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Abstract 

ROLE OF ENGINE AGE AND LUBRICANT CHEMISTRY  

ON THE CHARACTERISTICS  

OF EGR SOOT 

 

 

Olusanmi Adeniji Adeniran, M.S. 

 

The University of Texas at Arlington, 2013 

 

Supervising Professor: Pranesh Aswath 

Exhaust products of Diesel Engines serves as an environmental 

hazard, and to curtail this problem a Tier 3 emission standard was 

introduced which involves change in engine designs and introduction of 

EGR systems in Diesel engines. EGR systems, however has the 

challenge of generating soot which are abrasive and are major causes of 

wear in Diesel engines. 

This work has studied the characteristics of EGR soot formed in 

different range of engine age and in different lubricant chemistries of 

Mineral and Synthetic based diesel Oils. It is found that lubricant 

degradation is encouraged by less efficient combustion as engine age 
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increases, and these are precursors to formation of crystalline and 

amorphous particles that are causes of wear in Diesel Engines. It is found 

that soot from new engine is dominated by calcium based crystals which 

are from calcium sulfonate detergent, which reduces formation of second 

phase particles that can be abrasive. Diverse crystalline peaks with 

increased intensity are noticed in soot samples generated from EGR 

engine of increasing ages. This understanding of second phase particles 

formed in engines across age ranges can help in improving on durability 

design of engine, improvement of Diesel oil for EGR engines, and in 

development of chemistries for after-treatment solutions that can inhibit 

formation of abrasive particles in Oils. 
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Chapter 1  

General Overview 

The popularity of Diesel Engines has in recent years increased as 

preferred choice of transportation engines because of their higher 

efficiency and low maintenance cost. The Compression-Ignition-Direct 

Injection (CIDI) or Diesel Engines give a higher efficiency as compared to 

Spark-Ignited Gasoline Engines, hence improved fuel economy and 

consequently reduction in greenhouse gas emission. Fuel consumption 

reduction [1] from CIDI or diesel engines compared to gasoline fueled 

engines is estimated to result in as much as 30–35% reduction in 

greenhouse gases. However, a major obstacle to the extensive application 

of Diesel Engines, especially for automotive applications, is their high level 

of Nitrogen Oxides (NOX) and Particulate Matter (PM), both of which have 

possible negative effects on the environment and health. Major efforts are 

being directed at development of technologies that can reduce Diesel 

Engine NOX and particulate matters (PM). 

A greater concern to protect the environment has informed a 

requirement for engine manufacturers set by API. The American 

Petroleum Institute (API) requires engine manufacturers to reduce the 

level of nitrogen oxides (NOx) in Diesel Engine exhaust to meet Tier 3 

emission standards. API CJ 4 is the current required standard required for 
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four stroke diesel engines by the Environment Protection Agency (EPA) 

where maximum limit has been put on the emission of NOx to 0.2 

gram/BHP hr and PMs to 0.01 gram/BHP hr by 2010 [2]. This requirement 

is accomplished by changes in engine designs that include retarded 

timing, raised piston rings, selective catalytic reduction and the use of 

Exhaust Gas Recirculation (EGR). [3]. The effect of the standard is that 

the 2007 engines will generate more soot and experience higher peak 

cylinder temperatures due to the higher levels of EGR. A newer standard 

PC-11 is in progress to serve as latest engine and environmental standard 

superseding the API CJ 4. 

The Exhaust Gas Recirculation (EGR) is an effective means to 

reduce the NOX emission from Diesel Engines [4,5]. Oxides of nitrogen 

(NOX) are formed when the combustion temperatures are too high. Any 

measure that reduces the combustion temperature will thus lead to 

decreased NOX formation and emissions. EGR involves recirculation of 

exhaust gas back into the intake stream, the recirculated gas is burned a 

second time and therefore reduces emission associated with health risk. 

Returning exhaust product to the Diesel Engine combustion chamber will 

however accelerate the degradation of the lubricant engine oil, primarily by 

increasing the total acid number (TAN) as well as the soot content and, 

consequently, the viscosity. Engine durability may be compromised by 
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EGR due to acceleration of oil contamination and degradation by engine 

Exhaust Gas Recirculation (EGR) soot and other products [6,7]. 

The use of EGR has increased soot and other solid particulate 

loading of the lubricant oil, which degrades the lubricating oil properties 

physically and chemically, and thereby result in wear of engine parts [6-9]. 

Modern Cummins engine M-11 engines, have been reported to contain up 

to 9% soot in used oils [10,11]. This condition goes against the current 

desire for an extended oil drain interval in Diesel Engines. The enormous 

amount of soot degrades oil increasing its viscosity [12,13] and hence, its 

pumpability between surfaces in relative motion. In engine tests, wear of 

engine components such as the valve train, piston rings, and cylinder 

linings have been found to be promoted by increasing level of EGR [10-

12]. 

Another restriction on the amount of some chemicals that should be 

used in lubricant formulation also compounds the problem of wear in 

Diesel Engines. The EPA regulation known as SAPS has imposed a (1wt 

%) sulfated ash, (0.1wt %) Phosphorus and (0.1 wt %) Sulfur limit in 

engine oil formulation. Phosphorus and Sulfur on the other hand are major 

contributors in formation of antiwear film in engine oil, and their restriction 

in Diesel Engine Oils will aggravate wear of diesel engine components 

equipped with EGR protocol. 
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The increase in soot and solid particulate content in the engine oil 

results in accelerated abrasive wear of critical engine components. 

Similarly, the increase in the oil acid content (sulfuric acid) increases 

corrosive wear of lubricated surfaces. The synergistic impact of these two 

detrimental effects in the form of abrasive–corrosive wear is also possible 

in some EGR-equipped Diesel Engine components. EGR soot is believed 

to contain abrasive nano crystalline particles embedded within turbostratic 

structure of soot, which are the major causes of wear in EGR Diesel 

Engines. 

Four-ball wear tests with M-50 balls have shown that, although the 

used oils slightly decrease the friction coefficients, they increased the ball 

wear by two orders of magnitude when compared to tests with clean oil. 

Wear in EGR engines from increased viscosity is primarily by an abrasive 

mechanism, but in oil with the highest soot loading of 12%, scuffing and 

soot particle embedment had been observed. Laboratory wear tests by S. 

Aldajah et al. [6] had shown a linear correlation with the TAN, while the 

crosshead wear during the engine test was proportional to the soot 

content. 

1.1 Current understanding of Research 

Significant work has been done to understand formation and 

structure of soot in Diesel Engines using simulation and various 
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characterization methods. Various characterization tools and techniques 

have been used to understand structure and composition of “Exhaust Gas 

Recirculation” soot. Some of techniques used have been X-ray diffraction, 

Raman Spectroscopy, Electron Energy Loss Spectroscopy (EELS), High 

Resolution Transmission Electron Microscope (HRTEM), X-ray Adsorption 

Near Edge Spectroscopy, etc [14-17]. 

Significant effort has been made to understand the nature of soot 

formed in EGR Diesel Engines, its structure and composition. EGR soot is 

believed to have compositions of graphitic soot and other crystalline 

abrasive components. The abrasive components are believed to come 

from interaction of degraded oil chemistries (from both base oil and engine 

oil additives) with wear particles of Diesel Engine. Antusch et al [18] 

characterized soot using various microscopy and spectroscopy 

techniques, and his result suggested that wear from EGR soot does not 

depend on the mechanical properties of the different soot particles, but is 

closely related to their reactivity and the amount of defect sites. The 

reactivity is believed to be informed by the chemistries of the different 

lubricants, but the mechanism of how these chemistries affect the 

characteristics of EGR soot has not been understood. 

Significant efforts have been made to understand the role of 

crankcase soot, available inside the oil sump, to promote higher wear of 
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Diesel engine equipped with EGR. Many conflicting, incomplete ideas and 

explanations about the properties and effects of soot particulates on wear 

mechanisms have been published. Rounds [19] showed that soot is not 

abrasive but adsorb anti-wear additive in lubricants, thus diminishing the 

anti-wear properties. Ryason et al [20] concluded that soot particles are 

abrasive because they are found to generate groves and breakouts in 

metal surfaces.  

The idea of Nagai et al [21] was that soot particles are very hard 

and acts abrasively on metal surface. The authors also found that 

intensified EGR raises the soot concentration in oil, thus enhancing wear. 

Gautam et al [5] found more wear with soot contamination of the oil than 

without. It has been an established fact that higher soot concentration in 

oil generates more wear whereas a higher concentration of phosphorus in 

the oil leads to less wear. Soejima et al [22]. Yamaguchi et al [11] and, 

Aldajah et al [6] found that the presence of soot particles reduces the 

thickness and extension of anti-wear films and are abrasive. Truhan et al 

[23,24] concluded that chemical activity of soot particles and their reaction 

with ZDDP prevents the formation of liquid boundary layers on the metal 

surface. 

Properties of soot particulate emission has been found to very 

much depend on thermodynamics of combustion in the engine and 
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consequently on the final structure of the carbonaceous matter such as 

the average primary particle and aggregate size and size distributions, 

and the degree of graphitization. Thermodynamics of combustion in 

engine will be informed by lubricant chemistries and their reactivity with 

engine material, and the reactivity of the engine material can be traced to 

depend on engine age. It has been established that older Diesel Engines 

will generate higher levels of PM, NOx and CO emissions; but this has not 

been related to nature of soot that can be generated as Diesel Engine 

ages. Hence, there’s a need to relate the nature of soot generated with 

engine age and lubricant chemistries. It is believed that there will be 

diminished combustion efficiency in combustion systems of engine which 

can be related to the nature of EGR soot that is generated in engines of 

different ages. 

1.2 Objective and Drive for the Research 

Engine Age can be a determinant factor on nature of EGR soot 

formed. As Diesel Engine ages, it is believed that there will be less 

efficiency of combustion systems, and thermodynamics of combustion will 

change which will result in different characteristics of EGR soot formed 

across different engine age range. The reactivity of ageing Diesel Engines 

with oil chemistries will differ, which will also influence nature of EGR soot 

formed. New engine generally have a break- in period of surface 
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asperities from early cycle of operation and this may affect interaction with 

lubricant chemistries. 

The works of many authors carried out in this area in the past have 

not studied the effect of engine age and lubricant chemistries on 

characteristics of soot generated in EGR engines. This work by 

characterizing soot samples generated in new to older Diesel engines will 

predict the effect of engine age and lubricant chemistry on the 

characteristics of EGR soot generated across different Diesel Engine age 

ranges from Mineral based and Synthetic based Diesel Oil. Understanding 

the characteristics of EGR soot formed in various engine ranges will also 

give an insight and better understanding in the development of after-

treatment oil additive which can mitigate and inhibit the formation of likely 

abrasive product of soot which are causes of wear in Diesel engines. 

The structural complexity of soot varies depending on the type of 

engine, age of engine, lubricant chemistry and its operating conditions. 

Uncertainty is avoided by focusing on EGR soot samples from same 

engine make, the Detroit DD15 engines under similar operating conditions 

for varying Diesel Engine age ranges which allows for comparability. 

Lubricant chemistries employing Mineral and Synthetic base stocks were 

studied to learn the effect of basestock chemistry on nature of EGR soot. 

The conclusion from work of the several authors in this area has not been 
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able to relate nature of EGR soot formed from different engine ages and 

lubrication chemistries, therefore more fundamental knowledge is needed 

in this area. This informed the need to carry out this study to get the idea 

of the nature of EGR soot produced in diesel engine as they go older. The 

study examined how engine ages and lubricant chemistries affect the 

characteristics of EGR soot in diesel engines. 

1.3 Outline of the Research work  

This thesis is presented in a total of five chapters. Following is a list 

of the chapters with a brief outline of contents presented. 

Chapter 1: This chapter gives the reader a general overview of state of 

research by previous authors, research work carried out, and it highlights 

the objectives and drive for the research. 

Chapter 2: This chapter gives a background to study and explains in depth 

all fundamentals related to soot Tribology of diesel soot. 

Chapter 3: This chapter gives a detailed experimental description and 

studies of nature of EGR diesel soot generated mineral based formulated 

diesel oil for new to older engines of 54,000 miles, 247,000 miles and 

306,000 miles respectively. 

Chapter 4: This chapter gives a detailed experimental description and 

studies of nature of EGR diesel soot generated mineral based formulated 
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diesel oil for new to older engines of 127,000 miles, 187,000 miles and 

248,000 miles respectively 

Chapter 5: This chapter concludes on the findings of the Studies 

Chapter 6: This Chapter suggests future work that can be carried out. 
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Chapter 2  

Background 

Diesel Engines have always been the preferred mode of 

transportation because of their superior fuel efficiency as a result of their 

higher compression ratio, lean mixture operation, and the absence of 

throttling losses. They have found applications in both Heavy Duty and 

Off-highway vehicles and equipment. Today, Diesel Engines are 

developed to be more environmentally friendly due to lower emission of 

carbon dioxide CO2 [25], which is the main cause of greenhouse effect. 

Economic-wise, Diesel Engine is also better since there are more taxes on 

gasoline. Current advancements in diesel emission control are constantly 

upgraded to keep pace with increasing targets in emission control.  

Nitrogen oxides (NOX) emissions, which includes nitric oxide (NO), and 

nitrogen dioxide (NO2), as well as particulate matters (PMs) from Diesel 

Engines is being minimized to necessary levels in order to lower the 

concentration of these pollutants in the atmosphere. Various legislations 

have been put in place to guard diesel engine manufactures and lubricant 

oil formulation requirements for reduced NOX emissions into the 

atmosphere.  
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In the US, the API CJ-4 is the latest specified standard for Diesel 

Engine oils to meet tier 3 emission standard of the Environmental 

Protection Agency (EPA) where maximum limit has been put on the 

emission of NOX to 0.2 gram/BHP hr and PMs to 0.01 gram/BHP hr from 

2010 [26], and a “proposed category” PC-11 in the process to take effect 

from 2018. The European Union has an updated specification, where 

Emission standard laws for diesel engines meet up till 2016 requirements. 

Euro 5 emission standard, applied since Jan 2011 for diesel engine 

vehicles targeted reduction of NOX and PM from 0.25 g/km to 0.18 g/km, 

and from 0.025 g/km to 0.005 g/km respectively from the previous Euro 4. 

The Euro 6 is expected to be enforced from Jan 2015 for the registration 

of new engine vehicles [27]. The main driver for the change in diesel 

emissions regulations of tailpipe NOX and PM lies in the fact that both 

pollutants pose significant health and environmental risks [28]. 

2.1 Controlled Emission in Heavy Duty Diesel Engine Design 

Modifications to engine design features and operating strategies have 

been employed to reduce NOX emissions and control soot in response to 

environmental legislations. Most of the direct approaches explored have 

been regulating pre- and in-cylinder process such as controlling flame 

temperature and local equivalence ratio since formation of NOX and soot 

are function of temperature and equivalence ratio [29]. Modification of 
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engines to achieve efficiency in response to environmental legislation is 

usually achieved by optimizing combustion chamber geometry [30,31], by 

employing the exhaust gas recirculation (EGR) system [32] and by 

injection strategies [33,34]. Engine design strategies employed in the last 

three decades is shown in Fig 2.1 below. 

 

Fig 2-1 Diesel Engine Design Strategies from 1985 to date [32] 

In modification to diesel engines employing injection strategies, the 

multiple fuel injection schemes is commonly used as it offers significant 

advantages over single injection, particularly with regards to limiting NOX 

and soot formation. Injection parameters are optimized such that the 

amount of fuel required can be delivered in many discrete steps according 
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to local oxygen availability for optimum combustion process. This scheme 

(multiple injections) is aimed at achieving a drastic reduction in local gas 

temperature, to lean out the combustion zones as well as to eliminate soot 

formation originating from spray wall impingement. However, as changes 

in operating strategies were implemented, there comes into place an 

unexpected increase in soot concentration. Lockwood et al [35] while 

studying the effect of injection loading on diesel engine oil found an 

increase in soot concentration for typical used engine oil at drain from a 

line haul operation, from 0.5 – 1.0 wt% to 2.0 – 4.0 wt% in comparable 

operations. This shows that engine operating conditions and choice of 

calibration controls play a major part in dictating the transport processes of 

in-cylinder soot into the crankcase, which ultimately determine the level of 

soot in engine oil. 

Increased generation of soot in oil usually leads to significant wear 

and damage, which ultimately reduces the lifecycle of engines. For 

multiple injection schemes, there exists the possibilities of available in - 

cylinder soot that can be transferred into the oil sump is significantly raised 

due to the resulting changes in the distribution of combustion events. 

Research is ongoing by various authors and there is still the need to 

expand on the limited knowledge of the nature and factors contributing to 

soot transport into engine oil when injection patterns are varied. Detailed 



 

15 

understanding of the effects of injection parameters on diesel spray 

combustion process, soot formation processes, and also the in-cylinder 

soot transport still needs to be grasped. 

Exhaust Gas Recirculation (EGR) and after-treatment devices such 

as Catalytic Diesel Particulate Filters and oxidation catalysts were 

developed as means to achieve these emission limits. They result in new 

generation of engine oils that provide emission control system durability, 

prevent catalyst poisoning and particulate filter blocking, while still offering 

optimum protection for control of piston ring deposits, oxidative thickening, 

oil consumption, high- temperature stability, soot handling properties, 

foaming and viscosity loss due to shearing. Typical diesel engine 

particulate filter is shown in fig 2.2 below. 

 

Fig 2-2 (a) Diesel engine particulate filter (b) Single stage DPF [26] 

Cummins, Detroit Diesel, International- Navistar, Mack and Volvo 

North America have employed the use of heavy EGR (30 to 35 percent) 
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closed crankcase ventilation and diesel particulate traps to remove soot 

and other particulates. Caterpillar uses its Advanced Combustion 

Emission Reduction Technology (ACERT), an advanced combustion 

process called Clean Gas Induction (CGI), closed crankcase ventilation 

and diesel particulate filters. CGI employs the use of remote EGR, a 

closed crankcase ventilation system and diesel particulate filter system 

with active regeneration. 

CGI draws clean inert soot- free exhaust gas from downstream of 

the particulate filter and then puts the clean gas into the intake system. 

This clean gas does not induce wear and the low intake manifold gas 

temperature of the CGI contributes to lower NOX emissions, with 

particulate filter employing a walled-flow filter technology. Regeneration is 

necessary to activate the process of oxidation that eliminates the soot that 

collects along the inlet walls of the filter. To aid regeneration, the exhaust 

gas is heated by auxiliary means. The regeneration process takes place 

only when needed. Caterpillar engines that are 500 horsepower or less 

will require one diesel particulate filter and engines of more than 550 

horsepower will require dual particulate filters [25]. 

All diesel engines OEM choose closed crankcase ventilation in 

order to remove harmful vapor generated in the crankcase; with the 

vapors discharged into the engine’s intake system (usually via the intake 
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manifold), where they are burned as part of the combustion process rather 

than being discharged into the atmosphere. Fig 2.3 below shows general 

schematic of an EGR Diesel Engine. 

 

Fig 2-3 Schematic of Typical EGR Engine 

2.2 Paradigm Shift in Diesel Engine Oil Technology 

Regulations and standards over the years have evolved which have 

been main driving factors for the development of API commercial “C” 

Diesel Engine Oil classification. The first standard being API CA for 

engines built by 1959 and the latest being API CJ- 4 which took effect in 

2010. PC-11 is currently proposed and being developed and will take full 

effect in 2018.  
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2.2.1 2010 Engine Technology 

On-highway diesel emissions was expected to be further reduced 

to 0.2 g/ bhp-hr for NOX, and particulate emissions remain at 0.01 g/bhp-

hr. On-highway diesel emission levels, in conjunction with mandated use 

of ultra low sulfur diesel fuel for off-highway diesel engines begun in June 

2010, which resulted in further engine design changes and the use of 

additional after-treatment technologies as well as the use of the current 

diesel particulate filter technology. Fig 2.4 on page 19 illustrates the 2010 

engine technology requirements. The additional after-treatment devices 

that are used in the engine are: 

 lean NOX catalysts (LNC) 

 lean NOX traps (LNT) 

 NOX storage reduction catalysts (NSRC) 

 DeNOX catalysts 

 NOX absorbers 

 selective catalytic reduction (SCR) 

 diesel oxidation catalysts (DOC) 
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Fig 2-4 2010 Diesel Engine Technology [26] 

The use of these after-treatment devices result in further chemical 

limits being placed on future heavy-duty diesel engine oils to ensure 

catalyst compatibility. This will result in the development of a new engine 

oil service classification for heavy-duty diesel engine oils that will require a 

careful balancing act in providing engine durability to existing engines 

while still providing after-treatment compatibility and life. 

2.2.2 Proposed 2018 Engine Technology 

The latest applicable standard for diesel engine oil is the API CJ-4; 

with “proposed category” PC-11 in the process to take effect from 2018. 

Development of a new American Petroleum Institute (API) service 

category for heavy diesel engine oil always starts with a discussion by 

http://www.api.org/certification-programs/engine-oil-diesel-exhaust-fluid/service-categories.aspx
http://www.api.org/certification-programs/engine-oil-diesel-exhaust-fluid/service-categories.aspx
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engine makers, additive suppliers and lube formulators of a “Proposed 

Category (PC) [36].” 

The PC-11 may well lead to the release of not one but two new API 

service categories, according to industry experts. PC-11 is said to be 

launched both to address the coming reduction in carbon dioxide [CO2] 

emissions from truck engines and to help engines be more fuel-efficient 

[36]. The PC-11 is also intended to deliver lubricants that protect engine 

life and durability. The proposed two subcategories is due to desire to 

improve fuel efficiency while ensuring corresponding performance levels, 

and both subcategories would help engines meet the lower NOx 

standards that will start coming into effect for engines in model year 2014 

trucks. Engine Manufacturers Association (EMA) has specifically 

recommended is that there be two API service categories created. Both 

would help engines meet the lower NOx standards that will start coming 

into effect for engines in model year 2014 trucks.  

The first of the new API categories would be formulated to 

“preserve the historical heavy-duty oil criteria as represented by the 

current CJ-4 category and be backward-compatible with existing on- and 

off-highway engines. While the second new category would also “maintain 

engine durability but by using a lower-viscosity formula it would provide 

additional fuel-efficiency gains vs. current SAE 15W - 40 oils and it would 

http://fleetowner.com/green/archive/federal-fuel-efficiency-rules-0809
http://fleetowner.com/green/archive/federal-fuel-efficiency-rules-0809
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offer only limited backward-compatibility,” which would be dependent on 

OEM and engine maker requirements and vehicle applications. List of 

expected improvement for what PC-11 will accomplish in heavy-duty 

motor oil includes better oxidation stability, aeration, shear stability; less 

adhesive wear or “scuffing,” and compatibility with engines running 

biodiesel blends. Decision on whether or not to split PC-11 into two 

proposed categories would likely be made by 2014 and the goal of the 

industry is to have new oil formulations- whether one or two- on the 

market by 2016. 

The API CJ-4 currently in use has a goal of backward compatibility 

with the oil formulations of the older API CI - 4 and CI - 4 Plus 

classifications. Restrictions in SAPS for the oil brought a paradigm shift to 

engine oil technology. The reduction in ash levels from the norm of 1.3 

percent to 1.5 percent to the mandatory maximum of 1.0 percent and the 

additional reduction in sulfur levels of the base oil and additives to 0.4 

percent maximum required replacing conventional metal-containing 

additive chemistries with alternative additive chemistries that are low in 

metallic content, sulfur and in some cases ashless. The use of these 

alternative additive chemistries has reduced the engine oil's BN to a level 

ranging from 8 to 10. This lowering BN can reduce oil drain intervals in off-

highway diesel engines that will still be allowed to use low sulfur diesel 
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fuel (500 ppm maximum) till 2010. For on-highway diesel engines, this 

reduction in BN is not anticipated to affect current oil drain intervals 

because the use of ultra low sulfur diesel fuel (15 ppm maximum) will be 

the balancing factor in the oil drain interval equation. These factors could 

result in a differentiating of two different engine oils: one for off-highway 

diesel engines and the other for on-highway diesel engines for the next 

few years. Further, it is anticipated that some OEMs will require BN 

minimums depending upon the application their engines are used in. 

To meet the API CJ-4 limit of 0.12 percent phosphorus, the amount 

of ZDTP used in the formulation of heavy-duty diesel engine oils has been 

reduced. This reduction in ZDTP requires the use of alternative ashless 

antiwear agents to protect the valve train from wear. The reduction in 

sulfur levels to 0.4 percent maximum along with the NOACK volatility limits 

of 13 percent maximum and the need for increased oxidation stability due 

to the increased thermal stress placed on the engine oil from the use of 

heavy EGR rates and after-treatment have resulted in an increased use of 

Group II, Group III and Group IV basestock. 

Consumer demand for longer lasting oils and the concern over 

increased engine and oil sump temperatures due to current and future 

engine design to meet these emission standards have further driven the 
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development of new engine oil service categories. Summary of Diesel Oil 

API grades over the past fifty years is Appendix A 

2.3 Role of Lubricant Chemistry in Soot Formation 

Gautam et al [5] investigated the effects of base stock, dispersant 

level, and ZDDP level on nature of soot formed and resulting three-body 

wear. Their statistical analysis of Lubricant formulation suggested that 

base stock and dispersant levels were significant on oil’s wear 

performance, while the effect of ZDDP was negligible within the range of 

concentrations tested. They investigated the effects of soot contaminated 

engine oil on three-body wear. The effect of Phosphorus, dispersant and 

sulfonate levels as oil additives were tested and they concluded that there 

is an interaction between oil additives and soot in reducing the oil’s anti-

wear properties. 

Modern oil formulations for diesel engines contain the base oil and 

several lubricant additives, which are used to control deposits, wear 

corrosion, friction, oxidation, rust, etc. The principal compounds which are 

present in diesel engine oils for today’s engines include ashless 

dispersants, metallic detergents, oxidation inhibitors, rust inhibitors, anti-

wear additives, and oil-soluble polymers. Formulation of lubrication 

chemistry will go a long way to affect the nature of soot generated in 

engines. The basestock group used, additive properties and nature of their 
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degradation will determine nature of soot formed in diesel engines. 

Different formulation of soot will produce different nature of soot from the 

different additive and basestock composition. Different types of base stock 

used in modern engine oil formulation are described in Table 2.1 below. 

Table 2 2-1 API Base Stock Categories [37] 

 

2.3.1 Basestock 

Base Oils for lubricant formulations are usually mineral (Petroleum) 

or Synthetic, with vegetable Oils also becoming common in some 

specialized applications. Synthetics are made from petroleum or vegetable 

feedstocks and are made to be long lasting. The API has a classification 

for based Oils which are categorized into five categories (API 1509). The 

first three groups are refined from crude oil and are generally mineral oils, 

Group IV are full synthetics (Polyalphaolefin) oils, and Group V is all other 
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base oils not belonging to group I to IV. Basestock generally serves as the 

platform on which additives ride. 

In recent years, these categories have been informally subdivided 

into Group I+, Group II+, Group III+. Based on sources, base oil are 

classified as: 

 Paraffinic (Neutral Oils)- Derived from Paraffinic crude stocks 

 Naphthenic (Pale Oils)- Derived from Naphthenic Crude Stocks 

 Synthetics- Derived from Chemical Reactions or Highly Refined 

Paraffinic Stocks 

o Traditional Synthetics are Poly Alpha Olefins (PAO’s), 

Esters, etc 

o Hydro processed Synthetics are Group III Base Oils derived 

from Crude 

o GTL Synthetics are derived from Natural Gas 

2.3.1.1 Group I Base Oil 

Oils are classified as group I based on its less than 90 percent 

saturates quantity, greater than 0.03 percent sulfur and a viscosity-index 

range of 80 to 120. Oil temperature compatibility is usually within the 

range of 32 to 150 oF. The base oil type of this group is produced by the 

simple solvent-refining method which makes then cheap and readily 

available. 
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2.3.1.2 Group II Base Oil 

Oils in group II have more than 90 percent saturates, less that 0.03 

percent sulfur and a viscosity index of 80 to 120. They are produced by 

hydrocracking process and more complex than Group I base Oil 

production. Group II base oil has better antioxidant characteristics from its 

saturated hydrocarbon molecules chains. They are clear Oils than Group I 

base Oils but cost more. 

2.3.1.3 Group III Base Oils 

Oils in Group III have greater than 90 percent saturates, less than 

0.03% sulfur and viscosity index above 120. The Oils are refined from 

series of hydrocracking process under higher heat and pressure with the 

longer process ensuring purer base oil. The Oils are made from crude Oil 

but are sometimes referred to as crude hydrocarbon. These Oils are more 

expensive from the series of production process but are becoming more 

prevalent. 

2.3.1.4 Group IV Base Oils 

Group IV base oils are synthetics made from synthesizing process. 

They are polyalphaolefins (PAOs) and have much broader temperature 

range that is able to withstand extremely cold and high heat conditions. 

Synthetics are built from simpler substances to give desired oil properties 

required. Polyalfaolefins are all hydrocarbon structures, and contains no 
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sulfur, phosphorus or metals. They are wax-free with low pour points 

usually below -40oF (-40oC) with Viscosity grades ranging from 2 to 100 

cSt and Viscosity index for almost all grades exceeding 140. 

2.3.1.5 Group V Base Oils 

All other Oils not classified in group I – IV are classified as Group V. 

They include silicone, phosphate ester, polyalkylylene glycol (PAG), 

polyester, biolubes, etc. Basestock in this group are sometimes mixed with 

basestock from other groups for enhanced properties. Esters are common 

examples of base V oils used to enhance properties of other existing base 

oils. Esters will withstand higher operating temperatures and will provide 

superior detergency compared to synthetic base oil which will make it last 

extended hours of use. 

2.3.2 Lubricant Additives 

Lubricants play an important role in reducing wear and friction in 

Automobile engines, and potentially increase efficiency. The base Oil acts 

as transport upon which the additives ride. Additives are used to 

supplement the limitations of lubricants and to enhance the performance 

of base oils. The base oils as main lubricants must be viscous enough to 

maintain a lubricant film under operating conditions; they should be as 

fluid as possible to remove heat and to avoid power loss due to viscous 

drag. It should also be stable under thermal and oxidative stresses, have 
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low volatility and possess some ability to control friction and wear by itself. 

Base Oils used should have ability to dissolve the additives but to be inert 

toward metal surfaces, rubber seals and gaskets [38]. Lubricant additives 

are added to oils in small amounts to improve the lubricating capacity and 

durability of the oil. Each lubricant additive has its own primary purpose. 

Table 2.2 on page 29 shows each additive’s role for the overall 

mechanism of lubrication in oils with common examples. 
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Table 2-2 Lubricant Additives, Tasks and Examples [39] 

 

2.3.2.1 Detergent and Dispersants 

Detergent and dispersants control deposits and wear in oil. They 

keep sludge, carbon and other deposit precursors derived from partial 

oxidation of the fuel or lubricating oil suspended in the oil. There are 
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various detergents and dispersants which have been used for the control 

of deposits. The earliest of these are phenate and sulfonate metallic 

detergents, and more recently ashless dispersants such as the 

succinimides and the polymeric dispersant viscosity index improver (oil-

soluble polymers) 

Ashless dispersants are used in modern oil formulations for control 

of deposits. A common feature of the ashless dispersant structure is an oil 

solubilizing tail, usually based on polybutene of 700 - 3000 molecular 

weight, and a polar group usually derived from a polyamine or polyol. The 

linking of the polar head to the oil solubilizing tail is accomplished by 

diverse chemical reactions. The three main ashless dispersant types 

which are in use today are succinimides, Succinate esters and Alkylphenol 

amines. The succinimide dispersants represents the largest volume of 

ashless dispersant manufactured. 

Calcium sulfonate detergent is the most widely used metallic 

detergent additives. They are produced from oil soluble Mahogany 

sulfonic acids obtained in the refining of lubricating oils and by sulfonation 

of synthetic alkylbenzenes. The alkyl solubilizing group is approximately 

C18 to C20 or higher. The molecular weight of the sulfonic acid is normally 

450 or higher to provide adequate oil solubility. In addition to the metallic 

detergent such as the neutral sulfonate, modern oil formulations contain 
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basic metal which provide some detergency. Their main function is to 

neutralize acid and prevent corrosion from acids attack. Sulfuric acids 

results from oxidation of sulfur in diesel fuels. Overbased sulfonate, while 

providing base for neutralizing of acid, also acts as a pro-oxidant and can 

degrade anti-oxidant performance. Addition of overbased phenate does 

not degrade the antioxidant performance of other inhibitors and, in fact in 

some formulations will increase oxidation inhibition 

2.3.2.2 Oxidation Inhibitors 

The most important classes of oxidation inhibitors are Zinc Dialkyl 

Dithiphosphates (ZDDP), Aromatic Amines, Hindered Phenols, Sulfurized 

Products. The most commercially important class is the ZnDTPs which are 

used in most diesel and industrial oils. In certain special applications, 

including natural gas engines and turbine oil, ashless oxidation inhibitors 

such as hindered phenolics, aromatic amines, and organic sulfur 

compounds are used instead of the ZnDTPs. Types of Oxidation inhibitors 

and there uses is described in Table 2.3 on page 32 below. 
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Table 2-3 Major Classes of Oxidation Inhibitors and Their Applications 

 
 

2.3.2.3 Antiwear Additives 

Extreme pressure (EP) and Antiwear additives are used to form a 

protective film on metal surfaces. Practically all modern engine oil 

formulations rely on the use of ZnDTP for the control, not only of oxidation, 

but also of corrosion and EP wear. In certain special applications, other 

phosphorus, sulfur and chlorine containing compounds are used. ZnDTP 

is the oxidation and wear inhibitor of choice, wherever the application 

allows on a cost performance basis. This class of additive is normally 

prepared by the reaction of an alcohol or an alkyl phenol with phosphorus 

pentasulfide to produce an acid which is neutralized with zinc oxide to 
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yield a zinc salt, ZnDTP. Since the alkyl and aryl ZnDTPs provide a 

different balance of functions, a single ZnDTP or a mixture of ZnDTPs is 

used in modern oil formulations, depending upon service requirement.  

2.4 Role of Engine Age in Soot Formation 

Two separate factors are basically identified to affect nature of soot 

formed in oil as engine age increases. It is assumed that as diesel engine 

ages and accumulates high mileage, the diesel engine produce higher 

emissions which are recirculated into the engine through the Exhaust Gas 

Recirculation System (EGR). These emissions come in the form of CO, 

NOx and Particulate Matters and their thermo oxidative reaction with 

degraded composition of lubricant chemistries are determinant of nature of 

soot generated in diesel engine. A 10 year old diesel engine will for 

example produce more emissions than a new engine and will be believed 

to generate soot with more abrasive composition.  

The combustion process can also influence soot characteristics, 

with combustion efficiency changing in different engine ages. Vander Wal 

and Tomasek [40] using a high flow reactor found that the nanostructure 

of soot depends upon its formation conditions, such as temperature and 

residence time. Zhu et al. [41] found that the crystallite degree of soot 

increases with engine load and exhaust temperature. In addition, it is also 

found that soot particle size tends to decrease when the exhaust 
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temperature increases due to the particle oxidation at high temperature. 

The combustion process can also change with different engine technology 

that change will change in diesel engine across different engine age 

range. With improvement in engine technology; NOx, CO and PM 

produced in diesel engines has been seen to reduce [42].  From the EPA 

emission standard used for certifying engines, a 1998 model year heavy-

duty engine (used in a bus) would produce less NOx by a factor of 2.5 and 

less PM by a factor of 12 relative to a 1988 model year engine. Effect of 

technology level on vehicle emission in engines was also determined by 

comparing test data from two Detroit Diesel 6V-92TA engines. The newer 

engine made five years after the older engine produced emissions for NOx 

and CO that were lower than those of the older engine. A reduction of 

71% CO and 45% PM was observed with only increase in the HC 

composition produced by a factor of 11%. Comparison of the two engines 

showed that majority of the exhaust gas constituents have reduced over 

five years period. Exhaust Gas composition changes for two engines due 

to change in engine technology is shown in Table 2.4 on page 35 below. 
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Table 2-4 Exhaust Gas Comparison in Different Engine Ages [42] 

 

Technology advances that have improved exhaust gas products over 

years include improved engine combustion chamber design and 

introduction of variable geometry turbochargers.  

2.5 Soot Formation in EGR Diesel Engine 

Soot is in the form of necklace-like agglomerates of around 100 nm 

size. They are composed of collections of smaller, basic particle units that 

are spherical or nearly spherical in shape. Soot clusters may contain as 

many as 4000 spherules. The size of the spherules varies in diameter 

from 10–80 nm, but mostly lies between 15–50 nm. The surface of the 
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spherules has adhering hydrocarbon material and inorganic material 

(mostly sulfates). The inorganic materials are main sources of abrasives 

that impacts wear. 

Exhaust gas recirculation (EGR) has proved to be an improved 

method of reducing NOX emission and is mostly practically implemented in 

most diesel engines worldwide. The EGR however leads to increase in 

soot recirculation because of soot- NOx trade- off. The EGR generated 

soot leads to several problems in engines like oil thickening, oil 

degradation, and enhanced engine wear, etc. Singh et al [9] investigated 

the effect of EGR on characteristics of lubricating oil with time of its usage; 

he found higher soot loading with deposits of graphitic carbon and ionic 

metal compounds on vital parts of the engine operating with EGR. 

Experimental investigations by Wade [43] and Needham et al [44] has 

also shown that particulate matter (PM) emission increases consistently 

as the rate of EGR increases. 

EG% =  
    

            
  X 100  

Where, VEGR = volume of recirculating exhaust gas, VAIR = volume of 

fresh air entered into intake manifold 

Majority of particulate matters (PM) originates with soot particles 

which are formed in fuel rich regions of burning diesel jets. The 

fundamentals of soot formation and oxidation in compression ignition 
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diesel engine had been described by Smith [45], Haynes and Wagner [46], 

and Glassman [47]. Work by these authors gives a background to the 

physical processes involved in the formation and oxidation of soot. Soot is 

a solid substance consisting of roughly eight parts carbon and one part 

hydrogen. Newly formed particles has the highest hydrogen content with 

C/H ratio as low as one, but as soot matures, the hydrogen content 

decreases. C Zhou, Zhi- Qiang et al [48] has reported soot to have a 

density of 1.84 ± 0.1 g/cm3 and result by other authors fall in range. Soot 

is formed from unburnt fuel which nucleates from the vapor phase to a 

solid- phase in fuel rich regions at elevated temperatures. Hydrocarbon or 

other available molecules may condense on, or be absorbed by soot 

depending on the surrounding conditions. 

Particulate matter (PM) is formed which is a combination of soot 

and other liquid- or solid- phase materials that are collected when product 

exhaust gases pass through a filter. The fraction of particulate which is 

soot is often estimated by finding the insoluble portion of the particulate. 

The portion of soot in PM is estimated by finding insoluble portion of the 

PM, this may vary but typically higher than 50% of the total PM. The other 

constituent in the PM will include unburned/ partially burned fuel/ lubricant 

oil, bound water, wear metals and fuel derived sulfate [47] 

2.5.1 Soot processes 
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The transformation of liquid- or vapor- phase hydrocarbon to solid 

soot particles, and possibly back to gas- phase products involves six 

commonly identified processes: Pyrolysis, Nucleation, Surface growth, 

Coalescence and Agglomeration, and Oxidation. The sixth process, which 

is oxidation, converts hydrocarbons to CO, CO2 and H2O at any point in 

the process. ‘Net soot formation’ describes the overall combination of soot 

formation and oxidation. 

2.5.1.1 Oxidation 

This involves the conversion of carbon or hydrocarbon to 

combustion products. Oxidation process can be anytime during the soot 

formation process from pyrolysis to agglomeration. The most active 

oxidation specie depends on the process and state of oxidation at the 

time. Glassman [47] states that soot particle oxidation occur when the 

temperature is higher than 1300 K. Oxidation of small particles is 

considered a two stage process. First, chemical attachment of oxygen to 

the surface (absorption), and second, desorption of oxygen with attached 

fuel component from the surface as a product [47]. Bartok and Sarofim 

[49] believe that OH is most likely to dominate soot oxidation under fuel- 

rich and stoichiometric conditions; soot is oxidized by both OH and O2. 

Haynes and Wagner [46] state that about 10- 20% of all OH collisions with 

soot are effective at gasifying a carbon atom 
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2.5.1.2 Fuel pyrolysis 

This is the process of alteration of molecular structure of organic 

compounds (Fuel) at very high temperatures without significant oxidation 

even at the presence of oxygen species. These reactions are endothermic 

and temperature dependent [45] and are also a function of concentration. 

The process results in production of species which are precursors or 

building block for soot. The soot precursor formation is competitive 

between rate of pure fuel pyrolysis and precursor oxidation by hydroxyl 

radical, OH. Both pyrolysis and oxidation rate increases with temperature, 

but the oxidation rate increases faster. Radical diffusion is necessary for 

diffusion flames, especially H which accelerates pyrolysis when diffused 

into the fuel- rich zone. Smith [45] commented that small amounts of O, 

O2, OH is expected to accelerate pyrolysis since many of the reaction 

takes place by means of free radicals mechanism. 

All fuels undergo pyrolysis and produce essentially the same 

specie: Unsaturated hydrocarbons, polyacetylenes, polycyclic aromatic 

hydrocarbons (PAH) and most especially acetylene. Smith [45] adds that 

in the presence of sufficient O and OH, some acetylene is oxidized to 

relatively inert products. Haynes and Wagner [46] listed C2H2, C2H4, CH4, 

C3H6 and benzene as typical pyrolysis products in laminar diffusion 

flames. Radicals are formed during pyrolysis and Glassman [47] in his 
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work has shown that larger molecules increase the radical pool size. Fig 

2.5 below shows a schematic of sequence of the first five processes of 

soot formation. 

 

Fig 2-5 Schematic path leading to soot formation [47] 

2.5.1.3 Nucleation 

This is a soot particle inception process which involves formation of 

particles from gas- phase reactants. Bartok and Sarofim [49] found the 

smallest identifiable solid particles in luminous flames to have diameters in 

the 1.5 - 2.0 nm range; these particles are referred to as nuclei. They 
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further suggested the particle inception process to probably consist of 

radical additions of small, probably aliphatic hydrocarbons to larger 

aromatic molecules. Reports on particle nucleation temperatures may vary 

from 1300 to 1600 K. The particle nuclei do not contribute significantly to 

the total mass, but do have a significant influence on the mass added 

later, because they provide sites for surface growth. Nucleation is spatially 

restricted to regions near the primary reaction zone where the 

temperatures, radicals, and ion concentrations are the highest in both 

premixed and diffusion flames [49] 

In the investigation of nucleation of soot by Glassman [47], he 

found that a fuel-independent soot formation mechanism may exist, which 

has alternate routes to immediate species. The routes are affected by 

temperature and initial fuel type. Propensity for soot is determined by the 

initial rate of formation of the first and second ring structures. The process 

of growth to larger aromatic ring structures leading to soot nucleation and 

growth are similar for all fuels and faster for subsequent rings than the 

first. The relatively slow formation of the initial aromatic aromatic rings 

controls the incipient soot formation rate, which determines amount of soot 

formed. Two propynyl radicals, C3H3 are likely to form the first ring. The 

aromatic ring is believed to add alkyl groups turning into a PAH structure 

which grows in the presence of acetylene and other vapor phase soot 
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precursors. At some point, PAH becomes large enough to develop into 

particle nuclei, which at this point contains large amount of hydrogen. 

Haynes and Wagner [46] notes that ring-rupture slows down the rate of 

soot formation and reduces final yield 

Bryce et al [50] observed three soot nucleation routes viz:  

(1) Cyclization of chain molecules into ring structures. This is found 

when acetylene molecules combine to form a benzene ring 

(2) A direct path where aromatic rings dehydrogenate at low 

temperature and form polycyclics  

(3) Breakup and recrystallization of rings at higher temperatures 

2.5.1.4 Surface Growth 

This is the addition of mass to the surface of a nucleated soot 

particle. There are no clear distinction between the end of a nucleation 

and the beginning of surface growth, in reality both process are 

concurrent. During the process, hot reactive surface of soot particles 

readily accepts gas- phase hydrocarbons which are mostly acetylenes. 

This leads to an increase in soot mass, while the number of particles 

remains constant. Surface growth continues as the particles move away 

from the primary reaction zone into cooler and less reactive regions, even 

where hydrocarbon concentrations are below the soot inception limits [43]. 

The majority of the soot mass is added during surface growth and thus, 
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the residence time of the surface growth process has a large influence on 

the total soot mass or soot volume fraction. Surface growth rate are higher 

for small particles than for larger particles because small particles have 

more reactive radical sites [46]. 

2.5.1.5 Coalescence and Agglomeration 

These two processes are both combination processes for primary 

soot particles. Coalescence (also called coagulation) occur when particles 

collide and coalesce, decreasing number of primary soot particles and 

holding a constant combined mass for the combined particles. During the 

coalescence, two or more roughly spherically shaped particles combine to 

form a single spherically shaped particle. Agglomeration occurs when 

individual or primary particles stick together to form large groups of 

primary particles, and then the primary particles maintain their shape. 

Typically, the combined soot particles form chain- like structures, but 

clumping of particles has also been observed in some cases. Schematic 

of primary soot particle is shown in Fig 2.6 on page 44 below. 
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Fig 2-6 Schematic of primary soot particles 

EGR soot from diesel engines consists of primary particles of 

spherical shape which agglomerate to form long chain- like structures. The 

primary soot size particle size will vary depending on operating conditions, 

injector type and injector conditions, but most of the size observed has 

been in 20 - 70 nm range. In the work of Mitchell et al [51], they measured 

soot particle size by using a sampling probe and observed primary particle 

size of 20 - 50 nm with an average of 30 nm. Peck et al [52] used the 

optical scattering technique and reported a range of 30 - 70 nm for the 

primary particle diameter. In-cylinder scattering measurement by Tree and 

Foster [53], and Pinson and Litzinger [54] have shown result for estimates 

of 30 - 50 nm and 40 - 65 nm respectively. After combustion ends, soot 
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particles agglomerate further to form chain- like structures of 100 nm to 2 

µm size. 

2.5.2 Kinetic Mechanisms and Models of Soot Formation 

The work of various authors has modeled formation of soot in 

diesel engines, but three representative models are more common, which 

ranges from the simple to complex. Most commonly used model uses one 

global rate expression for soot formation and one rate expression for soot 

oxidation. Most commonly used models for formation soot are those of 

Nakanishi and Kadota [55] and Nagle and Strickland-Constable [56] 

respectively. Formation and oxidation are both high temperature 

dependent represented by Arrhenius type expressions. Rate of formation 

is proportional to fuel vapor concentration and oxidation increases with 

increasing oxygen partial pressure and increasing soot mass. 

2.6 Wear Induced Mechanism of Soot 

Work by various researchers has been carried out to understand 

soot induced wear mechanism and they have come up with various 

possible models. All the models do not necessarily agree but they give a 

better understanding of the subject matter. Rounds [19,57-59] in his four-

ball wear test of soot contaminated oil came up with an idea that soot itself 

is not abrasive but soot preferentially adsorb the antiwear additive, and the 

adsorption of antiwear additive was the reason for wear in the engine. This 
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was the plausible reason he provided for the wear taking place in a diesel 

engine. He also performed hardness tests to compare soot and alumina 

which is a known abrasive, and disagreed with the concept that soot 

removed the surface coating by abrasive action, since the hardness of 

soot is lower than the hardness of alumina. He believes that engine load 

and EGR have a large effect on the pro-wear characteristics of soot. 

Several authors have disputed the adsorption theory proposed by Rounds. 

Nagai et al. [21] performed tests on valve train to study soot 

induced wear. They concluded that the wear of cam noses and rocker arm 

tips was found to increase significantly with the increase in EGR rate. The 

drain oil analysis at the end of each EGR test run indicated evidence of 

elements such as zinc and phosphorous, which contradicted the 

adsorption theory proposed by Rounds. They also carried out tests using 

the four-ball wear tester and it was concluded that, soot strips off the anti-

wear film formed on lubricated metal surface and that subsequent metallic 

contact accelerated the wear process. They also concluded that soot 

might incorporate very hard particle from thermo oxidation of the wear 

metal and oil additives under the high-pressure conditions and might be 

abrasive to the metal. 

Berbeizer et al. [60] evaluated special test blends of different types 

of commercial carbon black and concluded that bore polishing is 
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influenced more by the size, nature, and concentration of carbon black 

rather than by the products of oil degradation. They suggested that 

decreasing the amount of carbon black reaching the piston or suspension 

in the lubricant could reduce bore polishing and that bore polishing can be 

reduced by reducing the elementary carbon black particles, or by 

completely changing the microstructure of graphitized carbon. They also 

suggested that abrasive wear is not the sole factor contributing to 

increased wear, but two other phenomena also play important roles; 

decreased surface coverage rate by ZDDP molecules due to physical 

adsorption of carbon black on the surface and subsequent modification of 

physical and mechanical properties of the reaction film by the introduction 

of carbon in their composition. 

Kim et al. [61] investigated the effects of oil formulations on diesel 

engine valve train wear and concluded that laboratory wear tests could 

properly differentiate the anti-wear performance provided by different 

engine oils. The anti-wear properties of the diesel engine oil could be 

improved by increasing the ZDDP concentration. They suggested that 

improved engine oil specifications, as the existing diesel engine oil at the 

time was not adequate to protect every engine. Chinas-Castillo and 

Spikes [62] studied the behavior of diluted soot containing oils in 

lubricated contacts using carbon black colloid, lampblack colloid, and used 
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engine oil. Ultra-thin film interferometry and image analysis techniques 

showed that soot colloid particles are entrained in the lubricated contact 

inlets which can influence the friction and wear characteristics of the base 

stock. Their study showed that the entrainment of soot particles occur at 

slow speeds, affecting the film characteristics of clean engine oils and the 

process is more pronounced at high temperatures. 

Needelman and Madhavan [63] concluded that contamination of 

the lube oil causes wear of engine components and also suggested that, a 

special relationship is present between the size of the contaminant 

particles and the thickness of dynamic oil films. The contaminant particles 

larger than the oil film cause wear of engine components by making 

simultaneous contact with both the surfaces. Cadman and Johnson [64] 

analyzed used oil samples for wear debris using analytical ferrography 

technique. Result of a 15% EGR in their test showed significant increase 

in the concentration of the wear particles ten times higher than normal 

baseline levels, which made them to conclude that soot acts as an 

abrasive to remove the anti-wear surface coating provided by the additives 

in the lubricant. Corso and Adamo [65,66] suggested that soot 

contaminants interact with the adsorption/ chemisorption mechanism of 

ZDDP on metal surfaces causing a transition from anti-wear Fe3O4 to pro-
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wear FeO aided by the soot in the lubricant which prevents access of 

oxygen to the metal surfaces.  

Akiyama et al. [67] believes that cylinder wear of diesel engine 

equipped with EGR increases at low temperatures and suggested that the 

abnormal wear may be due to corrosion of cast iron caused by formation 

of sulfuric acid from reaction of condensed water with combustion SOx. 

This model may however not be a primary reason for engine wear as the 

sulfur content in diesel engines has been reduced to 0.05 wt.%. Gautam 

et al. [5,68] investigated the effects of soot contaminated engine oil on 

three-body wear. The effect of Phosphorus, dispersant and sulfonate 

levels as oil additives were tested and they concluded that there is an 

interaction between oil additives and soot in reducing the oil’s anti-wear 

properties. They also concluded that wear increases with higher soot 

concentration and decreases with higher phosphorous concentration. 

They performed tests on the ball-on-flat-disk setup with soot and alumina 

comparing their wear ratios, and they concluded that abrasion could be 

the major mechanism involved in the diesel engine wear. They [5] also 

investigated the effects of base stock, dispersant level, and ZDDP level on 

three-body wear. Their result indicated that the oil’s anti-wear properties 

were reduced as a result of soot. The statistical analysis led to the 

conclusion that base stock and dispersant levels were significant on oil’s 
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wear performance, while the effect of ZDDP was negligible within the 

range of concentrations tested. Ball-on-flat-disk tests showed that the 

wear scar diameter as a result of soot was similar to that due to alumina 

indicating that the wear due to soot is abrasive in nature. EDAX (energy 

dispersive X-ray analysis) tests performed on soot samples showed that 

there was no adsorption of anti-wear agents by soot  

2.7 Field based Condition Monitoring of Soot 

The ASTM D7686 - 11 is the currently used standard for field based 

condition monitoring of soot in- service petroleum and hydrocarbon based 

lubricants. The standard is applicable to oils having soot levels under 

12%, a level under which EGR soot usually falls. The standard is intended 

for field test only and its objective is to help diagonise the operational 

condition of the engine based on measuring the level of soot in the oil, this 

standard measures only soot content in lubricant oil and there are other 

methods for more complex analysis for all degradation products in the oils. 

The test method used filter based infrared technology to acquire spectral 

data for measuring soot for in- service used lubricant samples employing a 

fixed - filter IR instrument. Calibration is done against prepared soot 

standard which is usually a new unused lubricant oil sample. 

The ASTM E2412 - 10 is also used for more complex condition 

monitoring. It monitors additive depletion, contaminant build- up, and base 
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stock degradation in normal machinery operation. Contaminants 

monitored include soot, water, ethylene glycol, fuels and incorrect oil. 

Oxidation, nitration and sulfonation of base stock can also be monitored 

as evidence of degradation. The practice is based on trending and 

distribution response analysis from mid-Infrared absorption 

measurements. Interpretation parameter for this standard allows a 

universal comparison of measurement and data from FTIR spectrometry 

by different operators. The data generated from this practice is used in 

conjunction with other testing methods to get a full view of the elemental 

analysis of the wear metal levels. Illustration of the ASTM standard for 

measurement of Diesel soot in used lubricant using Trend Analysis in 

FTIR Spectroscopy is shown in Fig 2.7 on page 52 below. 
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Fig 2-7 ASTM standard measurement of Diesel soot in used lubricant 

using Trend Analysis in FTIR spectroscopy [69] 

Fig. 2 7 shows the mid- infrared measurement of soot at baseline 

offset at 2000 cm-1. The spectra shows low, intermediate, high, and very 

high soot loading levels (increasing levels from 1 through 5). High water 

levels can interfere with the measurement of soot in internal combustion 

engine crankcase. However, this only become significant when water level 

is in the order of > 5% (50 000 ppm), which will immediately condemn the 

lubricant and require immediate maintenance action irrespective of any 

other indicators. 
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Soot does not have a specific frequency of absorption in the 

infrared spectrum, but a change in concentration will cause a shift in the in 

the baseline of the spectrum due to absorption and scattering of light. 

Since there are no other spectral features in the region at 1950 cm-1, 

spectra shift at this area is used to assess the level of soot in the sample 

as can be seen above. The baseline absorbance is measured prior to 

reference oil subtraction. The baseline shift caused by soot is affected by 

the amount of soot present and the effective particle size. The amount of 

soot and effective particle size is determined by nature of combustion 

system, and dispersant in the oil. This makes it inherent to establish 

engine types and lubricants of interest for which test is applied. 
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Chapter 3  

EGR Soot from Mineral based Diesel Oil 

This chapter discusses the role of lubricant chemistry from mineral 

base stock and role of engine age on the nature of EGR soot generated in 

diesel engine of different ages. Mineral based lubricants are classified in 

the API Base Oil categories of Group I to III and usually contain about 

0.03 or greater percentage of Sulphur. The presence of sulfur in base 

stock can easily lead to other corrosive reactions which are catalysts for 

corrosive and other forms of wear in Diesel engines; this will be a 

determinant to formation of other crystalline nano particles in diesel soot 

which will induce wear. Degradation of other lubricant additives used in 

formulation of lubricant chemistry can also be a determinant of 

contribution of lubricant chemistry to nature of EGR soot formed under 

engine operating conditions. Efficiency in combustion capacity of diesel 

engine with age will change and this is studied to understand its 

contributions to nature of EGR soot generated in engines of different 

engine ages. Factors such as change in engine technologies overtime will 

also affect combustion with different diesel engines and hence nature of 

soot generated. The discussion is as seen for an Exhaust Gas 

Recirculation (EGR) diesel engine. 
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3.1 Introduction 

EGR soot samples analyzed was extracted from SAE 15W-40 type 

Mineral based used Diesel Oil of approximately 50,000 miles of oil change 

from Detroit DD15 engines. The used Oil was acquired from Speedco Oil 

change facility, Indianapolis, IN. The Oil type is from a known diesel Oil 

manufacturer with known Oil properties. Three samples of different engine 

ages are analyzed labeled SP A, SP B and SP C of 54,000 miles, 247,000 

miles, and 306,000 miles respectively to study the role of engine age and 

lubricant chemistry on nature of EGR soot formed.  

3.2 Soot Extraction 

The EGR soot is formed from recirculated particulate matter (PM), 

NOx and CO combustion product in Diesel Oil. EGR soot sample is not 

readily obtained, but is extracted from used Oil from a series of extraction 

processes to get sample for further analysis. The extraction and handling 

processes is as described. 

3.2.1 Oil Dissolution 

Used diesel oil is mixed with hexane as solvent in approximately 50 

wt % dilution. A proper mix of used oil and hexane is ensured by heating 

together in an ultrasonic heater for about 10 minutes. A 1000ml glass tube 

is recommended to achieve extraction of more quantity of soot at a time; 

the weight of the glass tube is noted, and weight of used oil sample and 
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hexane at each mix should also be noted. Weighted dissolved used oil in 

hexane is shown in Fig 3.1 below. Noting the quantity/ weight of used oil 

sample and comparing with quantity/ weight of soot obtained can give an 

idea of % soot concentration of used oil sample (though % soot 

concentration obtained from extraction will not give an exact concentration 

of soot in used oil because some of the soot will have been lost during the 

extraction).  

 

Fig 3-1 Weighted used oil sample 

3.2.2 Centrifuging Process 

After ensuring a proper mix of the used oil sample with about 50% 

quantity of hexane, the mixture was centrifuged in a SORVALL SS 34 

centrifuge which accommodated up to eight (8) numbers of 32mm x 

100mm centrifuge bottles at a time. All the centrifuge bottles were filled to 
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the same volume which ensured a proper balancing of the centrifuge disc. 

To fill the centrifuge bottle, a standard volume of oil sample mixture was 

measured for all the bottles using a measuring cylinder. Fig 3.2 below 

shows a typical centrifuge and centrifuge bottle holder (disc). 

After balancing of centrifuge bottles in the disc, centrifuge 

parameters were set for operations to give optimal soot sediment. 

Operating conditions for optimal extraction was set at 12000 rpm for 2 

hours duration. The supernatant from each bottle were carefully removed 

into a glass tube to remove the soot particles settled at the bottom of the 

tube. Solid soot particle settled at the bottom of the bottle which can be 

scooped out with a spatula. The process is repeated for all centrifuge 

bottles to extract soot particles. 

 
Fig 3-2 (a) Sorvall SS34 centrifuge (b) Centrifuge bottle holder 

3.2.3 Soxhlet Process 
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Soot obtained from the centrifuging is not clean enough and still 

contains some oil in it, and soot samples were further cleaned in a 

soxhletting process. The soxhletting process removed oil still attached to 

soot particles to give oil-free soot. The process was carried out for 48 

hours period. Cleaning was achieved by heating up hexane to boiling point 

and leaving it to condense into the soot sample to wash out oil through the 

pores of the thimbles in which soot is placed; thimbles size of 8µm pore 

size was used in the process. The whole soxhletting process was carried 

out in an experimental fume hood to ensure safety precautions, as seen in 

Fig 3.3 below. 

 

Fig 3-3 Soxhlet setup in an experimental fume hood (b) 8 um cellulose 

thimble 

3.2.4 Drying and Storage 
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On completion of soxhletting, the thimble is removed from the 

Soxhlet and left in the fume hood for soot to dry up. Dried soot should be 

carefully removed from the thimble to maximize extraction and minimize 

waste. The dried soot is ground to fine powder using an experimental 

mortar and pistil. The final weight of soot is obtained using the weigh 

balance and recorded before storage in a glass tube properly closed in a 

dry environment. The soot samples are then stored for further analysis. 

3.3 Elemental Composition Studies of Used Oil Samples 

Elemental Analysis of used Diesel Oil sample shows the level of 

contamination from wear metals, lubricant degradation and external 

contaminants. Contaminations and degraded lubricant chemistries in 

diesel oil under the high operating conditions of diesel engines are 

believed to result in formation of crystalline nano particles within soot, 

which are abrasive and are causes of wear in EGR Diesel Engine. Table 

3.1 on page 60 below shows detail of chemical analysis for the used oil 

samples from which studied EGR soot was extracted. 
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Table 3-1 Spectrochemical Analysis of mineral based SAE 15-40 used oil 

samples 

 

The spectrochemical analysis measures different metals in parts 

per million (ppm) that represent equipment wear, lubricant additives and 

system contaminants. The ICP - AES (Inductively coupled plasma atomic 

emission spectroscopy) is used to carry out the test observing wear 

metals and other contaminants in used lubricants. 

3.3.1 Spectrochemical Analysis for Wear Metals 

Abnormal wear is indicated by combination of metals and/or 

reaction of wear metals with degraded lubrication chemistries. There could 

also be other possible secondary sources. The interpretation of sources of 

elements in the stochiochemical analysis of the used engine oil lubricant 

sample is given in tables 3 – 2 to 3. - 4 in pages 61 – 62 below. 
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Table 3-2 Spectrochemical Analysis of Wear Metals 
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Table 3-3 Spectrochemical Analyses of Lubricant Additives 

 

Table3-4 Spectrochemical Analysis of Contaminants 

 

The various elements which make up the chemistry of the used oil 

samples are from oil composition and possible reaction products formed 

under engine operating conditions. Some of the reaction products form 

third body nano- sized particles which are incorporated and become part 

of the turbostratic structure of soot. These nano - sized particles in the 

form of crystalline or amorphous can be source of abrasion and causes of 

wear in EGR engines. From the stochiochemical analysis, contributions 

from equipment wear, engine oil additives and contaminants are seen in 
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the oil. Reaction of the breakdown of additive chemistry of the oil with 

equipment wear product and contaminants are believed as possible result 

of the nano- sized crystalline and amorphous phases.  

Stochiochemical result show the presence of high amount of Zinc 

and Phosphorus from ZDDP antiwear additive, high amount of Calcium 

from detergent, and high level of Iron from equipment wear. Possible 

reaction of these chemistries to form second phase crystalline and 

amorphous nano-sized abrasive particles which influence nature of soot 

formed in EGR engines were further studied using the Raman, HR-TEM, 

XRD, and XANES Spectroscopy. This will validate suggestions about 

formation of nano crystalline abrasive particles in EGR soot. 

3.4 Raman studies of Soot samples 

Raman spectroscopy has been used to investigate short-range 

highly disordered graphitic structures. Studies have shown that different 

soot types can be distinguished based on the degree of graphitization. 

The integrated intensity ratio of D and G (D/G) peaks is inversely 

proportional to microcrystalline planer size La that corresponds to the in - 

plane dimension of the single microcrystalline domain in graphite [70-72]. 

Information is obtained from analyzing spectral features such as intensity, 

peak position, line shape, and bandwidth between 800 and 2000 cm-1. 

3.4.1 Experimental Procedure for Raman Studies 
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The equipment used for the Raman test was the Thermo scientific 

DXR spectrometer which employs a diode pumped solid-state type laser 

as a source of illumination. The collection system is configured to use 

backscattered configuration. Soot samples were analyzed by visualizing 

using a 10x microscope objective lens. A solid-state laser of 532 nm 

frequency and maximum power output of 10 mW was used. A low laser 

power was used to avoid excessive heating of soot sample; a laser power 

of 1 mW was used in analyzing the Raman Spectra. Laser spot diameter 

was 2 µm with 25µm slit size for the fully focused laser beam. Spectral 

resolution was 5 cm-1 at 532 nm with wavelength range from 800 cm-1 to 

2000 cm-1. 

Soot thickness of about 1 mm thick was densely pressed on a glass 

slide to create a macroscopically smooth surface of sample as they were 

analyzed. The glass slide is held by a sample holder and positioned under 

the microscope to focus white light. On getting a focus of sample, the 

white beam is replaced with laser beam which acquire the Raman spectra 

of sample. Curve fitting for the determination of spectral parameters was 

performed using the OriginLab software. Curve fit was plotted from 

combination of various line shapes. Best fit of the curve was accomplished 

without fixing or limiting the range of any spectral parameters during 

iteration. 
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3.4.2 Raman Spectra Analysis by Curve Fitting 

Studies have found that different types of soot could be 

distinguished according to their degree of graphitization [73]. In this study, 

the Lorentzian line shape was evaluated for the analysis and 

determination of spectral parameters by curve fitting. Raman spectra of 

carbonaceous materials exhibit a broad band at about 1500 cm-1 which is 

associated with amorphous sp2 bonded carbon. It is noted that sp3 bonded 

carbon have vibrational frequency below 1500 cm-1 and this observation 

suggests a higher probability of sp2 bonded amorphous carbons. The best 

fit for the samples was achieved combination of line shape for G, D1 and 

D3 peaks. The Lorentz line shape can be used for all four G, D1, D3 and D4 

peaks or the Lorentzian line shape for G, D1, and D4 peak and Gaussian 

line shape for D3 peak. The Lorentzian line shape was used to fit G, D1 

and D4, while Gaussian was used to fit D3 at approximately 1350, 1595, 

1200 and 1520 respectively in agreement with studies by Sadezky et al 

[73]. 

Studies from previous work showed that the intensity maximum at 

~1590 cm-1 (known as G band) is analogues to ideal graphitic vibration 

mode. Increased degree of disorder in the graphite structure gives rise to 

the peak maxima at ~1350 cm-1 which corresponds to disordered graphite, 

this peak maximum is known as D1 peak (Defect bands). Strong signal 
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intensity designated as D3 (A) can also be noticed at ~1500 cm-1 which 

originates from the amorphous carbon fraction of soot (organic molecules, 

fragments or functional groups) and/ or amorphous sp2 bonded forms of 

carbon. A fourth peak D4 in the fitting took into account disordered 

graphitic lattice due to polyenes and/or ionic impurities. 

3.4.3 Raman Spectra Analysis of Soot Samples 

Analysis of the spectra was obtained by analyzing full width half 

maximum (FWHM) of the peaks, peak intensity and peak position; curve 

fitted data and ratio of D/G peak intensity. Deconvoluted Raman peaks for 

samples SP A, SP B, SP C and Carbon black are shown in Fig 3.4 on 

page 67 and Table 3.5 on page 68 below. The ratio of ID/IG is related to 

the structural defects in the basal plane of individual graphene layers. With 

a high amorphous content of soot, the D3 band broadens and differences 

in intensities may become significant [74]. D1 implies disordered graphitic 

lattice and is indicative of polycrystalline materials consisting of large 

number of small poly-oriented graphite - like structures. A high D1 will 

imply high intensity of disordered graphitic structures, which are caused 

from contributions from other crystalline phases. These other crystalline 

phases may be from small poly-oriented structures likely formed from 

thermo oxidative reaction of degraded lubricants chemistries. 
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Fig 3-4 Deconvoluted Raman spectra fitted with Lorentzian curve fit for G, 

D1, D3 and D4 peaks for samples (a) SP A, (b) SP B (c) SP C and (d) 

Carbon black 
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Table 3-5 Raman Peak Analysis of Carbon Black and Soot Samples 

SP A, SP B and SP C 

SAMPLE PEAK 
PEAK 

POSITION 
INTENSITY D1 /G D3 /G D4 /G 

(D1 + D3 + D4)/ 
G 

SP A 
(54,000 miles 

Engine) 

G 1596.38 741.22 - - - 
2.52 

D1 1348.59 1703.87 2.30 - - 

D3 1536.91 168.40 - 0.227 - 

D4 - - - - - 

SP B 
(247,000 miles 

Engine) 

G 1596.44 838.16 - - - 
3.10 

D1 1348.08 2344.19 2.80 - - 

D3 1530.90 253.78 - 0.303 - 

D4 - - - - - 

SP C 
(306,000 miles 

Engine) 

G 1597.86 1109.76 - - - 
3.83 

D1 1348.24 3784.20 3.41 - - 

D3 1538.57 435.65 - 0.393 - 

D4 - - - - - 

Carbon Black 
 

G 1585.16 67.35 - - - 
5.16 

 
 
 
 

D1 1332.19 93.96 1.40 - - 

D3 1480.20 182.69 - 2.71 - 

D4 1035.90 70.24 - - 1.04 

 

G = Ideal Graphitic Lattice 

D1 = Disordered graphitic lattice (graphene layer edges) 

D3 (A) = Amorphous carbon 

D4 (I) = Disordered graphitic lattice, polyenes, ionic impurities 

3.4.4 Discussion of Raman Spectra of EGR Soot Samples 
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Degree of graphitization of EGR soot formed will generally 

decrease from loss of efficiency in combustion process in diesel engines 

as engine age increases. The G peak gives the intensity of the ideal 

graphitic lattice, with D1 representing disordered graphitic lattice. An 

increase in the intensity ratio of D1 to G (D1/G) meaning more level of 

disorder as compared to ordered graphitic lattice is a means of classifying 

degree of graphitization in Diesel soot. This is a basis used to compare 

level of graphitization for the three soot samples from different engine 

ages. The ratio of ID/IG is related to the structural defects in the basal 

plane of individual graphene layers. 

The three EGR soot samples are compared with Mogul L type 

Carbon Black which is known to have lower degree of graphitization. From 

Fig 3.4 and Table 3.5, it is seen for samples SP A, SP B and SP C that 

intensity ratio D1/G for the soot samples increased as the age of source 

engine increased. Quantity of soot generated in older engines is also seen 

to increase from increased intensity of both G and D1, and overall increase 

in (D1 + D2 + D3)/G ratio with decreased degree of graphitization. 

Lattice disorder of soot particles will enhance interaction of other 

particles with disordered graphene edges. The graphene layer edges 

encourage reaction and formation of other crystalline phases. Studies in 

functionalizing of graphene have shown that functionalized edges of the 
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graphene layer reacts more easily with other phases resulting in larger 

D1/G ratios [75]. The graphene edges serves as preferential location for 

absorption of reactive decomposition species. It is seen in this study that 

soot samples generated in older engines has higher D1/G which suggests 

that older engines will produce soot which have larger proportion of their 

of their graphene layer edges more easily able to react with other 

crystalline phases, which will result in a higher level of crystal disorder. 

More specific complimentary tests to validate tests were carried out using 

the XRD and HR-TEM. 

3.5 X- Ray Diffraction Studies of Diesel Soot 

3.5.1 Experimental Procedure 

The X- Ray diffraction spectra were collected using a Bruker AXS 

D8 High Resolution X-ray Diffractometer at the Center for Characterization 

of Materials and Biology (CCMB) at the University of Texas- Arlington 

using a CuKα (λ= 1.54059 A0) radiation. Samples were prepared by 

pressing soot into a Lucite holder. The Lucite holder was fixed in an 

orientation that ensured that the three pins of the sample holder in D8 held 

firmly. A Scintag counter detector was used to collect scattered x-ray from 

the sample. The 2θ angle ranged from 10o to 60o with step size of 0.02o 

and an acquisition of 1s for every step. 

3.5.2 X-Ray Diffraction Analysis of EGR Soot Samples 
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XRD spectra for Carbon black, soot sample SP A, SP B and SP C 

are seen in Fig 3.5 on page 72 below. Soot spectra were analyzed to 

identify possible nano crystalline phases in the individual soot samples. 

Spectra peaks for the samples were matched with peaks of crystalline 

compounds in the Jade5 database on the Bruker ASX D8 XRD machine 

using metallic element composition of Ca, Zn, Fe and non - metallic 

composition H, C, O, S, P. The search match procedure was performed 

using elements of known chemical composition of lubricant chemistry and 

equipment wear. Interpretation and matching of XRD result of samples are 

further explained in Tables 3.6 - 3.8 on pages 73 - 75 below. 
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Fig 3-5 XRD spectra of Carbon black and soot samples SP A, SP B and 

SP C  

The three soot samples exhibited two broad peaks are at approximately 

24.5o (002) and 43.5o (101) which are from the graphitic nature matched 

with graphite 2H peak in the Jade5 database. There are common 

crystalline peaks at 14.66o, 25.49, 29.69 and 31.50 which matched with 
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Bassinite and Gypsum in all three samples. Other Hematite peaks are 

also noticed in various intensities in all three samples. Peaks in soot 

sample from the older engines show more intensities establishing the 

presence of nano crystal represented. The peculiar peaks observed in 

individual samples gave their individual characteristics, and are indicated 

in Tables 3.6 – 3.8 in pages 73 - 75 below.  

Table 3-6 XRD Analysis of nano crystalline peaks of soot sample SP A 

Sample Suspected 

Compounds 

Crystalline 

Peak 

Crystalline 

compounds 

(h k l) 

SP A 

 

A Gypsum 

( PDF #33-031) 

20.8 CaSO4.2H2O (20.69) (0 2 1) 

B Bassinite 

(PDF #41-0224) 

14.7 CaSO4.0.5H2O(14.66) (2 0 0) 

31.9 CaSO4.0.5H2O(31.90) (2 0 4) 

C Hematite 

(PDF #33-0664) 

48.8 Fe2O3 (49.48) (0 2 4) 

D Wurtzite, 2H 

(PDF #65-0309) 

28.9 ZnS (28.6) (1 1 1) 

47.2 ZnS (47.5) (2 2 0) 

H Calcium 

Carbonate (PDF 

#41-1475) 

27.5 CaCO3 (27.20) (0 2 1) 

I/E Calcium Oxide 

(PDF #37-

2497)/ Iron 

Sulfide (PDF 

#57-0477) 

53.5 CaO (53.85)/ FeS 

(53.12) 

(2 2 0)/ 

(3 0 0) 
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Table 3-7 continued 

Sample Suspected 

Compounds 

Crystalline 

Peak 

Crystalline 

compounds 

(h k l) 

SP A J Ca3(PO4)2 (PDF 

#09-0169) 

16.9 Ca3(PO4)2 (17.00) (1 1 0) 

- - 18.5 - - 

 

Table 3-8 XRD Analysis of nano crystalline peaks in soot sample SP B 

Sample Suspected 

Compounds 

Crystalline 

Peak 

Crystalline 

compounds 

(h k l) 

SP B A Gypsum 

(PDF #33-031) 

11.5 CaSO4.2H2O (11.59) (0 2 0) 

29.0 CaSO4.2H2O (29.11) (4 0 0) 

B Bassinite 

(PDF #41-0224) 

14.7 CaSO4.0.5H2O(14.66) (2 0 0) 

31.5 CaSO4.0.5H2O 

(31.90) 

(2 0 4) 

C Hematite 

(PDF #33-0664) 

35.2 Fe2O3 (35.61) (1 1 0) 

48.8 Fe2O3 (49.48) (0 2 4) 

D Wurtzite, 2H 

(PDF #65-0309) 

47.2 ZnS (47.56) (1 1 0) 

E Iron Sulfide 

(PDF #57-0477) 

53.2 FeS (53.12) (3 0 0) 

H Calcium 

Carbonate 

(PDF #41-1475) 

27.5 CaCO3 (27.20) (0 2 1) 

L - 41.8 - - 
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Table 3-9 XRD Analysis of nano crystalline peaks of soot sample SP C 

Sample Suspected 

Compounds 

Crystalline 

Peak 

Crystalline 

compounds 

(h k l) 

SP C 

 

A Gypsum 

( PDF #33-031) 

11.5 CaSO4.2H2O (11.59) (0 2 0) 

20.5 CaSO4.2H2O (20.69) (0 2 1) 

B Bassinite 

(PDF #41-0224) 

14.8 CaSO4.0.5H2O(14.66) (2 0 0) 

25.1 CaSO4.0.5H2O(25.67) (0 2 0) 

31.8 CaSO4.0.5H2O(31.90) (2 0 4) 

C Hematite 

(PDF #33-0664) 

35.4 Fe2O3 (35.61)  (1 1 0) 

48.8 Fe2O3 (49.48) (0 2 4) 

D Wurtzite, 2H 

(PDF #65-0309) 

28.7 ZnS (28.6) (1 1 1) 

56.2 ZnS (56.47) (3 1 1) 

E Iron Sulfide (PDF 

#57-0477) 

42.7 FeS (43.15) (1 1 4) 

53.3 FeS (53.12) (3 0 0) 

F Iron Sulfide (PDF 

#65-1211) 

46.8 FeS2 (47.43) (0-2 2) 

G CaS (PDF #08-

0464) 

45.1 CaS (45.00) (2 2 0) 

55.3 CaS (55.8) (2 2 2) 

H Calcium 

Carbonate (PDF 

#41-1475) 

27.5 CaCO3 (27.20) (0 2 1) 

K Zinc Sulfate 

(PDF #08-0491)/ 

Fe2(SO4)3 (PDF 

#33-0679) 

22.6 ZnSO4 (21.39)/ 

Fe2(SO4)3/ (21.59) 

(1 1 1)/ 

(1 1 0) 
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Sample A from a new engine of 54,000 miles is dominated by 

presence of Bassinite, Gypsum, and other calcium based crystal particles; 

with low peaks of Hematite and sulfides. Soot sample SP B from an older 

engine of 247,000 mile show stronger Hematite and various of sulfide 

peaks of Iron and Zinc, with additional sulfates of Iron and Zinc, Calcium 

Sulfides observed in soot sample C from the oldest engine of 306,000 

miles. 

3.5.3 Discussion of XRD Spectra of EGR Soot Samples 

Various variation of Calcium based crystal particles are observed in 

the soot samples in varying level of domination depending on the engine 

age in which sample was generated The origin of the observed phases 

are from overbased calcium sulphonates, which forms the core of 

detergents used in Lubricants. It is believed that the general effectiveness 

of the lubricant will depend on engine age; this will also be seen in the 

effectiveness of calcium sulphonate detergent which is the source of the 

calcium based particles  

Soot sample SP A from a new engine of first oil change is 

dominated by Bassinite, gypsum and other Calcium based crystal particles 

which have low abrasion. They are in the form of micelles preventing 

formation of sludge and reducing oil degradation. These particles 

generally have hardness value of 2 on the Mohr hardness scale, and will 
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not be contributor to wear, but rather improve lubrication. The new engine 

from more efficient combustion and lubrication system will generally offer 

less degradation of lubricant chemistries that can be precursor to 

formation of third body abrasive products. Hematite (Fe2O3) is noticed in 

all three samples, with very weak peaks in new sample SP A and more 

profound peaks in soot sample generated in older engines. The strength 

of the peak may be used as an indication of how strong they are present 

in such sample  

It is observed that soot samples from older engines show more 

diverse crystalline peaks representing other crystal particles in the soot 

samples; this can be related to the less graphitized soot generated from 

such engines. The less graphitized soot will have more disordered 

graphene edges that will more easily react to degrade lubricant 

chemistries; and form other phases. Soot sample SP B from an older 

engine of 247,000 mile show stronger Hematite and various sulfide peaks 

of Iron and Zinc, with additional sulfates of Iron and Zinc, Calcium Sulfides 

observed in soot sample C from the oldest engine of 306,000 miles. The 

oxides, sulfates and sulfides dominating in the older engines are abrasives 

and will influence the characteristics of soot. The abrasive nature of these 

particles will be causes abrasive wear in diesel engines, with their 
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influence increasing as the age of engine increases. The nature of other 

crystalline particles found in soot can give characteristics of such soot. 

The distinctiveness of the individual crystalline peaks can be used 

as a measure of their presence in the soot samples. Crystalline peaks are 

observed to be more intense for soot samples formed from older engines, 

giving credence to presence of such nano particle they represent. There 

are fewer crystalline peaks in soot samples generated in newer engines, 

which is indication of lower presence of those phases. The results are 

further verified by complimentary studies using HR-TEM. 

3.6 HR-TEM Studies of EGR Soot Samples 

HR-TEM was used to determine possible nano crystalline particles 

embedded in diesel soot; studying structure, morphology and composition 

of soot formed from reaction of decomposed lubricant chemistry and wear 

metals. Selected Area Diffraction (SAED) was used to probe structural 

information. Energy Dispersive X-ray Spectrometer (EDS) coupled to HR-

TEM was used to acquire compositional information of nano crystalline 

particles embedded within the amorphous structure of the soot. Bright field 

image of the soot samples clearly shows turbostratic structure in the range 

of 5 - 35 nm in diameter. 

3.6.1 Experimental Procedure for HR- TEM Soot Studies 
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The HR-TEM Studies of the soot samples were conducted using a 

Hitachi H -9500 microscope with an accelerating voltage of 300 kV and 

lattice resolution of 0.18 nm. High resolution lattice image of the 

nanoparticle crystals from reaction of degraded lubricant chemistries with 

wear particles were acquired and measured. Energy Dispersive Spectra 

(EDS) and Selected Area Diffraction (SAED) were also obtained for 

various crystalline regions in the different soot samples. These were used 

to determine the chemical make-up of the nano-particles for each 

crystalline region.  

3.6.2 HR-TEM Analysis of EGR Soot Samples 

Lattice fringe image, EDS spectra and SAED of the crystalline 

domains were taken from turbostratic region of soot. The crystalline 

domain was packed into hexagonal closed packed structure similar to 

graphite in a turbostratic fashion and an interpretation of the lattice fringes 

and EDS chemical make-up gave an idea of possible nano - crystalline 

particles embedded within the individual soot samples. 

3.6.2.1 Lattice Fringe Image Analysis 

The lattice fringes observed within the turbostratic layers of soot 

samples were analyzed by manual measurement of the lattice fringe using 

the image J software and comparing with similar d-spacing of possible 
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compounds from EDS result. Image of lattice fringes and EDS results for 

the three samples are seen in Fig 3.9 - 3.11 in pages 81, 84 and 87. 
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Fig 3-6 Turbostratic region of soot sample SP A showing (a) Crystal fringe 

lattice image (b) EDS spectra 
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Table 3-10 Crystalline Nano particles in the Turbostratic Structure of 

Sample SP A 

Crystal Lattice 

Fringe 

Suspected 

Compound 

d-spacing (A
o
) Nano Crystal 

Particle 

  Standard 

Value 

Measured 

Value 

 

C Hematite 1.69 1.65 Fe2O3 

F 2.70 2.71 Fe2O3 

G 2.70 2.76 Fe2O3 

O 2.70 2.72 Fe2O3 

Q 2.70 2.72 Fe2O3 

S 2.51 2.52 Fe2O3 

Z 2.70 2.72 Fe2O3 

A Calcium 

Oxide 

2.41 2.37 CaO 

B 2.41 2.38 CaO 

H 2.41 2.37 CaO 

I 2.41 2.42 CaO 

J 2.41 2.44 CaO 

K 2.41 2.40 CaO 

L 2.41 2.46 CaO 

M 2.41 2.43 CaO 

N 2.41 2.37 CaO 

T 2.41 2.36 CaO 

Y 2.41 2.39 CaO 

P Calcium 

Sulfate 

2.82 2.77 CaSO4 

R 2.82 2.82 CaSO4 
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Table 3-11 continued 

Crystal Lattice 

Fringe 

Suspected 

Compound 

d-spacing (A
o
) Nano Crystal 

Particle 

  Standard 

Value 

Measured 

Value 

 

X Calcium 

Sulfate 

1.75 1.74 CaSO4 

V Gypsum 2.87 2.83 CaSO4.0.5H2O 

D Zinc Oxide 2.47/ 2.43 2.45 ZnO/ZnO2 

E 2.47/ 2.43 2.45 ZnO/ ZnO2 

W 2.43 2.45 ZnO2 

U 2.43 2.44 ZnO2 
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Fig 3-7 Turbostratic Region of Soot Sample SP B Showing (a) Crystal 

Fringe Lattice Image (b) EDS Spectra 
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Table 3-12 Crystalline nano particles in the turbostratic structure of sample 

SP B 

Crystal Lattice 

Fringe 

Suspected 

Compound 

d-spacing (A
o
) Nano Crystalline 

Particle 

Region A  Standard 

Value 

Measured 

Value 

 

A Zinc 

Phosphate 

3.00 3.05 Zn3(PO4)2 

B 3.00 3.05 Zn3(PO4)2 

C 3.00 3.04 Zn3(PO4)2 

F 3.00 3.10 Zn3(PO4)2 

I 3.00 2.97 Zn3(PO4)2 

D Hematite 1.69 1.71 Fe2O3 

G Magnetite 2.53 2.56 Fe3O4 

K Wustite 2.22 2.24 FeO 

L 2.22 2.26 FeO 

W 2.24 2.26 FeO 

J Iron Sulfate 2.62 2.97 FeSO4 

U Iron Sulfide 2.31 2.32 FeS 

E Wutzite 2H 1.91 1.87 ZnS 

N 2.93 2.89 ZnS 

T 2.93 2.86 ZnS 

V 3.12 3.20 ZnS 

H Zinc Oxide 2.43 2.34 ZnO2 

M 2.43 2.43 ZnO2 

O 2.47 2.48 ZnO 

P 2.43 2.40 ZnO2 
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Table 3-13 continued 
 

Crystal Lattice 

Fringe 

Suspected 

Compound 

d-spacing (A
o
) Nano Crystalline 

Particle 

Region A  Standard 

Value 

Measured 

Value 

 

Q Zinc Oxide 2.43 2.42 ZnO2 

R 2.43 2.38 ZnO2 

S 2.43 2.39 ZnO 
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Fig 3-8 Turbostratic Region of Soot Samples SP C Showing (a) Crystal 

Fringe Lattice Image (b) EDS Spectra 
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Table 3-14 (a) crystalline nano particles in the turbostratic structure of 

sample SP C in region 1 

Crystal lattice 

fringe 

Suspected 

particles 

Inter-planer crystal spacing d 

(A
o
) 

Nano crystalline 

particle 

Region A  Standard 

Value 

Measured 

Value 

 

A Wurtzite 2H 3.31 3.24 ZnS 

C 3.31 3.32 ZnS 

G 3.31 3.31 ZnS 

J 3.31 3.30 ZnS 

K 2.93 2.87 ZnS 

L 3.31 3.27 ZnS 

N 1.91 1.91 ZnS 

B Wustite 2.59 2.57 FeO 

E Hematite 2.87 2.83 Fe2O3 

F Magnetite 2.94 2.99 Fe3O4 

I Iron Sulfate 2.62 2.64 FeSO4 

M 2.62 2.61 FeSO4 

H Iron Sulfide 2.97 3.05 FeS 

D Zinc Oxide 2.43 2.36 ZnO2 
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Table 3-11 (b) crystalline nano particles in the turbostratic structure of 

sample SP C in region 2 

Crystal lattice 

fringe 

Suspected 

particles 

Inter-planer crystal spacing d 

(A
o
) 

Nano 

crystalline 

particle 

Region B Suspected 

Particles 

Standard 

Value 

Measured 

Value 

Crystalline 

Particle 

A Iron Sulfate 2.75 2.79 Fe2(SO4)3 

K 3.60 3.57 Fe2(SO4)3 

D Iron Sulfide 2.97 3.00 FeS 

E Hematite 2.70 2.69 Fe2O3 

F 2.70 2.66 Fe2O3 

C Zinc Sulfate 4.15 4.13 ZnSO4 

G Wurtzite 2H 3.12 3.20 ZnS 

B 3.12 3.07 ZnS 

I 3.31 3.30 ZnS 

J 3.31 3.31 ZnS 

H Zinc Oxide 2.47/ 2.43 2.46 ZnO/ ZnO2 

 

3.6.2.2 SAED Analysis of Soot Samples 

SAED analyses are used for structural characterization of sample. 

Interpretation and Analysis for the samples SP A, SP B and SP C are 

compared in Fig 3.9 on page 90 and Tables 3.12 - 3.13 on page 91 below. 
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Fig 3-9 SAED Image of soot samples (a) SP A (b) SP B and (c) SP C 
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Table 3-15 d-spacing measurement of diffraction patterns in sample SP A, 

SP B and SP C 

 1
st
 ring d-

spacing (R1) 

2
nd

 ring d-

spacing (R2) 

3
rd

 ring d-

spacing (R3) 

R2/R3 R1/R3 

SP A 0.321 (002) 0.197 (10) 0.117 (11) 1.68 2.74 

SP B 0.318 (002) 0.196 (10) 0.115 (11) 1.70 2.76 

SP C 0.323 (002) 0.194 (10) 0.118 (11) 1.64 2.73 

 

The SAED diffraction patterns seen in Fig 3.9 majorly has the 

intense rings arising from (200) basal planes, (10) prismatic plane and 

(11) from the pyramidal planes. The diffraction patterns primarily arise 

from the crystalline portion of the turbostratic structure. The d- spacing 

that give rise to the rings are calculated from the electron patterns. 

Table 3-16 d Lattice size matching of abrasive component of sample SP 

A, SP B and SP C 

 SP A SP B SP C 

 Measured 

d(A
o
) 

Standard 

d(A
o
) 

Nano 

Particle 

Measured 

d(A
o
) 

Standard 

d(A
o
) 

Nano 

Particle 

Measured 

d(A
o
) 

Standard 

d(A
o
) 

Nano 

Particle 

R1 2.622 2.700 Fe2O3 2.512 2.519 Fe2O3 2.944 2.967 Fe3O4 

R2 1.670 1.690 Fe2O3 1.661 1.608 Fe2O3 1.833 1.841 Fe2O3 

R3 - - - - - - 1.557 1.525 FeO 

 R4 - - - - - - 1.191 1.237 

R5 - - - - - - 1.182 - 

R6 - - - - - - 0.925 0.957 

R7 - - - - - - 0.879 - - 
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Table 3-17 continued 

 SP A SP B SP C 

 Measured 

d(A
o
) 

Standard 

d(A
o
) 

Nano 

Particle 

Measured 

d(A
o
) 

Standard 

d(A
o
) 

Nano 

Particle 

Measured 

d(A
o
) 

Standard 

d(A
o
) 

Nano 

Particle 

R8 - - - - - - 0.869 - - 

 

Reciprocal lattices of additional crystalline species are evident 

within the diffraction rings of graphitic soot. A closer look at the SAED 

image of sample SP A and SP B reveal a couple, while other multiple 

reciprocal lattices can be in soot sample from the oldest engine, sample 

SP C. Reciprocal lattice d(Ao) is calculated by the formula, d(Ao) = 10/ R. 

Where R is radius of point- to- point lattice within crystal rings, and 

analysis as seen on Table 3.13 on pages 91 – 92 above. 

3.6.3 Discussion of HR-TEM Analysis of EGR Soot Samples 

The EDS for sample SP A reveals presence of Calcium and 

Oxygen in notable amounts, with insignificant amount of Zn, P, and S. 

Matching of lattice fringes in the Jade5 database using compositions of 

Ca, Fe, Zn, P, S and O, showed strong possibility of Gypsum 

(CaSO4.2H2O), Calcium Oxide (CaO), Hematite (Fe2O3) and Zinc Oxide 

(ZnO2). Most of the nano crystalline particles generated in the new engine 

are Calcium based particles from Calcium sulfonate detergent. More 

graphitized soot and better efficiency in the engine will offer less 
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degradation of lubricant additives which will otherwise produce a feed for 

formation of other crystalline and amorphous phases within soot particles. 

SAED result for sample SP A confirmed the presence Hematite (Fe2O3) 

which is a general constituent of EGR soot. 

EDS of region imaged in SP B showed presence of Zn, P, S, O and 

Fe, and the matching of lattice fringes from manual measurement with the 

Jade5 database suggests the presence of Magnetite (Fe3O4), Hematite 

(Fe2O3), Wustite (FeO), Iron Sulphate (FeSO4), FeS (Iron Sulfide), 

Wurtzite 2H (ZnS), Zinc Oxide (ZnO2,) and Zn3(PO4)2. The SAED result 

confirmed the presence of Fe2O3 The additional Oxides, Iron sulfate and 

Iron Sulfide found in older engine SP B are abrasive and are 

characteristics of EGR soot in older engines, suggesting that older soot 

will generate soot that will cause more wear in engine.  

Soot from oldest sample SP C of 306,000 miles show higher 

numbers of crystalline nano particles than in the new and older engines. 

Overall, the turbostratic soot regions imaged showed the presence of Zn, 

S, O, and Fe. The old engine condition, generating less graphitized soot 

that is more reactive with lubricant chemistry will generally change the 

chemical make-up of the soot.  

The soot sample is matched to contain Magnetite (Fe3O4), Hematite 

(Fe2O3), Wustite (FeO), Iron Sulphate (FeSO4), FeS (Iron Sulfide), 
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Wurtzite 2H (ZnS) and Zinc Oxide (ZnO2,). SAED result confirmed the 

presence of Wustite (FeO), Hematite (Fe2O3) and Magnetite (Fe3O4) in 

this sample from the very old engine suggesting that the three oxidative 

state of Iron oxide are composition of soot generated in very old engine. 

These are highly abrasive materials which can result in accelerated wear 

in diesel engines. 

Overall, range of crystalline nano particles is seen to increase in 

soot formed as age of engine increases. As seen in soot samples SP B 

and SP C, older engines under operating conditions showing less 

combustion and lubrication efficiency which will produce less graphitized 

soot which will degrade lubricant chemistry and aid reaction with 

contaminants and equipment wear. Nano particles observed in the result 

above are products of reactions of degraded lubricant chemistries and 

engine contaminants under operating conditions. Most of these particles 

are abrasive and influence the abrasive nature of EGR soot. The three 

phases of Iron Oxide especially are seen to be dispersed within otherwise 

amorphous soot graphitic structure in the older engines.  

The origin of the nanoparticles could be from oxidation of asperity 

particles of iron that are subsequently incorporated into soot particles and 

from intrinsic oxidation of the constituents of tribofilm resulting in the nano 

crystals of oxides. The likely mechanism for the formation of the 
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nanoparticles is the intrinsic reaction of the Lubricant additive metals and 

other chemistries with wear debris together with available oxygen 

dissolved in the lubricant and during contact of debris with air. Formation 

of these particles from within an amorphous matrix involves a complex 

interplay between the kinetics of oxidation, thermodynamic stability of the 

phases, and interfacial energy between the nano particles and the 

amorphous matrix. 

3.7 XANES Studies of EGR Soot Samples 

The X-ray Absorption Near Edge Spectroscopy (XANES) is used as 

a non destructive tool to characterize chemical substances at nano scale 

[76]. It employs high energy/ soft X-ray photon from synchrotron radiation 

source with high flux where photon beam of known energy is directed 

incident on a sample surface with sufficient energy which excites a core 

level electron of an atom in the sample. On excitation, a photoelectron is 

created which moves into unoccupied states of the atom and photon is 

absorbed. Holes created in either of the K or L levels from movement of 

photoelectron are filled up by electrons from other shells. These electron 

movement to fill the ‘holes’ generate an emission of a Fluorescent Yield 

(FLY) Spectra. Another approach used is to ground the sample and 

measure neutralization current which yields Total Electron Yield (TEY) 

spectra. Total Electron Yield is surface sensitive while the Fluorescent 
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Yield spectra give information to higher depth of sample [77]. The 

Absorption Edge of photon energy in samples can be used as finger-print 

to identify their chemical make-up. 

3.7.1 Experimental Procedure for XANES Studies 

The XANES experiment was carried out at the Canadian Light 

source, Saskatoon, Canada using the 2.9 GeV storage ring. Two beam 

lines were used to obtain the K and L absorption edge spectra. 

Phosphorus and Sulphur L Edge were obtained using the Variable Line 

Grating – Plane Grating Monochromator (VGM – PGM) beam line 

covering region of 5 – 250eV with photon resolution of 0.2eV and spot size 

of 500µm x 500µm. Phosphorus K Edge was recorded using the Soft X-

ray Micro-characterization Beamline (SXRMB) covering region of 1700 – 

10000 eV with photon resolution of 0.2eV and spot size of 300µm x 

300µm. XANE spectra for the L edge were all acquired in both the Total 

Electron Yield (TEY) and Fluorescent Yield (FLY) modes while XANES 

spectra for the K edge was acquired in FLY mode. The spectra data for 

the soot samples were analyzed with the OriginPro software to get final 

XANES spectra.  

3.7.2 XANES Analysis of Soot Samples 

XANES Spectroscopy of extracted soot samples from used Diesel 

Oil were acquired in the Total Electron Yield (TEY) mode for chemical 
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information of surface or near surface regions and the fluorescence Yield 

(FLY) mode was acquired to determine chemical property of bulk soot 

sample. The sampling depths for the soot sample in the TEY mode of the 

Phosphorus and Sulfur L Edge are at about 5 nm at the L- Edge and 

about 50 nm at the K- Edge. Sampling depth for the FLY mode was taken 

at about 50 nm at the L Edge and about 400 nm at the K Edge [78]. 

3.7.2.1 Phosphorus L edge XANES Spectral Analysis 

The FLY spectra and the TEY spectra of nano particles created 

with soot are compared with model compounds of FePO4, Zn3(PO4)2, 

Ca2P2O7, Ca3(PO4)2 as shown on Fig 3.10 in page 98. Iron phosphates 

have a slightly higher energy states than zinc phosphates. FePO4 is at 

139 eV and Zn3(PO4)2 is at 138.7 eV). 
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Fig 3-10 Normalized TEY and FLY Phosphorus L Edge spectra of soot 

samples SP A, SP B, SP C and model compounds 

The plot and match of the XANES spectra of soot samples SP A, 

SP B and SP C with phosphate model compounds suggests the presence 

of Calcium, Zinc and iron Phosphate. A closer look at both TEY and FLY 

modes of the three samples suggests Iron Phosphate, but overall Zinc 

Phosphate and Iron Phosphate is believed to be present in the three 

samples in different degrees. 
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3.7.2.2 Sulphur L Edge XANE Spectra Analysis 

The FLY spectra and the TEY spectra of nano particles created 

with soot are compared with model compounds of ZnSO4, CaSO4, FeSO4, 

Fe2(SO4)3, FeS2, FeS and ZnS as shown in Fig 3.11 below. 

 

Fig 3-11 Normalized TEY and FLY Sulfur L Edge of soot samples SP A, 

SP B and SP C and model compounds 
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Sulfur L Edge provides local coordination of sulfur near the surface 

soot sample [79,80]. The XANES spectra indicate the presence of sulfates 

and sulfides of Iron. XANES spectra of sample SP A and SP B are more 

similar to spectra of Iron sulfide, FeS2 and suggest the presence of FeS2 

in the soot samples. Matching of samples SP C closely matched with Iron 

Sulfate and can be suggested as Iron Sulphate, FeSO4. There could be 

possibilities of ZnSO4 and Fe2(SO4)3 in sample SP C which are also 

loosely matched with SP C spectra. 

3.7.2.3 Phosphorus K edge XANE Spectra Analysis 

Absorption peak in phosphorus K- edge spectrum arises from 

transition of 1s electrons to unoccupied 2p shells. Soot spectra for the 

three samples are compared with phosphates of zinc, calcium, and iron. 

Spectra plot of soot samples with phosphate model compounds is shown 

in Fig 3.12 on page 101 below. 
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Fig 3-12 Normalized FLY and TEY Phosphorus K edge Spectra of Soot 

Samples SP A, SP B, SP C and Model Compounds 

The peaks observed for the three samples SP A, SP B and SP C 

are similar. The P K Edge which is at a higher dept can be used to confirm 

result in the P L Edge where samples closely matched with Iron 

phosphate and Zinc phosphates. In this case of the P K Edge, the 

phosphate peak is also closer matched to Zinc phosphate, but the 

presence of Iron phosphate will not be ruled out. The absence of pre edge 
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peak at 2148eV in the soot sample which is seen in Iron can also be used 

to corroborate the match. 

3.7.2 Discussion of XANES Spectra 

XANES Analysis result was able to show the presence of a number 

of crystalline particles formed with EGR Soot. The presence of Iron 

Sulfide, Iron Sulfate and the possibility of other sulfates is confirmed in 

results from the Sulphur L Edge. Results from both Phosphorus L and K 

Edge also confirm the presence of Iron Phosphate and a high likelihood of 

Zinc phosphates. These nano particles reveals by the XANES analysis are 

all abrasive and are believed to cause and encourage wear in Diesel 

engines. Their ease of formation and effect on wear will be more 

aggravated in older engines with less operating combustion efficiency. 
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Chapter 4  

EGR Soot from Synthetic based Diesel Oil 

This chapter discusses the role of lubricant chemistry from 

synthetic base stock and role of engine age on the nature of EGR soot 

generated in diesel engine. Synthetic base stocks are classified in the API 

Base Oil categories of Groups IV to V and contain no Sulphur. Majority of 

Synthetic base stocks are from Polyalphaolefin (PAO) molecule which is a 

largely stable and highly purified ethylene derivative that make far superior 

oils than mineral oils. PAO generally have the advantages of greater 

oxidative stability, superior volatility, excellent low-temperature viscosities, 

extremely high viscosity index, excellent pour points, and pure 

petrochemical feedstocks. PAO have great oxidative stability and will form 

less thermo-oxidative reaction products than in mineral base stocks. 

However, lubricant additives added in formulation of synthetic Diesel Oils 

may degrade at certain operation conditions forming abrasive crystalline 

phases in soot particles. The possibility and extent of formation of these 

third body particles is studied in this chapter, characterizing soot 

generated from synthetic based oils. 

Engine age can also be a determinant factor in nature of soot 

formed from change in efficiency of engine combustion system with 

increasing engine age. Factors such as change in engine technologies will 
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also affect combustion design with different diesel engines and hence 

nature of soot generated. The discussion is focused on an Exhaust Gas 

Recirculation (EGR) Diesel Engine. 

4.1 Introduction 

EGR soot samples analyzed was extracted from SAE 15W-40 type 

Synthetic based used Diesel Oil of approximately 50,000 miles of oil 

change from Detroit DD15 engines. The used oil was acquired from 

Amsoil oil change facility, Superior, Wisconsin. The Oil type is from a 

known Diesel Oil manufacturer with known oil properties. Three samples 

of different engine ages are analyzed labeled AM A, AM B and AM C of 

127,000 miles, 187,000 miles, and 248,000 miles respectively to study the 

role of engine age and lubricant chemistry on nature of EGR soot formed. 

4.2 Soot Extraction 

The EGR soot is formed from recirculated particulate matter (PM), 

NOx and CO combustion product in diesel Oil. EGR soot sample is not 

readily obtained, but is extracted from used Oil from a series of extraction 

processes to get sample for further analysis. The extraction and handling 

processes is as described. 

4.2.1 Oil Dissolution 

Used engine oil is mixed with hexane as solvent in approximately 

50 wt % dilution. A proper mix of used oil and hexane is ensured by 
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heating together in an ultrasonic heater for about 10 minutes. A 1000ml 

glass tube is recommended to achieve extraction of more quantity of soot 

at a time; the weight of the glass tube is noted, and weight of used oil 

sample and hexane at each mix should also be noted. Weighted dissolved 

used oil in hexane is shown in Fig 4.1 below. By taking note of the 

quantity/ weight of used oil sample and comparing with quantity/ weight of 

final soot extracted give an idea of percentage soot concentration of used 

oil sample, though percentage soot concentration obtained from extraction 

may not always give exact concentration of soot in used oil because of 

possible soot loss during extraction process. 

 

Fig 4-1 Weighted used synthetic oil sample 

4.2.2 Centrifuging Process 
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After ensuring a proper mix of the used oil sample with about 50% 

quantity of hexane, the mixture was centrifuged and a SORVALL SS 34 

was used for the centrifuging process which accommodated up to eight (8) 

numbers of 32mm x 100mm centrifuge bottles at a time. All the centrifuge 

bottles were filled to the same volume which ensured a proper balancing 

of the centrifuge disc. To fill the centrifuge bottle, a standard volume of oil 

sample mixture was measured for all the bottles using a measuring 

cylinder. A typical centrifuge and centrifuge bottle holder is shown in Fig 

4.2 on page 107 below. 

After balancing of centrifuge bottles in the disc, centrifuge 

parameters were set for operations to give optimal soot sediment. 

Operating conditions for optimal extraction was set at 12000 rpm for 2 

hours duration. The supernatant from each bottle were carefully removed 

into a glass tube to remove the soot particles settled at the bottom of the 

tube. Solid soot particle settled at the bottom of the bottle which can be 

scooped out with a spatula. The process is repeated for all centrifuge 

bottles to extract soot particles. 
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Fig 4-2 (a) Sorvall SS 34 Centrifuge (b) Centrifuge Bottle Holder 

4.2.3 Soxhlet Process of Soot Sample 

Soot obtained from the centrifuging is not clean enough and still 

contains some oil in it, therefore soot samples were further cleaned a 

soxhletting process. The soxhletting process removed oil still attached to 

soot particles to give oil-free soot. The process was carried out for 48 hour 

period. Cleaning was achieved by heating up hexane to boiling point and 

leaving it to condense into the soot sample to wash out oil through the 

pores of the thimbles in which soot is placed; thimbles size of 8µm pore 

size was used in the process. The soxhletting process was carried out in 

an experimental fume hood to ensure safety precautions, as shown in Fig 

4.3 on page 108 below. 
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Fig 4-3 (a) Soxhlet Setup in an Experimental Fume Hood (b) 8µm 

Cellulose Thimble 

4.2.4 Drying and Storage 

After the soxhletting process, the thimble is removed from the set 

up and left in fume hood to dry up. Dried soot should be carefully removed 

from the thimble to maximize extraction and minimize waste. The dried 

soot is ground to fine powder using an experimental mortar and pistil. The 

final weight of soot is obtained using the weigh balance and recorded 

before storage in a glass tube properly closed in a dry environment. The 

soot samples are then stored for further analysis. 

4.3 Elemental Composition Analysis of Used Diesel Oil 

Elemental Analysis of used Diesel Oil sample shows the level of 

contamination from wear metals, lubricant degradation and external 

contaminants. Contaminations and degraded lubricant chemistries in 
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diesel oil under the high operating conditions of diesel engines are 

believed to result in formation of crystalline nano particles within soot, 

which are abrasive and are causes of wear in EGR Diesel Engine. Tables 

4.1 below shows detail of chemical analysis for the used oil samples from 

which EGR soot studied was extracted. 

Table 4-1 Spectrochemical Analysis of Synthetic based SAE 15-40 Used 

Oil Samples 

 

The spectrochemical analysis measures different metals in parts 

per million (ppm) that represent equipment wear, lubricant additives and 

system contaminants. The ICP- AES (Inductively coupled plasma atomic 

emission spectroscopy) is necessary to observe wear metals and other 

contaminants in used lubricants. 

4.3.1 Spectrochemical Analysis for wear metals 

Abnormal wear is indicated by combination of metals and/or 

reaction of wear metals with degraded lubrication chemistries. There could 
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also be other possible secondary sources. The interpretation of sources of 

elements in the stochiochemical analysis of the used engine oil lubricant 

sample is shown in Tables 4 - 2 to 4 – 4.on pages 110 - 101.below. 

Table 4-2 Spectrochemical Analysis of Wear Metals 
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Table 4-3 Spectroscopic Analysis of Lubricant Additives 

 

Table 4-4 Spectroscopic Analysis of External Contaminants 

 

The various elements which make up the chemistry of the used oil 

samples are from oil composition and possible reaction products formed 

under engine operating conditions. Some of the reaction products form 

third body nano- sized particles which are incorporated and become part 

of the turbostratic structure of soot. These nano- sized particles in the form 

of crystalline or amorphous can be source of abrasion and causes of wear 

in EGR engines. From the stochiochemical analysis, contributions from 
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equipment wear, engine oil additives and contaminants are seen in the oil. 

Reaction of the breakdown of additive chemistry of the oil with equipment 

wear product and contaminants are believed as possible result of the 

nano- sized crystalline and amorphous phases.  

Stochiochemical result show the presence of high amount of Zinc 

and Phosphorus from ZDDP antiwear additive, high amount of Magnesium 

and Calcium from detergent, and high level of Iron from equipment wear. 

Possible reaction of these chemistries to form second phase crystalline 

and amorphous nano-sized abrasive particles which influence nature of 

soot formed in EGR engines were further studied using the Raman, HR- 

TEM, XRD and XANES studies. This will validate suggestions about 

formation of abrasive nano crystalline particles in EGR soot. 

4.4  Raman Studies of EGR Soot Samples 

Raman spectroscopy has been used to investigate short-range 

highly disordered graphitic structures. Studies have shown that different 

soot types can be distinguished based on the degree of graphitization. 

The integrated intensity ratio of D and G (D/G) peaks is inversely 

proportional to microcrystalline planer size La that corresponds to the in-

plane dimension of the single microcrystalline domain in graphite [70-72]. 

Information is obtained from analyzing spectral features such as intensity, 

peak position, line shape and bandwidth between 800 and 2000 cm-1. 
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4.4.1 Experimental Procedure for Raman Studies 

The equipment used for the Raman Test was the Thermo scientific 

DXR spectrometer which employs a diode pumped solid-state type laser 

as a source of illumination. The collection system is configured to use 

backscattered configuration. Soot samples were analyzed by visualizing 

using a 10x microscope objective lens. A solid-state laser of 532 nm 

frequency and maximum power output of 10 mW was used. A low laser 

power was used to avoid excessive heating of soot sample; a laser power 

of 1 mW was used in analyzing the Raman Spectra. Laser spot diameter 

was 2 µm with 25µm slit size for the fully focused laser beam. Spectral 

resolution was 5 cm-1 at 532 nm with wavelength range from 800 cm-1 to 

2000 cm-1. 

Soot thickness of about 1 mm thick was densely pressed on a glass 

slide to create a macroscopically smooth surface of sample as they were 

analyzed. The glass slide is held by a sample holder and positioned under 

the microscope to focus white light. On getting a focus of sample, the 

white beam is replaced with laser beam which acquire the Raman spectra 

of sample. Curve fitting for the determination of spectral parameters was 

performed using the OriginLab software. Curve fit was plotted from 

combination of various line shapes. Best fit of the curve was accomplished 
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without fixing or limiting the range of any spectral parameters during 

iteration. 

4.4.2 Raman Spectra Analysis by Curve Fitting 

Studies have shown that different types of soot can be 

distinguished according to their degree of graphitization [73]. In this study, 

the Lorentzian line shape was evaluated for the analysis and 

determination of spectral parameters by curve fitting. Raman spectra of 

carbonaceous materials exhibit a broad band at approximately 1500 cm-1 

which is associated with amorphous sp2 bonded carbon. It is noted that 

sp3 bonded carbon have vibrational frequency below 1500 cm-1 and this 

observation suggests a higher probability of sp2 bonded amorphous 

carbons. The best fit for the samples was achieved combination of line 

shape for G, D1 and D3 peaks. The Lorentz line shape can be used for all 

four G, D1, D3 and D4 peaks or the Lorentzian line shape for G, D1, and D4 

peak and Gaussian line shape for D3 peak. The Lorentzian line shape was 

used to fit all four peaks at approximately 1595, 1350, 1520, and 1200 cm 

-1 in this study in agreement with studies by Sadezky et al [73].  

Studies from previous work showed that the intensity maximum at 

approximately 1590 cm-1 (known as G band) is analogues to ideal 

graphitic vibration mode. Increased degree of disorder in the graphite 

structure gives rise to the peak maxima at about 1350 cm-1 which 
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corresponds to disordered graphite, this peak maximum is known as D1 

peak (Defect bands). Strong signal intensity designated as D3(A) can also 

be noticed at about 1500 cm-1 which originates from the amorphous 

carbon fraction of soot (organic molecules, fragments or functional groups) 

and/ or amorphous sp2 bonded forms of carbon. A fourth peak D4 in the 

fitting took into account disordered graphitic lattice due to polyenes and/or 

ionic impurities. 

4.4.3 Raman Spectra Analysis of Soot Samples 

Further analysis of the spectra was obtained by analyzing full width 

half maximum (FWHM) of the peaks, peak intensity, peak position and 

curve fitted data to calculate the ratio of D/G peak intensity. Deconvoluted 

Raman peaks Carbon black and the three soot samples is shown in Fig 

4.4 on page 116 below. The ratio of ID/IG is related to the structural defects 

in the basal plane of individual graphene layers. With a high amorphous 

content of soot, the D3 band broadens and differences in intensities may 

become significant [74]. D1 implies disordered graphitic lattice and is 

indicative of polycrystalline materials consisting of large number of small 

poly-oriented graphite-like structures. A high D1 value will imply high 

intensity of disordered graphitic structures, which is caused by 

contributions from other crystalline phases. These other crystalline phases 
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are believed to come from small poly-oriented structures likely formed 

from thermo oxidative reaction of degraded lubricants chemistries. 

 

Fig 4-4 Deconvoluted Raman Spectra fitted with Lorentzian fit for G, D1, 

D3 and D4 peaks for samples (a) AM A (b) AM B (c) AM C and (d) Carbon 

black 
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Table 4-5 Deconvoluted Raman Peak Data for Carbon Black, Samples 

AM A, AM B and AM C 

SAMPLE PEAK 
PEAK 

POSITION 
INTENSITY D1 /G D3 /G D4 /G 

(D1 + D3 + D4)/ 
G 

AM A 
(127,000 miles 

Engine) 

G 1591.11 1005.03 - - - 
2.73 

D1 1348.29 2611.63 2.59 - - 

D3 1520.99 139.57 - 0.139 - 

D4 - - - - - 

AM B 
(187,000 miles 

Engine) 

G 1594.37 1145.09 - - - 
2.98 

D1 1349.43 3221.14 2.81 - - 

D3 1527.38 199.14 - 0.174 - 

D4 - - - - - 

AM C 
(248,000 miles 

Engine) 

G 1598.05 751.74 - - - 
4.14 

D1 1347.98 2712.85 3.61 - - 

D3 1542.61 396.87 - 0.528 - 

D4 - - - - - 

Carbon black 
 

G 1585.16 67.35 - - - 
5.16 

 
 
 D1 1332.19 93.96 1.40 - - 

D3 1480.20 182.69 - 2.71 - 

D4 1035.90 70.24 - - 1.04 

 

G = Ideal Graphitic Lattice 

D1 = Disordered graphitic lattice (graphene layer edges) 

D3 (A) = Amorphous carbon 

D4 (I) = Disordered graphitic lattice, polyenes, ionic impurities 

4.4.4 Discussion of Raman Spectra of EGR Soot 
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Degree of graphitization of EGR soot formed will generally 

decrease from loss of efficiency in combustion process in diesel engines 

as engine age increases. The G peak gives the intensity of the ideal 

graphitic lattice, with D1 representing disordered graphitic lattice. An 

increase in the intensity ratio of D1 to G (D1/G) meaning more level of 

disorder as compared to ordered graphitic lattice is a means of classifying 

degree of graphitization in diesel soot. This is a basis used to compare 

level of graphitization for the three soot samples from different engine 

ages.  The ratio of ID/IG is related to the structural defects in the basal 

plane of individual graphene layers. 

The three EGR soot samples are compared with Mogul L type 

Carbon Black which is known to have very low degree of graphitization 

from its more amorphous base. From Fig 4.4 and Table 4.5 on pages 116 

and 117 respectively, it is seen for samples AM A, AM B and AM C that 

intensity ratio D1/G for the soot samples increased as the age of source 

engine increased. Quantity of soot generated in older engines is also seen 

to increase from increased intensity of both G and D1, and overall increase 

in (D1 + D2 + D3)/G ratio. 

Lattice disorder of soot particles will enhance interaction of other 

particles with disordered graphene edges. The graphene layer edges 

encourage reaction and formation of other crystalline phases. Studies in 
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functionalizing of graphene have shown that functionalized edges of the 

graphene layer reacts more easily with other phases resulting in larger 

D1/G ratios [75]. The graphene edges serves as preferential location for 

absorption of reactive decomposition species. It is seen in this study that 

soot samples generated in older engines has higher D1/G which suggests 

that older engines will produce soot which have larger proportion of their 

of their graphene layer edges more easily able to react with other 

crystalline phases, which will result in a higher level of crystal disorder. 

More specific complimentary tests to validate tests were carried out using 

the XRD and HR-TEM. 

4.5 X- Ray Diffraction studies of Diesel Soot 

4.5.1 Experimental Procedure 

The X- Ray diffraction spectra were collected using a Bruker AXS 

D8 High Resolution X-ray Diffractometer at the Center for Characterization 

of Materials and Biology (CCMB) at the University of Texas- Arlington 

using a CuKα (λ= 1.54059 A0) radiation. Samples were prepared by 

pressing soot into a Lucite holder. The Lucite holder was fixed in an 

orientation that ensured that the three pins of the sample holder in D8 held 

firmly. A Scintag counter detector was used to collect scattered x-ray from 

the sample. The 2θ angle ranged from 10o to 60o with step size of 0.02o 

and an acquisition of 1s for every step. 
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4.5.2 XRD Analysis of Soot Samples 

XRD spectra for the soot samples AM A, AM C and AM C as seen 

in Fig 4.5 on page 121 below was analyzed to identify possible nano 

crystalline phases in the individual soot samples. Spectra peaks for the 

samples were matched with peaks of crystalline compounds in the Jade5 

database on the Bruker ASX D8 XRD machine using metallic element 

composition of Ca, Zn, Fe and non - metallic composition H, C, O, S, P. 

The search match procedure was performed using elements of known 

chemical composition of lubricant chemistry and equipment wear. 
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Fig 4-5 Fig 4.5 XRD spectra of Carbon black, soot samples AM A, AM B, 

and AM C  

The three soot samples exhibited two broad peaks are at 

approximately 24.5o (002) and 43.5o (101) which are from the graphitic 

nature as matched with graphite 2H peak in the Jade5 database. There 

are common crystalline peaks at 14.66o, 25.49, 29.69 and 31.50 which 

matched with Bassinite (CaSO4 0.5H2O) and Gypsum (CaSO4 2H2O) in all 
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three samples. Few Hematite peaks are also noticed in various degrees of 

intensities, but generally low in for all three samples. Similar peaks for all 

three sample show higher intensity in sample from the older engines 

establishing the presence of nano crystal they depict. The peculiar peaks 

observed in individual samples gave their individual characteristics, and 

are as analyzed in Table 4 - 6 to 4 - 8 in pages 122 – 124 below. 

Table 4-6 Analysis of nano crystalline peaks of soot sample AM A 

Sample Suspected 

Compounds 

Crystalline 

Peak 

Crystalline 

compounds 

(h k l) 

AM A 

 

A Gypsum 

( PDF #33-031) 

20.5 CaSO4.2H2O (20.69) (0 2 1) 

B Bassinite 

(PDF #41-0224) 

14.8 CaSO4.0.5H2O(14.66) (2 0 0) 

25.1 CaSO4.0.5H2O(25.67) (0 2 0) 

31.8 CaSO4.0.5H2O(31.90) (2 0 4) 

C Hematite 

(PDF #33-0664) 

48.8 Fe2O3 (49.48) (0 2 4) 

D Wurtzite, 2H 

(PDF #65-0309) 

28.7 ZnS (28.6) (1 1 1) 

F Iron Sulfide 

(PDF #65-1211) 

46.8 FeS2 (47.43) (0-2 2) 
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Table 4-7 Analysis of Nano crystalline peaks of Soot Sample AM B 

Sample Suspected 

Compounds 

Crystalline 

Peak 

Crystalline 

compounds 

(h k l) 

AM B 

 

A Gypsum 

( PDF #33-031) 

20.5 CaSO4.2H2O (20.69) (0 2 1) 

B Bassinite 

(PDF #41-0224) 

14.8 CaSO4.0.5H2O(14.66) (2 0 0) 

25.1 CaSO4.0.5H2O(25.67) (0 2 0) 

31.8 CaSO4.0.5H2O(31.90) (2 0 4) 

C Hematite 

(PDF #33-0664) 

35.4 Fe2O3 (35.61)  (1 1 0) 

48.8 Fe2O3 (49.48) (0 2 4) 

D Wurtzite, 2H 

(PDF #65-0309) 

28.7 ZnS (28.6) (1 1 1) 

F Iron Sulfide 

(PDF #65-1211) 

46.8 FeS2 (47.43) (0-2 2) 

 

Table 4-8 Analysis of nano crystalline peaks of soot sample AM C 

Sample Suspected 

Compounds 

Crystalline 

Peak 

Crystalline 

compounds 

(h k l) 

AM C 

 

A Gypsum 

( PDF #33-031) 

11.5 CaSO4.2H2O (11.59) (0 2 0) 

29.0 CaSO4.2H2O (29.11) (4 0 0) 

B Bassinite 

(PDF #41-0224) 

14.8 CaSO4.0.5H2O(14.66) (2 0 0) 

25.1 CaSO4.0.5H2O(25.67) (0 2 0) 

31.8 CaSO4.0.5H2O(31.90) (2 0 4) 

C Hematite 

(PDF #33-0664) 

35.4 Fe2O3 (35.61)  (1 1 0) 

48.8 Fe2O3 (49.48) (0 2 4) 
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Table 4-9 continued 

Sample Suspected 

Compounds 

Crystalline 

Peak 

Crystalline 

compounds 

(h k l) 

AM C D Wurtzite, 2H 

(PDF #65-0309) 

28.7 ZnS (28.6) (1 1 1) 

E Iron Sulfide 

(PDF #57-0477) 

53.3 FeS (53.12) (3 0 0) 

F Iron Sulfide 

(PDF #65-1211) 

46.8 FeS2 (47.43) (0-2 2) 

 

The three soot samples are dominated by Common Bassinite 

(CaSO40.5H2O) and Gypsum (CaSO4.2H2O) peaks, and weak Hematite 

(Fe2O3) peaks. Few other individual peaks are observed as analyzed in 

result above. 

4.5.3 Discussion of XRD Spectra of EGR Soot Samples 

Not much of other crystalline or amorphous phases are noticed in 

soot samples from Synthetic based oil at 50,000 mile of oil change. Peaks 

of Bassinite (CaSO40.5H2O) and Gypsum (CaSO4.2H2O), and minor 

Hematite (Fe2O3) peaks are observed. The samples also show sulfides 

and sulfates peak which has increased peak intensity and increased 

number of peaks with samples from increased engine. The few Sulfate 

and Sulfide peaks are weak and may not be strong enough to effect 
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abrasion in the characteristics of EGR generated in 50,000 miles of oil 

change.  

Except for weak Hematite peaks observed, there were no strong 

enough oxide peaks noticed in the three sample, this can be due to the 

oxidation stability of the synthetic base stock used as chemistry of the oil 

which stayed high for more than 50,000 mile in which the samples were 

generated and minimized formation of oxides. 

From this analysis, it is seen that lubricant chemistry in synthetic 

base stock may not easily be degradable by soot generated irrespective of 

engine age for 50,000 miles of oil use. The synthetic base stock lubricant 

chemistry can be said to withstand degradation ability of soot and 

subsequent formation of abrasive crystalline particles that are causes of 

wear in diesel engines. Bassinite observed in the sample is not abrasive 

and will not be contributor to wear, but rather improve lubrication. 

Hematite (Fe2O3) is a general constituent of EGR soot and noticed in all 

three samples, but with very weak peaks in new sample which may result 

in negligible wear.  

4.6 HR-TEM Studies of EGR Soot Samples 

HRTEM was used to determine possible nano-sized crystalline 

particles studying structure, morphology and composition of soot formed 

from reaction of decomposed lubricant chemistry and wear metals. 
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Selected Area Diffraction (SAD) was used to probe structural information. 

Energy Dispersive X-ray Spectrometer (EDS) coupled to the HR-TEM was 

used to acquire compositional information of nano crystalline particles 

embedded within the amorphous structure of the soot. Bright field image 

of the soot samples clearly shows turbostratic structure in the range of 5- 

35 nm in diameter. 

4.6.1 Experimental Procedure for HR-TEM Soot Studies 

The HR-TEM Studies of the soot samples were conducted using a 

Hitachi H - 9500 microscope with an accelerating voltage of 300 kV and 

lattice resolution of 0.18 nm. High resolution lattice image of the 

nanoparticle crystals from reaction of degraded lubricant chemistries with 

wear particles were acquired and measured. Energy Dispersive Spectra 

(EDS) and Selected Area Diffraction (SAED) were also obtained for 

various crystalline regions in the different soot samples. These were used 

to determine the chemical make-up of the nano-particles for each 

crystalline region.  

4.6.2 HR-TEM Analysis of Soot Samples 

Lattice fringe images, EDS spectra and SAED of the crystalline 

domains were taken from turbostratic region of soot. The crystalline 

domain was packed into hexagonal closed packed structure similar to 

graphite in a turbostratic fashion and an interpretation of the lattice fringes 
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and EDS chemical make-up gave an idea of nano-crystalline particles 

embedded within the individual soot samples. 

4.6.2.1 Lattice Fringe Image Analysis 

The lattice fringes observed within the turbostratic layers of soot 

samples were analyzed by manual measurement of the lattice fringe using 

the image J software and comparing with similar d-spacing of possible 

compounds from EDS result. Image of lattice fringes and EDS results for 

the three samples are seen in Fig 4 – 9, 4 – 10 and 4 - 11 on pages 128, 

130 and 132 respectively. 
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Fig 4-6 Turbostratic region of Soot Sample AM A showing (a) Crystal 

Fringe Lattice Image (b) EDS Spectra 
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Table 4-10 HR-TEM Analysis of Lattice Fringes for possible Nano 

Crystalline Particles in Sample AM A 

Crystal Lattice 

Fringe 

Suspected 

Compound 

d-spacing (A
o
) Nano Crystalline 

particle 

  Standard 

Value 

Measured 

Value 

 

A Calcium 

Pyrophosphate 

2.30 2.32 Ca2P2O7 

C Zinc Oxide 2.45 2.46 ZnO2 

K 2.10 2.11 ZnO 

F 2.10 2.10 ZnO 

B Wustite 2.19/ 2.22 2.20 Graphite/FeO 

D 2.19/ 2.22 2.21 Graphite/FeO 

E 2.19/ 2.22 2.26 Graphite/FeO 

G 2.19/ 2.22 2.20 Graphite/FeO 

J 2.19/ 2.22 2.23 Graphite/FeO 

H Hematite 2.62 2.63 Fe2O3 

I 2.70 2.77 Fe2O3 

 

The lattice fringe image was matched using chemistries showed 

from EDS imaging, matching with Ca, Mg, Fe, Zn, P, and O in the Jade5 

database. The crystal fringe matched with Calcium Pyrophosphate 

(Ca2P2O7), Hematite (Fe2O3), Wustite (FeO) and Zinc Oxide (ZnO2). 
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Fig 4-7 Turbostratic region of Soot Sample AM B showing (a) Crystal 

Fringe Lattice Image (b) EDS Spectra 
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Table 4-11 HR-TEM Analysis of Lattice fringes image for possible nano 

crystalline particles in sample AM B 

Crystal Lattice 

Fringe 

Suggested 

particles 

Inter-planer crystal spacing d 

(A
o
) 

Nano crystalline 

particle 

Region A  Standard 

Value 

Measured 

Value 

 

A Zinc Oxide 2.43 2.43 ZnO2 

B Wurtzite 2H 1.91 1.87 ZnS 

C 2.93 2.86 ZnS 

E 2.93 2.89 ZnS 

F 2.93 2.91 ZnS 

H 2.93 2.88 ZnS 

D Wustite 2.59 2.59 FeO 

G Hematite 2.52 2.50 Fe2O3 

 

Crystal fringe image and EDS for sample AM B in the turbostratic 

region of soot sample show few nano crystalline phases within the 

turbostratic Soot. Zn, P, S, O, Mg, and Fe are recorded in the EDS which 

are from contamination in diesel oil. Matching of the lattice fringes from 

manual measurement with lattice fringes in Jade5 database software 

showed possible presence of Wurtzite 2H (ZnS), Zinc Oxide (ZnO2), 

Hematite (Fe2O3) and Wustite (FeO). 
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Fig 4-8 Turbostratic region of Soot Sample AM C showing (a) Crystal 

Fringe Lattice Image (b) EDS Spectra 
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Table 4-12 HR-TEM Analysis of Lattice Fringes for Possible Nano 

crystalline particles 

Crystal Lattice 

Fringe 

Suggested 

Particle 

d-spacing (A
o
) Crystalline 

Particle 

  Standard 

Value 

Measured 

Value 

 

B Calcium 

Oxide 

1.88 1.80 CaO 

J 3.00 3.04 CaO 

C Graphite/ 

Zinc Oxide 

2.19/ 2.14 2.16 C/ ZnO 

K 2.19/ 2.14 2.16 C/ ZnO 

D Graphite 2.19 2.25 C 

F 2.19 2.22 C 

A - - 2.27 - 

E - - 2.31 - 

G - - 2.76 - 

H - - 2.32 - 

I - - 3.30 - 

 

Soot sample from oldest engine AM C of 248,000 miles did not give 

much result. Matching of EDS result and lattice fringes in turbostratic 

region of soot sample was only able to identify Zinc Oxide and Calcium 

Oxide. Result from EDS was able to reflect on faint values of Magnesium, 

Zinc Oxygen and Calcium. There is the possibility of other crystal particles 
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embedded in the soot but not reflected by EDS, those cannot however be 

matched. 

4.6.2.1 SAED Analysis of Soot Samples 

SAED analyses are used for structural characterization of sample. 

Interpretation and Analysis for the samples AM A, AM B and AM C are 

compared in Fig 4.9 below and Table 4.12 on page 135. 

 

Fig 4-9 SAED Lattice Image of Soot Samples (a) AM A (b) AM B and (C) 

AM C 

Reciprocal lattice of other crystalline phases is not revealed in the 

SAED result of soot samples. This is an indication of low formation of 

other crystal particle phases in synthetic based diesel oil with recirculation 

from EGR system. EGR soot generated from EGR recirculation in 
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dominated by graphitic phases and only graphitic rings are observed in the 

SAED image. 

Table 4-13 d- spacing Measurement of Electron Diffraction Patterns for 

Samples AM A, AM B and AM C 

Sample 1
st
 ring d-

spacing (R1) 

2
nd

 ring d-

spacing (R2) 

3
rd

 ring d-

spacing (R3) 

R2/R3 R1/R3 

SP A 0.317 (002) 0.199 (10) 0.112 (11) 1.77 2.83 

SP B 0.322 (002) 0.198 (10) 0.114 (11) 1.74 2.82 

SP C 0.332 (002) 0.208 (10) 0.120 (11) 1.73 2.77 

 

The SAED diffraction patterns majorly has the intense rings arising 

from (200) basal planes, (10) prismatic plane and (11) from the pyramidal 

planes. The diffraction patterns primarily arise from the crystalline portion 

of the turbostratic structure. The d- spacing that give rise to the rings are 

calculated from the electron patterns representing the graphitic phase. 

Other crystal patterns for other crystalline phases in the samples are not 

revealed, but lattice fringe images showed evidence of their presence. 

4.6.3 Discussion of HR-TEM Analysis of EGR Soot Samples 

Analysis of EGR soot from synthetic based chemistry did not reveal 

much of other crystalline particles within soot. EDS result show little 

quantities of chemistries with majority of Carbon indicating low presence 

of third body crystalline and amorphous formations with soot. 
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PAO which is the building block of synthetic based diesel oil in 

which the EGR soot are produced generally have great oxidative stability, 

extremely high viscosity index, and pure petrochemical feedstocks; which 

will prevent thermo-oxidative reaction which are precursor to formation of 

other abrasive and amorphous phases that can be founded within EGR 

soot and are causes of abrasive wear in diesel engines. 

4.7 XANES Studies of EGR Soot Samples 

The X-ray Absorption Near Edge Spectroscopy (XANES) is used as 

a non–destructive tool to characterize chemical substances at nano scale 

[76]. It employs high energy/ soft X-ray photon from synchrotron radiation 

source with high flux where photon beam of known energy is directed 

incident on a sample surface with sufficient energy which excites a core 

level electron of an atom in the sample. On excitation, a photoelectron is 

created which moves into unoccupied states of the atom and photon is 

absorbed. Holes created in either of the K or L levels from movement of 

photoelectron are filled up by electrons from other shells. These electron 

movement to fill the ‘holes’ generate an emission of a Fluorescent Yield 

(FLY) Spectra. Another approach used is to ground the sample and 

measure neutralization current which yields Total Electron Yield (TEY) 

spectra. Total Electron Yield is surface sensitive while the Fluorescent 

Yield spectra give information to higher depth of sample [77]. The 
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Absorption Edge of photon energy in samples can be used as finger-print 

to identify their chemical make-up. 

4.7.1 Experimental Procedure for XANES Studies 

The XANES experiment was carried out at the Canadian Light 

source, Saskatoon, Canada using the 2.9 GeV storage ring. Two beam 

lines were used to obtain the K and L absorption edge spectra. 

Phosphorus and Sulphur L Edge were obtained using the Variable Line 

Grating – Plane Grating Monochromator (VGM – PGM) beam line 

covering region of 5 – 250eV with photon resolution of 0.2eV and spot size 

of 500µm x 500µm. Phosphorus K Edge was recorded using the Soft X-

ray Micro-characterization Beamline (SXRMB) covering region of 1700 – 

10000 eV with photon resolution of 0.2eV and spot size of 300µm x 

300µm. XANE spectra for the L edge were all acquired in both the Total 

Electron Yield (TEY) and Fluorescent Yield (FLY) modes while XANES 

spectra for the K edge was acquired in FLY mode. The spectra data for 

the soot samples were analyzed with the OriginPro software to get final 

XANES spectra. The absorption spectra of the various chemistries 

incorporated in the soot were compared with that of model compounds for 

the Phosphorus and Sulphur L edge, and for Phosphorus K edge. 

4.7.2 XANES Analysis of Soot Samples 
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XANES Spectroscopy of extracted soot samples from used Diesel 

Oil were acquired in the Total Electron Yield (TEY) mode for chemical 

information of surface or near surface regions and the fluorescence Yield 

(FLY) mode was acquired to determine chemical property of bulk soot 

sample. The sampling depths for the soot sample in the TEY mode of the 

Phosphorus and Sulfur L Edge are at about 5 nm at the L- Edge and 

about 50 nm at the K- Edge. Sampling depth for the FLY mode was taken 

at about 50 nm at the L Edge and about 400 nm at the K Edge [78]. 

4.7.2.1 Phosphorus L Edge XANES Spectral Analysis 

The FLY spectra and the TEY spectra of nano particles created 

with soot are compared with model compounds of FePO4, Zn3(PO4)2, 

Ca2P2O7, Ca3(PO4)2 as shown in Fig 4.10 on page 139 below. Iron 

phosphates have a slightly higher energy states than zinc phosphates. 

FePO4 is at 139 eV and Zn3(PO4)2 is at 138.7 eV). 
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Fig 4-10 Normalized TEY and FLY Phosphorus L Edge spectra of soot 

samples AM A, AM B, AM C and model compounds 

Spectra of soot sample AM A, AM B and AM C are similar, and they 

closely matched with Zinc Phosphate and Iron Phosphate. The spectra of 

the samples look more similar to Zinc Phosphate, but the presence of Iron 

Phosphate can also not be ruled out. There is a huge possibility of the 
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presence of both Calcium Phosphate and Iron phosphate nano particles in 

the samples. 

4.7.2.1 Sulphur L Edge XANES Spectra Analysis 

Sulfur L edge provides local coordination of sulfur near the surface 

of the tribofilm [79,80]. The Sulfur L Edge Spectra taken in the TEY and 

FLY modes is shown in Fig 4.11 on page 141 below. Spectra of soot 

samples are compared with model compounds of sulfates and sulfides to 

determine possible presence of any similar compound. All sulfates and 

sulfides have unique features which distinguish them except FeSO4 and 

Fe2(SO4)3. Iron sulfide (FeS) and Iron sulfate (FeSO4 or Fe2(SO4)3) have 

two main peaks, while iron sulfide has a sharp peak at lower energy that is 

missing in the sulfates. Zinc sulfate has three small peaks at first main 

peak. 
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Fig 4-11 Normalized TEY and FLY Sulfur L Edge Spectra of Soot Samples 

AM A, AM B, AM C and Model Compounds 

The XANES spectra of the soot samples indicate the presence of 

sulfates and sulfides of Iron. All three soot samples are confirmed to 

contain Iron Sulfide with the possibility of other sulfates, which are most 

likely Iron Sulfate. 
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4.7.1.3 Phosphorus K edge XANE Spectra Analysis 

Absorption peak in phosphorus K- edge spectrum arises from 

transition of 1s electrons to unoccupied 2p shells. Soot spectra for the 

three samples are compared with phosphates of zinc, calcium, and iron as 

shown in Fig 4.12 below. 

 

Fig 4.12 Normalized FLY Phosphorus K Edge Spectra of Soot Samples 

AM A, AM B, AM C and Model Compounds 
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The peaks observed for the three samples AM A, AM B and Am C 

are similar. The P K Edge which is at a higher dept can be used to confirm 

result in the P L Edge where samples closely matched with Iron 

phosphate and Zinc phosphates. In this case of the P K Edge, the 

phosphate peak is also closer matched to Zinc phosphate, but the 

presence of Iron phosphate will not be ruled out. The absence of pre edge 

peak at 2148eV in the soot sample which is seen in Iron can also be used 

to corroborate the match. 

4.7.2 Discussion of XANES Spectra 

XANES Analysis result was able to show the presence of a number 

of crystalline particles formed with EGR Soot. The presence of Iron 

Sulfide, Iron Sulfate and the possibility of other sulfates is confirmed in 

results from the Sulphur L Edge. Results from both Phosphorus L end K 

Edge also confirm the presence of Iron Phosphate and a high likelihood of 

Zinc phosphates. These nano particles reveals by the XANES analysis are 

all abrasive and are believed to cause and encourage wear in Diesel 

engines. Their ease of formation and effect on wear will be more 

aggravated in older engines with less operating combustion efficiency. 
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Chapter 5  

Conclusion 

The stoichiometric chemical analysis of used Mineral and Synthetic 

based Diesel Oil studied showed that Synthetic base stock posses less 

additive composition in its oil formulation. The synthetic base stock is 

more stable in its oxidative ability. In both cases of Diesel Oil, almost 

same types of additives were used in the formulation of oil but in much 

different quantities. Asides the properties of basestock used in oil 

formulation, quantities of lubricant additives added to oil which are 

degradable overtime will play a role to determine nature of other 

crystalline and amorphous third particle phases formed in EGR soot. From 

the ICP- AES (Inductively coupled plasma atomic emission spectroscopy) 

test of used oil, it is seen that less ZDDP antioxidant is required to reach 

desired properties anti-oxidation and wear protection in Synthetic Diesel 

Oil than required to achieve desired properties in Mineral Diesel Oil.  

It is seen from the Raman studies of soot that newer engines 

because of their more efficient combustion system generated better 

graphitized soot which are less reactive and less able to degrade lubricant 

chemistry. Less graphitized soot generated in the older and oldest engine 

have more disordered graphene edges that more easily react and degrade 
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lubricant chemistry. The more disordered graphene edges serve as 

functionalized absorptive sites for third body particles formed from 

degradation of lubricant chemistries. 

The XRD studies which studied bulk quantity of the samples 

revealed that soot generated in the new engine is dominated by more of 

calcium based nanoparticles (Bassinite, CaSO4.0.5H2O) than any other 

particles Bassinite has a hardness of 2 on the mohr hardness scale and 

will not be a cause of wear in diesel engine. The studies showed that more 

nano particles are formed in EGR soot as the engine of the EGR engine 

increases.; it showed that older engines generated soot incorporating 

more of other phases with the engine of 247,000 miles showing presence 

of additional Wurtzite 2H (ZnS) phase, and the oldest engine of 306,000 

miles generating soot with additional Calcium Pyrophosphate (Ca2P2O7), 

Wurtzite, Magnetite (Fe3O4), Wustite (FeO), and Zinc Sulfate particles. 

Most of these additional phases observed in the older engines, aside 

Calcium pyrophosphate are abrasive and will be causes of wear in diesel 

engines; and they are determinant of the abrasive characteristics of EGR 

soot in old diesel engines.  

Result from HR-TEM also showed domination of Calcium based 

crystalline compound with few oxides in the new engine. The Calcium 

based particles are from the detergency action of calcium sulfonate; and 
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they have low hardness of 2 on a scale of 10 which will not be threat to 

wear in Diesel engines. It can be concluded that lubrication is more 

effective in new engine and the detergents circulating in oil to reduce 

formation of second in both oil and soot. Diverse crystal particles are 

observed in both samples from older engines ranging from the three 

phases of Iron Oxides, multiple other oxides and sulfates. The Iron 

Oxides; Magnetite, Hematite and Wustite observed in samples from the 

older engines above 200,000 miles are abrasive with hardness 

comparable to 9 on a scale of 10, and will result in wear in EGR diesel 

engines.  

XANES also corroborated the findings of XRD where abrasive 

sulfates, sulfide and phosphates were observed in soot samples 

generated across increasing diesel engine age 
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Chapter 6  

Suggested Future Work 

This work has studied and understood the characteristics of EGR 

soot as a function of engine age and lubricant chemistries, and it is seen 

that older engines will generate more of other crystalline and amorphous 

particles in EGR soot than in newer engines. Most of these particles are 

abrasive are determinant of the abrasive nature of EGR soot. It will be 

suggested that tribological tests be carried out in future to test the 

relationship between abrasive nature of soot to wear in engines  

Asides the engine age and lubricant chemistries studied, other 

factors influencing formation of soot such as engine design and operating 

conditions can also be studied to determine nature of EGR soot formed as 

a result of such factors. 
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Appendix A 

API Diesel Oil Grades [81] 
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