissions from gasoline engines. Catalytic converters are also 

known as three-way converters since they promote the reduction of CO, HC, and 

NOx. Most catalytic converters are constmcted using a stainless steel outer 

container with an interior composed of a porous ceramic stmcture through which 

the gas is forced to flow. This converter is mounted somewhere along the 
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exhaust pipe of the engine. The ceramic Is either a single monolith honeycomb 

stmcture, or consists of loose, granular particles. The exhaust gas flows through 

the packed spheres. Alumina is most commonly used as the base ceramic 

material since it has the capability of withstanding high temperatures, is 

chemically neutral, exhibits a low thermal expansion, and thennal stability with 

age (Pulkrabek 1997). Catalyst materials, generally plafinum, palladium and 

rhodium are Imbedded on the surface of the ceramic material. The first two of 

the catalysts oxidize CO and HC to CO2 and water. They reduce the required 

temperature for oxidafion from 600° to 700°C and 250° to 350°C. Rhodium 

reduces the NOx content by promoting different reactions. Cerium oxide, which 

uses water vapor to oxidize CO to CO2 (water gas shift reaction), Is also often 

used. This reaction becomes important when the engine is mnning rich and the 

availability of oxygen for the reaction may be scarce. The performance of a 

catalytic converter strongly depends on the temperature as well as the AF ratio. 

Hydrocarbons and CO are controlled more effectively at stochiometric or lean 

mixtures, while control of NOx requires an almost stochiometric environment. 

Catalytic converters perform very pooriy In controlling NOx for lean mixtures. 

The overall operation of diesel engines occurs almost exclusively at lean 

condlfions. Although catalytic converters are used with diesel engines, they are 

not effective In controlling NOx emission because of this operafing characterisfic 

of the diesel engines. Also, because of cooler exhaust temperatures, removal of 

HC and CO Is difficult. This deficiency can be compensated for by the fact that 

diesel engines produce less HC and CO in the first place (Pulkrabek 1997). 
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Particulate Traps 

These filtering devices cause significant reducfion In the particulate matter 

of the engine emission. A particulate trap may be a shallow bed filtrafion device 

consisting of a ceramic wall flow filter or it may be a deep bed filtration device 

made up of wire mesh filter with metallic or ceramic wires and ceramic and/or 

metallic foams (Lox et al. 1991). Traps using total filtration techniques are able 

to capture 80 to 90 percent of the particulates, but they are very susceptible to 

clogging and require frequent regeneration. Impaction and diffusion traps retain 

60 to 70 percent of the particulates. They are not blocked easily (Owen et al. 

1995). 

With the build up of carbon soot, the traps slowly become plugged, 

inhibifing the exhaust gas flow and raising the engine back pressure in the 

process. As a result, the engines will mn hotter with higher exhaust 

temperatures and higher fuel consumption. The filtering material may be 

damaged If the temperature Is raised higher than the melfing point of the filtering 

materials (Brear 1990; Horrock, 1987). For this reason. It Is necessary to 

regenerate the filtering devices by controlled ignition of the trapped carî on 

deposits to assure smooth operafion of the engines. Temperatures of 550° to 

650°C are required to ignite the carbon, whereas, the exhaust temperature of the 

diesel engines Is in the range of 150° to 350°C (Pulkrabek 1997). One of two 

basic approaches can be followed to overcome this problem. Either the filtering 

trap Is heated at predetermined intervals, or the temperature required to ignite 

the cartx)n Is reduced with the help of a catalyst. 
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The temperature of the trap may be Increased by controlled throttling or by 

applying external heafing such as electrical energy with the help of heating wires 

in the ceramic filters. A burner fueled by diesel can also be used to heat the 

filter. Two filters may also sometimes be used in conjunction with each other. 

While one of them is regenerated, the other one filters the exhaust from the 

engine (Wade et al. 1983; Revenot 1984). 

To lower the required temperature to Ignite the carbon, several 

approaches have been developed. Organic derivatives of Iron or cerium have 

been added to the fuel to lower the Ignition temperature. The organic derivafives 

are bumed In the engine allowing inorganic oxides to be incorporated into the 

forming particles assuring close contact with the carbon (Herz et al. 1986; 

Meinrad et al. 1989). Another approach is to add catalysts into the exhaust 

stream. Organic derivatives of cooper have been used with some success In this 

regard (Meinrad et al. 1989; Pattas et al. 1990). 

Measurement of gas pressure across the filter Is one of the widely used 

methods to determine the build up of carbon deposits In the filter. The 

regeneration is Initiated at some preset pressure drop. 

Determination of the percent of radio frequency adsort}ed that has been 

transmitted through the trap Is another method to detemiine the carbon build up. 

Radio waves are absorbed by the carbon, whereas ceramic stmcture do not 

absorb the waves (Pulkrabek 1997). 

Filtering materials may also be coated with catalysts that help to oxidize 

HC and CO. Catalyst coafings help to reduce the gaseous emissions also. 
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There are many other types of traps available other than the filters. Some of 

them operate on the principle of the cyclone separator. Others are equipped with 

electrostatic precipitators or gas washing equipment (Thimsen et al. 1990). 

Exhaust Gas Recirculation (EGR) 

As eariier stated, it is difficult to reduce NOx In the lean environment that 

exists in diesel engines. One of the effective ways to control NOx emissions Is to 

keep the temperature low in the combustion chamber. Although it results in a 

loss of overall combusfion efficiency, less NOx is produced because of the lower 

temperature. The basic principle is to dilute the gas mixture In the cylinder with a 

non-reacting gas that absorbs energy during combustion without contribufing any 

energy. The closest material to a non-reacfing gas that Is abundanfiy available to 

a diesel engine is its own exhaust gas. In an EGR system, some of the exhaust 

gas Is recycled into the Intake system, most of the time Immediately after the 

throttle secfion. The amount of flow may be as high as 30 percent of the total 

Intake (Pulkrabek 1997). The reduction in NOx with EGR comes with a price. 

The percent of inefficient slow-bum cycles increases with the increase of EGR, 

ultimately resulting in total misfires. As a result, HC content In the exhaust goes 

up along with a reduced thermal efficiency (Kuroda et al. 1978). Experiments 

performed by Daimler-Benz (1973) have shown that EGR reduces NOx without 

affecting HC and CO up to EGR values of 20 percent. At low load, NOx was 

found to be reduced by about 20 percent, and at high loads it is reduced by about 

30 percent. Increasing EGR beyond 20 percent, results in increased HC and CO 
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emissions. Smoke increased sharply at 40 percent EGR at light load and at 25 

percent at the higher load. 

Fuel Additives 

A large number of studies have been carried out to reduce hamnful 

constituents In diesel engine exhaust. Because of the tightening regulations, 

engine modifications alone will not be able to meet more rigid regulations in the 

future. Considerable effort has been undetaken to use the characteristics and 

composifion of the fuel to influence the contents of the engine exhausts. Fuel 

additives are one of the approaches being considered actively by the scientific 

community to reduce engine emissions. Additives have the advantage of 

meeting emission requirements without cosfiy engine modifications, and they 

may be ufillzed by the existing fleet of cars. As discussed eariier, diesel additives 

are used for other purposes than reduction of emissions too. Additives are used 

to Improve flow characteristic, storability, low temperature operations, and so 

forth. Some of the recent studies that have been carried out to evaluate the uses 

of additives In reducing harmful emissions from diesel engines will be discussed 

In the following secfions. 

Becker et al. (1997) studied an additive package, which contained a 

unique combustion catalyst along with conventional detergent, defoamant, cold 

flow Improver, and corrosion Inhibitors. The combustion catalyst supplies an 

organometallic compound that is hypothesized to improve combustion according 

to two mechanisms. It produces more readily oxidizable smaller particles by 
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prevenfing particulate agglomerafion and improves the oxidation of particulates 

by acfing as a supplementary oxygen source on the surfaces of the catalysts. 

Becker et al. obtained an average reduction of 16 percent (up to 29 percent) in 

particulate matter using the additive. The additive also reduced the hydrocarbon 

emission on an average of 10 percent (up to 23 percent). The additive did not 

affect the CO and NOx emission levels. 

Man and Shell cosponsored research to study the effects of cetane 

number on quality of combustion, emissions, and fuel economy (Lange et al. 

1997). They studied six fuels with cetane numbers varying from 51 to 61. The 

emissions were measured following the ECE R49 test cycle and another 

proposed test cycle for heavy-duty engines (EURO III). The experiments 

revealed that the quality of exhaust is subject to the method of measurement 

also. The cetane number was enhanced either by blending different fuels or with 

the help of Ignition Improver 2-Ethyl-Hexyl-Nitrate (2-EHN). The Ignifion improver 

Increased the cetane number of one of the test fuels from 56 to 61 without 

affecting the other properties of the fuel. The increase In cetane number did not 

affect the particulate or HC emissions. There was an average reduction of about 

1.6 percent in NOx emissions according to the EURO III test cycle. No change in 

NOx levels were noficed when measured according to ECE R49. Similar effects 

were noticed both In naturally enhanced fuels and fuels with the ignition 

improver. Improved fuel consumption of about 1.1 percent was observed over 

the ECE R49 test cycle and an Increase of about 1.6 percent was achieved over 

the EURO III test cycle. A reduction of from 6 to 7 percent in CO content was 
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measured over both test cycles. Both the natural and Ignition improved cetane 

number exhibited similar perfomriances. There was a significant and similar 

reduction in combustion noise in both types of fuels. 

Nandi et al. (1994) tested two cetane improvers, dl-t-butyl peroxide and 2-

ethylhexyl nitrate, for their potential to reduce emissions from diesel engines. 

Commercial use of 2-ethylhexyl nitrate as a cetane Improver Is well established. 

Compared to the later, the use of peroxides such as dl-t-butyl peroxide as cetane 

enhancer is relatively new. Four different low sulfur fuels were used In this study. 

The aromatic content of the fuels varied from 20 (vol percent) to 35 (vol percent). 

Both test additives caused significant reduction in hydrocarbon and CO content 

of the emissions. A minimum HC reduction of 40 percent was achieved with low 

aromafic content (20 percent) and a maximum HC reduction of 75 percent was 

achieved with high aromatic content (35 percent). Following the same trend, the 

minimum CO reduction of 30 percent was achieved with low aromafic content (20 

percent) and the maximum CO reduction of 50 percent was achieved with high 

aromafic content (35 percent). The performances of the two additives In 

reducing hydrocarbon and CO were not significantly different. Both additives 

were able to reduce NOx from higher aromafic fuels. The reduction varied from 3 

to 4 percent. Peroxide treated fuels performed a lltfie better than the nitrate 

treated fuels, although the difference was not detemiined to be significant. 

Effects of dl-t-butyl peroxide and 2-ethylhexyl nitrate on particulate emission were 

inconclusive. The higher aromafic fuel (35 percent) showed a significant 
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reduction of 40 percent In particulate emission, while the low aromafic fuel (20 

percent) showed an increase of 12 percent. 

Liotta et al. (1993) studied the effects of oxygenated addifives on 

emissions from a heavy-duty diesel engine. They selected three glycol ethers, 

an aromafic alcohol, and an aliphafic alcohol and polyether polyol as the 

additives to be investigated. These additives were selected on the basis of 

economics, toxicity, and their fuel-blending properties. The chain-branching 

present in the selected oxygenates caused a slight decrease (1 to 2 numbers) in 

cetane numbers. In order to reduce the effects of cetane numbers on emissions, 

the blended fuels were treated with 2-ethylhexyl nitrate to compensate the 

reduction In cetane numbers. The additives caused a statisfically insignificant 

Increase In fuel consumption. The maximum Increase was 2 percent. The effect 

of the additives on hydrocarbon emissions was Inconclusive. Two alcohols 

seemed to increase the hydrocarbon content In the exhaust while the other 

additives decreased the hydrocarbon content. The oxygenated fuels caused a 

statisfically insignificant reduction in CO content in the exhaust gas. The level of 

NOx also showed an Insignificant increase with the use of oxygenated additives. 

The oxygenated additives reduced the particulate emissions. The authors 

identified this to be a key benefit to the use of oxygenated fuels. They also 

hypothesized that oxygen in ethers is more effective in controlling particulate 

matter than oxygen In an alcohol. 

Tree et al. (1993) studied the performance of a diesel additive developed 

by TEXACO. Following the principles developed by Perry et al. (1986), 
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researchers at TEXACO introduced isocyanic acid (HNCO) Into the fuel during 

the expansion stroke. The addifive is called Texaco Diesel Addifive (TDA). The 

acid has been found to be most effecfive between the temperatures of 1100 K 

and 1300 K. This temperature Is encountered twice during the combustion 

process. However, eariier in the process, most of the NOx has not been 

generated. This makes the acid most effective when the same temperature 

range is encountered again during the expansion stroke. The additive developed 

by TEXACO protects the acid until the expansion stroke by Incorporating 

Isocyanic acid with a thermally stable canier. When used at a level of 5 wt 

percent of the fuel, TDA reduced the NOx content in the exhaust from 40 to 45 

percent. The fijel consumption, and the hydrocarbon and CO content In the 

exhaust were not affected by the use of TDA. 
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CHAPTER III 

METHODOLOGY 

Introduction 

The purpose of the research was to study the effects of the 

heterogeneous catalyst on the emission quality and the engine perfomnance of 

the diesel engines used in vehicles. The experiments conducted In this study 

may be divided Into three major parts. One part of the experiments dealt with the 

concentrafion of the gaseous pollutants present in the exhaust stream from the 

engine. The second part was Involved with the entrapment and weighing of the 

particulate matter present in the exhaust stream. Particulate matter captured In 

this manner was sent to an independent laboratory for qualitative analysis. The 

outside lab was also utilized to detemiine the effects of the heterogeneous 

catalysts on physical-chemical characteristics of the fuel. The third and final part, 

but certainly not the least important. Involved road testing of vehicles using diesel 

with and without the heterogeneous fuel catalyst. This last part highlighted the 

increase in mileage of the diesel tmcks with the use of the fuel catalysts at 

relatively low concentrations. 

Preparation of the Catalvst 

A mixture of zinc peroxide and zinc oxide was used as the major 

heterogeneous catalyst in these experiments. Oxides of metals belonging to HA 

and MB In the periodic table were considered to be used as the catalyst. Zinc 
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was found to be most environmentally compatible yet yielding desired effects on 

the composifion of the exhaust gas and fuel economy. Micron sized particles of 

zinc peroxide and peroxide was introduced into the fuel with or without the help 

of canier solvents. Use of an organic peroxide as the carrier solvent was found 

to be beneficial in boosting the mileage of the engine. The solvents used were 

fe/t-butyl hydroperoxide (TBH), methanol, ethanol, and vamlsh makers and 

painters solvent (V.M. & P.). Mixtures of different concentrations were prepared 

to determine the optimum and computable ratio of the heterogeneous catalyst 

and the solvent. Portions of the prepared suspensions were sent to an 

independent laboratory for analysis. Different fuel parameters like cetane 

number, disfillation curve, and flash point were determined based on standard 

ASTM methods. Results were then compared with the characterisfics of the 

base fuel. The concept of using a heterogeneous catalyst Is still in the patent 

process. The complete results regarding the opfimum ratio of the heterogeneous 

catalysts and solvent have not been presented In this dissertafion because they 

remain proprietary information. 

Mileage Test 

Road tests were performed to determine the effect of the catalyst on the 

fuel efficiency of the engine. At the beginning of the test, the fuel tank of the 

vehicle would be filled with diesel from a local Phillips gas station. After nofing 

the odometer reading, the vehicle would be driven non-stop for 110 miles over 

urban roads. After the road test, the required amount of fuel needed to fill up the 
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tank was recorded as the baseline fuel consumption. Exhaust gas analysis and 

particulate matter entrapment were then performed to set the baseline 

conditions. A measured quantity of the additive was then added to the tank. The 

vehicle would again be driven for 110 miles following the previous driving pattern 

as close as possible. Once again, the required amount of fuel needed to fill up 

the tank was recorded as the fuel consumption using catalysts with the fuel. The 

exhaust gas analysis and the particulate matter entrapment tests were then 

performed again to note the effects on the concentration of pollutants as a result 

of using the catalyst. Testing was performed three fimes In order to detect 

gradual effects arising from continuous use of the catalyst with the fuel. 

Exhaust Gas Analvsis 

A portable emission analyzer (ECOM-AC+) was used to determine the 

level of Individual gas pollutants present in the engine exhaust. ECOM-AC uses 

a microprocessor to analyze exhaust gas at the tail pipe. The analyzer has a 

coaxial probe with connections for gas, draft, and temperatures. ECOM-AC+ Is 

configured with electrochemical sensors for measuring O2, CO, NO, NO2, SO2, 

combustibles (CxHy), and both ambient and exhaust gas temperatures. It also 

esfimates CO2, efficiency, excess air, and losses. The oxygen sensor of the 

ECOM-AC+ calibrates Itself to the ambient air once It is tumed on and the toxic 

sensors are zeroed. This initial warm-up requires approximately 3 minutes. The 

toxic gas sensors are calibrated using standard gas. To ensure best results, the 
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toxic gas sensors should be calibrated at levels similar to emissions that are 

expected to be found in the exhaust gas. 

Particulate Matter Analvsis 

Both quantitative and qualitative tests were performed on the particulate 

matter. The particulates present in the exhaust stream were trapped on a glass 

fiber filter. The filters used were commercial glass fiber filters (7"x8") which were 

advertised to be able to trap particles as small as 1 micron in diameter. The 

clean filters were weighed to the nearest 0.1 milligram. The filter was then 

placed inside a custom made adapter (Figure 3.1). A high speed vane pump in 

the apparatus is used to overcome the disturbances created by the apparatus to 

the exhaust gas and maintain isokinefic flow. The particulate matter was 

accumulated over a period of 1 to 5 minutes. The difference between the weight 

of the filter after collection and the clean filter represents the total weight of the 

particulate matter collected. This procedure was performed for both the baseline 

fuel and fuel with the additive. The difference In total mass of the materials 

collected on the surface of the filters indicates that the overall effects of the 

catalyst on the particulate matter. The tests were carried out at an idle engine 

speed (approximately 600 rpm) and at 2000 rpm. The particulate matter was 

also collected in this manner after each road test to determine the gradual effect 

derived from the use of the catalyst. 

Filters collected In this manner filters were then sent to an Independent 

laboratory for more quantitative analysis of the particulate matter using 
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microscopic methods. Several random samples, 3/8-Inch in diameter were taken 

from each filter. This 3/8 inch patches were then mounted on Individual stubs 

with the help of carbon tape. The samples were then coated with gold. Each 

sample was studied at 600X magnificafion. EDX was used to study the 

constituent elements of each sample. The spectmm of the elements present on 

the clean glass fiber filters (background elements) was subtracted from the 

spectra of the dirty samples to determine the elements present in the exhaust 

gases. Nolan Voyager image analysis software was used to determine the 

particulate size distribufion. Images from five to ten fields from each sample 

were converted to a binary format and adjusted to save only the particulate 

binary images (SemTech 1997). 
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Figure 3.1: Apparatus for collecfing particulate matter present in the exhaust gas 

of the diesel engine. 
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CHAPTER IV 

THEORETICAL ANALYSIS 

Introduction 

The objective of this study was to determine the effects of heterogeneous 

catalysts on the exhaust gas composition of diesel engines in general, and the 

amount of oxides of nitrogen (NOx) in particular. Micron sized particles of zinc 

oxide and peroxide was introduced in the fuel with or without carrier solvents. 

The solvents used were ferf-butyl hydroperoxide (TBH), methanol, ethanol, and 

varnish makers and painters solvent, (V.M. & P.). The fuel efficiency of the 

diesel engine with the additive was also compared to fuel efficiency without the 

additive. The results were found to be encouraging as may be seen in the 

experimental results presented later in this chapter. The particulate matter in the 

exhaust gas was trapped and analyzed to underscore the beneficial effects of 

heterogeneous catalysts. In the experiments, zinc peroxide has been used as 

the heterogeneous catalyst. 

Combustion of hydrocarbon fuels Is an Inherenfiy complex process 

involving numerous chemical reacfions. Commercial gasoline is a mixture of 

hydrocarbons having a wide range of molecular weights and physical properties. 

For this reason, a thermodynamic analysis was perfomned as part of this study in 

order to evaluate the probability of some of the reactions that might occur under 

the circumstances exisfing within the engine cylinder and from there to the 

exhaust manifold. To simplify the analysis, the themiodynamlc properties of 
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isooctane have been used in this study. The changes In heat of combustion with 

the number of carbons present in the hydrocarbon molecule, levels of after 

propane. Although mixtures of zinc oxide and/ or zinc peroxide were used as the 

additive in the experiments, the feasibility of using calcium peroxide was also 

studied from a thermodynamic point of view. The next secfion describes the 

thermodynamic analysis, that was used in detail. 

Thermodvnamic Analvsis 

It was assumed that the peroxide decomposed instantaneously to the 

metal oxide and oxygen. Solid oxygen rich surface of zinc oxide facilitates the 

combustion reactions by providing a hot refractory surface. Because of the 

overall-oxidizing atmosphere prevailing in the combustion chamber, zinc 

particles form oxygenates of zinc after the combustion reacfions. As mentioned 

eariier, the properties of isooctane were used to determine the adiabafic flame 

temperature for the combustion process. The flame temperature provides a 

predictive upper limit for the temperature encountered in the engine cylinder. 

Using JANAF (Joint Army, Navy, Air Force) (Stull et al. 1971) and CHEMEQ 

(Desrosiers 1987), the equilibrium composition of the flue gas was detemnlned at 

three different hypothetical temperatures. These were then compared to the 

experimental compositions obtained by using the additives. Finally in the 

thermodynamic study, the Gibbs free energy of several possible reactions was 

determined with respect to temperature to assess the likelihood of their 

occurrence. 
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Adiabafic Flame Temperature 

Mathcad program (APPENDIX B) was used to calculate the adiabatic 

flame temperature for the combination of Isooctane as a funcfion of the air to fuel 

rafio (AF) and /or equivalence ratio (<t)). AF is defined as ratio of the mass of air 

to the mass of fuel available for the combustion process. 

._ mass of air ,̂  ,, 
AF = (4.1) 

mass of fuel 

With isooctane and ambient air, the stochiometric AF is 15.142. An AF rafio 

greater than this means the amount of air present in the mixture Is greater than 

the stochiometric quantity; this is called a lean mixture. Combustion is possible 

for AF ratios within the range of 6 to 19. An AF rafio less than 6 Is too rich in fuel 

to support combustion while an AF greater than 19 is too lean in fuel (Pulkrabek 

1997). The equivalence ratio ((|>) is defined as the ratio of actual AF to the 

stochiometric AF ratio. So at stochiometric conditions, (j) is 1. An equivalence 

ratio greater than 1 indicates a mixture rich in fuel. Figure 4.1 shows the 

calculated (theoretical) variation of adiabafic flame temperature as a function of 

AF. The maximum temperature, 2392 K, can be treated as the upper limit that 

could be encountered in the combusfion cylinder for this fuel. Figure 4.2 shows 
the variation of adiabatic flame temperature with <t>. It should be noted that In 
both the figures, the drop In adiabafic flame temperature is much steeper in the 

lean side than the rich side. The reason for this is the presence of inert nitrogen 
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in the air, which increases the sensible heat demand thus lowering the adiabafic 

flame temperature. 

I 2400 n 
1 ^^\J\J 

1 2300 1 ^\j\j\j 

t 2200 

1 2100 -

i— 
(D 
9" 9000 

(D 

1 1900 -
O 

•g 1800 -

A
di

 

1700 -

1600 -

1500 -
i 

—r^j^^^^^^^^^^^^HjjHj^^^^^^^^^^Hn^^^^^^^^^^^^^^^^^^^^^^^^^^^H^^^^^^^^^^^^^^^^IH^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^H 

— Stochiometric AF 

1 
1 
1 

1 

3 10 12 14 16 18 20 22 24 26 28 30 

AF ratio 

Figure 4.1. Variafions of adiabatic flame temperature with AF ratio. 
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Figure 4.2. Variations of adiabatic flame temperature with equivalence ratio. 

Eouilibrium Analvsis 

A FORTRAN package, CHEMEQ (Desrosiers 1987) was used to perform 

the equilibrium analyses at three different temperatures (2800 K, 2300 K, and 

1800 K). CHEMEQ is a DOS-based computer code that is especially suitable for 
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gas based reacfions. It has access to themnodynamlc data of most of the 

species in the JANAF (Joint Army, Navy, Air Force) tables (Stull et al. 1971). 

Since the package was primarily developed for gas phase reactions at high 

temperatures, the use of high molecular weight species requires the user to 

supply the necessary thermodynamic data such as heat of combustion, specific 

heats. In this study, all the necessary data were already in the database. 

CHEMEQ also considers all the gas phase species as Ideal gases. It also treats 

condensed-phase species as immiscible. However, CHEMEQ cannot handle 

aqueous-phase, electrolyte systems (Desrosiers 1987). 

Although CHEMEQ generates a long list of possible chemical reaction 

products, only those species that were of interest to this study have been plotted. 

Figures 4.3, 4.4, and 4.5 show the equilibrium mole fractions of different species 

after combustion carried out at isothemial temperatures of 2800 K (2527°C), 

2300 K (2027°C) and 1800 K (1527°C), respectively. The figures cleariy show 

that the mole fractions of different pollutants (NO, CO) are reduced at lower 

temperatures. Although NO2 Is produced during the reactions. Its amount may 

be neglected compared to the amount of NO fomned. Figures 4.6,4.7,4.8,4.9 

and 4.10 show the temperature dependence for these compounds. At higher 

temperatures, carbon dioxide is more abundanfiy produced. Most modem 

engines are roufinely operated on the lean side of the air-fuel mixture, or as 

close to the stochiometric equivalence ratio {^ =1) as possible. Mole fracfions of 

NO near the stochiometric equivalence ratio are negligible at lower temperatures 
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(1800 K, 2300 K) but become appreciable at higher temperatures. Mole 

fracfions of CO increase rapidly with an equivalence ratio on the fuel-rich side 

and temperature does not appear to affect the concentration. But at an 

equivalence ratio close to unity, lower temperatures result in considerably lesser 

amounts of CO. From these observations, it would appear that combustion at a 

lower temperature can help to reduce the concentrations of pollutants, at least 

from a thermodynamic point of view. Thermodynamic approaches assume 

equilibrium conditions are reached. However, chemical equilibrium does not 

necessarily occur in an IC engine. 

Gibbs Free Enerov 

As presented in later sections in this chapter, heterogeneous catalysts 

have been used successfully to bring down the level of pollutants in engine 

exhausts. Heterogeneous catalysts were also found to be responsible for an 

improvement in the fuel economy of the diesel engines. Several factors may be 

behind this success. Apart from the fact that it (catalyst) may allow combusfion 

to take place at a much lower temperature level, in this case, the catalyst may 

actually take part in some of the reacfions initially and oxidized back to the 

original form at the end of the combustion reactions. Since a heterogeneous 

catalyst is used for a single pass through the engine, such reactions might 

actually reduce the level of pollutants. 
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Figure 4.7. Equilibrium mole fraction of CO at different temperatures. 
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In this section, several probable reactions Involving zinc oxide and 

calcium oxide have been analyzed. The GIbb's free energies (AG) and the heat 

of reactions (AH) of these reactions have been determined for different 

temperature Isotherms. Under this scenario, an endothermic reaction would 

help to bring down the temperature of the flue gas, thus reducing the level of NO 

and CO. A reaction with a negative GIbb's free energy would indicate the 

reaction as written would be viable at least from a thermodynamic point of view. 

From the definition of the equilibrium constant of the reaction, the GIbb's free 

energy and the heat of reaction may be expressed as a function of temperature 

(Equations 4.2 and 4.3). J and I are constants of Integration, which may be 

determined using standard heat of formation and standard gibb's free energy 

data of the species Involved in the reaction. A simple Mafiicad program 

(APPENDIX C) has been used to calculate parameters of Equation 4.2 and 4.3 

for different reactions. 

AG = -R-T[ l + i M + A A * l n T + ̂ - T + ̂ - T ' + ^ | (4.2) 

AH = J + A A - T ^ ^ - T = + ^ - T ' - 4 ^ (4.3) 

Figures 4.11 and 4.12 show the temperature dependence of GIbb's free 

energy and the heat of reaction for the reaction ZnO (s)+C (g)=Zn (s)+CO (g). 

Gibb's free energy Is less than zero at temperatures greater than 1260 K. 

Therefore, this reaction may help to convert the unreacted carbon deposits to 

CO, which is eventually oxidized to CO2. 
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Figures 4.13 and 4.14 show the temperature dependence of Gibb's free 

energy and the heat of reaction of the reacfion CaO (s)+C (g)=Ca (s)+CO (g). 

As Figure 4.13 illustrates, in the case of calcium oxide, Gibb's free energy 

becomes negative at a much elevated temperature (2925 K). 

Table 4.1 lists the parameters of Equations 4.2 and 4.3 for various 

reactions involving zinc oxide. Similariy, Table 4.2 lists the parameters of 

Equafions 4.2 and 4.3 for various reacfions involving calcium oxide. These 

parameters can be used to draw temperature profiles of Gibb's free energy and 

the heat of reaction of the different listed reactions. Table 4.3 lists the range of 

temperature where Gibb's free energy is negative for different reacfions of zinc 

oxide and calcium oxide. It should be pointed out that it was possible to analyze 

more reactions of calcium oxide simply because of the availability of 

thermodynamic data for calcium in the literature. 
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Figure 4.12. Temperature, dependence of AH of the reacfion 
ZnO (s)+C (g) = Zn (s)+CO (g). 
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Table 4.1: Parameters of equations 4.2, 4.3 (AA, AB, AC, AD, I and J) for 
reactions of zinc oxide. 

Reactions 

ZnO+H2=Zn+H20 

ZnO+CO=Zn+C02 

ZnO+NO=Zn+N02 

ZnO+C=Zn+CO 

ZnO+C02=ZnC03 

ZnO+H20=Zn(OH)2 

Zn+0.5 02=ZnO 

ZnO+0.5 N2=Zn+NO 

2 ZnO+S2=2 ZnS+02 

ZnO+H2S=ZnS+H20 

ZnO+S02+ 

0.5*O2=ZnSO4 

AA 

Cal/ 

morK 

-4.55 

-2.41 

-4.301 

-2.223 

-12.44 

-1.91 

2.015 

-1.35 

1.21 

1.78 

-5.498 

AB*10' 

Cal/ 

morK^ 

5.9 

27.9 

33.91 

-1.67 

290 

-16.0 

-13.79 

9.83 

-4.62 

-36.6 

180.0 

AC* 10' 

Cal/ 

mol*K2 

1.34 

0 

0 

0 

0 

-1.35 

0 

0 

0 

1.34 

0.83 

AD*10-' 

Cal*K/ 

mol 

1.824 

-0.131 

3.387 

2.993 

1.824 

1.824 

-0.8855 

0.261 

-0.949 

0.464 

2.763 

I 

22.499 

9.332 

18.305 

31.258 

18.497 

-11.524 

-18.939 

18.067 

-3.468 

-5.641 

-27.225 

J* 10^ 

Cal/ 

mol 

1.749 

1.627 

7.199 

5.862 

-1.164 

-1.124 

-8.42 

10.54 

4.444 

-1.519 

-9.353 
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Table 4.2: Parameters of equations 4.2, 4.3 (AA, AB, AC, AD, I and J) for 
reacfions of calcium oxide. 

Reacfions 

CaO+H2=Ca+H20 

CaO+CO=Ca+C02 

CaO+NO=Ca+N02 

CaO+C=Ca+CO 

CaO+C02=CaC03 

CaO+H20=Ca(OH)2 

Ca+0.5 02=CaO 

CaO+0.5 N2=Ca+N0 

2 CaO+S2= 

2 CaS+02 

CaO+H2S=CaS+H20 

CaO+S02+ 

0.5 02=CaS04 

2 CaO+4 N02+02= 

2 Ca(N03)2 

AA 

Cal/ 

mol*K 

-3.09 

-0.95 

-2.841 

-0.763 

-0.66 

3.18 

0.555 

-2.69 

0.09 

1.22 

-5.055 

-9.126 

AB*10' 

Cal/ 

morK" 

-21.7 

0.3 

6.31 

-29.27 

43.1 

-49.9 

13.81 

6.90 

-21.12 

-44.9 

130.0 

540 

AC* 10' 

Cal/ 

mol*K2 

1.34 

0 

0 

0 

0 

-1.35 

0 

0 

0 

1.34 

0.83 

0 

AD*10-' 

Cal*K/ 

mol 

1.08 

-0.875 

2.643 

2.249 

-1.996 

1.08 

-0.1415 

1.08 

0.283 

1.08 

2.019 

-0.1415 

I 

18.169 

5.003 

13.975 

26.928 

-18.412 

-28.4 

-14.609 

23.248 

1.344 

1.544 

-18.455 

-80.971 

J* 10^ 

Cal/ 

mol 

9.527 

8.405 

13.98 

12.64 

-4.441 

-2.643 

-13.2 

17.44 

4.394 

-1.519 

-11.45 

-17.67 
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Table 4.3: Range of temperature for negative Gibb's free energy. 

Reactions of ZnO 

ZnO+H2=Zn+H20 

ZnO+CO=Zn+C02 

ZnO+NO=Zn+N02 

ZnO+C=Zn+CO 

ZnO+C02=ZnC03 

ZnO+H20=Zn(OH)2 

Zn+0.5 02=ZnO 

ZnO+0.5 N2=Zn+N0 

2 ZnO+S2=2 ZnS+02 

ZnO+H2S=ZnS+H20 

ZnO+SO2+0.5 02= 

ZnS04 

Temperature 
Range(K) 

>2430 

Always positive 

Always positive 

>1260 

<375 

<340 

Always 
negative 

Always positive 

Always positive 

Always 
negafive 
<1140 

Reacfions of CaO 

CaO+H2=Ca+H20 

CaO+CO=Ca+C02 

CaO+NO=Ca+N02 

CaO+C=Ca+CO 

CaO+C02=CaC03 

CaO+H20=Ca(OH)2 

Ca+0.5 02=CaO 

CaO+0.5 N2=Ca+N0 

2 CaO+S2=2 CaS+02 

CaO+H2S=CaS+H20 

CaO+SO2+0.5 02= 

CaS04 

2 CaO+4 N02+02= 

2 Ca(N03)2 

Temperature 
Range(K) 

Always posifive 

Always positive 

Always positive 

>2930 

<1150 

<715 

Always 
negative 

Always positive 

Always positive 

Always 
negative 
<1855 

<895 
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CHAPTER V 

EXPERIMENTAL RESULTS AND DISCUSSION 

Introduction 

Diesel engines are among the most efficient engines available. The quest 

for fuel economy will only increase the demand for this kind of engine In various 

fields ranging from large stationary models to the ones used in small passenger 

cars. The disadvantages of the diesel engines include the heavy emission of 

NOx, CO, and particulate matter. As mentioned earlier, when compared with the 

emissions of NOx and CO from Otto engines, diesel engines produce less of 

these pollutants. But, it is the use of the three-way catalytic converters that tips 

the scale heavily in favor of the Otto engines. The presence of particulate matter 

in the exhaust is a totally different story, however. Diesel engines are notorious 

for black smoke, which is due to the high concentration of particulate matter. 

Faced with these issues, engine manufacturers have made commendable 

progress in the reduction of emissions from diesel engines. But, further 

developments in engine design have become both difficult and expensive. It also 

does not address the problems of the exisfing fleet of engines. Because of these 

reasons, the quality of diesel fuel must play an increasing role in the compliance 

of diesel engines with environmental regulafions. Close collaboration between 

refineries and engine manufacturers will be needed to keep the emissions within 

the allowable limit. Refineries can add further treatment procedures in the 

producfion of the diesel fuel, but this approach means changing exisfing facilities, 
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which involves a major financial investment. The operafing costs of the refineries 

will also go up. The objective of this study was to investigate an alternative 

solufion to these problems. The new approach of using a solid catalyst 

suspended in an organic solvent would address the environmental concems as 

well as provide economic incentives for use. Micron sized particles of zinc 

oxide/peroxide, suspended in the organic peroxide (TBH), has shown a number 

of beneficial effects both on the performance of diesel engine and on the physical 

condition of the engine. Unlike other types of catalytic converters, this flow-

through catalyst does not require expensive engine modlficafions. Nor are the 

refineries required to use alternative expensive hydrotreatment of the crude oil. 

This chapter will present the experimental results, which support the advantages 

of using heterogeneous catalysts with diesel fuels. But before getting into 

experimental numbers, the working principle of the use of suspended 

heterogeneous fuel catalysts will be discussed. 

Worî ino Principle 

As noted eariier, combusfion reactions are Inherenfiy complicated. These 

are mainly governed by three significant factors. These factors are (1) the 

presence of oxidizing agents such as oxygen, (2) thermodynamic equilibrium, 

and (3) chemical reaction kinetics. The factors are arranged from the best-

established concept to the most complicated and the least understood. The 

stochiometry of oxygen in combustion reactions has been well utilized in modern 

engines. The oxygen sensors in modern engines adjust the air intake based on 
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the oxygen concentration In the exhaust gas to maintain excess air conditions in 

the engine. The presence of excess oxygen helps to confinue the combustion 

reactions even after the exhaust gases leave the cylinder through the exhaust 

manifold. Thus reducing the pollutant level. However, combustion reactions 

outside the cylinder represent an overall loss of energy. More over, during the 

start up and accelerafion period, the electronic lag between sensing and 

adjusfing causes the engine to run momentarily on fuel-rich conditions. This 

causes unburned fuel gases to escape the catalytic converter, causing both a 

waste of fuel energy and environmental pollution. 

Combustion reactions have only an extremely short fime to reach 

equilibrium condlfion during each engine cycle. Even if achieved, equilibrium 

usually fips in favor of the formation of undesirable pollutants such as carbon, 

carbon monoxide, and oxides of nitrogen. This condlfion may be avoided by 

changing the reacfion environment such as temperature, pressure and/ or by 

producing an alternate reaction pathway. 

The kinefics goveming the combusfion reactions are known to be 

extremely rapid, usually limited by flame front velocities. Data regarding the 

magnitudes of these flame fronts and the way to modify them are required for 

good engine design. Such data are hard to obtain. Because of the small period 

of time allowed by each engine cycle, even the extremely high reaction kinetics 

may not be enough to achieve complete reacfions. 

Heterogeneous catalysts suspended in organic peroxide offer the 

possibility to address all three of the above mentioned issues simultaneously. 
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Such catalysts may produce a more environmentally friendly engine exhaust, 

while at the same fime increasing the efficiency of the engine. 

The micron-sized solid catalysts suspended in liquid fuel can provide hot 

refractory surfaces within the reaction zone. The intimate contacts of reacting 

gases with hot refractory surfaces allow the combustion reactions to be 

completed in the least possible fime. Reacfions occurring at the hot surfaces 

may be as much as an order of magnitude faster than the same reactions in the 

homogeneous gas phase (Walker et al. 1923). Thus, some of the chemical 

kinetics limitations are minimized by the use of heterogeneous catalysts. 

Metal oxides and peroxides used as the heterogeneous catalysts promote 

combustion reactions by acting as an oxygen source at the surface where the 

combusfion reactions occur. The availability of this oxygen helps take care of the 

problems of momentary depletion of oxygen due to rapid thermal cracking of the 

fuel since the surface of the catalytic particle is always oxygen rich. Zinc 

particles are oxidized back to the oxygenate forms of zinc after the combustion 

reactions because of the overall oxygen rich environment prevailing in the air-fuel 

mixture. Even at high altitudes where the oxygen available from air may become 

limifing, the use of peroxides assures an oxygen-rich environment in the 

combusfion zone. 

The current use of fuel oxygenates such as alcohol or ether in gasoline 

produced by oil companies Is based on the same principle. But, organic 

oxygenates dilute the energy density of the fuel while metal catalysts do not. The 

combined effects of all these phenomena help to minimize the effects created by 
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oxygen limitafions and adverse thermodynamic equilibrium conditions and 

provide for more complete and clean combustion. 

Benefits of Heterogeneous Catalvsts 

The primary goal behind the use of heterogeneous catalysts with diesel 

fuels was to produce a cleaner burning fuel from ordinary fuels. Experimental 

results will be described in the next secfions, which indeed show a significant 

reduction in the emission of CO, NOx, and particulate matter when a 

heterogeneous catalyst is used. Particulate matter shows both quantitative and 

qualitative changes when the catalysts were used. Apart from realizing the 

primary objective of reducing harmful emissions, the heterogeneous catalyst also 

enhanced the performance of the fuel as well as the engine. The major 

advantage shown by the catalyst is a more than 10 percent increase on the 

average in fuel efficiency, providing the user an economic incentive for using the 

catalyst. Experimental evidence also suggests that a reducfion in the engine 

wear also occurs when the catalyst Is used. The experimental results supporting 

these observations are presented later in this chapter. Finally, a sample 

economic analysis is presented at the end of this chapter. 

Effects of Heteroceneous Catalvsts on Fuel Characteristics 

A number of experimentally determined parameters are used to classify 

diesel fuels. The nafionally recognized Core Laboratories in Houston, Texas, 

was used to test the diesel fuels used in this study. Two diesel samples were 
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tested; the base fuel and the base fuel with the addifive. The base fuel was a 

commercial Phillips petroleum product. Table 5.1 summarizes the results of 15 

different tests performed on the samples. The values recommended by the 

Engine Manufacturers Associafion's (EMA) for the corresponding parameters are 

also included in the table. The objective of this guideline is to ensure a diesel 

fuel of superior quality by the commercial fuel specification ASTM D 975. The 

copies of Core's report have been included in Appendix D. 

As mentioned eariier, cetane rafing plays a major role in determining 

diesel quality. To determine the opfimum dosage for cetane number 

improvement, five samples were prepared using different concentrations of the 

heterogeneous catalyst. The base fuel, from Phillips Petroleum, had a cetane 

rafing of 45. The experimental results are presented in Table 5.2. 

Cetane levels showed a minimum increase of 48 percent with the addition 

of the addifive at different concentrations. The opfimum dosage was determined 

to be one ounce of additive per 5 gallon of fuel. It is important to mention that 

like any other fuel additives available on the market, the performance of the 

additive under study will depend a great deal on fuel characterisfics. So, the 

opfimum dosage would be fuel specific and needs to be analyzed for different 

types of diesel. The composition of the additive is proprietary information. 

It has been reported in several studies that an increase in cetane number 

and /or fuel efficiency is usually accompanied by an increase in harmful 

emissions or vice versa. This has become a possible trade off for refiners. 
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However, the concentration of NOx is especially difficult to reduce. Even so, the 

additive used in this study has been shown to reduce harmful emissions as well. 

As mentioned eariier, one of the advantages of the heterogeneous 

catalyst used in this study, over the organic oxygenates used by some oil 

refineries, is that the catalyst does not reduce the fuel density of the diesel fuels. 

Insignificant changes in the API gravity between the two samples supports this 

concept. Carbon residue showed a two-fold increase when the catalyst was 

added. But, it is believed that this does not pose a significant problem. 

The cetane number and cloud point was found to show significant 

changes for the better when the catalyst was added. The 13 percent increase in 

cetane number was found to improve fuel efficiency of the engine and reduce 

harmful emissions by promofing more complete combustion. Reductions of the 

fuel's cloud point and initial boiling point (IBP) allow cold weather starts and 

operation. 

Figure 5.1 shows the disfillafion curve of the base fuel and the fuel with 

the additive. Apart from the IBP, the two cun/es are pracfically identical. 

A significanfiy reduced flash point also allows better cold start up, but also 

poses greater fire hazards for spilled fuel. A smaller HFRR number In case of 

the fuel with the additive indicates a better lubricity for the sample. 

For the oxygen stability characterisfics of distillates, an Increase of 0.5 

mg/100 ml in the total insolubles with the use of the additive is an indication of 

the solid suspended catalyst in the product. An increased level of particulate 
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matter in the fuel with the additive is again expected because of the suspended 

metal catalyst. 

Water content of both the base fuel and the base fuel with the additive 

exceeded the value recommended by EMA (50 ppm). Water is undesirable in 

the bulk fuel because of its lack of fuel value and also because it promotes 

corrosion of engine parts. But, in this study it was hypothesized that the water 

present in the fuel helps stabilize the metal-organic peroxide complex. 

It may be concluded from the above discussion that the use of additive 

has very little impact on the functional properties of the fuel. Some changes of 

the characterisfics were for the better, especially with respect to the cold weather 

start up. Like other additives available on the market, the optimum dosage of the 

heterogeneous catalyst for use will depend on the base fuel. The test results 

have shown that, when used in low concentrations, the heterogeneous catalyst is 

compafible with the diesel fuel. 
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Table 5.1. Test results on different characteristics of the base fuel and 
the fuel with the additive. 

Test Parameter 

°API Gravity 

Ash Content (wt.%) 

Carbon Residue (wt.%) 

Cetane Index 

Flash Point (°F) 

Cetane Number 

Cloud Point (°F) 

Copper Corrosion Strip 

Base 
Fuel 

35.0 

0.001 

0.14 

46.2 

150 

45.3 

18 

1A 

Base 
Fuel with 
Additive 
35.1 

0.001 

0.30 

46.3 

88 

51.3 

4 

1A 

FQP-1A 
EMA#1 
DF(1)* 
43.0 (max.) 

0.01 (max.) 

0.015 

45.0 (min.) 

100.4 

50.0 (min.) 

3.00 (max.) 

FQP-1A 
EMA #2 
DF(1)* 
39.0 (max.) 

0.01 (max.) 

0.15 

45.0 (min.) 

125.6 

50.0 (min.) 

3.00 (max.) 

Disfillation 

IBP (°F) 

End Point (°F) 

90% 

95% 

% Recovered 

* From EMA Recommended 

362 

640 

590.0 

619.0 

98.4 

Guidelir 

206 

642 

588.0 

615.0 

98.0 

^e on PremI 

522.0 

550.0 

um Diesel Fuel 

630.0 

671.0 

FQP-1A. 
* #1 DF and #2 DF are compafible with similar applications as mentioned in the 
definitions of Grade No. 1-D and Grade No. 2-D, respectively, in ASTM D 975. 

Table 5.2. Cetane number improvements with the addition of the catalysts at 
different concentrafions. 

Sample 
No. 

Cetane 
Number 

Baseline 
Fuel 
45.0 

1 

72.0 

2 

67.7 

3 

67.3 

4 

73.7 

5 

68.5 
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Figure 5.1. Disfillafion curve of the sample diesel fuel. 

Effects of Heterogeneous Catalvsts on Gaseous Emissions 

Carbon monoxide, oxides of nitrogen, unreacted hydrocarbons mainly 

make up harmful gaseous emissions from a diesel engine. Generally, it has 

been very difficult to minimize the release of all the gaseous emissions at the 

same fime because of widely different circumstances promofing their producfion. 

For example, CO is the result of inefficient combusfion reacfions, while oxides of 

nitrogen is the product of highly efficient combusfion reacfions. It has already 

been established that combusfion reacfions occurring at lower temperatures 

significanfiy reduce the producfion of oxides of nitrogen. The downside of this 
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approach is the reducfion of fuel efficiency of the engines. Most methods, which 

reduce the production of CO, increase the production of oxides of nitrogen or 

vice versa. The additive under consideration was able to cause a reduction in 

the presence of the oxides of nitrogen, CO, and unreacted fuel molecules, while 

increasing the fuel efficiency of the engine at the same time. This alone sets the 

suspended metal oxides in organic peroxide apart from other additives currenfiy 

available In the market. This secfion discusses experimental results concerning 

the reduction in gaseous emissions. The experimental results showing the 

increase in fuel efficiency will be discussed later in this chapter. 

It is difficult to isolate the effects of the additive on each harmful emission 

individually. Conditions, which help to lower the concentration of one harmful 

component, may also help to curtail the reactions producing other pollutants. 

Heterogeneous catalyst lowers the flash point of the fijel, allowing the 

combustion reactions to take place at lower temperatures within the cylinder of 

the engine. Figure 5.2 shows the exhaust manifold temperatures with an 

increasing engine rpm. Temperatures obtained when the additive was used with 

the fuel have been consistenfiy lower than the case when no additive was used. 

The temperature differential was as much as 25°F, with a minimum of 3°F. The 

lower temperatures help reduce the production of oxides of nitrogen. While at 

the same time, they provide solid surfaces along with a source of oxygen within 

the reacfion zone, thereby promoting more complete combustion. The resultant 

effect is a reducfion in CO level, less unreacted hydrocarbons and at the same 

time more mileage or power from the engine. Emissions from stationary tmcks 
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were measured both at Idle engine speed and at 2000 rpm. Tables 5.3 and 5.4 

presents sample data from one of such tests. Table 5.5 summarizes the relevant 

results from test 5 in which the additive was used, while Table 5.6 compares 

exhausts using both the baseline fuel and the ftjel with the additive with EPA 

standards for heavy-duty truck and bus engines for model years 1987 to 2003. 

The units are in g/bhp-hr. Both the baseline fuel and the fijel with the additive 

meet EPA requirements. But, the exhaust using the fuel with the additive has 

even lower pollutant levels. The ratio of NO and NO2 plays an important role in 

smog chemistry. The smaller this ratio is the better in terms of latent, solar-

driven, air pollution effects. For the tests above, this ratio was reduced from 0.50 

to 0.22 at 2000 rpm. This Is a significant reduction having a potenfially significant 

impact on the solar chemistry of smog production. Lasfiy, Figures 5.3 and 5.4 

compare the levels of CO. NOx (NO, and NO2), respectively, present in the 

exhaust from the data of tests performed on a Dodge Ram 250 Cummins turbo 

diesel engine. 

81 



i_ 

13 
-«—» 
CD 
i_ 

0 
Q. 

E 
CD 

••*-> 

O 
'c 
CD 

E 
•4—' 

CO 

CD 
X 

UJ 

1550 

1500 

1450 

1400 

1350 

1300 

1250 

1200 

1150 

/ y 

/ / 
- r—TT 

/ / ^ 

yV 
i 

^ " ' / 

/ / 

// 

/ / 

without 
additive 
with addit 

/ 

if 
if 

ive 

s=-=^r 

1500 2000 2500 3000 3500 4000 4600 5000 5500 6000 

Dyno speed (RPM) 

Figure 5.2. Exhaust manifold temperatures at different engine speed. 
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Table 5.3. Sample results of emissions test from an Intemational Diesel Engine 
(7.3 Liter). 

Baseline 
Idle 

Baseline 
2000 rpm 
Test 2 Idle 

Test 2 
2000 rpm 
Test 3 Idle 

Test 3 
2000 rpm 
Test 4 Idle 

Test 4 
2000 rpm 
Test 5 Idle 

Test 5 
2000 rpm 

Temp 
Air (F) 

53 

54 

49 

46 

44 

43 

57 

58 

52 

52 

Temp 
Gas (F) 

70 

108 

66 

69 

72 

75 

78 

83 

71 

89 

02 
% 

18.4 

17.8 

18.9 

18.1 

18.5 

18.3 

18.5 

19.8 

18.5 

19.6 

CO 
ppm 
342 

766 

263 

488 

183 

386 

256 

311 

185 

202 

CO2 % 

1.9 

2.3 

1.5 

2.1 

1.8 

2.0 

1.8 

0.9 

1.8 

1.0 

CxHy 
% 

0.04 

0.06 

0.02 

0.05 

0.02 

0.01 

0.05 

0.05 

0.03 

0.03 

Excess 
Air % 
8.08 

6.56 

10.00 

7.24 

8.40 

7.78 

8.40 

17.5 

8.40 

15.00 

* Tests 2 and 3 performed with only organic peroxide (TBH). 
* Test 4 performed with TBH and zinc peroxide. 
* Test 5 performed with TBH, zinc peroxide and zinc oxide. 
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Table 5.4. Sample results of emissions test from an Intemational Diesel Engine 
(7.3 Liter). 

Baseline Idle 

Baseline 
2000 rpm 
Test 2 Idle 

Test 2 2000 
rpm 

Test 3 Idle 

Test 3 2000 
rpm 

Test 4 Idle 

Test 4 2000 
rpm 

Test 5 Idle 

Test 5 2000 
rpm 

NO 
ppm 
211 

214 

156 

172 

153 

187 

158 

182 

176 

177 

NO2 
ppm 
75 

107 

52 

87 

50 

78 

61 

47 

50 

39 

NOx 
ppm 
286 

321 

208 

259 

203 

265 

219 

229 

226 

216 

SO2 
ppm 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Efficiency 
% 

97.4 

93.3 

96.8 

69.9 

95.6 

95.3 

96.7 

91.8 

97.0 

89.6 

Losses 
% 

2.6 

6.7 

3.2 

3.1 

4.4 

4.7 

3.3 

8.2 

3.0 

10.4 

Mileage 
Miles 

37,574 

37,684 

37,794 

37,904 

37,014 

* Tests 2 and 3 performed with only organic peroxide (TBH). 
* Test 4 performed with TBH and zinc peroxide. 
* Test 5 performed with TBH, zinc peroxide and zinc oxide. 
* NOx is the summation of NO and NO2 concentrafion. 

Table 5.5. Concentrations of different gases f 
International Diesel En( 

Baseline Idle 
Baseline 
2000 rpm 

With additive 
Idle 

With additive 
2000 rpm 

CO 
ppm 
342 
766 

185 

202 

CO2 % 

1.9 
2.3 

1.8 

1.0 

NOx ppm 

286 
321 

226 

216 

)resent in the exhaust of an 
3ine. 

CxHy % 

0.04 
0.06 

0.03 

0.03 

02% 

18.4 
17.8 

18.5 

19.6 

Excess 
air % 
8.08 
6.56 

8.40 

15.0 
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Table 5.6. Maximum Concentrations of different gases detected in the exhaust 
of an International Diesel Engine compared with EPA requirements. 

CO with Baseline 
fuel 

CO using fuel with 
additive 

NOx with Baseline 
fuel 

NOx using fuel 
with additive 

HC with Baseline 
fuel 

HC using fijel with 
additive 

Concentrafion 
ppm 
766 

202 

321 

226 

600 

300 

Concentration 
g/bhp-hr 

1.25 

0.33 

0.53 

0.37 

0.98 

0.49 

EPA requirement 
g/bhp-hr 

15.5 

15.5 

5.0 

5.0 

1.3 

1.3 

Effects of Heterogeneous Catalvsts on Particulate Matter 
(PM-10) Emission 

Use of the additive caused a reduction in the particulate matter present in 

the engine emission. Both quantitative and qualitative changes occurred with the 

use of the fuel additive. The particulate matter present in the exhaust gas was 

trapped on the surface of the glass fiber filters. This procedure was perfomned 

for both the base fuel and the same fuel with tiie addifive. The difference in total 

mass of the material collected on the filter surfaces demonstrated the overall 

effects of the catalyst for reducing particulate matter. The experimental results 

show that a reduction of approximately 46% was achieved with the use of the 

additive when the engine was at idle, and when the engine was at 2000 rpm, the 

reduction of the particulate matter was increased to approximately 60%. Results 

are presented in Tables 5.7 and 5.8. Sample filters were sent to an independent 

laboratory for analysis by microscopy of the collected particulate matter. 
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Figure 5.3. Concentration of CO present in the exhaust from a Dodge Ram 250 
Cummins turbo diesel engine. 
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Figure 5.4. Concentration of NO, NO2, and NOx present in the exhaust from a 
Dodge Ram 250 Cummins turbo diesel engine. 

The report from the laboratory provided data on (1) particle size 

distribufion, (2) the number of particles counted per unit area, (3) major and 

minor axis dimension of each particle, and (4) most importantly, the chemical 

composifion of the particles. The results are presented in Tables 5.9 and 5.10. 

Actual laboratory reports are included in Appendix E. 
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Change in particulate size distribufion did not appear to be significant with 

the use of the additive. The shape of the particles was more ellipfical when the 

additive was not used to more spherical with the use of the additive. 

The actual count of particulates collected on the filter surfaces with the 

use of the additive showed an increase in comparison to the baseline values, 

contradicfing the overall results of gravitational analysis. This incongruity may 

refiect sampling errors in the microscopy studies, or it may also reflect cleaning 

nature of the additive since more prolonged road tests reflected some immediate 

increases in particulate emissions followed by a rapid decline. 

The majority of the larger particles (PM>10) were found to be minerals of 

iron coated with carbon. The rest, although sfill coated with carbon, appeared to 

have the same chemistry as the prevailing dust in the region where the test was 

run. In West Texas, this chemistry is gypsum based. In Mexico City, where 

some of the tests were carried out, the chemistry is of volcanic origin. It may be 

concluded from these results, that the majority of the smaller diameter (PM<10) 

particulate matter probably entered the engine with intake air and left with the 

exhaust gas. 

Gravitafional Analvsis 

Exhaust samples were collected on commercial glass fiber filters (7"x8"). 

The filters are supposed to be able to trap particles with diameters as small as 1 

micron. The clean filters were weighed to the nearest 0.1 milligram. The 

exhaust samples were drawn through the filter isokinefically for one minute. The 
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filters are reweighed after the test and the difference between the two weights 

represents the mass of the collected particulate matter. In each test, the velocity 

of the exhaust gas through the tailpipe was recorded when the engine was at idle 

(600 rpm) and turning at 2000 rpm. Information from this data may be used to 

calculate emissions in the units of mg/m .̂ Also, if the mileage of the vehicle is 

recorded, the emission may be calculated in the units of mg/mlle. The tests were 

performed on a 1994 Ford F700 Cummins 5.9 TurtDo Diesel Engine (Ryder van). 

Table 5.7 presents results obtained with baseline fuel and Table 5.8 

presents results obtained when the additive was used. The test results indicate 

that the particulate level went down from 0.1823 mg/m^ to 0.0994 mg/m^ with the 

use of the additive when the engine was at idle. When the engine was running at 

2000 rpm, the particulate level went down from 0.1458 mg/m^ to 0.0578 mg/m^ 

with the use of the additive. If it is assumed that the truck would be at 60 mph 

when the engine rpm is 2000, then the particulate matter would hypothetically 

have dropped from 40.3 mg/mile to a level of 16.2 mg/mlle when the additive is 

used. These experimental results cleariy support the beneficial effects of the 

heterogeneous catalyst in reducing particulate matters present In the exhaust of 

the diesel engines. The calculations are presented in Appendix F. 

Filter 
No. 

A-13 

A-13 

A-14 

A-14 

Table 5.7. 
Comment 

Clean Filter 

Clean Filter 

RPM 

Idle 

2000 

Gravimetric analysis with baseline fuel. 
Exhaust 

Velocity (mph) 

16.5 

36.0 

Mass 
(gm/minute) 

4.0310 

4.0541 

4.0062 

4.0465 

Change in mass 
(gm/minute) 

0.0231 

0.0403 
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Table 5.8. Gravimetric analysis after additive was used. 

Filter 
No. 

A-15 

A-15 

A-16 

A-16 

Comment 

Clean Filter 

Clean Filter 

RPM 

Idle 

2000 

Exhaust 
Velocity (mph) 

11.4 

— — 

36.5 

Mass 
(gm/minute) 

4.0061 

4.0148 

4.0495 

4.0333 

Change In mass 
(gm/minute) 

0.0087 

0.0162 

Quantitative Analvsis 

Table 5.9 lists the elements found In the analyzed particles. Table 5.10 

lists the average length, width, and particle counts found on each filter. 

Table 5.9. List of elements found In analyzed particulate matter. 
Filter 

A l * 

A l l * 

AIM* 

A IV 

AV 

AVI 

AVIl 

C 

X 

X 

X 

X 

X 

Al 

X 

X 

X 

Si 

X 

K 

X 

X 

X 

X 

Ca 

X 

X 

X 

X 

Na 

X 

S 

X 

X 

X 

X 

Fe 

X 

X 

X 

X 

X 

X 

Cu 

X 

CI 

X 

X 

Cr 

X 

X 

Zn 

X 

Ni 

X 

X 

Pb 

X 

* Baseline fue 

Filter 

A l * 

A l l * 

AIM* 

A IV 

AV 

AVI 

AVIl 

Table 5.10. Physical data of particles on each filter. 
Area 
(Mm )̂ 

1.29 

1.27 

1.26 

0.83 

0.91 

1.0 

0.68 

Length 
(um) 

1.52 

1.57 

1.57 

1.27 

1.42 

1.47 

1.18 

Width 
(um) 

0.89 

0.75 

0.77 

0.67 

0.72 

0.75 

0.61 

Actual 
Count 

96 

170 

127 

239 

214 

194 

158 

Test Area 
(Mm )̂ 

227334 

227334 

227334 

227334 

227334 

227334 

227334 

Particles 
mm^ 

422 

748 

559 

1051 

941 

853 

695 
Baseline fuel. 
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Effects of Heteroceneous Catalysts on Engine Wear 

When evaluafing the performance of fuel additives, their effect on engine 

wear is rarely considered. Engine wear measurements are also not reguired by 

either EPA or EMA. But, in order to determine the fate of the catalyst particles, 

analyses were performed on the engine oil of several diesel trucks using the 

additive. The test report of one of these analyses from the commercial lab Ek-

Cel is presented in Appendix G. In this test, the 1995, Intemafional 8100 Diesel 

truck was driven more than 28,000 miles over a period of approximately 75 days. 

The lab analyses revealed that during this fime the wear metal concentrations in 

the engine oil were reduced by neariy one half. Iron, the major metal used in 

engine fabricafion, was reduced from 170 to 88 ppm. This suggests that the 

standard reguirement for regular periodic maintenance may be reduced as a 

result of using this heterogeneous catalyst suspended in organic peroxide. 

A lubricity test was also performed according to standard ASTM D6078 by 

Core Labs in Houston, TX. The results are presented in Figure 5.5. The results 

are consistent with the previous findings. The smaller number with the use of the 

additive suggests less wear. One of the problems with naturally increased 

cetane is less lubricity of the diesel fuel. Because of this reason, highly refined 

diesels tend to cause wear in fuel pumps and injectors. The additive under study 

increases the cetane rafing of diesel fuels without causing a decrease in lubricity. 

It may be concluded from the above discussion that apart from the 

obvious advantages of less emissions and increased mileage, the use of the 

additive may also offer potenfial hidden savings on maintenance of the vehicles. 
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For a company operafing a large fleet of trucks, the savings from reduced 

maintenance may be considerable. 

600 

Baseline Diesel Diesel with Additive 

Figure 5.5. Effect of the additive on the lubricity. 

Effects of Heterogeneous Catalvsts on Fuel Efficiency 

A mixture of zinc oxide and peroxide suspended in an organic peroxide 

increase the fuel efficiency of engines in several ways. It can prevent a localized 

absence of oxygen in the cylinder by providing oxygen right on the surface where 

the combustion reacfions occur. By providing solid surfaces within the reacfion 

zone, the heterogeneous catalyst also increases the speed of the reacfion 

kinefics. The combined effect of these factors is a more complete combusfion 

within the engine cylinder. Since, modern engines are run predominantly in a 

fuel lean environment, the unreacted and/or partially reacted hydrocarbon 

molecules may also react with the excess air after exifing from the cylinder within 
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the exhaust manifold. Although, the reactions occurring outside the combustion 

chamber reduce the amount of harmful pollutants present in the exhaust stream, 

the reactions occurring outside the combustion chamber of the cylinder fail to 

ufilize the energy of the fuel. The heterogeneous catalyst used in this study can 

promote more complete combustion within the engine cylinder, reducing the 

engine emissions on one hand, and increasing the mileage from the engine on 

the other. This has added an economic advantage to the environmental benefits 

of using the catalyst addifive. 

It has already been discussed in a previous section that the use of the 

additive increases the cetane number of the fuel chemically. By using fuels 

spiked with the heterogeneous catalyst at different levels of concentration, a 

posifive relafionship was found between the amount of additive in the fuel, the 

cetane number of the spiked fuel, and the mileage increase recorded by the 

vehicles using the spiked fuel. Table 5.11 shows the Improvement in cetane 

number with the use of the additive with diesel from different sources. Four fluid 

ounces of the additive was used with 32 fluid ounces of the diesel. The increase 

in cetane number varied from 25% in case of bio-diesel to 38% for PEMEX 

diesel. Bio-diesel is an environmentally friendly altemative fuel for diesel 

engines. It Is produced from renewable resources, such as soybean oil or 

canola, through a simple refining process resulfing in final products such as 

methyl soyate and glycerine (www.greenfijels.org/bioindex.html). 
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Table 5.11. Increase In cetane number wi 
Fuel Type 

Commercial US diesel 

PEMEX diesel 

Bio-diesel 

Comment 

Baseline 

With additive 

Baseline 

With additive 

Baseline 

With addifive 

Cetane Number 
bvASTMD-613 

47.6 

63.7 

53.3 

73.1 

50.1 

62.6 

% Increase 

34 

38 

25 

h the addition of the catalyst. 

The spiked fuel was road tested with two different vehicles. In these 

mileage tests, the vehicles were driven over urban roads with fijel obtained from 

a Shell service station. The same fuel was then spiked with the heterogeneous 

additive at a level of 0.4 ounces per gallon of diesel fuel, which is equivalent to 

11 mL of the additive per quart (1.06 liter) of fuel. During the road tests, the 

tmcks did not carry any cargo. The trucks were driven non-stop over a distance 

of 110 miles (117 km). The mileage following the use of the additive could then 

be compared with the mileage obtained with the base fuel. The increase in 

mileage varied from 14% to 32%. Tables 5.12 and 5.13 summarize the results of 

the road tests. Figures 5.6 and 5.7 show the different recorded mileage for the 

different tests. 

A commercial trucking company later also tested the additive. The results 

will be discussed later in the economic analysis section. This company, chose to 

remain anonymous, has also used the additive in three of their trucks at different 

levels of concentration to determine the opfimum dosage of the additive. These 

results will be presented later. 
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Table 5.12. Road perfomnance for an Intemational Diesel Truck with the 
additive. 

Run 

1 

2 

3 

Miles 

110 

110 

110 

Gallons of diesel 

12.93 

9.81 

10.08 

MPG 

8.507 

11.213 

10.913 

Change 

32% 

28% 

Conditions 

No additive (baseline) 

0.4 oz additive per gal. 

0.4 oz additive per gal. 

Initial mileage: 37,574 miles. 

Table 5.13. Road performance for a GMC Diesel Tmck with the additive. 
Run 

1 

2 

3 

Miles 

110 

110 

110 

Gallons of diesel 

13.24 

10.58 

11.58 

MPG 

8.308 

10.397 

9.499 

Change 

25% 

14% 

Conditions 

No additive (baseline) 

0.4 oz additive per gal. 

0.4 oz additive per gal. 

Inifial mileage: 59,163 miles. 

Commercial Apolicafions 

A tmcking company in Plainview Texas used the additive in three of their 

tmcks. Baseline records of each vehicle were taken from past records 

maintained by the company covering a fime period of 18 months. Only the 

mileage improvement was investigated in these tests. The level of emissions 

was not a part of this study. These tests were closer to actual practice since the 

tmcks were loaded and used on nonnal delivery routes in stop-and-go traffic. 

The results are presented below in Table 5.14. 

95 



12 

10 

8 
c 

"CD 

CO 

^ 4 

-

-

: 
• • i 

i 

1 

1 

Baseline Test 2 Tests 

Figure 5.6. Mileage of an Intemafional Diesel Truck using the additive with fuel. 
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Figure 5.7. Mileage of a GMC 6.6 liter Diesel Truck using the addifive with fuel. 
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Table 5.14. Mileage 
Tmck 

Number 

4-949 

7-821 

7-825 

Average 

Baseline 
Mileage 
(MPG) 
6.190 

6.370 

6.300 

6.287 

) results from a 
Mileage With 

Additive 
(MPG) 
6.886 

7.316 

7.278 

7.160 

tmcking company at Plainview, Texas. 
Increase 

in Mileage 
(MPG) 
0.696 

0.946 

0.978 

0.873 

Travel 
(Miles/day) 

* 

417 

501 

490 

469 

Travel 
(Miles/day) * 

417 

501 

490 

469 

* Travel distance was recorded during two test periods. 

Based on the data in Table 5.12, the following calculations were made. 

Average distance traveled by the tmcks is 460 miles/day. 

Average fijel consumption in gallons per day per tmck (G/D/t) before using 

additive: 460 (M/D/t)/ 6.287 (M/G) = 73.167 (G/D/t). 

Average fuel consumpfion in gallons per day per tmck (G/D/t) after using 

additive: 460 (M/D/t)/ 7.160 (M/G) = 64.246 (G/D/t). 

The difference between these two consumptions gives the savings in fuel, 

which amounts to 8.921 (G/D/t). 

Assuming that the company operates 200 tmcks, which spend 350 days 

per year on the road and use a diesel fuel that costs $1/gallon, the gross savings 

in dollars would be: 8.921 (G/D/t) 200 (t) 350 (D/y) $1.00/G = $624,470/y. If it 

costs $0.03/ treated gallon of diesel, the total cost would be: 

[ 460 (M/D/t)/ 7.160 (M/G) ] 200 (t) 350 (D/y) $0.03/G = $134,916/y. The 

net savings for the company would be ($624,470 - $134,916)/y = $489,554/y. If it 

costs $0.07/ treated gallon of diesel, the total cost would be: 

[ 460 (M/D/t)/ 7.160 (M/G) ] 200 (t) 350 (D/y) $0.07/G = $314,804/y. The net 

savings for the company would be ($624,470 - $314,804)/y = $309,666/y. The 
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economic analysis performed above Is a simple one that did not take into 

account the hidden savings which may accme due to reduced maintenance costs 

and more productive hours from the vehicles because of less time spent on 

maintenance. Even so, the analyses performed show the promise of this kind of 

heterogeneous catalyst with an organic peroxide. It also helps to put a dollar 

amount on potenfial savings, along with the reduction in harmful emissions. 

The commercial tmcking company carried out further tests using the 

additive with the same three tmcks used in the inifial study. The new mileage 

readings for the vehicles were recorded form the 3'̂  week of July to the 2"*̂  week 

of September. The additive was used in different concentrations varying from 

0.75 ounce to 1.50 ounce. The dosage of 1 ounce per 5 gallons of fuel was 

found to yield opfimum result. Table 5.15 presents the mileage of the three 

vehicles for the different dates. 

Figure 5.8 shows the mileage of different vehicles through out the test 

period along with the average mileage of the three test vehicles. Figure 5.9 

compares the average baseline mileage of the three tmcks with average mileage 

of the three tmcks at different test dates. Figure 5.10 shows the percent 

improvement in mileage for each vehicle over the test period. 
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Table 5.15. Mileage (MPG) data from three different trucks operated by a 
trucking company in Plainview, Texas. 

Truck ID 

Baseline 

7/20/98 

7/27/98 

8/3/98 

8/10/98 

8/14/98 

8/21/98 

9/4/98 

9/11/98 

4-949 

6.19 

6.80 

6.50 

6.70 

6.90 

6.70 

6.60 

6.80 

7.00 

7-821 

6.37 

7.00 

6.90 

7.00 

7.30 

7.30 

7.30 

7.40 

7-825 

6.30 

7.10 

7.00 

7.30 

7.10 

7.10 

7.20 

7,40 

Average * 

6.29 

6.97 

6.70 

6.89 

7.16 

7.03 

6.85 

7.10 

7.27 

Averages of three vehicles. 

Fate of Solid Catalvsts Used in the Fuel 

The experimental results presented in the previous secfions support the 

fact that the heterogeneous catalyst suspended in organic peroxide when used at 

low concentrafions such as 2000 ppm with diesel is able to reduce the level of 

pollutants present in the exhaust gases, as well as increase the mileage of the 

vehicle. A valid concern now would be that while removing one chemical 

pollutant from the exhaust, the heterogeneous catalyst is puffing another 

pollutant, namely metal particulates, in the exhaust gases of the diesel engines. 

Two quesfions are pertinent to establish whether the catalyst is or is not 

environmentally friendly. The first issue is what happens to the metal oxides that 

are being used as the flow-through catalyst with the fuel. The second quesfion is 

what are the effects, if any, of the metals used with the catalyst have on the 
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Figure 5.8. Mileage of three different vehicles using heterogeneous catalyst 
suspended in organic peroxide in diesel fuel. 
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Figure 5.9. Average mileage of the three trucks at different dates. 

Figure 5.10. Percent improvement in mileage of different trucks. 
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environment, as well as on the humans. The issue of the fate of the zinc oxides 

and peroxides is addressed in this section. The effects of zinc on the people and 

their surroundings are discussed in the next section. 

As menfioned eariier, a mixture of zinc oxide and peroxide was used as 

the solid catalyst in this study. Zinc peroxide decomposes after 150°C. It Is 

highly probable that the peroxide decomposed instantaneously to the metal oxide 

and oxygen due to the intense heat generated by the combustion process within 

the cylinder of the diesel engine. The thermal properties of zinc peroxide play a 

dominant role in determining the fate of the solids put in the diesel. Zinc oxide 

has a high melfing point (1975°C). But, zinc oxide shows a vapor pressure 

above 1000°C. This vaporization tendency shows a marked increase above 

1450°C. Theoretically, the vapor pressure of zinc oxide reaches the atmospheric 

pressure at around 1700°C. This temperature is well below the adiabafic flame 

temperature around an equivalence ratio of one. With the help of spectroscopic 

methods, it was established that zinc oxide evaporates as zinc and oxygen 

atoms. Another characteristics of the subllmafion of zinc oxide is that oxygen 

evaporates faster than zinc from zinc oxide, making zinc oxide richer in zinc 

(Brown 1957). 

Exhaust gases were not analyzed to record the level of metals present in 

the stream. Zinc was not detected in the analysis of the particulates trapped on 

the glass fiber filters. In order to determine the fate of the catalyst particles, 

analyses were performed on the engine oil of several diesel tmcks using the 

additive. The test report of one of these analyses from the commercial lab Ek-
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Cel Is presented In Appendix G. In this test, the 1995, Intemational 8100 Diesel 

tmck was driven more than 28,000 mile over a period of approximately 75 days. 

The lab analyses revealed that during this fime there was neariy a fourfold 

increase In the concentrafion of zinc in the engine oil. The concentration of zinc 

increased from an inifial concentration of 444 ppm to 1544 ppm. None of the 

other metals tested showed a significant increase. It was hypothesized that the 

zinc particles are trapped by the engine oil, instead of being released to the 

environment with the engine exhaust gases. Figure 5.11 compares the 

concentration of different metals present in the engine oil before and after the 

use of the fuel addifive. 
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Figure 5.11. Concentrafions (ppm) of different metals in the engine oil 
before and after the use of the heterogeneous catalyst. 
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Effect of the Solid Catalvst on the Environment 

Zinc is an integral part of nature and exists in air, water and soil. The 

natural level of zinc in the earth's cmst is varies between 10 and 300 mg/kg (dry 

weight) (www.iza.com). Its presence in the environment is strongly determined 

by local geological and anthropogenic factors. Zinc minerals are present in 

varying amounts in most rocks. Sphalerite (ZnS) is the most common zinc 

mineral. The largest source of zinc to aquatic bodies is erosion. Mining, zinc 

production facilifies, iron and steel production, corrosion of galvanized stmctures, 

coal and fuel combustion, waste disposal and incinerafion, and the use of zinc 

containing fertilizers and pesficides are the major anthropogenic sources of zinc. 

Natural background concentrafions of total zinc are presented below (United 

Nations Environment Programme, Worid Health Organization, International 

Labour Organization, 1996): 

Air up to 300 ng/m^ 

Fresh water < 0.1 to 50 pg/liter 

Sea Water < 0.002-0.1 pg/liter 

Sediments up to 100 mg/Kg (dry weight) 

Soil 10 to 300 mg/Kg (dry weight). 

The size of the zinc particles present in air is determined by the source of the 

emission. Airborne zinc is mosfiy bonded to aerosol particles. Deposition of zinc 

particles happens both by wet and dry process. The distance traveled by zinc 

particles from the point of origin largely depends on the size of the particles. An 

insignificant amount of zinc is inhaled from air. But, different occupational 

settings may allow significant amounts of exposures to zinc fijmes. 
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Although use of zinc oxide particles as a suspended fijel catalyst is novel, 

use of zinc in other aspects of our life is by no means new. Zinc coafings play a 

cmcial part In protecting steel from corrosion. And while doing so, zinc protects 

environment by reducing energy consumpfion to produce steel. Auto industries 

in Japan, North America excluding Mexico, and Western Europe used 494,000 

metric tons of zinc in 1996. This is 6.6 percent of total worid zinc consumption in 

1996. On the average, 22.5 pounds of zinc is used to produce a single car 

(source:www.iza.com). When compared with these huge numbers, it may be 

hypothesized that the low concentrafion of zinc oxide and/or zinc peroxide used 

to prepare the additive will have little or no effect on the environment. 

Phvsiological Effects of Zinc 

Zinc is an essenfial element for living organisms. It is present in over 300 

enzyme. It Is important for membrane stability and for the metabolism of protein. 

Toxicity to zinc is determined by various factors such as size and age of 

organism, prior exposure, water hardness, pH, and temperature. After being 

exposed to 5 to 12 mg zinc oxide aerosol/m^ for 3 to 6 hours, guinea pigs, rats 

and rabbits showed retenfion values varying from 5 to 20 percent in the lung. In 

a study of acute effects of zinc, rodents suffered respiratory distress, pulmonary 

oedema, and infiltration following inhalation or intratracheal insfillation of zinc 

compounds. A short-term inhalation exposure to zinc oxide concentrafions of 

greater than 5.9 mg/m^ caused inflammation and pulmonary damage to guinea 

pigs and rats (United Nations Environment Programme, Worid Health 
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Organization, Intemational Labour Organization 1996). Effects of Inhaling zinc 

particles on humans are discussed next. 

Takemoto et al. (1991) studied the concentration of nine elements present 

in the lung fissue of 2274 autopsies performed in Japan. Their objective was to 

determine the relationship between the pollutants and acute or chronic 

obstmctive respiratory diseases, or respiratory cancer. Takemoto et al. (1991) 

classified the degree of contamination into five grades (0: not contaminated, 1: 

slighfiy, 2: mildly, 3: fairiy high, 4: very high). The grading was based on the 

macroscopic and microscopic obsen/ations of the pleura, cut surface of the lung 

fissue, and hilus gland. Table 5.16 shows the relationship between the 

concentration of metals in the lung fissue to the degree of lung contamination as 

found by Takemoto et al. (1991). The concentration of zinc did not vary 

significantly with the degree of contaminafion of the lung fissue. 

Table 5.16. Metal concentrations in lung fissue samples in relation to lung 
contamination (95*̂  percentiles). 

Degree 

0 
(n=128) 

1 
(n=668) 

2 
(n=647) 

3 
(n=353) 

4 
(n=26) 

SIgnlfican 
ce^ 

^ Upper valu 

Fe 

961^ 
396^ 
981 
390 
1042 
440 

1209 
483 

1242 
500 
0.01 

es are r 

Ca 

1833 
592 
1693 
587 
1720 
569 

1818 
569 

1661 
646 
0.01 

Tieans; 

Mg 

547.7 
237.2 
414.8 
191.9 
450.1 
205.4 

457.1 
213.5 

346.5 
138.3 
0.01 

ower va 

Zn 

153.6 
49.0 
140.4 
40.7 
141.6 
42.6 

141.2 
43.7 

140.5 
38.0 
NS^ 

ues are 

Cu 

13.6 
4.2 
13.1 
3.8 
12.8 
3.8 

12.7 
3.6 

12.8 
4.1 
NS 

std. de 

Co 

0.21 
0.15 
0.19 
0.17 
0.21 
0.17 

0.23 
0.17 

0.22 
0.14 
NS 

V. (in \i 

Ni 

1.47 
1.05 
1.45 
0.76 
1.62 
0.76 

1.90 
0.89 

1.81 
0.65 
0.01 

g/g dried 

Pb 

1.62 
1.17 
1.75 
1.20 
1.96 
1.19 

2.30 
1.24 

2.47 
1.33 
0.01 

lung X\i 

Cr 

0.92 
1.26 
1.12 
1.34 
2.10 
2.11 

2.88 
2.28 

3.76 
2.58 
0.01 

>sue). 
^ Significant level in one-way analysis of variance. 
^ Not significant. 
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In the extreme cases of emphysema, Takemoto et al. (1991) found a low level of 

zinc present in the lungs, as opposed to high level of chromium and lead. 

Other examples of exposure to fumes of zinc compounds are presented in 

the report prepared joinfiy by United Nations Environment Programme, Worid 

Health Organizafion, and International Labour Organlzafion (1996). Use of 

"smoke bombs" by the military provides the effects of inhalational exposure to 

zinc chloride. The effects inhalafional exposure to zinc chloride includes 

interstitial oedema, interstifial fibrosis, peumonifis, bronchial mucosal oedema, 

and ulceration. Even death may result if exposed to extremely high 

concentrafions in confined spaces. Another acute illness called "metal fume 

fever" results from occupational exposure to finely dispersed particulate matter. 

This fine suspension of metals in air occurs when certain metals are volafilized. 

Zinc is included in that group of metals. "Metal fume fever" shows a variety of 

symptoms including fever, chills, dyspnoea, nausea, and fatigue. This condition 

Is reversible, and with fime, people become less prone to the symptoms. 

Volunteers exposed to concentrations of 11 to 150 mg/m^ for 15 to 30 minutes 

developed pulmonary inflammation responses, including cytokine induction. This 

is consistent with development of metal-fume fever. The report could not find 

any conclusive evidence that excess zinc plays an etiological role in human 

carcinogenesis. They also could not find any proof of zinc being genotoxic or 

teratogenic. The report did point put that at high concentrations zinc can be 

cytotoxic. 
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More information is needed to establish the long-term physiological effects 

of zinc fumes. But for the fime being, the conclusion on the effects of zinc on 

human health and environment, made by the report prepared joinfiy by United 

Nations Environment Programme, Worid Health Organizafion, and Intemafional 

Labour Organization (1996) may be used as a starting point. The report 

concluded that: The essential nature of zinc, together with its relatively low 

toxicity in humans and the limited sources of human exposure, suggests that 

normal, healthy, non-occupationally exposed individuals are at potentially greater 

risk from the adverse effects associated with zinc deficiency than from adverse 

effects associated with normal environmental exposure to zinc. 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

FOR FURTHER STUDIES 

Conclusions 

Based on the experimental results and discussions presented, the 

following points may be summarized: 

1. Use of a mixture of micron sized zinc oxide and/or zinc peroxide 

suspended in TBH was able to cause an average reduction of more 

that 20 percent reducfion in the hazardous gaseous components and 

particulates present in the exhaust gases from diesel engines. 

2. The experimental results such as lower exhaust manifold temperatures 

with the use of the additive support the speculation that the micron 

sized zinc oxide and/or zinc peroxide particles provides solid surfaces 

on which the combustion reacfions can occur. This results is a 

relatively cleaner and more complete combusfion reactions. It also 

reduced the temperature at which combustion reacfions occur. 

3. The additive was able to increase the cetane number of the diesel, 

thus improving the status of a diesel fuel of Inferior quality to that of 

premium fuels. 

4. When mixed at low concentrations such as 1800 ppm with diesel, the 

additive Increased the mileage of diesel powered vehicles. By 

changing the chemical kinetics of the combustion reactions, this 

additive promotes more complete combustion reactions, allowing the 
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engine to ufilize more of the chemical energy of the fuel as well as 

providing cleaner exhausts from the engines. 

5. The opfimum dosage for the test fuel was found to be 1 ounce of the 

commercial additive per 5 gallons of fuel. The fuel additives are fuel 

specific; therefore, the opfimum dosage or the performance of the 

additive would vary from fuel to fuel. 

6. After analyzing the parametric properties of a diesel fuel with the 

additive, the additive was found compafible with diesel fuel at 

recommended low concentrations. 

7. Because of a lowering of the flash point of diesel ftjel after the addifion 

of the fuel catalyst, the additive might promote better "cold-start" 

capabilities of the fuel. 

8. The additive improved the lubricity of the diesel fuel. The additive may 

reduce the wear in engine materials, thus providing hidden savings in 

the form of less scheduled maintenance, as well as more operafional 

time from the vehicles. 

9. Zinc Is an essenfial element, already present both In nature and living 

cells. The adverse impact on the environment because of the release 

of a negligible amount of zinc to the environment is far outweighed by 

the beneficial effects of reducing the pollutants from the exhausts of 

diesel engines. 

10. Previous studies did not find zinc to be harmful at low concentrations. 

A brief occupational exposure gives rise to symptoms known as "metal 
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fume fever." This condition is reversible and persons also develop 

tolerance to it with time. 

Recommendations for Further Studies 

A search of the current literature failed to locate any rate-coefficient data 

for heterogeneous catalysts suspended in air-fuel mixtures for zinc oxide and/or 

zinc peroxide. They are likely to be proprietary information, thus not available In 

the public domain. It would be helpful to constmct a kinetic model of combustion 

reactions of diesel fuel with suspended metal surfaces. A detailed study more 

oriented to the kinetic aspects of the reactions will provide better insight into the 

working mechanism of the solid catalyst in combustion. 

A confinuation of the tests carried out by the tmcking company in 

Littlefield, TX, should be carried out over a longer period of fime. This would 

show the long time effects of the additive on mileage, emission levels, and also 

on the condlfion of the engine parts. It will also determine if any tangible savings 

result due to less frequent scheduled maintenance of the vehicles. 

The effectiveness of the catalyst bed present in the catalyst converters 

deteriorates with time because of the presence of various catalyst poisons in the 

fuel and engine oil. Sulfur compounds in fuel and phosphoms in engine oil are 

two examples of catalyst poisons. The amount of sulfur varies between 0.01 to 

0.10 wt percent of the fuel (Shelef et al. 1978). The additive is believed to extend 

the life of the existing catalytic converters by removing catalyst poisons from the 

exhaust gas streams. Zinc metal binds with sulfijr thus prevenfing it from forming 
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sulfur dioxide, which is also widely blamed for promofing con-osion of engine 

parts. Fitzgerald et al. (1975) concluded that phosphate-binding metals, such as 

calcium and zinc are able to hinder the poisoning effects of phosphoms present 

in the engine oil. To determine the effects of the additive on the catalysts, the 

condition of a catalytic converter from a vehicle that has been using the fuel 

additive for a period of time needs to be compared with the catalytic converter 

from a similar vehicle using fuel from the same source but without the additive 

and having similar operating conditions during the same period of time. 

The physicochemical effects of zinc and its compounds need to be studied 

further. More studies are needed to prove that when used at low concentrations 

with the fuel, the effects of zinc on the environment and to people are minimal. If 

allowed to be added with the fuel at refinery levels, then the refiners can add the 

optimum dosage of the catalyst after necessary tests. This will keep the cost of 

treatment down, as well as prevent any misuse of the additive. 
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APPENDIX A 

REGULATIONS AND TEST PROCEDURES 

Introduction 

Diesel engines are frequenfiy the victim of its own success. The 

increased number of diesel engines has heightened the awareness of both the 

general public as well as the scientific community about their exhausts and its 

effects on our environment. Technologies to control these emissions have made 

tremendous progress in reducing emissions during couple of decades. This 

reducfion has been in response to increase In public concern and subsequent 

government regulations. Although, diesel engine manufacturers have made 

significant gains in minimizing hamnful effects of engine emissions, in order to 

meet the stringent future regulafions, fuel quality will have to play a greater role 

along with engine modifications. The fuel suppliers must share responsibility with 

the engine manufacturers to meet the new proposed regulations. Usually, there 

are two different standards for the light-duty and the heavy-duty diesel vehicles. 

Cars, taxis, vans, and light tmcks (less than 3.9 metric tons In US and less than 

3.5 metric tons in Europe) are considered as the light-duty vehicles. Europe has 

long had the leading role in the introduction and use of diesel engines In the 

passenger cars, however, the US has been closing the gap. The current 

regulations concerning the exhaust from the diesel engines are presented in the 

next secfion. 
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Emission Standards 

Table A.I: Emission Standards for Light-Duty Diesel Vehicles (g/mile). 
Model Year 

1981 

1982-1986 

1987-1994 

VOC 

0.41 

0.41 

0.41 

CO 

70. 

70. 

70. 

NOx 

2.0 

2.0 

2.0 

Particulates 

— 

0.6 

0.2 

1994-1996 limits are implemented in: 

First 50,000 miles 

Second 50,000 miles 

From 2004 

0.25 

0.31 

0.125 

3.4 

4.2 

1.7 

0.4 

0.6 

0.2 

0.08 

0.1 

0.08 

Source: Wijefilleke et al., 1995. 

Table A.2: Emission Standards for Heavy-Duty Diesel Vehicles (g/BHP-hr). 
Model Year 

1983 

1990 

1991 

1991 (Buses) 

1994 

1994 (Buses) 

1998 

2004 

HC 

1.3 

1.3 

1.3 

1.3 

1.3 

1.3 

1.3 

1.3 

CO 

15.5 

15.5 

15.5 

15.5 

15.5 

15.5 

15.5 

15.5 

NOx 

10.7 

6.0 

5.0 

5.0 

5.0 

5.0 

4.0 

3.0 

Particulates 

0.6 

0.6 

0.25 

0.10 

0.10 

0.05 

0.1 

0.1 

Source: Wijefilleke et al., 1995. 

Emission Test Cvcles 

Several test cycles are in use through out the worid for measuring the 

concentrafion of the pollutants present in the exhaust from the diesel engines. 

Levels of emissions depend a lot on the test cycle used to measure them. The 
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test cycles try to simulate the actual driving conditions of the vehicles. A few test 

cycles are discussed below (www.dieselnet.com). 

FTP 72 

The U.S. FTP-72 (Federal Test Procedure) cycle is a transient test cycle 

for cars and light duty tmcks performed on a chassis dynamometer. Emissions 

are expressed as gm/mile. The cycle simulates an urban route of 7.5 miles with 

frequent stops. The maximum speed is 56.7 mph and the average speed is 19.6 

mph. The first phase of this two-phase cycle starts with cold start and lasts for 

505 seconds. A weighfing factor of 0.43 is applied to the first phase. The 

second phase lasts for 867 seconds and a weighfing factor of 0.57 is applied. 

Two phases are separated by stopping the engine for 10 minutes. The 

emissions from each phase are trapped in a separate teflon bag. 

FTP 75 

FTP 75 is a modified version of FTP 72. A third phase of 505 seconds Is 

added to the previous test cycle. It is just like the first phase of FTP 72. except 

the hot start. The cycle simulates an urban route of 11.04 miles with frequent 

stops. The average speed is 21.2 mph. The weighting factors are 0.43 for the 

cold start, 1.0 for the transient phase and 0.57 for the hot start phase. 
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U.S. Transient FTP 

This is a transient engine dynamometer cycle for heavy-duty tmck and bus 

engines. The cycle is designed to simulate both urtDan and freeway driving. This 

is used for emission certificafion tesfing of heavy-duty diesel engines In the U.S. 
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APPENDIX B 

CALCULATION OF ADIABATIC FLAME TEMPARATURE 

WITH EQUIVALENCE RATIO (j) 

C8Hi8(l)+12.5 O2 (g)= 8 CO2 (g) + 9H20(g); AHc(25oC)=-1210.61 KCal/mol 

Feed temperature of fuel: T f̂ ei = (25 1- 298)K 

Feed temperature of air: T3i,.= (25i.298)K 

Reference temperature : T j-ef = (25 1298) K 

Material Balance (excess air): 

Theoretical 02: 

Excess 02: 

0̂ 1̂ := 12.5mole 

O excess •= ''•^ 

Stochiometric coefficients of CO2 and H2O. 

X C02 =8 X H20 = 9 
Inlet Stream: 

n infuel •= ^ "̂ l̂e iiinfuel = '''"io' 

n m02 = "^ th = O t i , r i i - 0 excess 

/79^ 
ninN2'=^in02-^^^ 

Outlet Stream: 

nout02-=^in02-Oth 

n outN2 •= ^ inN2 

n outC02 = X COT^^^^ 

noutH20-=XH20"^o^® 
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nm02 = 25.mol 

n in2sf2 = 94.048-mol 

"out02 = ''2.5-mol 

n outN2 = 94.048-mol 

^outC02 = 8-mol 

noutH20 = 9'mol 



Thennodynamic Data (Reid et al. 1987; Perry et al. 1984; Stull et al. 1971) 

Heats of formations: 

KJ ;= lOOOjoule KCal := lOOOcal 

KCal KJ KJ 
H jpuEL := - 6 1 . 9 7 . ^ H ft:02 = - 3 9 3 . 5 . _ ^ H fl^2o = - 2 4 1 . 8 1 8 - ^ 

• ^ c = ̂  CO2" fC02 + X HIO'H fH20 " ^ fFUEL 

AH,=-1.21.103.E!i 
^ mole 

Heat Capacities: C02:1, H20(g):2, 02:3, N2:4 

A:= 

36.11 

33.46 

29.10 

29.00 

joule 
mole-K 

C:= 

-2.877 

0.7604 

-0.6076 

0.5723 

10 
-5 joule 

mole-K^ 

B:= 

D:= 

4.233 
0.688 

1.158 

0.2199 

7.464 • 

-3.593 
1.311 

-2.871 

.^0-2._joule 

mole-K^ 

^^.9 joule 

mole-K'* 

CpC02(T): - -AitB,TtCiT2tD,T3 

CpH20(T):=A2tB2Ti-C2T2tD2T: 

C p02(T) ••-- A3 ̂  B3T t C3T2 ^ D3T3 

CnN2(T):=A4^B,T^C,T2^D4T3 
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LHS:=-ninf^el.AHj,+ 
air 

ref 
" in02'C p02(T) ^ n jnN2C pN2(T)) dT 

LHS = 5.065.10'^ .KJ 

RHS(T) := 

ref 

/" out02C p02(T) + n outN2C pN2(T) ••• 
\+ " outC02'C pC02(T) + n outH20-C pH20('r) 

dT 

TAD(T) := LHS - RHS(T) 

Initial guess temperature: T := 500 K 

T flame ^=root(TAD(T),T) 

flame = 1.474.10'^.K 

AF:= 
'nin02-»-ninN2)-29 

^ infuel TfT 
AF = 30.284 

AF stoch :='•5.142 

AF 
^ = 

stoch 

TF 
(t> = 0.5 

Material Balance (excess fuel): 

Inlet Stream: 

^ fuelth •= ^ '^^^^ 

Excess fuel: fuel excess 
:=1.0 

^ infuel •= ̂  flielthC + ̂ ^^ excess 
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^ in02 = 0 th '^in02 = ''2.5«mol 

" inN2 •= n i n 0 2 ! ^ ' " i ^ 2 = 47.024.mol 

Outlet Stream: 

" out02 = 0 mole n out02 = '̂"^ol 

" outN2 = " inN2 ^ outN2 = 47.024.mol 

" outC02 = X C02"^ole " outC02 = ^'^^o' 

" outH20 = X H20n^ole n outH20 = 9*mol 

" outfliel •= ri inftiel " ^ fbelth ^ outfuel = 1 -mol 

Thermodynamic Data (Reid et al. 1987; Perry et al. 1984; Stull et al. 1971) 

Heat Capacity of fuel: 

C pfliel(T) := 7.461 . J ^ . 7.779-10-^ J ^ . T - 4.287-10-^ J2^.j2 
mole-K 

+ 9.173-10 

mole-K^ mole-K^ 
-8 joule j3 

mole-K 

LHS:=-nfuelthAHc + 

'Tfuel 

Tref 

air 
[^ inOT^ p02(T) •«- n inN2-C pN2(T)) dT 

J A ref 

(î  infuel-C pfuel(T)) dT 

LHS = 5.065.10'^.KJ 

128 

http://47.024.mol
http://47.024.mol


RHS(T) := 

T 

" out02C p02(T) •»- n outN2C pN2(T) - \ ^T 
+ "outC02CpC02(T)... 

\+ " outH20C pH20(T) -̂ n outfuejC pf\iel(T) ) 
ref 

TAD(T) := LHS - RHS(T) 

T flame =root(TAD(T).T) 

T flame = 2.072.10^.K 

AF:= ._ V ̂
 in02-^ " inN2V29 

^ infuel TR" AF = 7.571 

^ stoch 
^=2 
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APPENDIX C 

CALCULATION OF HEAT OF REACTION AND GIBB'S FREE ENERGY 

ZnO + H2 = Zn + H2O 
(1) (2) (3) (4) 

Cp = A + BT + CT2 + D/T2 in cal/deg*mole and T in Kelvin 

1.45-10'^" 

8.1-10"'* 

2.7-10"^ 
A := 

11.4 

6.62 

5.25 

8.22 

cal 
mole K 

B := 
cal 

mole-K^ 

C := 

0 

0 

0 

1.34-lo

cal 

mole-K^ 
D := 

AA := A4 -I- A3 - A2 - A., 

AC := OA +• Co - C2 - Cj 

KCal := lOOOcal 

H f O -

-83.36 • 

0 

0 

57.7979 

KCal 
mole 

182400 

0 

0 

0 

calK 
mole 

AB := B4 i- 83 - B2 - B-j 

AD := D. + Do - Do - D. 

GfO:= 

AHrxnO = H f O . ^ H f o - H f o -H fo^ 

AG rxnO ^ G f o ^ t - G f o ^ - Gfo^- GfO^ 

-76.19 

0 

0 

54.6351 

AH 

AG 

KCal 
mole 

rxnO 

n<n0 

= 25.562. 

= 21.555. 

KCal 
mole 

KCal 
mole 

T o :=298.15K R := 1.987-
cal 

mole-K 

130 



AG rxnO 

K eqO = e '^Keqo}=-36.384 

i AM T AA ^ ^ T 2 AC _ 3 AD \ 
i = ̂ '^rxnO- ' O - ^ - ^ - ^ l 0 ^ ^ ' ^ 0 " 

0/ 
j = 2.749.10". 

4 cal 
mole 

I : 1 ' i 
= > n ( K e q o ) - - p ^ ( - ^ ^ \ 

\ 

AA \J ^ ^B T AC _ 2 AD \ 0 ^ ' ^ I T / ^ ^ - ^ O ^ - ^ T o . ^ ^ 

I = 22.499 

/ -r- V -1- A A B _ 2 A C -^3 A D 

AH rxn(T) = J i- T A A t - j -T '^ + -^T^ -

Check: 

T\ AB ^ AC T.2 AD \ 

21^1 T " " ^ ' " " K ; " " 2 ' ' " " ^ ' "^^^^2 

KCal 
AH rxn(298.15K) = 25.562 . _ ^ AH rvnn = 25.562.—r->xnu mole 

A G ™ ( 2 9 8 . 1 5 - K ) = 21.555. 
rxn 

KCal 
mole 

AGrxnO = 21.555._J 

A H . n ( T ) : = i . T . A A . f . T ^ . ^ . T 3 - ^ ^ 

AGn.n(T) : = - R T 
rxn 

. W j .A I /''"\ AB _ AC _2 AD I- I -wl- i - I -AA- ln j ,^ ] + ̂ c-T + ̂ ^ T ^• 
R T . K r ^ '^"B- 2-r 

Where 

1 = 2 . 7 4 9 . 1 0 ^ . - ^ 
^ mole 

I = 22.499 
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AA = -4.55. 
cal 

mole-K AB = 5.9.10"^. ^ '̂ 
mole-K' 

AC = 1.34.10"^.—^ 
mole-K' 

AD = 1.824.10^.2^ 
mole 

t := 295.0K,300 K.. 3000K 

Figure C.I: Heat of reaction with temperature for the reaction 
ZnO+H2=Zn+H20 
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Figure C.2: Gibb's Free Energy with temperature for the reaction 
ZnO+H2=Zn+H20 
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APPENDIX D 

ANALYTICAL REPORT OF FUEL PARAMETERS 

CORE LABORATORIES 

1 
.^JKMBEFti $$,1607 

L A B O R A T O R Y 

CUSrOHER: WUWA U C 

T E S T S 
04/17/98 

R E S U L T S 

ATTK^ KEMNETH SANDER^ 

1 
CLIENT I.D : 
DATE SAMPLED : / / 

1TINE SAMPLED : 00:00 
WORK DESCRIPTION...: SMiple # 1 DiM*l 

LABORATORY I.O...: 981607-0001 
DATE RECEIVED : 04/06/98 
TIME RECEIVED : 14:30 
REMARKS : 

l " ^ - - " 
hEST DESCRIPTION 

API Gravity 

|A«h Content 

'carbon Residue, Rama. (10X btaa.) 

Cetane Index 

1 Cetane Nuri>er 

Cloud Point 

•Copper Corr. Strip 

Dist i l la t ion 

1 i.a.p. 
1 5X Recovered 

10X Recovered 
20X Recovered 

1 30X Recovered 
1 40X Recovered 

50% Recovered' 
60X Recovered 
70X Recovered 

1 SOX Recovered 
1 90X Recovered 

95X Recovered 
End Point 

f X Recovered 
1 X Residue 
' X Loss 

Flash Point, PHCC, 

ILUBRICITY, HFRR 

Kinenatic Viscosity 

loxidatlon Stabil ity of Disti l lates 

--Fi l terable InaoliAles 
--Adherent Insolubles 

1 --Total InsolUbles 

flUAt RESULT >; 

35.0 

0.001 

0.14 

46.2 

45.3 

• 18 

1A 

362 
394 
422 
447 
471 
488 
504 
520 
538 
560 
590 
619 
640 

98.4 
0.8 
0.8 

150 

535 

2.42 

0.5 
0.1 
0.6 

0.001 

•1 

0 

0.1 
0.1 
0.1 

•1 

0.1 
0.1 
0.1 

W P ^ OF MEASURE 

a 60/60 Deg. F 

Wt.X a 775 C. 

Wt. X 

De«. F 

3 Hrs a 122 F 

Deg F. 

Deg F. 

Deg. F 

MICRON 

est a 40 Deg C 

i«g/100 Bis 
ng/100 Bis 
Bg/100 Bis 

TEST mnocf 

ASTM 0-4052 

ASTM D-482 

ASTM D-524 

ASTM 0-976 

ASTM D-613 

ASTM 0-2500 

ASTM D-130 

ASTM 0-86 

ASTM 0-86 

ASTM D-93 

D-6079 

ASTM 0 - a 5 

ASTM D-2274 

DAIf 

04/08/98 

04/13/98 

04/13/98 

04/08/98 

04/07/98 

04/09/98 

04/07/98 

04/08/98 

04/13/98 

04/17/98 

04/13/98 

04/09/98 

.tf-<3>H 

m 

LN 

LH 

HB 

CS 

TF 

SAK 

MB 

LN 

•SB 

DA 

LN 

P 0 BOX 34766 
HOUSTON, TX 77234-4282 
(713) 943-9776 

"""• """"TWBir"' 

• «f H« A 9 i l MM « <«W • <î  

Figure D.I. Analytical report of base fuel parameters. 
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CORE LABORATORIES 

L A B O R A T O R Y T E S T S 
04/17/98 

R E S U L T S 

J0» KUMIiERt ^ 98160? 
•nr^ rr,fS-;i1^g»tfr,mM.fh.„, t^"«j;> •^••»X ^,..ff...r....... ^ 

CLIENT I.D : 
DATE SAMPLED : / / 
TIKE SAMPLED : 00:00 
WORK DESCRIPTION...; Sanple * 1 Diesel 

LABORATORY I.O...: 981607-0001 
DATE RECEIVED : 04/06/98 
TINE RECEIVED : 14:30 
REMARKS : 

tDAlK Tpst oEscmm^ 
• ^ • 

Particulate Natter in Av. Fuel 

Sulfur,Total by X-Ray Spectrometry 

Water Content, ICarl Fischer 

FIlMJ^^^pWtt 

1.8 

0.0315 

76 

UMItS/^DlLUnON UtfltS OF MEASURE 

0.0010 

50 

Ut. X 

ppm wt. 

. , « , » « - . — • « « < — — — « » n B r ! 2" • 

ASTN D-2276 

ASTN D-2622 

ASTN D-1744 

'^Ss^ 
TECBI 

04/09/98 LN 

04/13/98 LN 

04/07/98 AF 

P 0 BOX 34766 
HOUSTON, TX 77234-4282 
(713) 943-9776 

L i l a * < m a « * 

• M !• na aMdMOM r̂. «ni 

Figure D.I. Analytical report of base fuel parameters (cont.). 
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CORE LABORATORIES 

L A B O R A T O R Y T E S T S 
04/17/98 

R E S U L T S 

JOe MUMBER: 981607 CUSTOMER: MAXMA I C 

CLIENT I.D : 
DATE SAMPLED / / 
TIME SAI«>LED : 00:00 
WORK DESCRIPTION...: Sanple # 2 Diesel 

ATTMt KENNETH liANPERS 

LABORATORY I . D . , . : . '^7-0002 
DATE RECEIVED : Oi./06/98 
TIME RECEIVED....: 14:30 
RENARICS 

TEST OESCRIPTJON n . N A l RESULT LIMITS/'DILUTIIW UNITS OF MEASURE TEST NETHDO DATE TEOiX 

API Gravity 

Ash Content 

Carbon Residue, Rans. (10X btras.) 

Cetane Index 

Cetane Nuaber 

Cloud Point 

Copper Corr. Strip 

Distillation 

I.B.P. 
5X Recovered 
10X Recovered 
20X Recovered 
30X Recovered 
40X Recovered 
SOX Recovered 
60X Recovered 
70X Recovered 
BOX Recovered 
90X Recovered 
95X Recovered 
End Point 
X Recovered 
X Residue 
X Loss 

Flash Point, PMCC, 

LUBRICITY, HFRR 

KineoMtic Viscosity 

Oxidation Stability of Distillates 

--Filterable Insolubles 
-•Adherent Insolubles 
--Total Insolubles 

35.1 

0.001 

0.30 

46.3 

51.3 

• 4 

1A 

206 
402 
418 
445 
470 
488 
503 
519 
537 
558 
588 
615 
642 
98.0 
1.1 
0.9 

88 

510 

2.33 

0.8 
0.3 
1.1 

0.001 

0.1 
0.1 
0.1 

•1 

0.1 
0.1 
0.1 

a 60/60 Deg. F 

Wt.X a 775 C. 

Ut. X 

Deg. F 

3 Hrs a 122 F 

Deg F. 

Deg F. 

Deg. F 

NICRON 

est 8 40 Deg C 

•S/100 Bis 
ng/lOO Bis 
Bg/100 als 

ASTM 0-4052 

ASTM D-482 

ASTM D-524 

ASTM 0-976 

ASTM 0-613 

ASTM 0-2500 

ASTM D-130 

ASTM 0-86 

ASTM D-86 

ASTM 0-93 

D-6079 

ASTM D-445 

ASTN D-2274 

04/08/98 

04/13/98 

04/13/98 

04/08/98 

04/07/98 

04/09/98 

04/07/98 

04/08/98 

NB 

LN 

LN 

NB 

CS 

TF 

SAK 

NB 

04/13/98 LH 

04/17/98 *SB 

04/13/98 DA 

04/09/98 LB 

P 0 BOX 34766 
HOUSTON, TX 77234-4282 
(713) 943-9776 

!>>«>•»«• 

Figure D.2. Analytical report of parameters of fuel with the additive. 
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CORE LABORATORIES 

L A B O R A T O R Y T E S T S R E S U L T S 
04/17/98 

^^^^^Hi^M 
CLIENT I.D : 
DATE SAMPLED / / 
ITIME SAMPLED : 00:00 
WORK DESCRIPTION...: Sample « 2 Diesel 

^̂ ^ 

LABORATORY I.O...: 981607-0002 
DATE RECEIVED : 04/06/98 
TINE RECEIVED....: 14:30 
REMARKS 

T^T IJESCRIPTiOM îtti, R E m ^ 

Particulate Natter in Av. Fuel 

Sulfur,Total by X-Ray Speetroawtry 

Water Content, Karl Fischer 

5.2 

0.0316 

208 

twit^/nninrjoii 

0.0010 

50 

WtltS Of MEASURE 

•W/L 

U t . X 

ppm w t . 

^UHii m i^ii • 

TEST HETH» 

ASTN D-2276 

ASTN D-2622 

ASTN D-1744 

I'li^l."."'"!,"!. 

DATE Ĉ lECHd 

04/09/98 LN 

04/13/98 LN 

04/07/98 AF 

P 0 BOX 34766 
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Figure D.2. Analytical report of parameters of fuel with the additive (cont.). 
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APPENDIX E 

ANALYTICAL REPORT OF PARTICULATES 
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Figure E.I. Particulate size distribution of Filter A I. 
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Figure E.2. Particulate size distribution of Filter AII. 
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Figure E.3. Particulate size distribution of Filter A III. 
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Figure E.4. Particulate size distribution of Filter AIV. 
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Figure E.5. Particulate size distribution of Filter A V. 

l | j | l | l « | > | W f | l | l |« | lp |»pt« | !•! I !•! I f | « | I I |"F1 F l ' 
«D <̂  ^ eq ci <p -• 
^ f4 ot m to 

MMnDI«mtlar(uni) 
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Figure E.6. Particulate size distribution of Filter A VI. 
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Figure E.7. Particulate size distribution of Filter A VII. 
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Figure E.8. Particulate size distribution of Filter A VIII. 
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Figure E.9. Micrograph of Filter A I. Magnification X600. 
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Figure E.10. EDX spectra of particles on Filter A I. 

143 



Figure E.11. Micrograph of Filter A II. Magnification X600. 

Figure E.12. EDX spectra of particles on Filter AII. 
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Figure E.13. Micrographof Filter A III. Magnification X600. 
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Figure E.14. EDX spectra of particles on Filter A 
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Figure E.15. Micrograph of Filter A IV. Magnification X600. 
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Figure E.I6. EDX spectra of particles on Filter A IV. 
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Figure E.17. Micrograph of Filter A V. Magnification X600. 
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Figure E.I8. EDX spectra of particles on Filter A V. 
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Figure E.19. Micrographof Filter A VI. Magnification X600. 
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Figure E.20. EDX spectra of particles on Filter A VI. 
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Figure E.21. Micrograph of Filter A VII. Magnification X600. 
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Figure E.22. EDX spectra of particles on Filter A VII. 
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Figure E.23. Micrograph of Filter A VIII. Magnification X600. 
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Figure E.24. EDX spectra of particles on Filter A VIII. 
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APPENDIX F 

GRAVEMETRIC ANALYSIS 

% Reduction in Particulate matter at idle (T^^I^): 

0.0231 - 0 . 0 0 8 7 ^ 

r idle = 0^0231 ~ ^ '^'e " ^^'^^^ ^'^° 

% Reduction in Particulate matter at 2000 rpm (r2ooo)' 

0.0403 - 0.0162 . ^ 

r 2000 •= Umf5^ ~ ^ 2000 = 60.352 •% 

Emissions (mg/mile) at 2000 rpm: 

Assuming the speed of the truck to be 60 mph at 2000 rpm. 

Emission with baseline fuel (E âse)-

0.0403il! l 
_ mm p AH-^ "^9 
^ base •'= eOmph ^^^^" ''m 

Emission with additive (Eaddjtjve)' 

0.0162-?1I1 
_ mm p 1A0 "^9 
E additive •'= eOmph ^ ^"^"^^^" ' W 
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APPENDIX G 

ANALYTICAL REPORT OF ENGINE OIL ANALYSIS 
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