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Abstract 

Requirements of high performing engine oil are today necessary since the development of new 

machinery with modern standards is a cutting edge technology demanding highly optimized 

components.  One way of increasing the lubricating properties of engine oil is through the addition of 

antioxidants. Antioxidants included in lubricants have a number of functions, one being buffering the 

inorganic acids sulphuric acid and nitric acid.   

A novel method expected to lower the hydrogen ion concentration in acidified engine oil was 

evaluated in this thesis. The capability of four different types of cation exchangers to serve as 

complements for buffering additives in heavy vehicle engines was assessed. Two cation exchangers 

were weak and two were strong. The analysis techniques used to evaluate what effect the cation 

exchangers have on engine oil were standard test method ASTM D4739, for measurements of the 

total base number (TBN), and inductively coupled plasma – atomic emission spectroscopy (ICP-AES). 

With ASTM D4739 it was found that weak cation exchangers give positive results with respect to the 

ability to decrease the hydrogen ion concentration in acidified engine oil. However, after begin 

subjected to strong cation exchangers, ASTM D4739 indicated that the hydrogen ion concentration in 

the acidified engine oil remains the same or increases. 

With additional literature studies of a variety of cation exchangers currently on the market, further 

optimization of the cation exchanging material could likely be achieved. In addition, the preparation 

method used during the evaluation of the cation exchangers should be optimized to give more 

reliable results. 
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1 Introduction 

Degradation of lubricants used in the automotive industry has, during the past decades, become a 

key contributing factor of friction and wear in new machinery. Refinement of base oil through the 

addition of complex chemical solutions called additives has been one of the preeminent solutions for 

keeping the quality of engine oil high. The addition of additives was thought to be an adequate 

solution until recently. However, due to new technologies, implements in modern machinery and 

volume reduction of base petroleum all over the world, measures have to be taken to scale up the 

lubricating properties of engine oil. By reducing the amount of additives in engine oil, the desirable 

lubricating characteristics of engine oil increase, but on the other hand, an engine oil that is more 

susceptible to mechanical and chemical stress is obtained. Therefore, only a specific amount of 

additives can be added to the engine oil to counteract undesirable chemical reactions. If the additive 

content reaches and exceeds a certain percentage, the undesirable lubricating properties of the 

engine oil surpass the desirable lubricating properties. This could, for instance, be observed as a 

generation of high levels of ash which can damage the engine. In addition, it is the additives in the 

lubricant that contribute to the high expenses which makes reducing additives desirable.  

Consequently, it has been of interest for industrial companies to go deeper into the field of 

tribochemistry to obtain more knowledge about what effect single additive molecules have on 

lubrication. Attention is brought to this area since it would be possible to customize the additive 

content and, in the long run, lower the amount of additives in the engine oil.  

1.1 Purpose 

In this study, one of the main purposes was to lower the amount of buffering additives in engine oil. 

Currently, the only buffering additives found in engine oil are included in the additive packages. 

Buffering additives can be replaced with other molecules that mimic their properties and contribute 

to a decrease of the negative effects buffering additives have on the lubricating properties of engine 

oil.  

Emphasis is also put on the possibility to retain the amount of buffering additives in engine oil, and 

further add molecules that can serve as complements to the buffering additives. This would, in the 

long run, contribute to an optimized synchronization of the service occasions. An optimized 

synchronization contributes to fewer service occasions which lowers the expenses incurred when the 

engine machinery is not used. 
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It is proposed that cation exchangers, normally used for ion exchange chromatography (IEX) 

applications, could serve as complements to buffering additives. The concept to use cation 

exchangers as complements to buffering additives was recently patented, but had not been 

evaluated in practice.  The primary purpose of the study was, therefore, to assess if the method 

would work, and how efficient the method would be in practice by evaluating it in laboratory scales. 

During this study, a major task was also to theoretically evaluate the compatibility of a large variety 

of cation exchangers, currently on the market, with engine oil. This approach was necessary due to 

the hydrophobic properties of the engine oil and extreme conditions it is subjected to in the engine, 

as opposed to the cation exchangers, which are primarily exposed to hydrophilic environments at 

physiological conditions.  

Further, it was desired to, amongst a variety of cation exchangers with different properties, narrow 

the range down and practically assess which one would have the highest buffering capacity in 

acidified engine oil. Since the primary analysis method used during the study; standard test method 

ASTM D4739, was not sufficiently sensitive for evaluation of this young concept, conclusions had to 

be drawn with caution. 

1.2 Objective  

The objective of this study was to evaluate if cation exchangers could serve as complements to 

buffering additives. If the analyses of the cation exchangers gave positive results, it would 

subsequently be of interest to find an optimal cation exchanger, with the highest ability to neutralize 

acidic liquids in engine oil. 
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2 Background 

Tribology will be described briefly for the reader to get an insight of one of the main areas 

encountered during the performance of this study. The background for the Tribology section is based 

on information from the book Lubricants and Lubrication by Wiley-VCH (Lubricants and Lubrication. 

2001), if not stated otherwise. 

2.1 Tribology  

Tribology is a term derived from the Greek word tribos and means “rubbing”. In the field of applied 

tribology, it is used to describe the science of friction, wear and lubrication in a relation to moving 

surfaces.  During the past few decades, the scope of tribology has increased and is now covering 

mechanical, chemical and material technology, for a better understanding and ability to optimize the 

elementary components of industrial machinery. One of the major tasks has been to enable faster 

and more precise motion, reduce maintenance, and conserve energy more efficiently through a 

reduction of friction and wear by using lubricants (Stachowiak, Batchelor 2005).  Exploration of the 

field has been of major importance since improvement of elemental components contributes to 

substantial savings of energy and resources, and that new standards in modern industry are met. 

Also, in contemporary society, a greater environmental awareness and desire for a sustainable 

development has influenced the automotive industry which has made lower emissions necessary 

(Robert 2006). 

Due to the intrinsic complexity of the fundamental elements, a variety of constituents have to be 

taken into account when studying the general role of the tribological system, also called the 

tribosystem. The high diversity of the structure and function has led to a division of the tribosystem 

into four factors: 

 the first interacting element  

 the second interacting element 

 the medium between the elements and the effect the two elements have on each other 

 the surroundings 

To what extent the four factors influence one another is determined by several parameters. In this 

section, the three parameters; friction, wear and lubricants, and the collective contribution of their 

effects are described.  
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2.1.1 Friction, wear and lubrication 

Since the 15th century efforts have been made to describe the wide field of friction, but without 

success, and solely covering a narrow range of the most influential processes taking place during 

lubricated friction (Robert 2006).  

Friction has a major influence on wear and energy loss in industrial heavy machinery due to the 

intrinsic complexity of tribosystems.  When describing the mechanical forces which contribute to the 

moving resistance, several types of friction must be taken into consideration. The most common 

types include kinetic and static frictions which are also known as external friction. Moving or sliding 

of surfaces will be accompanied by external friction, causing adhesion, material deformation and/or 

grooving. Removal of external friction has been achieved through the addition of lubricants which 

reduce or eliminate the microscopic contact points and pressure between the interacting surfaces.  

Internal friction, on the other hand, is the resistance between the molecules in the lubricants. 

Depending on the viscosity of the lubricant, the external and internal friction will be more or less 

substantial (Booser, American society of lubrication engineers 1984). 

Friction will gradually lead to extensive wear of the surfaces. Wear is defined as tear and/or 

deformation of the material of a surface, and is caused by the mechanical movements or contacts of 

an interacting surface, liquid or gas. 

The classification of what type of wear a surface is subjected to depends, for instance, on the 

exposed friction, wear mechanism or shape of the particle that is causing the wear.  

Addition of lubricants will eliminate or reduce the friction and wear at contact-points between 

moving surfaces. Furthermore, the presence of lubricants in tribosystems is important since the 

relative movement of surfaces will be facilitated (Robert 2006).  

During production of lubricants, consistency, viscosity and flow properties are considered as key 

elements for maintaining a high quality. The characteristics of these factors are determined by the 

content of the lubricant, which in turn is linked to their specific application and application methods. 

If the balance of the chemicals in the lubricant is not optimal, an internal friction is gradually built up, 

counteracting the reduction of the external friction. The internal friction is measured as viscosity 

which determines the degree of resistance of two surfaces, at various temperatures and pressures 

(Stachowiak, Batchelor 2005).  

Lubricants in an arbitrary tribosystem can be greases, solid lubricants, i.e. suspensions or powders, 

gases or, most often, liquids, i.e. oil (Ceco 2011). 



5 

 

2.1.2 Additives  

Base oils, including mineral oil and synthetic oils, are not sufficient in their chemical composition 

when it comes to acquiring high performing lubricants. This problem is solved through the addition of 

different varieties of additive packages. What type and concentration of the additives that is added is 

determined by the original composition of the base oils and the specific application of the lubricating 

engine oil (Elaine, Gaurav et al. 2006). 

In engine oil, additives function as synthetic, chemical ingredients enhancing beneficial properties, 

suppressing unwanted properties or implementing new qualities in the lubricant. By studying what 

impact a variety of chemical and mechanical stresses have on the tribosystem, as well as which part 

of the engine they affect, it is possible to get a better understanding of what type of additives are 

suitable to include in the engine oil (John, Richard 2006). Therefore, additives are categorized into 

two separate groups: 

 Additives that have physical and chemical effects on the base oils, e.g. contribute to a better 

function at low temperatures, and a higher stability in the presence of acidic liquids. 

 Additives that alter the physiochemical qualities of surfaces, e.g. achieve friction reduction 

between surfaces or decrease wear. 

The total additive content in engine oil can vary from a single ppm to more than 20 weight percent. 

Furthermore, additives can work through synergism or antagonism with each other. A specific 

additive type can also have a variety of functions at the same time, i.e. counteract undesirable 

reactions between two separate additives, thus retaining a suitable chemical balance. Nonetheless, 

additives cannot influence all chemical reactions in the tribosystem which therefore makes high 

quality base oil, with minimal contamination, desirable. 

The function of the buffering additive calcium carbonate (CaCO3) was at focus during this study. By 

controlling and keeping an appropriate balance of acidic by-products formed during combustion, 

CaCO3 reduces the oxidative effects acidic by-products have in engines.  
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2.1.3 Tribochemistry 

Tribochemistry is a relatively new field of science which describes the chemical reactions in 

lubricants, and the effect chemical reactions have on surfaces in machinery (John, Richard 2006). A 

large variety of chemical reactions occur in lubricants, and thus the most relevant to this study are 

described in the following section.  

Attention is brought to the two main contributors to acidity in engine oil; sulphuric acid (H2SO4) and 

nitric acid (HNO3), and their respective formation and neutralization. 

Contamination in petroleum can originate from the atmosphere or from the refining process of 

petroleum. Nitrogen (N2) is considered an atmospheric contaminant. At high temperatures, nitrogen 

produces nitrogen oxide (NO) and nitrogen dioxide (NO2), collectively referred to as NOx gases (a). 

Either one of the NOx gases can participate during the production of HNO3 (b and c). 

The reaction taking place during the formation of HNO3, is shown below. Engine oil is illustrated as a 

methane molecule (CH4). 

 

                                      

 

                               

                      

 

                     

 

Sulphur (S) is normally found in base oils. The differing amounts of sulphur, in various base oils, 

depend on the origin and cleansing process of the base oil. Minimal amounts of sulphur, ranging 

from 0.1 - 1% of the natural sulphur content, serve as antiwear (AW) or extreme pressure (EP) agents 

in engine oil. However, once this percentage is exceeded, the sulphur has damaging effects on the 

engine (John, Richard 2006).  

  

(a) 

(b) 

(c) 
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During combustion, sulphur dioxide (SO2) is formed due to burning of sulphur (d). Although hydrogen 

sulfide (H2S) is not the only sulphur contaminant in petroleum that contributes to the formation of 

H2SO4, it is used as a precursor molecule for illustration. Other sulphur contaminants found in engine 

oils are, for instance, COS, CS2 and SO2 (petroleum.co.uk). 

The reaction taking place when sulphur is converted into H2SO4, via production of radicals, is shown 

below (d and e).  

 

                                                 

 

               

                    

              

 

The neutralization of H2SO4 and HNO3 in lubricants is often achieved through the addition of calcium 

carbonate (CaCO3), as shown in (f) and (g). The reactions taking place when H2SO4 and HNO3 are 

neutralized with CaCO3, are shown below (Granlund 2009). 

 

                                                 

 

                                           

 

Even though a variety of buffering additives are used in petroleum for the neutralization of acids, 

CaCO3 has the greatest neutralizing effect on H2SO4 and HNO3.  

(d) 

(e) 

(f) 

(g) 
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2.1.4 Total base number  

The total base number (TBN) is a measure of the total content of bases, or buffering additives, in 

petroleum products, and is expressed in milligrams potassium hydroxide per gram petroleum (mg 

KOH/g) (ASTM International). Petroleum products do not contain KOH, yet this strong base is used to 

estimate the amount of buffering additives in petroleum products.  

Measurements of the TBN in petroleum products are necessary due to a generation of acidic 

byproducts during combustion of petroleum (Bergman 2012). The buffering additives in the 

petroleum act as acid neutralizing bases, reducing the corrosive and degrading effects acids have on 

the engine and the lubricants. A high TBN therefore indicates a high ability to neutralize acids. 

When the TBN in a petroleum product drops to 50% of the original value, the petroleum has to be 

replaced (Bergman 2012). For instance, if an engine oil has a TBN of 10mg KOH/g, it is recommended 

that it is changed when the TBN reaches 5mg KOH/g, i.e. the content of the buffering additives is 

reduced to 50% of the original amount. When the TBN decreases, an increase of the oxidation, 

nitration and viscosity of the petroleum is also often seen. Table 1 lists characteristic TBNs for 

petroleum products used for industrial applications (Petroleum Quality Institute of America). 

Table 1 Approximate TBN values for four industrial petroleum products. 

TBN (mg KOH/g) Petroleum product 

7-15 Universal automotive lubricant 

10-15 Diesel 

10-50 Marine lubricant 

6-80 Modern lubricant 
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2.2 Ion Exchange Chromatography  

Several chromatographic techniques are used for separation and purification of biomolecules. The 

most common chromatographic techniques isolate biomolecules through 

 gel filtration 

 hydrophobic interactions 

 ion exchange 

 affinity 

 reversed phase 

Which technique is appropriate for the analysis of a specific solution is determined by the intrinsic 

properties of the biomolecule one wishes to isolate (Amersham Biosciences 2004). In this study, ion 

exchange chromatography (IEX) is described more in detail. 

If not stated otherwise, the IEX section is based on information from the book Ion exchange 

chromatography & chromatofocusing: principles and methods by Amersham biosciences (Amersham 

Biosciences 2004).  

2.2.1 Background  

IEX was first introduced by Thomson, more than 150 years ago, for the analysis of soil, using ion 

exchangers with dominantly hydrophobic characteristics (Janson 2012). The method was later, during 

a long period, not regarded as a technique worth developing and evaluating, until 60 years ago when 

the need for protein purification increased. In parallel with the synthesis of a variety of hydrophilic 

ion exchangers, it developed into one of the most suitable techniques for isolation of biomolecules 

(Janson 2012).  

IEX is currently the most common chromatographic technique for separation and purification of 

proteins, peptides, nucleic acids and biomolecules. It allows isolation of molecules differing only by a 

single charge, and gives high resolution, high binding and loading capacity, and a large versatility. At 

present, the technique is used in agriculture, food processing and medical research (Walker, Rapley 

et al. 2008).  

Due to the high sensitivity and selectivity of IEX, the technique is suitable for analysis of micrograms 

to kilograms of a wide variety of products (Janson 2012). Industrial versus laboratory applications 

differ enormously in the volume and surrounding media conditions used. This has been a major 
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factor for the increased development of chromatographic ion exchange media that is able to 

withstand extreme conditions (Janson 2012). Recent data from GE Healthcare Bio-Sciences show IEX 

stands for about 45% of the all the chromatographic methods used in the industry. However, it is 

believed this number will increase with an increase of the versatility of the ion exchange media 

available on the market.  

2.2.2 Principle 

Depending on the molecular structure, biomolecules will at specific chemical microenvironments, 

e.g. pH, ion strengths and buffer conditions, carry one or more charges. The charges can either be 

cationic (positive) or anionic (negative). What type of charge the biomolecule has depends on the pH 

of the surrounding environment. Since different biomolecules have different compositions, the net 

surface charge of the biomolecule is determined by the balance between the amount of negative and 

positive charges in the biomolecule. The net surface charge of biomolecules is therefore pH 

dependent, and it changes gradually with the pH of the surrounding environment.  

When one wishes to purify and separate biomolecules, the isoelectric point (pI) is also considered an 

important factor to take into consideration. The pI is the pH at which the biomolecule is neutral, i.e. 

does not carry any net surface charge (Figure 1). The net surface charge is entirely independent of 

the mass of the biomolecule one wishes to isolate. Instead, it mainly depends on the molecular 

structure and composition of the biomolecule. 

 

Figure 1 Illustration of how the net charge, for a theoretical biomolecule, changes as a function of the pH of a surrounding 

environment. 
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During IEX, a column is used for the separation of biomolecules. The IEX column consists of a 

stationary phase, called a packed bed, which is composed of a matrix medium of spherical particles 

with immobilized anionic or cationic functional groups. These spherical particles are called ion 

exchangers.  

During IEX, biomolecules with the same charge are exchanged with each other (Figure 2). 

Biomolecules bind with electrostatic attractions to the ion exchangers, and depending on the net 

surface charge of the biomolecule, the binding strength will differ. The electrostatic attraction to, for 

instance, a cation exchanger increases in the order C0/C+ < C- < C2- < C3-. The net surface charge of the 

biomolecule is, therefore, correlated to the order of elution of the biomolecule, from the ion 

exchange column (Figure 2). 

Besides the amount of net surface charge on a biomolecule, the factors below also regulate the 

binding strength of a biomolecule to an ion exchanger: 

 the temperature 

 the solvent e.g. organic or inorganic  

 the charge distribution on the molecule surface  

 the presence of specific ions  

 unfavorable interactions with the ion exchanger e.g. hydrogen bonds or hydrophobic 

interactions  
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III First elution 

IV Second elution 

V Third elution 

VI Wash 

I Equilibration 

II Sample application 

Matrix of a cation 

exchanger 
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counter ion 

 

Positively charged 

biomolecule 

 

 

Neutral or 

negatively charged 
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Figure 2 Principle of a cation exchange separation. The ion exchange column is initially equilibrated with a buffer with a 

specific ion strength and pH (I). This step is preformed to fill the pores of the matrix and the space between the ion 

exchange particles. The sample containing the biomolecule(s) one wishes to isolate, is then loaded onto the column (II). 

Through a number of elution steps, all biomolecules that are electrostatic bound to the cation exchanging particles, are 

eluted from the column (III-V). A final washing step is preformed to remove non-binding biomolecules, or contaminants, 

from the column (VI). Remake of figures in Ion exchange chromatography & chromatofocusing: principles and methods by 

Amersham biosciences (Amersham Biosciences 2004).  
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2.2.3 Ion exchanger  

The porosity, physical and chemical stability, and binding specificity of ion exchangers is evaluated 

when producing an appropriate column for a specific sample that contains biomolecules.  

In Table 2, desirable properties of ion exchangers are briefly described. 

Table 2 Desired properties of ion exchange media.  

Property Description 

High porosity Offers efficient binding through exposure of large surface areas. 

Often used when isolating large biomolecules. 

Low porosity Gives a high resolution and a low vertical diffusion of the solute 

molecules. Low porosity is achieved with small, uniform ion 

exchangers. 

High chemical stability Keeps the matrix intact when extreme cleansing and equilibrating 

solutions are used. 

High physical stability Ensures high flow rates, throughput and productivity during 

cleaning or equilibration. 

Non-specific interactions Contributes to pure, concentrated eluates and are achieved with 

homogenous and intact matrixes. 

Particle size Smaller ion exchangers present a larger net surface area. 

 

The charge of an ion exchanger is determined by the functional groups immobilized to the matrix. 

Depending on the functional group and the prevailing, surrounding conditions, the ion exchangers 

are positively charged (anion exchanger) or negatively charged (cation exchanger). Listed in Table 3 

are some of the most common functional groups used during IEX separations. 

Nowadays, ion exchangers with specific functional groups, for specific applications are often 

synthesized. One example is ion exchangers with chelating properties, i.e. have metal ions bound to 

the matrix. Chelating matrixes have a higher ion selectivity and stability. These properties make them 
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well suited for analyses at extreme surrounding conditions, and for analyses of solutions containing a 

large diversity of ion-species (Janson 2012). 

Table 3 Six functional groups regularly used for cation and anion exchangers, with the chemical structure and type is listed. 

 Name  Chemical structure Type 

A
n

io
n

 e
xc

h
an

ge
r 

Quartenary ammonium (Q) -O-CH2N
+(CH3)3 Strong 

Diethylaminoethyl (DEAE) -O-(CH2)2N
+H(CH2CH3)2 Weak 

Diethylaminopropyl (ANX) -O-CH2CHOHCH2N
+H(CH2CH3)2 Weak 

C
at

io
n

 e
xc

h
an

ge
r 

Sulfopropyl (SP) -O-CH2CHOHCH2O(CH2)3SO3
- Strong 

Methyl sulfonate (S) -O- CH2CHOHCH2CHOHCH2SO3
- Strong 

Carboxymethyl (CM) -O-CH2COO- Weak 

 

The level of variation of the ionic state of the functional groups with a changing pH decides if the ion 

exchanger is weak or strong. A common mistake is to assume that the “weak” and “strong” 

classification refers to the binding and exchange efficiency of the ion exchanger. This is not the case. 

With weak ion exchangers differences in ion selectivity can be obtained, as opposed to strong ion 

exchangers. On the other hand, a variation of the ion exchange capacity with a changing pH is 

presented by weak ion exchangers, a feature strong ion exchangers do not possess. 

Since the functional groups of ion exchangers are charged, their charge has to be neutralized with an 

opposite charge. The neutralization is accomplished with counter ions. The most common counter 

ions for cation exchangers are hydrogen ions (H+) or sodium ions (Na+), and the most common 

counter ions for anion exchangers are hydroxide ions (OH-) or chloride ions (Cl-).  
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3 Methods 

The primary method for analysis, used during this study, was standard test method ASTM D4739 for 

measurements of the TBN. In addition, inductively coupled plasma-atomic emission spectroscopy 

(ICP-AES) was used get an indication of the amount of trace elements.  

3.1 Standard test method ASTM D4739 

The standard test method American society for testing and materials (ASTM) D4739 was used for 

measurements of the TBN. It is able to measure TBNs up to 70mg KOH/g, and can be used to study 

changes of the amount of acidic liquids in petroleum. Yet, it is not used to indicate the level of 

performance of the petroleum since no relationship is found between the TBN and, for instance, the 

corrosive wear petroleum has on machinery (ASTM International). 

The TBN is determined with ASTM D4739 by titrating a petroleum sample with an acid, and 

measuring the potential in the petroleum sample with hydrogen selective electrodes. Figure 3 shows 

a typical automated titration equipment used with ASTM D4739 for measurements of the TBN. This 

was also the equipment used in this project (ASTM International). 

ASTM recommends a hydrogen ion selective, two-electrode system for measurements of the 

potential (Figure 4). This system consists of a working (glass) electrode, measuring pH 0 to pH 14, and 

a reference electrode that maintains a constant potential after calibration. In this thesis, the 

potential was measured using a hydrogen ion selective, three-electrode system with a platinum (Pt) 

electrode working as an auxiliary electrode. Compared to the original two-electrode mode, this 

construction gives a higher stability of the measured potential due to the additional electrode (ASTM 

International). 

Initially, the electrodes are calibrated with a solution that contains 2, 4, 6- trimethylpyridin diluted in 

IPA and 0.2M HCl. This gives a calibration potential that is used during the sample analysis. 

 



16 

 

The sample analysis begins by dissolving the petroleum sample1 with a solvent that contains a 

mixture of 33% toluene, 33% isopropyl alcohol (IPA), 33% chloroform and 1% water. Subsequently, 

the titrant; 0.1M hydrochloric acid (HCl) in IPA, is titrated potentiometrically. Fixed volumes of the 

titrant; 0.06ml, are titrated with predefined time intervals (ASTM International).  

During titration, the potential in the petroleum sample is measured. The alkaline content in the 

petroleum sample will determine the volume of titrant needed during a sample analysis. The bases in 

the petroleum sample will neutralize the titrant until the base content in the petroleum sample has 

depleted, i.e. no bases are left in the petroleum sample to neutralize the titrant. This will contribute 

to a drastic increase of the potential. The titration eventually stops when the potential reaches 

approximately 400mV. Finally, the electrodes are washed in IPA and distilled water (dH2O) (ASTM 

International). When a sample analysis is finished, a graph is obtained with the potential [mV] on the 

y-axis, and the volume titrant [ml] on the x-axis (Figure 5). 

                                                           

 

 

1 Dissolution with the solvent is done to lower the viscosity of the engine oil and consequently enable diffusion of hydrogen 

ions across the electrodes. 
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Figure 3 A typical automated titration equipment used to measure the TBN in petroleum products with ASTM D4739. The 

figure shows 1) the reference electrode, 2) the combined glass/Pt electrode, 3) the solvent and 4) the titrant. 5) IPA and 6) 

dH2O are used as cleaning solutions for the electrodes.  

  

4) Titrant 

3) Solvent 

 2) Combined glass /Pt electrode   

  

1) Reference electrode 

 

 

5) IPA 

6) dH2O 
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Figure 5 Following titration, using standard test method ASTM D4739 for measurements of the TBN, a graph is obtained 

with the potential; U [mV], plotted on the y-axis, and the volume titrant; V [ml], plotted on the x-axis (ASTM International). 

The TBN equivalence point (EP1) is also shown in the graph. 

 

Figure 4 Setup of a two-electrode system recommended for ASTM D4739 (ASTM International). This system uses a working 

(glass) electrode and reference electrode, for measurements of the potential. 
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Two values are obtained after petroleum sample analysis with ASTM D4739; the TBN base point (bp) 

and TBN equivalence point (ep). Both values are expressed with the unit mg KOH/g. The TBN bp is 

obtained when the same potential as the potential acquired during calibration is reached. This value 

usually varies from 230-265 mV. The TBN ep is reached when the potential is equal to the potential 

of the TBN bp + 100 mV, i.e. 330-365 mV (ASTM International 2006). The TBN ep gives an estimation 

of the amount of bases in the analyzed petroleum sample. 

However, ASTM D4739 is not considered a reliable standard test method since it uses 0.1 M HCl as 

the titrant. This acid is too weak, and consequently not sufficient in titrating both strong and weak 

bases. This contributes to magnified or reduced TBNs for the petroleum sample analyzed (Petroleum 

Quality Institute of America, ASTM International).  

3.1.1 pIH method 

A new method, called the pIH method, was used to evaluate the data obtained from ASTM D4739 

(Granlund 2009). The pIH method is used to estimate the pH in petroleum products.  

Initially, the potential in an arbitrary number of water buffers that have different pHs is measured 

with ASTM D4739. In this thesis, three water buffers were used. The potentials [mV] of the three 

water buffers were plotted on the y-axis, with respect to their pHs on the x-axis (Figure 6). A linear 

correlation was subsequently obtained with the slope, k, estimating the decrease of the potential 

with an increasing pH (Equation 1).  

         

 

In Equation 1, the potentials obtained with ASTM D4739 for the analyzed petroleum samples were 

inserted in the y variable. This gave a rough estimation of the pH in the petroleum samples from the 

x variable.  

Since the potential in the water buffers is measured in hydrophilic solutions with ASTM D4739, and 

the potential in the petroleum samples is measured in hydrophobic solutions with ASTM D4739, the 

term pIH is used. However, pIH is often referred to as “pH equivalent”. 

 

(1) 
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Figure 6 A linear correlation obtained, after measurements with ASTM D4739, between the pH (on the x-axis) and the 

potential [mV] (on the y-axis) for three water buffers having pH 3, 7 and 11.  

Further, the buffering capacity of the bases in the petroleum sample analyzed is estimated. This 

estimation is performed by differentiating the change of the added volume titrant between each 

titration, dV, with respect to the change of the pIH in the petroleum sample, dpIH (Figure 7). Since 

the change of the added volume of titrant is constant, i.e. 0.06 ml between every titration, it is the 

change of the potential, hence the change of the pIH, that is used to estimate the buffering capacity 

of the bases in a petroleum sample. A small change of the potential, i.e. strong buffering of the bases 

in the petroleum sample, gives a high peak. When the bases in the petroleum sample are saturated, 

i.e. there are no bases left to neutralize the titrant, a more substantial change of the potential is 

obtained between every titration. The larger the change of the potential (or pIH), the lower is the 

peak height.  

To enable comparison between samples, the differentiated change of the volume titrant with respect 

to the change of the pIH, is further divided by the mass [g] of the sample analyzed (Equation 2).  

In Figure 7, the buffering capacity is plotted on the y-axis, and the pIH is plotted on the x-axis. 
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Figure 7 An estimation of the buffering capacity of the bases in petroleum products (y-axis), and the pIH, at which the bases 

are buffering (x-axis). 

Due to company secrets, the identity of the buffering additives in Scania standard oil is not known, 

yet the highest peak in Figure 7 is thought to be the buffering of CaCO3.  
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3.2 Inductively Coupled Plasma – Atomic Emission 

Spectroscopy  

Inductively Coupled Plasma – Atomic Emission Spectroscopy (ICP-AES) is a frequently used analysis 

technique for the detection of trace elements in a large variety of samples, ranging from acidic to 

hydrophobic samples. During ICP-AES, a plasma source and an optical spectrometer is used 

(Boumans 1987).  

When a solid sample is analyzed with ICP-AES, it is initially dissolved and mixed with water. Liquid 

samples, however, can be analyzed without the need for any prior sample preparations (Boumans 

1987). 

The sample solution is first transformed into an aerosol by an analytical nebulizer. The nebulizer 

converts the liquid solution into a fine mist, and the smallest droplets in the mist are subsequently 

transferred into the plasma. The molecules and atoms in the sample collide with the electrons and 

charged ions in the plasma which causes them to break down into their constituent ions. The plasma 

excites the electrons in the atoms or ions to higher energy levels. When returning to their ground 

state or lower excitation state, the ions or atoms emit electromagnetic radiation, i.e. light, in the 

ultra-violet/visible range of the electromagnetic spectrum. Each excited ion or atom emits light of a 

specific wavelength which is detected by a spectrometer. The spectrometer separates the light into 

its different wavelengths using, amongst others, mirrors and prisms. After the wavelengths are 

separated from each other, a charge-coupled device (CCD) detector is frequently used in modern ICP-

AES units to detect the different wavelengths of the light, and measure the light intensity. Following 

calibration against standards, the elements in the sample are identified. The intensity of the emitted 

light will determine the concentration of the specific elements (Boumans 1987). 

To enable a decomposition of the molecules and atoms in the sample, and to produce a strong 

atomic emission from all chemical elements, temperatures of 6000 - 10 000 K are attained (Boumans 

1987). 

  



23 

 

4 Materials  

Initially, the cation exchangers and the equipment used during the samples preparation of the cation 

exchangers are presented in the Methods section. Subsequently, the chemicals and equipment used 

during the acidification of Scania standard oil, the TBN measurements with ASTM D4739, and the 

ICP-AES analysis of the content of trace elements are presented. 

4.1 Cation exchangers 

Table 4 lists the properties of the two strong cation exchangers evaluated in this study. 

Table 4 Molecular structure and properties of the two strong cation exchangers (Sigma Aldrich, Dow Chemical Company). 

Full name  Supelclean TM LC-SCX SPE DowexTM 50WX8 

Matrix EDTA S-DVB 

Functional group w/  

chemical structure 

Sulphopropyl/Propylsulfonate 

-(CH2)3SO3
- 

Sulfonate 

-SO3
- 

Counter ion Na+ Na+ 

pH range 1 - 14 1 - 14 

Application Organic or hydrophilic 

solutions 

Fine chemical and 

pharmaceutical solutions 

Particle size 45µm 74-149µm 

Exchange capacity 0.2 meq/g 1.7 eq/L 

Maximum operating 

temperature* 

- 110°C 

Physical and chemical 

stability* 

- High  

pKa 4.8 ~ 3 
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Table 5 lists the properties of the two weak cation exchangers evaluated in this study. 

Table 5 Molecular structure and properties of the two weak cation exchangers (Sigma Aldrich, Dow Chemical Company). 

Full name DiscoveryTM DSC-WCX SPE AmberliteTM IRC748I 

Matrix EDTA Macroporous S-DVB 

Functional group w/  

chemical structure 

Carboxypropyl 

-(CH2)3N(CH2COO-)(CH2)2N(CH2COO-)2 

Iminodiacetate 

-N(CH2)2(COO- )2 

Counter ion Na+ Na+ 

pH range 2.8 - 14 1.5 - 14 

Application Organic or hydrophilic solutions 

 

Ideal for use in 

hydrophobic solutions 

Particle size 50µm 500-650µm 

Exchange capacity ~ 0.5 meq/g ≥ 1.35 eq/L 

Maximum operating 

temperature* 

- 90°C 

Physical and chemical 

stability* 

- High 

pKa 4.8 ~ 2 

 *No data in Table 4 and Table 5 is due to a lack of information in the data sheets obtained from Sigma Aldrich. 

Sigma Aldrich was consequently contacted to obtain information regarding these properties. It was said these 

properties had not been evaluated which was the reason for the missing information. 
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Table 6 Equipment used during sample preparation of the cation exchangers. 

Equipment  

Centrifuge (Universal 32) 

Centrifuge tubes  

Disposable plastic pipettes 

Plastic beakers with screw caps 

Metal spoon 

Precision scale 

Particle mask 

4.2 Acidification 

The chemicals and materials used for the acidification of Scania standard oil are listed in Table 7. 

Table 7 Chemicals and equipment used during sample preparations during TBN measurements, using ASTM D4739, and ICP-

AES analysis. 

 Chemicals and equipment 

Scania standard oil (BP1030) 

36.4M H2SO4 (95-97%) 

14.3M HNO3 (65%) 

Micropipette (1-10ml and 100-1000µl) 

Oven kept at 80°C (Salvis) 

Shaker (RedDevil 5410) 

Plastic beakers with screw caps 

Disposable plastic pipettes 
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4.3 Standard test method ASTM D4739 

The TBN was measured with the standard test method ASTM D4739 at Scania AB, Materials 

Technology (UTM). The software program used during TBN measurements, with ASTM D4739, was 

TiNet 2.5 (ASTM International 2006). TiNet 2.5 regulated the titration by controlling three units of the 

equipment; the Metrohm Sample Changer 730, Metrohm NET Titrino 721 and Metrohm Dosimat 

725. Data obtained from ASTM D4739 was processed with TiNet 2.5.  

Table 8 Chemicals and equipment used during TBN measurements. 

Chemicals and equipment Application/Description 

BP1030  Scania standard oil 

Isopropyl alcohol (IPA) Cleansing solution for the electrodes 

2M lithium chloride (LiCl) in ethanol  Electrolyte solution 

Hydrochloric acid (HCl) 0.1M in IPA Titrant 

Toluen 33% / IPA 33% / Chloroform 33%  /Water 1% Solvent  

Water buffers having pH 3, pH 7 and pH 11  Used for the pIH method 

2, 4, 6 – Trimethylpyridin diluted in IPA and 0.2M HCl Calibration solution 

Extran AP 15 fluid alkaline Detergent (dish-washing machine) 

Heptan Detergent (magnetic stir bars) 

Micropipette (1-10ml and 100-1000µl) Sample preparations 

Disposable plastic pipettes Sample preparations 

Plastic beakers Sample preparations 

Magnetic stir bars Sample preparations 
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4.4 ICP-AES 

During this study, the ICP-AES analysis was performed at Exova in Linköping.  

The instrument used during ICP-AES analyses was a Varian 725. It used a system for introduction of 

the samples called oil-FAST. Oil-FAST was obtained from Elemental Scientific. 

During ICP-AES analysis, the standard test method ASTM D5185 was used. However, ASTM D5185 

had been modified by Exova to enable measurements of photon emissions at lower wavelengths. 

The standards used during analysis; S21 + K (potassium), contained 22 elements. The standards were 

certified and obtained from Conostan. 
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5 Experimental procedure 

All laboratory preparations were performed in fume cupboards with safety glasses, nitrile gloves and 

a lab coat. 

For a better understanding of the theory behind the ion exchange that was though to prevail in 

acidified Scania standard oil, and the reason why specific cation exchangers were chosen for this 

study, the reader is referred to Figure 10 and Figure 11 below. 

5.1 Cation exchangers 

An extensive literature study, regarding the selection of appropriate cation exchangers, was 

performed from week 3 until the end of week 16. 

Since it was of interest to remove hydrogen ions (H+) from Scania standard oil, cation exchangers that 

had H+ as counter ions were not of interest. This made it difficult to find appropriate cation 

exchangers since H+ is used as a counter ion for the majority of the cation exchangers found on the 

market today. In addition to the previous required quality, it was of interest to use cation exchangers 

that include counter ions that would not, after the ion exchange, have a negative effect on Scania 

standard oil. It was believed that sodium ions (Na+) do not have this effect on Scania standard oil. 

The identity and concentration of the additives in Scania standard oil was not known. This 

information is a company secret. Due to the lack of information about the additive content in Scania 

standard oil, both a strong; Supelclean (Table 4), and a weak; Discovery (Table 5) cation exchanger 

was used during the initial analyses of the effect cation exchangers may have on acidified Scania 

standard oil. Another property that made Supelclean and Discovery interesting was their small 

particle size, which contributes to a large net surface area and creates good ion exchanging 

possibilities.  

To confirm the results obtained from the analysis with Supelclean and Discovery, an additional strong 

and weak cation exchanger was bought.  

The second strong cation exchanger chosen was Dowex (Table 4). It has an identical active functional 

group as Supelclean; a sulfonate group. Dowex has a styrene divinylbenzene (S-DVB) matrix which 

has hydrophobic properties and makes it highly soluble in hydrophobic solutions.  

Dowex has a high exchange capacity, as well as a high chemical and physical stability. It is also well 

suited for analysis of solutions that contain a large diversity of chemicals. This is a desirable quality 
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since Scania standard oil contains different elements. The particle size of Dowex is larger than the 

two previously mentioned cation exchangers. Since engine oil consist of long hydrocarbon chains, the 

larger particle size was though to contribute to better diffusion possibilities.  

The second weak cation exchanger chosen was Amberlite (Table 5). It was chosen since it is a 

chelating cation exchanger. Chelating ion exchangers have metal ions are bound to the matrix. The 

chelating properties give the matrix a high physical and chemical stability, as well as a high maximum 

operating temperature. Theoretically, the matrix is therefore going to maintain an intact molecular 

structure even at extreme conditions like the ones prevailing in the engine of a heavy vehicle. 

Amberlite has a functional group with an identical active molecule as Discovery; a carboxylate group. 

Like Dowex, Amberlite has an S-DVB matrix. In addition to the high solubility of S-DVB matrices in 

hydrophobic solutions, it is also shown in practice that Amberlite is applicable for analysis of 

hydrophobic solutions. The macroporous quality and the large particle size is thought to simplify 

diffusion of Scania standard oil through the matrix. Amberlite also has a high exchange capacity that 

makes it ideal as a buffering additive in used Scania standard oil that has a high hydrogen ion 

concentration ([H+]). 

All information requested regarding the molecular structure and properties of the cation exchangers, 

could not be acquired since it was proprietary. Several properties of the cation exchangers had also 

not been evaluated which also contributed to a lack of information.  

All cation exchangers were bought from Sigma Aldrich. Supelclean and Discovery are trademarks of 

Sigma Aldrich, and Dowex and Amberlite are trademarks of Dow Chemical Company. 

5.2 Sample preparations 

Initially, the effect of the solvent on Scania standard oil was analyzed by adding 1ml of the solvent to 

1g Scania standard oil. 

Subsequently, the TBN ep of Scania standard oil was lowered from the standard TBN ep, gradually 

down to approximately 1.5mg KOH/g. This was accomplished by acidifying Scania standard oil with 

36.4M H2SO4, 14.3M H2SO4 or 14.3M HNO3 (Appendix A). This was done to visualize the trends of the 

added volume titrant and acquired potential. The acidification of Scania standard oil was performed 

according to Figure 8. The procedure for the acidification of Scania standard oil included heating and 

shaking due to the non-homogenous nature of the mixture containing Scania standard oil and an 

acid.   



30 

 

 

Figure 8 Flow-chart for the acidification of Scania standard oil. 

Data variation of the results obtained with ASTM D4739 was evaluated by comparing three samples, 

taken from the same solution containing Scania standard oil acidified with 14.3M HNO3. 

The effect of the cation exchangers was studied by adding one of the four cation exchangers to 

acidified Scania standard oil. The TBN ep of the acidified Scania standard oil, measured during the 

analyses of the cation exchangers, was 2-3mg KOH/g. This low TBN ep of Scania standard oil was 

used since a higher [H+], therefore, was present in the samples which was believed to result in more 

apparent ion exchanging effects of the cation exchangers.   

The ratio of cation exchanger to Scania standard oil was initially set to 1:2, i.e. 1g cation exchanger 

and 2g Scania standard oil. However, when the cation exchangers were added they absorbed almost 

all of the acidified Scania standard oil. The ratio was consequently set to 1:4, i.e. 1g cation exchanger 

and 4g Scania standard oil. 

Initially, Supelclean and Discovery were studied with Scania standard oil acidified with 14.3M H2SO4 

or 14.3M HNO3. The separate influence of the two acids was of interest since it is believed that HNO3 

has a nitrating effect on Scania standard oil which could give non-reliable results from measurements 

with ASTM D4739. 

Due to the lack of information regarding the physical and chemical stability of Supelclean and 

Discovery, which is thought to be associated with their maximum operating temperature, analysis of 

their ion exchanging capacity was performed at 80°C and at room temperature (20°C).  

The effect of water on the ion exchange capacity of Supelclean and Discovery, both at 20°C and 80°C, 

was also analyzed. This was of interest since water normally is found in small amounts in used Scania 

standard oil.  

During the analysis of the temperature and water effect, Scania standard oil was acidified with 14.3M 

HNO3 or 36.4M H2SO4. 36.4M H2SO4 was used instead of 14.3M H2SO4 since 36.4M H2SO4 contains a 

lower volume of water.  

Due to the outcome from the previous analyses, the following analyses with ASTM D4739 were 

performed at 20°C, without adding water to the samples. All four cation exchangers were added to 

Acid addition 
Shaking  

3 minutes 

Heating  

80°C for 1h 

Shaking  

3 minutes 
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Scania standard oil acidified with 14.3M H2SO4 or 14.3M HNO3. 14.3M H2SO4 was diluted to 14.3M 

H2SO4 according to Appendix B. 

The cation exchanger giving the most substantial reduction of the [H+] was subsequently added to 

Scania standard oil acidified with a mixture of 14.3M H2SO4 and 14.3M HNO3.  

Finally, different amounts of used Scania standard oil were analyzed with the most effective cation 

exchanger. The three ratios used during these analyses were 1:4, 1:8 and 1:16.  

Due to preparation difficulties with the four cation exchangers, it should be noted all ratios are 

approximate.  

All samples that included the cation exchangers were stirred > 1h, and later centrifuged ≥ 20 minutes 

to remove the cation exchanging material. The cation exchangers formed a pellet at the bottom of 

the centrifuge tubes after centrifugation. This made removal of the bulk of the cation exchanging 

material possible.  

Supelclean and Discovery were in dry powder form and had electrostatic attractions with the plastic 

walls of a precision scale. This made sample preparation difficult in the prevailing laboratory 

environment. When working with these cation exchangers it was important to wear a particle mask 

since the draft in the laboratory was sufficiently strong to pull the cation exchanging powder up in 

the air.  

Dowex and Amberlite have S-DVB matrixes and caution was also taken when working with them 

since there was no guarantee no benzene monomers were present in the containers. Benzene is 

carcinogenic and would penetrate nitrile gloves.  

5.3 Standard test method ASTM D4739 

Figure 9 lists the steps performed during measurements of the TBN with the standard test method 

ASTM D4739.  

All samples including the control samples were placed in plastic beakers with magnetic stir bars, 

and weighed using a precision scale.  

The titration equipment had not been used for at least one year. Therefore, calibration of the 

electrodes was performed a minimum of 10 times. This was done to acquire the standard calibrating 

potential from the electrodes, i.e. ≥ 230mV. A minimum of 20 control samples were also analyzed for 

a warm-up of the entire system, and to get the standard TBN ep of pure Scania standard oil, i.e. 10-

12 mg KOH/g. 
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Figure 9 Steps preformed during TBN measurements with ASTM D4739. 

 Measurement of the potential for water buffers with pH 3, 7 and 11. This was done 

once, prior to sample analysis.  

 Every three weeks, a new calibration solution for the electrodes was prepared. 

 Refill of the titrant and the solvent. 

 Maintenance of the electrodes. This was done prior to every measurement 

occasion. This step included refill of the electrolyte solution, to keep the electrodes 

intact, and replacement of IPA and dH2O. 

Preparations 

Calibration of the electrodes was done prior to every measurement occasion. 7.5  ml 

of the calibration solution was used during calibrations. 

Calibration 

The blank volume was measured every time the solvent was changed. The blank 

volume is the volume of the solvent that is consumed by the titrant during every 

sample analysis. 

Blank volume measurements 

Prior to every measurement occasion, the TBN ep of unused Scania standard oil was 

measured to confirm it ranged from 10-12 mg KOH/g.  

Approximately 0.5 g Scania standard oil was used during control sample analysis. 

Control sample  

Approximately 1 g of the sample was used during every analysis. 

Sample  
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5.4 ICP-AES 

Samples that contained Scania standard oil acidified with 14.3M H2SO4 or 14.3M HNO3, which had 

been subjected to Supelclean or Discovery, were sent in glass vials to Exova in Linköping for ICP-AES 

analysis of trace elements. All samples that were sent contained a total of 2ml. These samples were 

sent for trace element analysis since the analyses with ASTM D4739 indicated Supelclean and 

Discovery gave opposite ion exchanging effects on acidified Scania standard oil. 

Prior to every analysis occasion, the instrument used during ICP-AES was calibrated, and the samples 

and standards were diluted in petroleum.  
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6 Theory - Ion exchange mechanism  

It was desired to electrostatically attract H+, originating from Scania standard oil acidified with H2SO4 

or HNO3, to a cation exchanger that had Na+ as counter ions. Assuming a sufficiently high [H+] in the 

Scania standard oil, H+ would compete with Na+ for the positions at the negatively charged functional 

groups. In Figure 10 and Figure 11, the ion exchange, theoretically occurring in acidified Scania 

standard oil, is illustrated. It was thought that the positively charged H+ could be exchanged with the 

positively charged Na+ which are originally electrostatically bound to the cation exchanger.  

It was believed that, after begin subjected to a cation exchanger, a higher pIH would be observed in 

acidified Scania standard oil, i.e. there would be an indication of a lower [H+].  

The chemical reactions (f) and (g), earlier described in Tribochemistry section, show the 

neutralization of H2SO4 and HNO3 with CaCO3. 

 

                                                 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 The principle of the cation exchanging mechanism in Scania standard oil acidified with HNO3. The Na 
+ 

ions, 

initially bound to the cation exchanger, are exchanged with the H
+
 ions that originate from HNO3. 
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Figure 11 The principle of the cation exchanging mechanism in Scania standard oil acidified with H2SO4. The Na
+
 ions, 

initially bound to the cation exchanger, are exchanged with the H
+
 ions that originate from H2SO4.  
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7 Results  

Initially, the results from the analyses with ASTM D4739 are presented. This is followed by a 

presentation of the results obtained from the ICP-AES analysis.  

7.1 Standard test method ASTM D4739 

The reader is referred to Appendix C and Appendix D for an overview of the results obtained from 

the analyses of acidified Scania standard oil, and from the analyses of the temperature and water 

effect on the ion exchange of Supelclean and Discovery. These data showed a great variation and are 

therefore not presented below. 

In Figure 17 - Figure 21, and in Figure 29 - Figure 31, the pIH value used in the figures was obtained 

when the specific potential, at which the bases in the petroleum sample had the highest buffering 

capacity, was inserted in Equation 3. 

7.1.1 pIH method  

The potentials obtained for the three water buffers with pH 3, 7 and 11, are shown in Table 9. After 

plotting the pH, with respect to the potential of the three water buffer, a linear correlation is 

obtained (Figure 12). 

 

Table 9 Potentials for water buffers with pH 3, 7 and 11. 

pH U [mV] 

3 265 

7 92 

11 -55 
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Figure 12 A linear correlation between the potentials and the pH for three water buffers with pH 3, 7 and 11. 

 

Subsequently, Equation 3 was calculated from the pH and the potentials of the water buffers, where 

y represents the potential and x the pH. 
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7.1.2 Scania standard oil 

Analyses with ASTM D4739 showed that the bases in unused Scania standard oil, with a TBN ep of 

11.2 mg KOH/g, buffered at approximately pIH 5.5 (Figure 13).  

The TBN ep was 4.9 mg KOH/g in used Scania standard oil, and the bases were buffering at 

approximately pIH 2 (Figure 14). Compared to results obtained from the analyses of unused Scania 

standard oil, a lower buffering capacity was also seen in used Scania standard oil. 

 

 

 

 

 

 

 

Figure 14 Used Scania standard oil with a TBN ep of 4.9 mg KOH/g.  Compared to unused Scania standard oil, shown in 

Figure 13, a lower buffering capacity and pIH, at which the bases are buffering, was seen in used Scania standard oil. The 

bases in used Scania standard oil were buffering at approximately pIH 2. 

0,00

2,00

4,00

6,00

8,00

10,00

12,00

0,00 1,00 2,00 3,00 4,00 5,00 6,00 7,00

d
V

/d
p

IH
 

pIH 

Figure 13  Buffering of unused Scania standard oil with a TBN ep of 11.2 mg KOH/g. The bases were buffering at 

approximately pIH 5.5. 
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When adding 1 ml of the solvent to Scania standard oil, the TBN ep increased from 11.2 mg KOH/g to 

11.7 mg KOH/g. A higher buffering capacity was also seen in Scania standard oil containing 1 ml of 

the solvent (Figure 15). 

 

 

Figure 15 Buffering of the bases in Scania standard oil, with and without added solvent (highlighted in blue and black, 

respectively). A higher buffering capacity was seen in Scania standard oil containing 1 ml of the solvent. The bases in both 

Scania standard oil with added solvent, and in Scania standard oil without added solvent were buffering at the same pIH. 

Scania standard oil had a TBN ep of 11.2 mg KOH/g, and Scania standard oil containing 1 ml of the solvent had a TBN ep of 

11.7 mg KOH/g. 
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Figure 16 Variation of the buffering capacity and the pIH of three samples taken from a solution that contained Scania 

standard oil acidified with 14.3M HNO3. 
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Figure 17 Variation of the TBN ep and pIH of three samples that were taken from a solution including Scania standard oil 

acidified with 14.3M HNO3. 

7.1.3 Data variation 

In Figure 16 and Figure 17, a data variation of the three samples including Scania standard oil, 

acidified with 14.3M HNO3, is shown. The buffering capacity, TBN ep and pIH of the three samples 

should be nearly identical. However, these trends were not observed. A variation of buffering 

capacity of the bases was obtained (Figure 16). In addition, the TBN ep varied between 3.6-3.8 mg 

KOH/g, and the pIH varied between 3.15-3.55 (Figure 17). 

 

 

 

. 
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7.1.4 Cation exchangers 

Since there was an indication of a data variation of the buffering capacity, diagrams were plotted 

with the difference between the final and initial TBN ep on the y-axis (Equation 4), and the difference 

between the final and initial pIH on the x-axis (Equation 5). The initial values originate from Scania 

standard oil manually acidified with 14.3M H2SO4 or 14.3M HNO3. The final values originate from 

Scania standard oil manually acidified with 14.3M H2SO4 or 14.3M HNO3, that had been subjected to 

one of the four cation exchangers; Supelclean, Discovery, Dowex or Amberlite (Figure 18).   

Supelclean and Discovery were the first two cation exchangers analyzed. Samples subjected to 

Supelclean indicated an increase of the pIH, but a decrease of the TBN ep. Samples subjected to 

Discovery indicated an increase of the TBN ep. Scania standard oil acidified with 14.3M H2SO4 that 

had been subjected to Discovery, indicated a decrease of the pIH. Scania standard oil acidified with 

14.3M HNO3, that had been subjected to Discovery, indicated an increased the pIH.   

Dowex and Amberlite were the second two cation exchangers analyzed. Samples subjected to Dowex 

indicated a decrease of the TBN ep, and increase of the pIH. Samples subjected to Amberlite 

indicated an increase of the TBN ep and the pIH.  

Since it was desired to obtain an increase of the pIH and the TBN ep, it was concluded Amberlite was 

the most suited cation exchanger for further, additional analyses.  

 

∆TBN ep = TBN epf – TBN epi 

  ∆ pIH = pIHf - pIHi (4) (5) 

(4) 
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Figure 18 Change of the TBN ep and pIH of Scania standard oil manually acidified with 14.3M H2SO4 or 14.3M HNO3, after 

being subjected to Supelclean, Discovery, Dowex or Amberlite. 

  

-0,5 -0,4 -0,3 -0,2 -0,1 0 0,1 0,2 0,3 0,4 0,5 0,6 

-0,8 

-0,6 

-0,4 

-0,2 

0 

0,2 

0,4 

0,6 

0,8 

∆ pIH 

∆
 T

B
N

 e
p

 

Supelclean + H2SO4 Supelclean + HNO3 Discovery + H2SO4 Discovery + HNO3 

Dowex + H2SO4 Dowex + HNO3  Amberlite + H2SO4 Amberlite + HNO3 



43 

 

7.1.5 Amberlite 

After being subjected to Amberlite, an increase of the pIH and TBN ep was seen in Scania standard oil 

acidified with a mixture of 14.3M H2SO4 and 14.3M HNO3 (Figure 19).  
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Figure 19 After being subjected to Amberlite, an increase of the TBN ep and pIH is seen in Scania standard oil acidified with 

a mixture of 14.3M H2SO4 and 14.3M HNO3. 
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After being subjected to Amberlite, the TBN ep and the pIH increased in used Scania standard oil 

(Figure 21 and Figure 20). A gradual increase of the TBN ep, in used Scania standard oil, was seen 

with a higher amount added Amberlite (Figure 21). An increase of the pIH, in used Scania standard 

oil, was also seen with a higher amount added Amberlite (Figure 20).  
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Figure 21 A gradual increase of the TBN ep, in used Scania standard oil, was seen with a higher amount added Amberlite to 

used Scania standard oil. 

Figure 20 An increase of the pIH, in used Scania standard oil, was seen with an higher amount added Amberlite to 

used Scania standard oil.  
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7.2 ICP-AES  

Results from the ICP-AES analysis of Scania standard oil acidified with 36.4M H2SO4 or 14.3M HNO3, 

prior to and after being subjected to Supelclean or Discovery, are presented below. 

7.2.1 Supelclean 

The ICP-AES results showed traces of external contamination, and a decrease of the amount of 

phosphorus (P) and zinc (Zn) in Scania standard oil acidified with 36.4M H2SO4, after the sample was 

subjected to Supelclean (Figure 22). 

 

 

 

Figure 22 The amounts of trace elements in Scania standard oil acidified with 36.4M H2SO4, prior to and after being 

subjected to Supelclean (highlighted in dark grey and light grey, respectively). 

36.4M H2SO4  

36.4M H2SO4 + Supelclean 
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Figure 23 The amounts of trace elements in Scania standard oil acidified with HNO3 [14.3], prior to and after being 

subjected to Supelclean (highlighted in dark grey and light grey, respectively). 

 

The ICP-AES results showed traces of external contamination, and an decrease of the amount of 

phosphorus (P) and zinc (Zn) in Scania standard oil acidified with 14.3M HNO3, after the sample was 

subjected to Supelclean (Figure 23). 
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Figure 24 The amounts of trace elements in Scania standard oil acidified with 36.4M H2SO4, prior to and after being 

subjected to Discovery (highlighted in dark grey and light grey, respectively). 

7.2.2 Discovery 

The ICP-AES results showed traces of external contamination, and an decrease of the amount of 

phosphorus (P) and zinc (Zn) in Scania standard oil acidified with 36.4M H2SO4, after the sample was 

subjected to Discovery (Figure 24). 
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Figure 25 The amounts of trace elements in Scania standard oil acidified with 14.3M HNO3, prior to and after being 

subjected to Discovery (highlighted in dark grey and light grey, respectively). 

The ICP-AES results showed traces of external contamination, and an decrease of the amount of 

phosphorus (P) and zinc (Zn) in Scania standard oil acidified with 14.3M HNO3, after the sample was 

subjected to Discovery (Figure 25). 
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8 Discussion 

Below, the results are discussed in the order they were presented in the Results section. When 

unused Scania standard oil is discussed, only the highest peak is taken into consideration since the 

bases contributing to this peak give the greatest buffering effect. 

In the discussion below, it is desired that the TBN ep, pIH and buffering capacity of Scania standard 

oil is high.  

8.1 Scania standard oil 

The buffering pIH, TBN ep and buffering capacity in unused Scania standard oil was higher than in 

used Scania standard oil. These results were expected due to the higher [H+] in used Scania standard 

oil. 

Figure 13 and Figure 14 show a buffering capacity starting at zero. This effect was obtained due to a 

decrease of the measured potential during the initial titrations. Since the decrease of the potential 

was only seen at the beginning of the analyses, this effect was thought to result from one of the 

liquids in the solvent, most likely water. Water can exhibit both acidic and basic properties, and can 

therefore contribute to a neutralization of the added titrant. The neutralizing effect could also be 

observed as an increase of the amount of base, i.e. buffering capacity or TBN ep, of the analyzed 

sample. This hypothesis was confirmed by the results obtained when 1 ml of the solvent was added 

to Scania standard oil (Figure 15). Results from these measurements indicated an increase of the 

buffering capacity and the TBN ep when 1 ml of the solvent was added to Scania standard oil.  

8.2 Data variation 

Scania standard oil including 14.3M HNO3 was analyzed to obtain data variation trends from ASTM 

D4739. Three samples that were taken from the same batch that contained Scania standard oil 

acidified with 14.3M HNO3 showed a clear variation of the pIH, TBN ep and buffering capacity. The 

data variations were, most likely, resulting from the titrant (which is not considered sufficiently 

strong), or from buffering impacts of the solvent. Therefore, in the discussions below, the data 

variation is taken into consideration. 
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8.3 Cation exchangers 

With ASTM D4739 it was found that the two weak cation exchangers; Discovery and Amberlite, gave 

an increase of the pIH, i.e. a decrease of the [H+].  

An increase of the TBN ep was seen in samples subjected to Amberlite. An increase of the TBN ep 

was also seen in Scania standard oil acidified with 14.3M H2SO4, after being subjected to Discovery. 

The increase of the TBN ep indicated the samples contained a higher amount of bases after they 

were subjected to Discovery or Amberlite. Since Na+ and H+ are exchanged with each other, these 

results were not expected.  

The decrease of the pIH in Scania standard oil acidified with 14.3M HNO3, after being subjected to 

Discovery, could be a result of data variation. Further measurements with Discovery are therefore 

recommended.   

Out of the two weak cation exchangers analyzed; Discovery and Amberlite, Amberlite contributed to 

a more significant increase of the TBN ep and the pIH. Since the properties of Amberlite make it 

more compatible with hydrophobic solutions, this could possibly be the reason for the more 

substantial increase of the pIH and the TBN ep. A clear phase separation of the Scania standard oil 

and Discovery was seen in the samples during the preparations. The ion exchange could have been 

hindered by hydrophobic properties of Scania standard oil, and hydrophilic properties of Discovery. 

Conclusively, after being subjected to weak cation exchangers, a decrease of the [H+], and an 

increase of the amount of base was seen, i.e. the pIH and TBN ep increased in the majority of the 

samples that contained Scania standard oil acidified with 14.3M H2SO4 or 14.3M HNO3. 

Further, it was found that the two strong cation exchangers; Supelclean and Dowex, contributed to 

an increase of the pIH, i.e. a decrease of the [H+]. Supelclean gave a more substantial decrease of the 

[H+] than Dowex. Both Supelclean and Dowex contributed to a decrease of the TBN ep, i.e. indicated 

that the amount of base in the samples decreased. The variation of the results obtained from 

analyses with Supelclean and Dowex could be due to the hydrophobic properties of Dowex, and 

hydrophilic properties of Supelclean. 

Conclusively, after being subjected to strong cation exchangers, a decrease of the [H+] and the 

amount of bases was seen, i.e. the pIH increased and the TBN ep decreased in the majority of the 

samples that contained Scania standard oil acidified with 14.3M H2SO4 or 14.3M HNO3.  
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The reason why weak and strong cation exchangers have different effects on the base content in 

Scania standard oil acidified with 14.3M H2SO4 or 14.3M HNO3, cannot be explained. However, it can 

be concluded that strong cation exchangers possess qualities that make them inappropriate as 

complements to buffering additives since it is desired to have a high amount of base in Scania 

standard oil. After samples, that contained Scania standard oil acidified with 14.3M H2SO4 or 14.3M 

HNO3, were subjected to weak cation exchangers, ASTM D4739 indicated the amount of bases 

increased in the samples. This effect of the weak cation exchangers indicates Scania standard oil will 

have a higher ability to neutralize acids in the presence of weak cation exchangers. Weak cation 

exchangers, therefore, possess qualities that make them appropriate as complements to buffering 

additives.  

Theoretically, since Na+ is exchanged with H+, weak and strong cation exchangers should have the 

same effect on the TBN ep, and thereby on the amount of bases in Scania standard oil acidified with 

14.3M H2SO4 or 14.3M HNO3. Regardless of the identity of the exchanged monovalent ions, the bases 

in Scania standard oil should be equally saturated prior to and after the ion exchange, i.e. the TBN ep 

should have remained the same before and after the samples were subjected to a cation exchanger.  

8.3.1 Amberlite 

Out of the two weak cation exchangers analyzed; Discovery and Amberlite, Amberlite gave the most 

substantial increase of the TBN ep and the pIH, i.e. decrease of the [H+] in Scania standard oil 

acidified with 14.3M H2SO4 or 14.3M HNO3. Therefore, it was of interest to see what effect Amberlite 

would have on Scania standard oil acidified with a mixture of 14.3M H2SO4 and 14.3M HNO3. Also in 

these samples Amberlite increased the TBN ep and the pIH. 

Finally, Amberlite was analyzed in used Scania standard oil. Here it showed the greatest increase of 

the pIH, i.e. lowering of the [H+]. This effect was probably a result of a lower [H+] in the samples that 

contained used Scania standard oil. In used Scania standard oil, the [H+] was not as high as in the 

manually acidified Scania standard oil, i.e. the TBN ep in used Scania standard oil was 4.9 mg KOH/g, 

as opposed to manually acidified Scania standard oil which had a TBN ep of 2-3 mg KOH/g.  

Increasing the amount of added Amberlite to used Scania standard oil contributed to a gradual 

increase of the TBN ep. An increase of the pIH was also seen with a higher amount of Amberlite 

added to used Scania standard oil.  
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The gradual increase of the TBN ep, with increasing added Amberlite to used Scania standard oil was 

a reasonable effect since more functional groups, and thereby more counter ions (Na+) enabled a 

higher amount of ions to be exchanged.  

The increase of the pIH, with a higher amount added Amberlite to used Scania standard oil, was also 

a reasonable effect. When used Scania standard oil contained approximately 10 % or 20 % Amberlite, 

deviating pIHs were obtained. These pIHs could have resulted from data variation.  

The reason why Amberlite was found to be the best candidate as a complement to buffering 

additives in Scania standard oil could be due to, among others, its chelating properties.   

Based on the results discussed above, the relatively acidic environment in manually acidified Scania 

standard oil could have contributed to results from analyses with Supelclean, Discovery or Dowex, 

that were not entirely representative of the actual effects of the cation exchangers. It is thought that 

the acidic environment in manually acidified Scania standard oil contributed to a suppression the 

function of these three cation exchangers. 

8.4 ICP-AES 

It was decided to analyze samples subjected to Supelclean and Discovery with ICP-AES to obtain 

information about the amount of trace elements, primarily Na+, left in the samples. With these 

results, the movement of the various trace elements could be determined. Also, it could be 

concluded what causes the differences of the results obtained when Scania standard oil, acidified 

with 14.3M H2SO4 or 14.3M HNO3, was subjected to Supelclean or Discovery. 

Although the amounts of wear metal elements were differing in all samples, the variations were too 

small to draw any conclusions regarding possible interactions of these elements with Supelclean or 

Discovery. The variations are thought to result by chance, from differences in centrifugation time, or 

sedimentation in the original batch the Scania standard oil was taken from.  

Decreased levels of Na are seen in all samples subjected to Supelclean or Discovery. The reason for 

this ionic movement is not clear. 

The levels of P and Zn had decreased, and the positively charged ions of these elements could 

possibly bind to the negatively charged functional groups of the matrix. Zinc ions are divalent and 

phosphide ions are trivalent. These multi-charged ions will have stronger attractions to the 

negatively charged functional groups of the cation exchanging matrix than monovalent hydrogen 

ions (H+). Therefore, there was an ion exchange between Na and Zn, but primarily between Na and P 
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since the amounts of P had decreased more substantially. This hypothesis is not considered correct 

since it requires that Zn and P were found in ionic forms in Scania standard oil. However, what form 

these elements are found in in Scania standard oil is unknown.  

Even though all samples were centrifuged to remove elements of the cation exchangers, the levels of 

silicon (Si) had increased in samples that had been subjected to Discovery, and the levels of Si and 

potassium (K) had increased in samples that had been subjected to Supelclean.  
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9 Conclusions 

Weak cation exchangers are potential complements to buffering additives in engine oil since they 

contributed to an increase of the pIH and the TBN ep in Scania standard oil acidified with 14.3M 

H2SO4 or 14.3M HNO3.  

Out of the two weak cation exchangers analyzed; Discovery and Amberlite, Amberlite contributed to 

the most substantial increase of the pIH and TBN ep in Scania standard oil acidified with 14.3M H2SO4 

or 14.3M HNO3. 

In used Scania standard oil, Amberlite increased the pIH and TBN ep more substantially than in Scania 

standard oil acidified with a mixture of 14.3M H2SO4 and 14.3M HNO3.  

The higher the amount Amberlite added to used Scania standard oil, the greater was the increase of 

the pIH and TBN ep. 

Amberlite has the highest potential to serve as a complement to buffering additives in Scania 

standard oil. 

The two strong cation exchangers analyzed; Supelclean and Dowex, can be excluded as potential 

complements to buffering additives since they decreased the TBN ep.  However, Supelclean and 

Dowex did increase the pIH in Scania standard oil acidified with 14.3M H2SO4 or 14.3M HNO3. 

No concrete conclusions can be drawn from the results obtained from the ICP-AES analysis regarding 

the ion exchange of Supelclean or Discovery. 

No trends of the ion exchange capacity of Supelclean and Discovery were seen when analyzing these 

two cation exchangers at various temperatures, or in the presence of higher volumes of water.  

  



55 

 

10 Future aspects  

Due to the traces of external contamination, i.e. elements of the cation exchangers found during ICP-

AES analysis, centrifugation is not considered a sufficient method for the removal of the cation 

exchanging material. It is recommended that manually acidified Scania standard oil, or used Scania 

standard oil is analyzed with IEX columns. IEX columns will, most likely, eliminate external 

contamination since they are designed to not let ion exchanging material elute.  

Further literature studies, regarding additional suitable cation exchangers as buffering additives, 

should be considered. Besides the low supply cation exchangers applicable in hydrophobic solutions 

on the market today, cation exchangers with Na+ as counter ions were rarely encountered. However, 

several articles encountered during the literature study indicate an increase of the synthesis of cation 

exchangers designed for specific purposes. 

In the Methods section, for standard test method ASTM D4739, it is written that the titrant used; 

HCl, is not sufficient in titrating weak bases which results in TBNs that are not considered accurate. 

This effect of HCl could be eliminated by using the standard test method ASTM D2896 (ASTM 

International 2006, Petroleum Quality Institute of America). ASTM D2896 uses perchloric acid (HClO4) 

as a titrant which is stronger than HCl. It also uses a more polar solvent system. This solvent titrates 

salts of weak acids, basic salts, and weak alkaline salts of some metals. ASTM D2896 will, therefore, 

eliminate the negative effects of the solvent on Scania standard oil. 

The ratio of acidified Scania standard oil to cation exchanger was not representative of the actual 

ratio thought to prevail, in practice, in the engine. Yet, high amounts of the cation exchangers were 

used to get a clear visualization of the effect cation exchangers have on acidified Scania standard oil. 

Therefore, during future studies, smaller amounts of the cation exchanger should be tested for a 

more realistic simulation. 

For future studies, it is recommended that a TBN ep of 2-3 mg KOH/g should not be measured. A TBN 

ep of 5-6 mg KOH/g would be a better choice since Scania standard oil, in practice, is replaced when 

a TBN ep of 5 mg KOH/g is reached.  
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12 Appendix 

12.1 Appendix A – Acid addition  

Calculations of the concentration of 95-97% H2SO4 and 65% HNO3  

 

H2SO4: 

           
 

 
  

              

           
                 

  

H2SO4 is deprotonated twice and the percentage of the acid is 95-97% giving the concentration; 

 

          
   

 
        2        

HNO3: 

          
 

 
 

          
 
 

        
 

   

              
   

 
 

 

Since the percentage HNO3 is 65%, this will give the final concentration; 

 

             
   

 
              

 

 

                                                           

 

 

2 Since the solvent contributed to a lowering of the TBN ep, the highest percentage; 97%, was used to not underestimate 

the strength of the acid. 
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Acid addition 

If the TBN ep in a petroleum product is 10 mg KOH/g, and it is desired to lower the TBN ep to 2 mg 

KOH/g, initially the mole in 1g KOH is calculated: 

 

M (KOH) = 56.1 g/mole 

        
 

 
  

   

           
             

 

If the TBN ep is lowered from 10mg KOH/g to 2mg KOH/g it will give a lowering of 10-2 = 8. The mole 

calculated above is for 1g KOH. If the amount of the prepared engine oil is 20g, for instance, it will 

give: 
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12.2 Appendix B – Dilution of 36.4M H2SO4 

Dilution of 36.4M H2SO4 to 14.3M H2SO4   

The dilution of 36.4M H2SO4 to 14.3M H2SO4 was done by using the following formula: 
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12.3 Appendix C – Acidification of Scania standard oil  

In Figure 26, Figure 27 and Figure 28, specific data is chosen to illustrate occasional trends of the 

buffering capacity of the bases in the petroleum samples when adding different volumes of 36.4M 

H2SO4, 14.3M H2SO4 or 14.3M HNO3 to Scania standard oil. A great variation of the buffering capacity 

was seen from the complete data set obtained with ASTM D4739 and, therefore, only specific data is 

shown in Figure 26, Figure 27 and Figure 28. 

 

  

Figure 26 Buffering trends for Scania standard oil including different volumes 36.4M H2SO4. As a higher volume 36.4M H2SO4 

is added to Scania standard oil, a decrease of the buffering capacity is occasionally seen. 

 

 

Figure 27 Buffering trends for Scania standard oil including different volumes 14.3M H2SO4. As a higher volume 14.3M H2SO4 

is added to Scania standard oil, a decrease of the buffering capacity is occasionally seen. 

 

 

TBN ep 11.2 mg KOH/g 

TBN ep 5.5 mg KOH/g       

TBN ep 3.6 mg KOH/g   

TBN ep 2.7 mg KOH/g 

                             

TBN ep 11.2 mg KOH/g  

TBN ep 5.7 mg KOH/g       

TBN ep 5.0 mg KOH/g    

TBN ep 3.6 mg KOH/g 
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Figure 28 Buffering trends for Scania standard oil including different volumes 14.3M HNO3. As a higher volume 14.3M HNO3 

is added to Scania standard oil, a decrease of the buffering capacity is occasionally seen. 

 

 

 

 

  

 

  

TBN ep 11.2 mg KOH/g        

TBN ep 7.0 mg KOH/g       

TBN ep 4.2 mg KOH/g   

TBN ep 1.9 mg KOH/g 
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12.4 Appendix D – Effect of temperature and water  

At 80°C, Supelclean and Discovery contributed to a decrease of the TBN ep in Scania standard oil 

acidified with 36.4M H2SO4 or 14.3M HNO3 (Figure 29. No trends of the pIH were seen (Figure 29).   
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Figure 29  All values given show the difference between results from analysis at 20°C and 80°C. A decrease of the TBN ep, yet 

no trends of the pIH in manually acidified Scania standard oil was seen after analysis with Supelclean and Discovery. 
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The presence of water contributed to an increase of the TBN ep, in Scania standard oil acidified with 

36.4M H2SO4 or 14.3M HNO3, after being subjected to Discovery at 20°C (Figure 30). However, a 

decrease of the TBN ep was seen in Scania standard oil acidified with 36.4M H2SO4 or 14.3M HNO3, 

after being subjected to Supelclean at 20°C (Figure 30). The presence of water contributed to an 

increase of the pIH in Scania standard oil acidified with 36.4M H2SO4 or 14.3M HNO3 after being 

subjected to Discovery or Supelclean at 20°C (Figure 30). 

  

Figure 30 Analysis at 20°C of the water effect, on ion exchange of Supelclean and Discovery, in manually acidified Scania 

standard oil. Results indicated an increase of the TBN ep and pIH when subjected to Discovery. After being subjected to 

Supelclean, the TBN ep and pIH decreased. All values given show the difference between results obtained from analysis with 

and without the presence of water. 
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The presence of water contributed to a decrease of the TBN ep, in Scania standard oil acidified with 

36.4M H2SO4 or 14.3M HNO3, after being subjected to Supelclean or Discovery at 80°C (Figure 31). 

The presence of water contributed to an increase of the pIH, in Scania standard oil acidified with 

36.4m H2SO4 or 14.3M HNO3, after being subjected to Discovery at 80°C (Figure 31). No trends of the 

pIH, in Scania standard oil acidified with 36.4M H2SO4 or 14.3M HNO3, after being subjected to 

Supelclean at 80°C, were seen (Figure 31). 

 

Figure 31 Analysis at 80°C of the water effect has on ion exchange of Supelclean and Discovery in manually acidified Scania 

standard oil indicated no trends of the pIH of all samples. However, a decrease of the TBN ep was seen. All values given 

show the difference between results obtained from analysis with and without the presence of water. 
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