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Abstract  
 
Lubricant is a common name for a large group of products that are essential for almost every 
engine or other machinery equipment that include mechanical part movements. Their main 
application is reduction of the friction between two rubbing surfaces by interposing a 
lubricating film between them. Other important functions of lubricants beside lubrication are; 
heat transfer, energy efficiency enhancement, corrosion and oxidation protection. All types of 
lubricants mainly consist of base oil and additives. Base oils are mainly hydrocarbon 
compounds, while additives are various chemical compounds added to the base oil to enhance 
some of the already existing properties, or to impose new properties that are beneficial for 
application purposes. During the storage period, where different storage conditions can occur, 
many of the requirements for lubricants chemical and physical stability needs to be fulfilled. 
Inappropriate storage conditions can cause physical and chemical changes in lubricants, which 
can make them unusable for the intended application. The effects of different storage conditions 
on lubricants stability were investigated in this work. The experimental part of this project was 
conducted at Fuchs Lubricants Sweden AB. At the beginning of the experiment, twelve 2L high 
density polyethylene bottles (HDPE) filled with the lubricant, were divided into three groups. 
The first group consisted of four closed HDPE bottles previously filled with the lubricant that 
were stored at 9 °C, 22 °C, 45 °C and 80 °C. The second and the third group consisted also of 
four open bottles and four bottles with added distilled water stored at the same storage 
temperatures. The amount of lubricant was approximately the same in all bottles.  At different 
time intervals sample aliquots from the top, middle and the bottom layer were taken from these 
bottles and analyzed. The effects of different storage conditions on the lubricant’s stability and 
homogeneity were acquired by two distinctive spectroscopic methods. Inductively Coupled 
Plasma Atomic Emission Spectroscopy (ICP-AES)  was used for elemental composition 
analysis, while the Fourier Transform Infrared (FTIR) Spectroscopy was used for evaluation of 
chemical changes on molecular level. Results from ICP-AES analyses showed almost 
homogeneous elemental distribution, virtually unaffected by different storage conditions in all 
sample bottles. Results from FTIR analyses showed that observed changes in absorption peaks 
(673, 863, 972. and 1267 cm-1) took place almost simultaneously at all three layers in all bottles 
stored at four different temperatures. These results suggest that the analyzed lubricant was 
stable and homogeneous for the observed period. The lowest storage temperature caused 
minimal changes in the lubricant and can be considered as optimal storage temperature for this 
product. It was also observed that increased temperature, direct exposure to oxygen and 
presence of water catalytically affected the rate of these changes. A part of this project was to 
validate the method used for ICP analysis. For this purpose, the following method performance 
parameters were investigated: linearity, precision, accuracy, Limit of detection (LOD) and 
Limit of quantification (LOQ). The obtained results showed that linearity of the method for all 
elements, in the used standard, was confirmed based on the set criteria. Precision and accuracy 
were tested in repeatability conditions and at four different concentration levels. The obtained 
results showed that accuracy of the method increased with concentration, and was highest  for 
50 ppm, for almost all elements. The highest precision (< 2 % RSD), for almost all elements was 
obtained for the concentration of 25 ppm. The LOD values were between 0.01 and 1.42 ppm 
while calculated LOQ values were between 0.04 and 4.73 ppm.      

Keywords: Lubricants, Base oil, ICP-AES, FTIR, Method validation.  



 
 

Sammanfattning  
 
Smörjmedel är det gemensamma namnet för en stor produktgrupp som är nödvändig för nästan 
alla motorer eller annan maskinutrustning som inkluderar mekaniska delrörelser. Deras 
huvudsakliga tillämpning är att minska friktionen mellan två ytor i rörelse genom att införa en 
smörjfilm mellan dem. Andra viktiga funktioner förutom smörjning är; värmeöverföring, 
energieffektivisering, korrosion-och oxidationsskydd. Alla typer av smörjmedel består 
huvudsakligen av basolja och tillsatser. Basoljor är huvudsakligen kolväteföreningar medan 
tillsatser är olika kemiska föreningar som läggs till basoljan för att förbättra några av de 
befintliga egenskaperna eller att införa nya egenskaper som är fördelaktiga för 
applikationsändamål. Under lagringsperioden, där olika lagringsförhållanden kan uppstå, måste 
många av kraven på smörjmedlens kemiska och fysikaliska stabilitet uppfyllas. Olämpliga 
lagringsförhållanden kan orsaka fysiska och kemiska förändringar i smörjmedlen som kan göra 
dem oanvändbara för avsedd användning. Effekterna av olika lagringsförhållanden på 
smörjmedelstabilitet undersöktes i detta arbete. Experimentell del av detta projekt genomfördes 
hos Fuchs Lubricants Sweden AB. I början av experimentet, tolv 2L 
högdensitetspolyetenflaskor (HDPE) fyllda med smörjmedlet, uppdelades i tre grupper. Den 
första gruppen bestod av fyra slutna HDPE-flaskor som ifylldes med smörjmedlet och som 
lagrades vid 9 ° C, 22 ° C, 45 ° C och 80 ° C. Den andra och den tredje gruppen bestod också 
av fyra öppna flaskor och fyra flaskor med tillsatt destillerat vatten lagrat vid samma 
lagringstemperaturer. Mängden av smörjmedel var ungefär lika i alla flaskor. Vid olika 
tidpunkter togs prov från topp-mitten-och bottenskiktet från dessa flaskor och analyserades. 
Effekterna av olika lagringsförhållanden för smörjmedelsstabiliteten och homogeniteten 
förvärvades genom två distinkta spektroskopiska metoder. Induktivt kopplad plasma 
atomemissions-spektroskopi (ICP-AES) användes för elementsammansättningsanalys medan 
Fourier transform infraröd spektroskopi (FTIR) användes för utvärdering av kemiska 
förändringar på molekylär nivå. Resultat från ICP-AES-analyser visade nästan homogen 
fördelning av element, opåverkad av olika lagringsförhållanden i alla provflaskor. Resultat från 
FTIR-analyser visade att observerade förändringar i absorptionstoppar (673, 863, 972 och 1267 
cm-1) inträffade nästan samtidigt i alla tre skikten i flaskorna lagrade vid fyra olika 
temperaturer. Dessa resultat tyder på att det analyserade smörjmedlet var stabilt och homogent 
under den observerade perioden. Den lägsta lagringstemperaturen orsakade minimala 
förändringar i smörjmedlet och kan betraktas som den optimala lagringstemperaturen för denna 
produkt. Resultatet visade också att ökad temperatur, direkt exponering för syre och närvaro av 
vatten hade katalytiskt påverkat graden av dessa förändringar. En del av detta projekt var att 
validera metoden som används för ICP-analys. För detta ändamål undersöktes följande 
metodprestanda-parametrar: linjäritet, precision, noggrannhet, detektionsgräns (LOD) och 
kvantifieringsgräns (LOQ). De erhållna resultaten visade att linjäriteten för metoden, för alla 
element, i den använda standarden bekräftades baserat på uppsatta kriterier. Precision och 
noggrannhet testades i repeterbarhetsförhållanden och vid fyra olika koncentrationsnivåer. De 
erhållna resultaten visade att metodens noggrannhet ökade med koncentration och var högst för 
50 ppm, för nästan alla element. Den högsta precisionen (<2% RSD), för nästan alla element, 
erhölls för koncentrationen av 25 ppm. LOD-värdena var mellan 0.01 och 1.42 ppm medan 
beräknade LOQ-värden var mellan 0.04 och 4.73 ppm.  

Nyckelord: Smörjmedel, Basoljor, ICP-AES, FTIR, Metodvalidering. 
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Abbreviations and definitions  

 

Viscosity Describes a fluid resistance to flow caused by molecular friction 
inside the fluid 
 

Viscosity Index (VI) Describes the influence of temperature on viscosity (higher values 
imply smaller temperature influence) 
 

Volatility Measure of lubricants tendency to vaporize 
 

Solvency Capability to dissolving substances or to act as a solvent 
 

Pour point (PP) Lowest temperature at which lubricant will flow 
 

Polarity The presence of molecular dipole caused by different 
electronegativity of atoms that builds chemical bonds inside the 
molecule. 
 

Flash point The lowest temperature at which mixtures of lubricant vapor and 
air can ignite when exposed to ignition source 
 

Saturated 
compounds 

Organic compounds without double or triple bounds between 
carbon atoms 
 

Friction  Force resisting relative motion of two contacting surfaces 
 

Radical species Molecules that have at least one unpaired valence electron. In most 
cases highly reactive species that can cause chain reaction  
  

Measurand Quantity intended to be measured 
 

API American Petroleum Institute 
 

ATIEL The technical association of the European lubricants industry 
 

FTIR Fourier Transform Infrared Spectroscopy   
 

ICP-AES Inducted Coupled Plasma Atomic Emission Spectroscopy  
 

ASTM 
 
LOD 
 
 
LOQ   

American Society for Testing and Materials 
 
Lowest concentration of analyte that can be detected but not 
necessarily quantified 
 
Lowest concentration of analyte that can be quantified with 
acceptable level of precision and accuracy 
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1. Introduction 

Lubricants have a crucial role in friction and wear reduction between rubbing surfaces in 
motion. This friction reduction increases energy efficiency of the mechanical systems which 
can lead to the reduction of fuel consumption and related air pollution [1]. The use of a good 
quality lubricants reduces also the lubricant consumption and expands the service lifetime of 
equipment and it´s components. As a result, maintenance, replacement and disposal costs are 
significantly reduced together with negative impacts on the environment. The appropriate 
storage conditions are also of great importance since they can affect lubricant's chemistry and 
homogeneity. Inappropriate storage conditions can cause physical and chemical changes in the 
lubricant and consequently reduce lubricants quality. Thus, lubricant consumption, disposal 
costs and negative impacts on the environment can significantly increase and contribute to the 
unsustainable type of development. Lubricants mainly consists of base oil and additives. They 
can have multipurpose functions, or they can be used as specialty lubricants developed for 
specific use. In both cases they should be characterized by chemical and physical stability 
during the application but also during the storage period. Properties of base oils are defined by 
their composition, while base oil composition is defined by the type of refinement process 
applied in refineries. The role of additives is to enhance some of the already existing properties 
of base oils or to impose new properties that are beneficial for application purposes [2]. The 
oxidation processes are identified as main causes for lubricant degradation and are responsible 
for deterioration of physical and chemical properties important for intended application. As a 
result, many oxygen containing compounds formed during this processes can lead to the 
formation of insoluble substances such as sludge or varnish. Antioxidant additives are added to 
almost all lubricants in order to suppress the base oil oxidation and consequently prolong useful 
life of lubricants. During these processes they are consumed and when they are depleted 
oxidation rates increases [3]. These processes however produce some measurable effects that 
are exploited by some analytical techniques. Fourier Transform Infra-Red (FTIR) Spectroscopy 
and Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) are techniques that 
can be used to evaluate lubricant condition. Interpretation of the obtained result is simplified 
when the reference values, usually from freshly mixed lubricants, are available for comparison.  

 

   

1.1 Thesis objectives  

The aims of this study are: 
 

1. Evaluation of changes in lubricant chemistry that can occur during the different storage 
conditions of commercially available lubricant. Only spectroscopic techniques such as 
FTIR and ICP-AES are used for this purpose due to the time limitation.  

 
2. Validation of the method that is used for ICP-AES analysis. 
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2. Theory  

Lubricant is the joined name for a large group of products that are essential for almost every 
engine or other machinery equipment that include mechanical part movements. Their main 
application is to reduce the friction between surfaces in motion. This consequently leads to 
reduction of heat generation that causes wear and premature failure of the equipment. Any 
material either in liquid, solid or gaseous form that promotes such behavior can be called 
lubricant. Other important functions of lubricants beside lubrication are; heat transfer, 
protection from corrosion and oxidation of lubricating components, energy efficiency 
enhancement, cleaning and transportation inside the engine, insulation role in transformer 
applications, power transfer medium in hydraulic systems and sealing against outside impurities 
like dust, dirt and water [1], [4]. Even with a minor reduction of friction between the two 
contacting surfaces significant improvement of energy efficiency can be achieved. This also 
implies reduction of fuel consumption and associated emissions of air pollutants. So, a good 
quality lubricant is an important preference to meet the restrictions about the emissions from 
vehicles set by legislation [5]. Lubricants can be classified in many ways. According to the 
intended application lubricants are divided into automotive engine oils, industrial oils, metal 
working fluids, aviation oils and greases [6], [1].  Alternative classification on engine and non-
engine lubricants is based on different operating environments. Transmission fluids, gear oils 
and hydraulic oils are some examples of non-engine lubricants [4]. Lubricant´s two main 
ingredients are lubricant base oil and additives.  
  

2.1 Base oils 

Irrespective of the classification criteria common ingredients for all lubricants are base oils and 
additives, where the amount of additive component can vary between 2- 25 % [7]. Accordingly, 
base oil is the main constituent of all lubricants. The chemical essence of every base oil is the 
hydrocarbon chain of the included substances of different complexity and length. The chemical 
property of these chains affects the physical-chemical characteristics of the lubricant. Based on 
their origin it is convenient to classify them as mineral, synthetic and bio-based lubricant base 
oils [1]. Since the mineral base oil is the backbone of the analyzed product it is going to be 
described in more details compared to other base oil types. 

2.1.1 Mineral base oils  

Crude oils are complex organic mixtures that mainly consist of many different hydrocarbon 
molecules accompanied with minor amounts of sulfur, inorganic salts, nitrogen, oxygen and 
metals [5]. Paraffins, naphthenes, aromatics and their combinations are the most abundant 
hydrocarbon species in the crude oil. The number of carbon atoms in these hydrocarbon 
structures varies between 20 and 50 [1]. Structures with carbon atoms lower than 20 have higher 
volatility and are not preferred component in lubricants [5]. Paraffins, also known as alkanes, 
are present in saturated linear (n-paraffins) or branched (iso-paraffins) chain structures, while 
unsaturated forms of these molecules, with at least one double bound between carbon atoms are 
defined as alkenes or olefins. Alicyclic compounds and polycyclic aromatic compounds  have 
saturated and unsaturated cyclic structures respectively. Beside these structures many other 
compounds like organosulphur, organonitrogen or organometallic compounds are usually 
present in the crude oil in very low concentrations [2]. The presence and proportion of different 
hydrocarbon structures dictate the physical and chemical properties of the base oil, and 
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consequently their application in lubricants. Hydrocarbon chain length defines the viscosity of 
base oil. Short hydrocarbon chains  give a low viscosity. Low viscosity base oils used at high 
temperatures tend to form insoluble deposits on the material surface during evaporation. The 
presence of ring structures in the base oil will increase the oils solvency. Higher solvency means 
higher interaction between base oil and additives and hence increased stability of the final 
lubricant. Higher polarity of the base oils implies also better interaction with additives and 
material surfaces. The presence of ring structures and branching enhance the cold flow 
properties of the base oil, while the oxidation stability is decreased when the proportion of 
unsaturated and aromatic structures in the base oils increases [5]. Paraffinic base oils are usually 
light yellow, where the proportion of paraffin structures is between 45 and 60 %. They are 
mostly used as a components for automotive lubricants because of the properties they possess 
(see Table 2.1). When the presence of paraffinic content is between 25 and 35 % and the rest is 
naphthenic, the base oil is considered to be naphthenic. Naphthenic oils have different 
properties and they are mostly used as hydraulic oils, metalworking oils, greases etc. [5]. The 
degradation products of these oils are soluble, and they are not prone to sludge and deposit 
formation [1].  

Table 2.1 General characteristic of different compounds present in the mineral base oils [1]. 
 

 
 
 
 
 
 

The presence of some hydrocarbon components has positive and desirable influence on physical 
and chemical properties of base oil formulations and intended application, while others are 
detrimental and should be excluded. The process of converting these compounds to mineral 
base oils of acceptable quality for intended use is called refining and it is conducted in refineries. 
It includes several different physical and chemical refining steps that results in products suitable 
to be used as lubricant base oil. The main refining steps after the distillation are deasphalting 
followed by solvent extraction step, dewaxing and hydro refining step [5]. Liquid propane as a 
solvent is commonly used for removing of asphaltic residues present in the vacuum distillate 
from the refinery. The obtained bright stocks, free from asphaltene are then subjected to solvent 
extraction with sulfur dioxide or phenol to remove the aromatic structures and increase the 
concentration of paraffines. Dewaxing step includes removal of waxes either by filtration after 
crystallization at lower temperatures or by solvent extraction. The hydro finishing step is a 
process that includes high temperatures (250-350 °C) and elevated pressures (20-60 bar), where 
the hydrogen atoms in the presence of catalyst are added to base oil structure (hydrogenation) 
[2]. This process enhances oxidation stability of base oil by reducing the level of aromatic and 
unsaturated compounds. It also removes some of the nitrogen and sulfur-based compounds. 
Improvements in color and useful lifetime of base oil are also possible [6], [2], [5]. The property 
of the base oil is affected by the type of refining step applied on the crude oil as can be seen 
from the Table 2.2. When the process of hydrogenation is conducted in more severe conditions 
than those mentioned earlier, hydrocracking process occurs. Operating temperatures and 
pressures are 350-420 °C and 100-180 bar, respectively. In this process restructuration and 

Paraffinic Naphthenic Aromatic 
excellent oxidation 
stability 

moderate oxidation 
stability

poor oxidation 
stability 

higher viscosity lower viscosity lowest viscosity
poor solvency outstanding solubility excellent solvency
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cracking of larger molecules into the smaller compounds occur followed by ring openings, 
saturation of polycyclic compounds and isomerization. 

Table 2. 2 The influence of the refining steps on base oil property [5]. 

 
Consequently, most of the present components are chemically changed, which results in higher 
VI, lower volatility and higher purity characterized by dominating paraffinic structures. This 
process almost completely removes the sulfur and nitrogen compounds and the presence of 
aromatic structures is at the lowest level [6], [2]. New hydrogenation processes are capable to 
carry out dewaxing and dearomatization of mineral oils without physical removal of molecule 
characteristic for other dewaxing procedures [6]. Since this process results in very low levels 
of aromatics and double bounds in base oils, they all suffer from poor solvency. Some of the 
base oils that are produced by these finishing steps of crude oil processing are white oil, very 
high viscosity index (VHVI) base oils and polyalphaolefins (PAO) among others. White oil is 
highly refined mineral oil with high level of saturation. They are chemically inert, colourless 
because of very low levels of aromatic compounds and almost free from oxygen, nitrogen and 
sulfur compounds [5]. Based on these properties their main field of application is in 
pharmaceuticals, medical, food industry and other special applications [1]. VHVI are mainly 
paraffinic implying high level of saturation and characteristic properties presented in Table 2.1. 
They have even lower levels of sulfur and nitrogen compounds and improved cold flow 
properties, which makes them suitable for engine lubricants. PAO oils have superior properties 
compared to other types and are only truly synthetical base oil synthetized from linear paraffins 
that originate from crude oils. They are almost completely saturated and free from aromatic 
compounds, which implies paraffinic structure and related properties (see Table 2.1 ). Poor 
solvency issues are solved by adding some esters or naphthenic oils. Because of their improved 
properties characteristic for paraffinic oils they are mostly used in transmission and synthetic 
based engine oils [5].   

2.1.1.1 Mineral base oil classification  

Group I, II, III are mineral base oils and they are classified based on the level of saturation, 
sulfur amount and viscosity index (VI). Group III base oils are normally considered as synthetic 
since their chemical composition is changed during hydrocracking refinement step. However, 
in some countries such as Germany and Japan they are not considered to be synthetic. The base 
oils classified in Groups IV, V and VI are synthetic base oils [1], [2]. The properties of base 
oils are directly related to their chemical composition (see Table 2.1) while chemical 
composition is defined by the refining step applied as can be seen from Table 2.3.  
 
 
 
 
 
 

Refining step/ property Deasphalting Dewaxing Hydroreffinig
viscosity decrease increase no change
oxidation stability improve no change improve
additive response improve no change improve
colour improve depends improve 
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Table 2.3  API/ATIEL classification of lubricant base oils  [1]. 
 

 
 
 
 
 
 
 
 
 
 
 

2.1.2 Synthetic base oils 

Synthetic base oils are a type of oils that are chemically synthesized from crude oil products. 
They are characterized by well-defined and compact chemical composition and associated 
properties. Because of the well-defined chemical structure, they can be tailored in many ways 
so that lubricants for specific applications can be developed. They also have superior properties 
compared to mineral base oils in terms of oxidation stability, viscosity index, pour point, 
volatility, operating temperature range and lubrication capability. Their major drawback is their 
price compared to mineral base oils which make them inappropriate in many lubricant 
formulations. Accordingly, only a minor part of all available lubricants have a synthetic origin. 
However, in situations where the lubricant performance has a top priority, such as aviation 
industry, they have a clear advantage over the other types of base oils.  The two most common 
groups of synthetic base oils are PAOs and different types of synthetic esters (SE) [1].  PAOs 
are made from linear paraffins that can also originate from the crude oil, while the SE are 
synthesized from the reactions of fatty acids with alcohols. Alcohol component can have crude 
oil origin, while fatty acids originate from vegetable oil or animal fat. High variety of reactants 
in this reaction results in high variety of available ester types [5]. Synthetic esters have an 
excellent biodegradability accompanied with non-toxicity, which makes them highly desirable 
in biodegradable type of lubricants [1]. The synthetic base oils are a constituent of engine and 
transmission oils, gear oils, hydraulic oils, turbine and aviation oils, heat transfer fluids, fire 
resistance oils and many other [2], [6]. The third type of base oil are vegetable oil-based 
lubricant. Lubricants based on vegetable base oils, derived from edible or non-edible plants, 
have excellent biodegradability, low toxicity, high viscosity index, high flash point, high 
affinity for surface interactions and negligible contribution to the environmental pollution. The 
dominant component in vegetable base oil is triacylglycerol that consists of three hydroxyl 
groups connected to the carboxyl groups of fatty acids by ester bond. The triglyceride structure 
in such molecules is responsible for low volatility, high viscosity index and relatively good 
structural stability over a wider temperature range [8], [9].   
 

2.2 Lubricant base oil degradation    

The most common causes for base oil degradation can be explained by oxidation phenomena, 
thermal phenomena and mechanical abrasions [7]. Among them the most important pathway of 
base oil degradation is oxidation phenomena. During this process different types of oxygen-
containing products are created, which further deteriorates the lubricant properties. The 

Base oil group Base oil type
Sulphur content           

(wt%)          
Saturates                   
(wt %) Viscosity Index

Group I solvent dewaxed > 0.03 < 90 80 - 111

Group II
hydrogenated or 
hydrocracked 

≤ 0.03 ≥ 90 80 -111

Group III VHVI oils ≤ 0.03 ≥ 90 ≥ 120

Group IV all PAOs

Group V
all base oils not 
included in I-IV or VI

Group VI all poly (internal olefins)
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chemical composition of the base oils has a decisive influence on the oxidation stability. Base 
oils with higher amounts of aromatic compounds and unsaturated hydrocarbon molecules are 
more prone to oxidation. Heat, transition metal ions, water and other contaminants act as a 
catalyst leading to increased oxidation rates [10]. For the purpose of this work only mineral 
base oil oxidation mechanisms will be described in more details. 

2.2.1 Oxidation mechanism  

Oxidation stability of the lubricant base oils is one of the most important parameters responsible 
for overall performance of lubricant. Lubricant degradation starts with base oil oxidation. The 
oxidation of mineral base oil can be explained by a well-defined free radical chain mechanism. 
This mechanism can be described with four distinctive reaction steps; initiation of radical chain 
reaction, propagation, chain branching and termination of radical chain reaction [2]. In the first 
Initiation step (Reaction 1) an alkyl radical (R•) is formed by thermal disassociation of 
hydrocarbon molecules [10], [3]. Under moderate temperature conditions (30-120 °C) this 
reaction is very slow and is catalyzed by the presence of transition metals such as Fe or Cu [2].  
However, the temperature has decisive influence on oxidation process manifested by the fact 
that every increase in temperature by ten degrees doubles the rate of the oxidation process. This 
relationship becomes significant for the temperatures higher than 60 °C [5].  

RH → R• + H•                                    (Reaction 1) 
 

R• + O2 → ROO•                                     (Reaction 2a) 
ROO• + RH → ROOH + R•                           (Reaction 2b) 

 
ROOH → RO• + •OH                            (Reaction 3a) 

RO• + RH → ROH + ROO•                        (Reaction 3b) 
•OH + RH → H2O + ROO•                         (Reaction 3c) 

 
R`R´´HCO• → R´CH=O + R´´•                     (Reaction 3d) 

  R´R´´R´´´CO• → R´R´´C=O + R´´´•                 (Reaction 3e) 
 

R• + R• → R-R                                        (Reaction 4a) 
ROO• + R• → ROOH                                   (Reaction 4b) 

 
The strength of the C-H bonds dictates the sites where actual oxidation occurs. Benzylic, allylic 
and tertiary alkyl hydrogens have the lowest bond dissociation energy, which makes them most 
vulnerable to oxygen attack [4]. In the propagation of radical chain reaction step previously 
formed alkyl radicals reacts with oxygen inside the lubricant to form alkyl peroxy radical 
(ROO•) (Reaction 2a). The activation energy for this reaction is very low and corresponding 
reaction rate is very high. The rate of reaction depends also on the type of alkyl radicals that 
react with oxygen. A tertiary alkyl radical is oxidized 10 times faster than a methyl radical for 
example [2]. This reaction is also temperature independent. In the subsequent reaction peroxy 
radicals reacts with other hydrocarbon molecules by which hydroperoxide (ROOH) and new 
alkyl radicals are formed, which can again react with oxygen following the same pattern. At 
room temperature this reaction is very slow because of relative stability and selectivity of 
peroxy radicals and determines the rate of the propagation step. Many types of hydroperoxides 
formed during the propagation step could, at low concentrations, be cleaved to form alkoxy 
(RO•) and hydroxy radical (•OH) in chain branching step (Reaction 3a). This reaction is 
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characterized by high activation energy and is hence significant only at higher temperatures or 
in the presence of a catalyst. But when it occurs the formed species and especially primary 
alkoxy radical non-selectively reacts with other hydrogen atoms to form water (Reaction 3c), 
alcohol (Reaction 3b) and more alkoxy radicals. The formed alkoxy radicals increase the 
concentration of hydroperoxide, which then follows the same reaction pattern that initiates new 
chain reactions promoting autooxidation behavior. Secondary and tertiary alkoxy radicals are 
more prone to formation of aldehydes (Reaction 3d) and ketones (Reaction 3e) accompanied 
with more alkyl radicals that can easily react with new oxygen molecules [2]. The presence of 
these species has an impact on physical properties of the base oil, which is manifested by 
increased volatility, polarity and decreased viscosity of the lubricant in the beginning. When 
the concentration of aldehydes and ketones becomes significant and oxidation process 
continues, aldol condensation reactions start to emerge. Consequently, different oligomers and 
various low molecular weight polymers are formed. Eventually in the severe oxidation 
conditions and as a result of different solubility between the condensation products and the rest 
of the unoxidized base oil sludge and varnish start to deposit. These changes consequently 
increase the viscosity of the lubricant at the end of oxidation process. As oxidation continues 
aldehydes and ketones start to oxidize and carboxylic acids are formed, which leads to the 
increased acidity of the lubricant. In the last termination step before all hydrocarbon is 
consumed the oxidation process can be stopped when radical species recombines to a non-
radical compounds. Alkyl radicals can recombine to form hydrocarbon molecules (Reaction 4a) 
while reaction between alkyl and alkyl peroxy radical (Reaction 4b) results in peroxide 
formation [2], [11]. Oxidation at higher temperatures (> 120 °C) is more complicated and is not 
discussed since it is irrelevant for this work.   
 

2.3 Additives  

Additives are the second most important constituent of all lubricant formulations. It is a group 
name for large number of chemically synthetized substances that are added to the base oils in 
order to enhance or suppress some of their already existing properties. Their usage can also 
impart new properties to the base oils that are desirable for some lubricant formulations. The 
proportion of additives present in the final lubricant can vary from 1-25 % or even more and 
depends on the type of base oil used and intended application of the lubricant. More refined 
base oils generally require smaller amounts of additives. Automotive lubricants including 
engine and non-engine oils have the highest proportion of additives among all lubricants [4]. 
Additives are often available on the market as additive packages under different trade names 
usually consisting of many different additive types that are specially blended for intended 
application. Since it is a mixture, it is very important that chosen additives do not have 
antagonistic behavior. Their exact composition is regarded as a trade secret by many producers. 
Additives can be classified in many ways. The most convenient way of their classification is 
based on their action mechanism. Additives that perform their function at the surface are called 
surface active additives or surfactants, while additives that perform in the lubricant bulk are 
lubricant bulk active additives [5], [4]. Some of these additive formulations such as antioxidants 
are important for this work since their reaction mechanism produces species that are detectable 
with the evaluation techniques used in this work.  
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2.3.1 Surface active additives 

This type of additives improves some of the chemical properties of the base oils [4]. They are 
chemically reactive substances that adsorbs or react with solid or liquid surfaces by which 
protective films are formed. Most surface-active additive molecules usually comprise of a 
hydrocarbon chain and polar functional group or polar moiety. The polar moiety is the part of 
the additive molecule that interacts with adsorbing surfaces, while the length of the hydrocarbon 
chain is responsible for additive mobility and oil-solubility. Longer hydrocarbon chains imply 
better solubility, while the shorter chains are important for additive mobility inside the lubricant 
and stronger surface activity [5]. Polar functional groups mainly include electronegative 
molecules such as oxygen, nitrogen, sulfur and phosphor. Among them oxygen has the highest 
electronegativity or tendency to attract electrons from other surrounding molecules implying 
better adsorption ability [4]. The affinity of the additive molecules to adsorb onto a surface 
depends on the surface, additive and base oil chemistry. The adsorption process occurs only if 
these interactions lead to more energy stable formations.  

Table 2.4.  Surface active additive types and their main functions [4], [5]  

 

Physical adsorption caused by van der Waals forces is the weakest and reversible interaction 
between additive molecules and the surface which can lead to physical multilayer formation. 
Chemical adsorption is based on chemical interaction between surface and additive molecules 
that can result in irreversible monolayer formation. Physically adsorbed layers can be removed 

Additive Adsorption type Main function 

 
Corrosion and rust 
inhibitors 

 
Physical/chemical 
 
 

 
Prevents corrosion of metal parts that come into 
contact with the lubricant by neutralizing acidic 
components or by protective film formation. 

Friction modifiers 
(FM) 

Physical/ chemical Reducing the friction by forming a durable low 
resistance lubricating film on the solid surfaces of 
lubricating material 

Antiwear (AW) Chemical Protects the metal surfaces from wear by creating 
extremely durable monolayer films obtained during 
thermo-chemical reaction with the solid surface. 

Extreme pressure (EP) 

 

Chemical Chemically reacts with solid surfaces at higher 
temperatures and mechanical pressures to form 
protective, low shear films that reduce wear and 
friction. Activates on higher temperatures and loads 
compared to AW additives. 

Defoamers Physical Reducing the surface tensions of the foam bubbles 
they reduce the foam formation, foam growth or 
cavitation. They act on a liquid/gas surface. 

Emulsifiers Physical Their purpose is to reduce surface tension of the 
water so that water and oil can form emulsions. They 
act on liquid-liquid surfaces. 

Demulsifiers Physical These substances enhance water and oil separation 
by increasing surface tension of the water. They also 
act on liquid-liquid surfaces. 
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from the surface, while the chemically adsorbed layers are permanently adsorbed to the surface 
[5]. Some of the main types of surface-active additives also known as film-forming additives 
are presented in Table 2.4.  

2.3.2 Lubricant bulk active additives  

Bulk active additive´s main role is to enhance some of the existing physical properties of the 
base oil, such as viscosity, cold flow properties and oxidation stability. They can also introduce 
some new properties to the lubricant base oil. Their hydrocarbon chain is much longer 
compared to surface active additives, implying better solubility in the base oil lubricants. Some 
of them are characterized as polymers without polar molecules that only physically interact 
with other compounds present in the bulk lubricant. These type of additives are known as 
Viscosity modifiers (VM) and Pour Point Depressants (PPD). The other types of bulk active 
lubricants chemically interact with different species present in the bulk lubricant and are known 
as dispersants, detergents and antioxidants. Dispersants have a smaller polar moiety and longer 
hydrocarbon chains compared to detergents and combines chemical and physical interactions 
in corresponding action mechanism [5]. The main functions of bulk active additives are 
presented in Table 2.5.  

Table 2.5. Lubricant active additives and their main functions [5], [4]. 

 

2.3.2.1 Antioxidant additives  

Oxidation phenomena is one of the main causes for lubricant degradation not only during 
application but also during the storage. High or low temperatures in the storage environments 
can increase or even promote lubricant degradation processes implying changes in physical or 
chemical characteristics. Antioxidant´s function is to hinder or reduce the rate of oxidation 
process. They are commonly divided into three distinctive groups based on the mode of their 
deactivation mechanism. Primary antioxidant (Free radical scavengers), secondary antioxidants 
(Hydroperoxide decomposers) and metal deactivators are the main classes of antioxidants [4]. 

Additive Interaction type Main function 

 
Viscosity modifiers (VM) 

 
Physical 

 
 

 
To improve viscosity of the base oil especially at 
higher temperatures. Reduce the viscosity 
dependence on the temperature.     

Pour point depressant 
(PPD)  
 

Physical Enable lubricant flow at low temperatures by 
suppressing crystallization of waxes.  

Dispersants Physical/ 
Chemical 

Keep insoluble contaminants dispersed in 
lubricant. They adhere to the contaminant´s surface 
and prevent the agglomeration of insoluble 
compounds.  

Detergents   
 

Chemical They neutralize acidic oxidation byproducts and 
suspend insoluble compounds keeping the surfaces 
free from deposits.   

Antioxidant  Chemical Chemical inactivation of some of the reactive 
species formed during the oxidation process to 
reduce the rate of base oil decomposition.  
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Free radical scavengers neutralize newly formed alkyl-peroxy or alkoxy radicals by transferring 
hydrogen atoms to them and generating new type of radicals that are more stable than the 
radicals they destroyed. This inhibitor derived type of radical is not so reactive, and thus it 
hinders the propagation step in the oxidation mechanism (Reaction 2a). Classical examples of 
these substances are alkylated diphenylamine and hindered phenols (BHT(2,6-Di-t-butyl-4-
methylphenol) [4].  When hindered phenol molecules reacts with alkoxy radicals (RO•) 
alcohols are formed. The mechanism of this reaction is well described in reference [4].  
Arylamines exhibit better oxidation inhibition properties at a temperatures above 120 °C, while 
inhibition properties of hindered phenols are more supreme at the temperatures below 120 °C 
[2], [4]. API Group IV base oils are most compatible with antioxidant additives in lubricant 
formulations. Neutralization of hydroperoxide molecules formed under the chain-propagation 
step in the oxidation mechanism is done by the secondary antioxidants or hydroperoxide 
decomposers. During this reaction alcohols and the oxidized form of these molecules are 
formed. Sulfur, phosphor and phenol derived compounds, such as zinc dialkyl dithiophosphates 
(ZDDP), dialkyl hydrogen phosphite and alkylphenols are common constituents of secondary 
antioxidants. Among them zinc dialkyldithiophosphates (ZDDP) are most frequently used 
because of the prominent properties they possess and their multifunctionality. It is the most 
powerful phosphor derived antioxidant capable to inhibit oxidation processes by both 
mechanisms. Hydroperoxide decomposition mechanisms by which alcohols and ketones are 
formed are well explained in reference [4]. Carbonyl compounds such as ketones formed during 
this step further reacts with oxygen resulting in aldehyde and carboxylic acid formation, which 
leads to increased viscosity and acidity of the lubricant. These products can even further react 
to form polymers or metal salts as explained in reference [4]. ZDDPs have a good detergent 
property and are also used as anti-wear additives, which gives them multifunctional purpose. 
Metal deactivators are the third type of antioxidant additives that is commonly used in the fuels. 
Formation of complexes with metal ions which, promote oxidation and their removal from 
chain reactions is the main working mechanism for these antioxidants. Some of the compounds 
that act as metal deactivators are ethylenediaminetetraacetic acid derivatives and N,N-
disalicylidene-1,2propanediamine [4], [5], [11].  

2.4 Non-engine lubricants  

Non-engine lubricants are those types of lubricants that are used for lubrication of power 
transfer mechanisms such as transmission and gears. These mechanisms are essential for power 
transfer from engines or other power sources to the parts that perform mechanical work. Non-
engine lubricants operate in milder environmental conditions compared to engine oil lubricants. 
Exposure to the combustion derived contaminants and highly oxidative environment that 
includes oxygen are operating conditions for the engine oils. On the other hand, operating 
conditions for non-engine oils are free from combustion contaminants and exposure to oxygen 
is minimized since they perform in air enclosed compartments. The main types of non-engine 
lubricants are transmission, gear, hydraulic and metalworking lubricants [4]. Only transmission 
lubricants are relevant for this work and are discussed further. 

2.4.1 Transmission lubricants 

Transmission lubricants are mineral or synthetic based lubricants that are used for lubrication 
and wear prevention of power transmission components. Other important functions of these 
lubricants are heat transfer and ability to act as a hydraulic fluid with power transmission 
capability. They can be divided into three groups: automatic transmission, manual transmission 
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and power transmission lubricants. Their most important features are frictional durability and 
compatibility with transmission components, improved shear stability, fluidity at low 
temperatures and other properties common to all lubricants. Application specifications and 
performance characteristics of these lubricants are usually defined by vehicle producers or by 
OEM (original equipment manufacturer) [4]. The chemical composition is based on three 
components. Base oil is the largest component, which composes up to 90 % of the lubricant, 
while additive packages as the second largest component can be present up to 15 %. The third 
component is viscosity modifiers (VM), and they typically compose 2 to 15 % of the lubricant 
[12]. Group IV (PAOs) (see Table 2.3) or ester derived base oils are the base oil stock mainly 
used in transmission lubricants [1]. Additive package consists of performance additives, oil 
protection additives and bulk active additives. Performance additives are surface active types 
of additives and include friction modifiers (FM), antiwear (AW) and extreme pressure (EP) 
additives, corrosion inhibitors, detergents, dispersants and seal conditioning agents. Bulk active 
additives consist of viscosity modifiers and pour depressants mainly, while oil protection 
additives are antioxidants, which consist of hindered phenols and arylamines [12], [4].        
 
2.5 Methods for evaluation  

Fourier transform infrared (FTIR) Spectroscopy and Inductively coupled plasma atomic 
emission spectrometry (ICP-AES) are the two spectroscopic methods that are used in this study. 
   
2.5.1 ICP-AES 

This technique is often used to asses elemental composition of used or unused lubricants and 
lubricant base oils. Even though the lubricants are mainly hydrocarbons in composition 
different elements are present due to the wear, contamination and additive addition. Elemental 
analysis of used lubricants is a good analytical diagnostic tool that can be used to prevent 
premature failure of equipment or machinery. The presence of different wear metals in the used 
lubricants can be an indication of a different type of materials, or that equipment is not 
lubricated properly. This means that a lubricant´s useful life is over and that the lubricant needs 
to be changed. For newly produced lubricants it is also important to know the concentration of 
some elements since they can be related to the amount and type of additive added during the 
blending process. If reference values are available simple comparison with measured values 
could indicate contamination or addition of a wrong type of additive. ICP-AES is a 
multielement technique that is capable of simultaneous analysis of different elements at 
different concentration levels in the same solution. The sample preparation does not require any 
complicated procedure that is time consuming, and is usually done by simple dilution of oil 
samples in an appropriate organic solvent such as xylene, kerosene or others. The prepared 
samples are then introduced through the nebulizer, in form of vapor, into a very hot argon 
plasma where they are atomized and excited to  higher energy levels. Since this condition is not 
energy preferable, excited atoms and ions return to their ground states and thus emit photons. 
These photons have characteristic wavelengths that are unique for every element. Emitted 
photons with specific wavelengths also defined as spectral lines corresponding to specific 
elements are detected and measured by a spectrometer and presented in terms of intensity. In 
order to relate this intensity values to the concentration of each element the instrument needs to 
be calibrated before the analysis. For that purpose, an organometallic standard solution with 
different concentration levels needs to be prepared and calibration function established. 
Viscosity differences between the samples and the standard solutions can affect the accuracy of 
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the analysis because of different uptake rates. Base oil or white oil is added to the test samples 
and standard solutions to make up for viscosity differences. Viscosity effects can be reduced 
also by adequate sample dilution and by internal standardization. Internal standards are used to 
compensate for different factors such as instrument drift, variations in the sample uptake 
efficiency and matrix effects. Corrected intensity readings are obtained by multiplying the 
intensity reading for all elements with the ratio of the initial emission intensity (measured in the 
blank), and subsequent emission intensities of internal standard elements. The internal 
standardization requires that every analyzed solution, including test sample, standard solution 
and check standards have the same concentration of the internal standard element. Cobalt, 
cadmium or yttrium are usually used as internal standard elements that are not present in the 
original test sample. Main advantages of this technique are in most cases absence of chemical 
and matrix interferences, due to the high plasma temperatures, better precision and better 
accuracy compared to other atomic absorptions techniques. The major drawbacks of this 
technique are spectral interferences and particle size restrictions. Spectral interferences occur 
when emitted spectral lines of different elements overlap, while particles larger than a few 
micrometers can influence the accuracy of a measurement. Spectral interference issues can be 
easily solved if analyzed elements have other interference free emission lines that can be 
selected instead [13], [14].   
 
2.5.2 FTIR  

FTIR spectroscopy is the most used method for lubricant characterization on molecular level. 
It is a nondestructive, simple, precise and quick method that can be used for identification of 
additive molecules, contaminants, oxidation and degradation products present in the lubricant. 
The IR-spectrum for different substances is obtained when a beam of infra-red light composed 
of different wavelengths or frequencies passes through the defined path length of the analyzed 
sample. Differences in light intensity measured before and after passing through the sample are 
transformed by Fourier functions into the IR spectrum characteristic for different substances. 
An example of a IR spectrum is presented in Figure 2.8. The wavenumbers are linear and 
proportional to the absorbed energy and for that reason are often used instead of wavelengths. 
Wavenumbers are inversely proportional to the corresponding wavelengths and are usually 
expressed in cm-1. Transmittance on the y-axis in Figure 2.8. describes the absorption of IR 
light at each frequency. In the case where IR absorption for a chosen frequency does not occur, 
transmittance is 100 %. It is also convenient to present IR spectra in terms of absorbance, which 
is indirectly proportional to the transmittance and directly proportional to the concentration. 
This is useful for quantification purposes. The IR spectrum visualizes the wavenumbers at 
which energy absorption occurs. Organic molecules are in constant and complex vibrational 
motion that can be described by individual vibration modes. Some of these vibrational modes 
can be illustratively presented as stretching, bending, rotation, rocking and twisting.  The cause 
for molecular vibrations is the flexibility of covalent bonds in organic molecules. Different 
types of vibrational modes correspond to different frequencies. When the incoming IR radiation 
has the same frequency as one of the vibrational modes in the molecule, absorption occurs, and 
the molecule becomes excited to higher energy levels. In this state amplitude of the vibration is 
increased while the vibrational frequency is the same. 
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Figure 2.1. Example of IR spectra  

 
The frequencies at which some of these vibrational modes are present will be different when 
one of the bonded atoms, functional groups or bond strength in the molecule are changed [15]. 
Radiation absorption is strongly related to the polarity of the bonds, where the higher polarity 
implies stronger IR absorption. This is the reason why carbonyl bonds as very polar bonds 
absorb stronger than other less polar bonds such as carbon-carbon triple bonds. The part of the 
IR spectrum that corresponds to the 400-1400 cm-1 region is called the fingerprint region, while 
the functional group region is from 1400 to 4000 cm-1. The absorption peaks and their pattern 
in the fingerprint region is unique to every molecule, which can be used for identification 
purposes by comparison with reference spectra of known molecules. The functional group 
region on the IR spectrum is the region where different functional groups absorb characteristic 
frequencies of IR radiation. They absorb a broader range of frequencies in form of spectral 
bands, which are usually presented as group frequencies. The group frequencies for some of 
the functional groups and different vibrational modes are presented in Figure 2.2. and Figure 
2.3.  

 

 
 

Figure 2.2. Alcohols and hydroxy group frequencies [13] 

Molecular bond
Group frequency              

(cm-1
 ) Absorption origin 

O-H 3570 - 3200 (broad)  hydroxy group, H-bonded OH stretch 
3400 - 3200  normal "polymeric" OH strecth 
3550 - 3450  dimeric OH stretch 
3570 - 3540  internally bonded OH stretch

O - H 3645 - 3600 (narrow)  nonbonded hydroxy group, OH stretch 
3645 - 3630  primary alcohol, OH stretch
3635 - 3620  secondary alcohols, OH stretch 
3620 - 3540  tertiary alcohols, OH stretch 
3640 - 3530  phenols, OH stretch

O-H 1350 - 1260  primary or secondary alcohols, OH in plane bend 
1410 - 1310  phenol or tertiary alcohols, OH bend 
720 - 590  alcohol, OH out of plane bend 
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The fact that specific functional groups or bonds within the molecules absorb particular 
frequencies of IR radiation is exploited as a base for qualitative and quantitative purposes. 
Evaluation of lubricant condition by FTIR spectroscopy can be simplified when an IR spectrum 
of freshly mixed lubricant is available for comparison [5], [13], [7]. The extent of some changes 
such as contamination, degradation or oxidation are then easily identified. These changes are 
characterized with new absorption peaks, peaks that are increased or decreased and peaks that 
have disappeared. Oxidation of a lubricant for example can be related to the increase in 
absorption at 1730 cm-1 caused by an increase of carbonyl compounds that are formed during 
the oxidation process [16]. In some cases, it is even possible to relate the presence of some 
absorption peaks with the origin of absorbing molecules as presented in Figure 2.4. 
 

 
 

Figure 2.4. The origin of the absorption bands for some functional groups in the lubricants [16] 
 

2.6 Method Validation  

According to the International Vocabulary of metrology (VIM) validation is defined as 
“Method validation is verification, where the specified requirements are adequate for an 
intended use” [17]. It could be also defined as a process in which objective evidence confirms 
that a method is suitable for the intended application [18]. The necessity of this process is based 
on the need for reliable and consistent analytical results during routine use of the method. In 
some cases, method validation is required  by national or international regulations [19], [20]. 
Beside method validation, the laboratory can demonstrate the reliability of the produced results 
by participating in the proficiency testing schemes and accreditation to the International 
Standards (ISO/IEC 17025) [20].  The correct use of validated methods in further work should 

Absorption band (cm-1 ) Functional group Product identification  Origin 

3600 - 3000 O-H  glycol, alcohols  antifreeze
1850 - 1600 C=O  carbonyl components  oxidation 
1630 - 850 O-N=O  organic nitrates  nitrooxidation
1070 - 1030 C-O  ethylene glycol  antifreeze

860 - 855 CO3
2-  carbonates  basic detergents 

1010 - 950 P-O-C  phosphorus additive  antiwear additive
675 - 625 P=S  ZDDP  antiwear additive

 
 

Figure 2.3. Carbonyl compounds group frequencies [13]. 

Group frequency  (cm-1
 ) Functional group 

1610 - 1550/1420-1300  carboxylate (carboxylic acid salts)
1680 - 1630  amide 
1725 - 1700  carboxylic acid 
1725 - 1705  ketone 
1740 - 1725  aldehyde 
1750 - 1725  ester 
1760 - 1740  alkyl carbonate 
1815 - 1770  acid halide 
1820 - 1775  aryl carbonate 
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therefore generate results that can be trusted, and many important decisions could be taken with 
confidence. General approach to the method validation process is presented in Figure 2.11. 

 
 

Method validation is a process in which different method performance parameters are 
evaluated. Typical parameters that are evaluated during this process are: selectivity, precision, 
accuracy (bias), linearity, range, limit of detection, limit of quantitation and ruggedness [21], 
[18], [20], [22], [23].  However, it is not necessary to validate all the method performance 
parameters during a validation process. The extent of that process depends not only on the type 
of analysis but also on the type of validation applied and type of method that is validated. There 
are two different approaches to the method validation process named single laboratory study 
and interlaboratory study approach [21]. In the case of the interlaboratory study approach, the 
laboratory needs to evaluate all the method performance parameters using internationally 
accepted protocols and procedures common for all participating laboratories. The single 
laboratory study also known as “in-house” validation is used in cases where the need for 
internationally study is either not practical or necessary. In this case the laboratory needs to 
define the method performance parameters that should be evaluated but in some situations,  
these parameters are defined by legislations (food and pharmaceutical drug analysis) [21] [20] 
[19]. As mentioned earlier the extent of validation work that needs to be carried out depends 
also on the type of method that needs to be validated. For laboratory developed methods or 
methods that do not have documented validation data the amount of validation labor is larger 
than for standard methods used outside their intended scope. Validation of standard methods 
that are used outside intended scope is not so time consuming compared to newly developed 
methods  and the laboratory needs only to demonstrate that it is capable of achieving the stated 
method performance characteristics [22], [20]. The following method performance parameters 
defined by the laboratory need are evaluated: Linearity, Precision, Trueness, Limit of detection 
and Limit of quantification.  

Figure 2.5. Flow chart illustration of a general approach to a method validation process [21] 
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2.6.1 Linearity  

The calibration procedure in general can be described as a process, which includes the 
preparation of a set of standards with different analyte concentrations, which are then measured 
in the analytical instrument so that a useful relation between instrumental signal and 
corresponding analyte concentrations in all standards is established. The number of standards 
for the instrument calibration is determined by time needed for preparation, costs and 
availability of standard materials and other constraints. So, the optimal number of calibration 
standards would be the minimum one from practical point of view. However, all mentioned 
constraints, if considered during the calibration process should not deteriorate the quality of the 
obtained measurement results and must be chosen carefully. When considering the 
concentration range of the calibration standards it should be pointed out that the error in 
predicted values is smallest in the center of the regression line. So, the most precise result is 
obtained when the instrument signal that corresponds to the concentration of analyte in sample 
is measured at  that point [24], [25].  Almost all literature sources consulted during the literature 
survey suggest that 5-6 calibration standards equally spaced across the chosen concentrations 
range are necessary to generate satisfactory calibration of instrument. For some techniques, 
such as ICP-AES, satisfactory calibration curves are achieved by using only four calibration 
standards [19]. Equidistant distribution of calibration standards is relatively easy to achieve if 
the concentration range is small. But in cases where this range is much larger then it is suggested 
that differentiation between standards is by constant amount and not by constant factor [26]. 
Another important consideration during the instrument calibration is to minimize random 
calibration errors that can arise from different sources and which by the definition cannot be 
quantified. One way to minimize these errors is to measure each standard preferably three times 
and instead of individual values the mean value from these measurements should be used [20]. 
Replicated measurement is therefore a statistical tool that can be used to increase the precision 
of the predicted values during the sample measurement. The higher number of replicated 
measurements already mentioned is not statistically beneficial compared to the amount of work 
and resources needed to invest in it. However, it should be distinguished that repeated 
measurements of the same standard can only capture the variation of the instrument response 
and not the other variations associated with standard preparation. Therefore, if mentioned 
constraints allow independently prepared calibration standards should be used in instrument 
calibration in order to increase the precision of sample measurement [26], [22], [25]. All the 
standard solutions should be made from the same stock solution by independent dilutions as 
other approaches could lead to error propagation [27]. In many analytical procedures or 
techniques during the instrument calibration it is often necessary to establish a linear 
relationship between instrument response and concentration of the analyte. The linearity of 
analytical procedure is therefore defined as its “ability to obtain an instrumental signal, which 
is directly proportional to the concentration of analyte or other analytical property of the 
measurand” [18], [23], [26]. Linear regression is often used to establish this type of relationship 
between instrumental signal (or dependent variable) and analyte concentration (or independent 
variable). The term regression in statistics is used to describe the level of association between 
these two variables by defining the best linear relationship between them [26]. In practical 
sense, this is achieved by plotting the paired data set of these two variables and creating the 
scatter plot in order to see if they are related in some way. This relationship is very important, 
and it is often represented as a mathematical equation, which can then be used to predict the 
concentration of analyte in sample (x) when the corresponding magnitude of instrumental signal 
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(y) is known. The general form of the equation that describes the best fitted line for a given data 
set can be presented as [25], [24]: 

𝑦 = 𝑎𝑥 + 𝑏                                                   (2.6.1.) 
 
where a is the lines gradient and b is the intercept with the y-axis easily obtainable, together 
with other statistical parameters by using modern software packages such as excel (see Figure 
2.6.). The process of constructing the best fitted line to the given paired data set can be explained 
by so called regression triplet, which consists of regression method, model and fitting technique 
[26]. The most commonly applied method is the least square method, which seeks to minimize 
deviations between experimentally observed and calculated or predicted y values for each x 
value. These differences are also known as residuals. Since residuals can be positive and 
negative it is reasonable to seek the line that minimizes the residual sum of squares [24], [26]. 
The regression model can be linear, logarithmic, exponential etc. The most preferable one is 
the linear model, presented in the equation above, because of its simplicity in calculations and 
the scope of this work. The fitting techniques can be divided in ordinary or unweighted and 
weighed linear least square regression. Unweighted regression is commonly used and for the 
relevance in this work it is going to be explained in more details, while the weighted regression, 
which is more complicated, will not be discussed any further. Unweighted linear regression 
relies on several assumptions. The main assumptions are: (i) the errors in x are negligible 
compared to errors in y, (ii) the errors in y (residuals) are normally distributed about regression 
line, (iii) errors in y are constant across the whole calibration range due to fact that all points 
have equal weight or importance (homoscedasticity or homogeneity of variance). Violation of 
these assumptions could rise doubt in the chosen fitting technique and if used could produce 
incorrect estimates of the analyte concentration in the sample.  In such situations another fitting 
technique, such as weighted, would be appropriate [24], [27], [26], [25], [28]. In routine 
analysis work, where linear least square regression is applied in finding the “best” fitted line 

that goes through calibration points, two mistakes emerge as the most frequent ones. These are 
regression through zero-point calibration (0.0) and regression through the origin [26], [25]. 
Both mistakes are consequences of the effort to get the linear relationship between the 
instrumental response and analyte concentration. The first one describes the case where the zero 
point is added to the calibration graph assuming that background signal or noise recorded using 
a true blank solution is equal to zero since no analyte is present. From the experience and for 
the different analytical instruments it is almost impossible to get instrumental response for blank 
solution equal to zero. Hence, this fictious data point could severely deteriorate the reliability 
and accuracy of the results and should not be included as calibration point. Regression through 
the origin (RTO) is the second common mistake and it further simplifies the regression model 
by forcing the regression line to go through the origin and by doing so the intercept of the 
regression line is discarded. However, many instruments have software packages that allow this 
kind of action. By doing that it should be clear that the linear equation parameters that describes 
the best fitted line through the calibration points will be different together with the predicted 
values obtained during sample measurement. RTO is therefore justified only in cases where it 
can be demonstrated that the intercept is not significantly different from zero. Statistical 
significance of the intercept value could be checked by analyzing regression output presented 
in Figure 2.6., which is easily obtained using software such as Excel. If the intercept is not 
statistically different from zero, then the p-value for intercept should be larger than 0.05 as can 
be seen in Figure 2.6. and the intercept can be omitted in the linear equation [25], [26]. Another 
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approach to test if the intercept can be rejected is when the confidence interval for the intercept 
includes or spans over zero. A third alternative for justification of RTO is if the intercept value 
is lower than standard deviation for the intercept as shown in Figure 2.6. It should be 
emphasized that RTO is not in agreement with simple linear least square regression principles 
explained before. As a result, it can have negative impact in form of reduced quality on the 
predicted results especially at the both ends of the calibration range [26].  
 

 
 

Figure 2.6. Example of summary regression output from Excel  
 
2.6.1.1 Practical evaluation of linearity  

The linearity of the calibration function including the mentioned assumptions on which linear 
regression model relies needs to be validated first before the application. There are different 
approaches to linearity confirmation but all of them could generally be summarized as graphical 
evaluation, statistical tests and numerical parameters [26].  

2.6.1.1.1 Graphical evaluation  

Visual evaluation of the scatter plot is recommended by all relevant literature sources used in 
this work and it is accepted as a convenient way to identify possible inconsistencies between 
the calibration points in form of outliers and other inconsistent points that could affect the slope 
and the intercept of regression line. In some literature, where the linearity is obvious and clear 
it is considered that other confirmation procedures are not necessary [27]. 

2.6.1.1.2 Residual plots  

Residual plot is a powerful tool that can be used to confirm some of the basic linear regression 
assumptions mentioned earlier, and is suggested by all relevant literature sources used in this 
work ( [21], [29], [25], [28]). Residuals are defined as the difference between the experimentally 
observed instrumental signal value (y) and the signal value calculated using the regression 
equation for each concentration level (x) [21]. If a linear regression model is adequate, then the 
residuals should be randomly distributed about zero suggesting that variation in instrumental 

Regression statistics

Multiple R 0,999972993

R-square 0,999945987

Adjusted R-square 0,999927983

Standard error 29792,79158

Observations 5

ANOVA

Degrees of freedom Sum of squares Mean square F p-value for F

Regression 1 4,92971E+13 4,92971E+13 55539,10631 1,68478E-07

Residual 3 2662831291 887610430,3

Total 4 4,92998E+13

Coefficients      Standard deviation t-Statistcs p-value Lower 95% Upper 95%

Intercept -3236,861251 16388,21035 -0,197511576 0,856052342 -55391,4607 48917,73824

Slope 164848,5919 699,4969067 235,6673637 1,68478E-07 162622,4806 167074,7033

Confidence interval
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signal is only due the random errors [24]. Another important assumption that can be confirmed 
by this type of plots is the homoscedasticity of the data. If this assumption is correct then the 
spread of residuals should not increase or decrease with the concentration [28], [24], [21]. 
Deviations from these assumptions is a strong indication that the regression model is inadequate 
and that a fitting technique is inappropriate, which means that the calibration line is non-linear. 
Some examples of residual plots are presented in the figure below. Situation described under 
b) is the example, where the residuals rather follow systematic pattern and as such they are a 
god indicator of non-linearity of regression line [25], [21]. 

 
The sign of residuals and their distribution between positive and negative values in form of 
positive or negative sequences can also indicate the curvature of the calibration line and 
evidence of non-linearity [24]. Visual inspection of the calibration line and the residual plots 
are very subjective processes and for their correct interpretation some experience is needed. 
This implies that they should not be used in isolation when linearity of regression model is 
assessed [26]. However, many literature sources suggest that residual plot as presented in 
Figure 2.7 a) is a confirmation of linearity of a regression line [21], [24], [28], [30]. 
 
2.6.1.1.3 Statistical tests 

There are several statistical tests that can be used if the visual inspection and residual plot are 
not convincingly enough that a linearity of regression line is confirmed. These are: Analysis of 
variance test (ANOVA), Lack of fit test (LOF), Mandel’s test, Significance of the quadratic 
term test and Goodness of fit test [26], [27], [28]. Common to all these tests is that they should 
not be used as only argument for linearity confirmation but rather in combination with other 
approaches. Due to constraints about the length of this work and seldom appearance in the 
literature they are not discussed nor applied in this study. However, some regression statistics 
presented in Figure 2.6. need to be explained as they are used in linearity confirmation. The t 
and p-value (statistical parameter that represent probability) are related to Students t-test applied 
for statistical significance estimation of slope and intercept. The slope of the calibration line 
should be significantly different from zero which means that there is a strong correlation 
between two variables and corresponding p-value for the slope should be very small (see Figure 
2.6.). How to check significance of the intercept is already explained previously. A confidence 
interval with lower and upper boundaries gives the value span for intercept and slope in which 
predicted values of x have 95 % confidence [25]. ANOVA tables give information about total 
variance comprised of regression part (describes the variation around the mean value) and 
residual part (describes residual variations). If a significant relationship between x and y 
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Figure 2.7. Examples of residual plots [25] 
 a) Random distribution of residuals around zero, b) Deviation from random distribution  

a) 
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variable exists, then the residual deviations from the regression line are small and regression 
equation describes the “best” fitted line for a chosen data set. The p-value for F in that case is 
very small, as can be seen in Figure 2.6. ANOVA test does not confirm linearity, it only 
confirms significant relation between x and y [25].  

2.6.1.1.4 Numerical parameters  

There are two main regression parameters that are frequently used in regression analysis and 
those are correlation coefficient, r (denoted in Figure 2.6. as “Multiple R”) and coefficient of 
determination, R-square (denoted in Figure 2.6. as R-square). The correlation coefficient 
describes the level of linear association between x and y variables. It can take values from               
-1 ≤ r ≤ 1, where value of ±1 describes the case where all points lie on a perfectly straight line,  
which means that they are positively or negatively corelated. When no linear correlation 
between those two variables exists the, r value is equal to or close to zero. In that case another 
non-linear type of correlation is possible [24]. The use of this coefficient as a measure of 
linearity is not recommended and the reason for that is the fact that high r value can be obtained 
even when it is obvious that plotted data are not linear [25], [24], [26]. The R-square is a 
measure of variability in the instrumental signal that could be explained by the regression model 
and can take values from 0-1 often expressed as percentage [26]. Both of these coefficients are 
considered inappropriate in linearity evaluation tests if they are used in isolation and especially 
if corresponding data are not plotted [25], [24], [26].  
 
2.6.2 Precision   

Precision is one of the most important method performance parameters that are evaluated during 
the method validation studies. The measurement precision is defined as the “closeness of 

agreement between indications or measured quantity values obtained by replicate measurement 
on the same or similar objects under specified conditions “ [17]. The precision of a measurement 
is affected by random errors causing the dispersion of the individual measurement results 
obtained during replicated measurements of the same appropriate sample. The degree of that 
dispersion is usually expressed in terms of standard deviation (SD), relative standard deviation 
(RSD) or coefficient of variation (CV) [29], [21], [25], [22]. RSD expressed as a percentage is 
often used to report precision of a measurement and is calculated using following equation:  

                                                           %𝑅𝑆𝐷 = 100 𝑥 
𝑠

�̅�
                                                (2.6.2) 

 
where s is the sample standard deviation of repeated measurement and �̅�  is the mean value of 
the same measurement. The RSD explains the spread of the data around the mean value [22]. 
During the experimental design of precision evaluation, it is necessary to consider the following 
aspects. The sample used for precision estimation needs to have the highest possible similarity 
to test samples regarding matrix, analyte concentration, homogeneity and stability [25], [21], 
[20]. The suitable, but not necessary materials for this purpose are Certified Reference Materials 
(CRM) [20], [21]. However, homogeneity of CRMs and test materials is often different and 
precision estimates from such materials could underestimate the variations in a real sample [20]. 
For reliable precision estimation it is required that each replicate of such material is 
independently prepared following the whole measurement procedure including all preparation 
steps [22], [21], [20]. The number of such replicates needs to be adequate so that reliable 
standard deviation could be calculated. In several literature sources and guidelines it is stated 
that the minimum number of replicates is six  [21], [25], [19].   
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Sample standard deviation or just standard deviation is only an estimate of a population standard 
deviation, σ (obtained from a much higher number of measurements that follow a normal 
distribution of data) [22]. If the number of repeated measurements is lower than six than the 
confidence interval becomes very wide and the reliability that sample standard deviation is a 
good estimation of population standard deviation is very low. By increasing the number of 
measurements, the sample standard deviation becomes more reliable and the confidence 
interval smaller [22]. This change in confidence interval is not so remarkable when the number 
of repeated measurements is higher than six, as explained in reference [25]. The precision is 
often dependent on analyte concentration and therefore it is recommended to test the precision 
of a method at different concentration levels across the expected concentration range of analyte 
in the samples [21], [20]. The minimum of three concentration levels (low, medium and high) 
over the whole measurement interval should be assessed [21], [29], [22], [30], [18], [28]. 
Obtained precision estimates should then be compared with values often already present as 
method performance parameters of existing or standard methods [30]. When no such methods 
are available then the obtained precision estimate should be compared with criteria defined by 
legislation [19] or criteria defined by other regulatory bodies or international organizations as 
presented in Table 2.8.   
 

Table 2.6. Acceptance criteria for precision and recovery estimate for different analyte 
concentrations defined by AOAC (Association of Official Analyst Chemist) for Peer-Verified 
Method Programs [23]. 

 

   
The conditions at which repeated measurements are made determines the type of precision 
estimation that is obtained. The precision estimation under repeatability conditions 
characterized by one laboratory, the same analyst and the same equipment over a short period 
of time have a lowest variability in the results and is known as repeatability precision. 
Reproducibility precision is on the other hand the type of a precision estimate with the highest 
variability in the results. The reproducibility conditions include different laboratories, different 
analyst and equipment. This type of precision is usually estimated during interlaboratory studies 
and is a measure of precision between laboratories. The third type of precision is Intermediate 
precision which estimates the variation in the results under more variable conditions within one 
laboratory than those named for repeatability precision. It is also known as “reproducibility 

within laboratory” [21], [29], [23], [25], [22].     

2.6.3 Accuracy (Bias) 

Measurement accuracy is defined as “closeness of agreement between a measured quantity 
value and a true quantity value of a measurand” [17]. Since the true quantity of a measurand 
cannot be known, accuracy cannot be assessed. The accuracy of some result is affected by 

Analyte concentration Recovery range (%) RSD (%)

       10000 ppm 97-103 2.7
1000 95-105 3.7
100 90 -107 5.3
10 80 -110 7.3
1 80 - 110 11

    100 ppb 80 - 110 15
10 60 - 115 21
1 40 - 120 30
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random and systematic errors and is therefore evaluated in terms of precision and trueness. 
Trueness is defined as “closeness of agreement between the average of an infinite number of 

replicates measured quantity values and a reference quantity value” [17]. Since the infinite 
number of replicates is practically impossible to achieve trueness is evaluated from a 
sufficiently large number of replicates instead and is quantitively expressed as a bias [21], [22], 
[30], [20], [25], [27], [18]. According to the definition “Bias is the estimate of systematic 
measurement error”, while systematic error is a “component of a measurement error that in 
replicate measurements remains constant or varies in a predictable manner” [17]. Thus, the 
effects of a systematic error need to be removed or accounted for [22]. Bias is practically 
assessed as a difference between mean value (�̅�) of a finite but sufficiently large number of 
repeated measurements on a suitable reference material and a reference value (𝜇0) assigned to 
that material [20], [22], [27], [21], [25]. Trueness and bias estimate are inversely proportional, 
where higher trueness means smaller bias in the measurement result [28], [22]. Trueness 
estimates are not constant over different concentration levels and for that reason it is necessary 
to design trueness experiments so that this relation, over the specified concentration range is 
established. The minimum of three concentration levels (high, medium and low), where each 
level consists of three independently prepared replicates is suggested by many authors [23], 
[29], [18], [30]. In some literature sources the sufficient number of independently prepared 
replicates for bias estimation is determined by the method precision and the proportion of bias 
that needs to be evaluated [22], [25]. For the reliable detection of bias (± 5 % from the accepted 
reference value) minimum of 16 such replicates are needed over defined concentration range as 
explained by this source [25]. However, in some other literature sources, the number of 
replicates analyzed at different concentration levels varies from six [28], [19] to ten [21]. In 
practice, trueness evaluation is often realized simultaneously with precision studies on the same 
reference material and for the same concentration levels [27]. Hence, the number of replicates 
and concentration levels are the same as already stated and explained for precision studies. 
When the appropriate number of replicates is defined the next step is to define the reference 
value needed for bias estimation. Reference values from several sources can be used in trueness 
estimation. A reference value accompanied with a Certified Reference Material (CRM) is the 
first choice for bias estimation if such material is a close match to the real sample in terms of 
form, matrix and concentration of analyte [22], [21], [28], [25], [29], [20]. Reference materials 
of this type come with an uncertainty statement and are traceable to international standards 
allowing the measurement traceability to be established [30], [21]. Bias can be introduced to 
the result via the analyzed sample (matrix effects), method or laboratory conducting the 
measurement [21], [22]. The use of appropriate CRMs is a recommended way to address overall 
bias induced from these different sources  [20], [21], [27]. During the validation process it is 
very important that for every particular purpose only one type of reference material is used. It 
is incorrect to use the same type of reference material for instrument calibration and bias 
assessment [21].  The appropriate CRMs are limited and are not always available. In that case 
reference materials without uncertainty statement such as reference materials characterized 
from a producer, materials defined in the laboratory for use as reference materials and materials 
used in proficiency testing schemes could be used for bias estimation in the same way as CRMs 
[27], [20]. Even with no evidence of traceability they are a far better option than when bias 
estimation is not conducted at all [20]. When reference materials are not available bias can be 
determined by adding (spiking) a known amount of analyte to the analyzed sample. The sample 
is analyzed before and after this addition and the difference between these two results divided 
by the amount of analyte added is called recovery [20], [22], [21], [30], [28]. Recovery can also 
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be expressed as a ratio, when an appropriate reference material is used, and is calculated using 
equation below [25], [22]: 

                                                       (%) 𝑅 =  
�̅�

𝜇0
 𝑥 100                                               (2.6.3) 

 
where �̅� is the mean value of replicated measurements on the reference material and 𝜇0 is the 
reference value assigned to the reference material. For unbiased methods the recovery is equal 
to unity (or 100 % if the recovery is expressed as a percentage). There are different factors that 
could contribute to the misestimation of recovery values obtained using “spiking” experiments. 
Extraction efficiency for example could be overestimated due to differences in bond strength 
between added and already present analyte in the matrix [21]. Hence, high recovery values are 
not a guarantee of bias absence while a low recovery is a certain indication of bias presence 
[20]. Bias assessment can also be achieved by comparing results obtained when the reference 
method and the method being validated are applied to the same type of test sample [22], [21], 
[20], [29], [30], [25]. Reference values needed for bias calculation in this case are provided by 
a reference method and the use of CRMs is not necessary. Statistical significance tests (such as 
t-test) can then be conducted to check if a significant difference between obtained values exists 
[21], [25], [20]. The disadvantage of this alternative for bias estimation is the fact that a 
reference method can be biased, which consequently means incorrect trueness estimation [21]. 
Obtained values for measurement bias should then be compared with criteria values set by 
standard methods, legislation [19] or international organizations as presented in the Table 2.6.   

2.6.4 Limit of detection (LOD) 

LOD and LOQ are important parameters in the validation process and they are two of the most 
controversial terms in analytical chemistry over the last century characterized by different 
estimation approaches [31]. However, almost all literature sources describe LOD as “lowest 

concentration of analyte that can reliably be detected but not necessarily quantified, with 
specified level of statistical confidence”. Since different approaches can be used for 
computation of this parameter it is of crucial importance to state which one is applied. Practical 
assessment of LOD values is achieved by multiplying standard deviation of repeated 
measurement on a blank sample with an appropriate numerical factor (k) based on the 
confidence level required [30], [22], [25], [21]. Appropriate samples for LOD estimation beside 
a blank sample (identical to the real sample in terms of matrix without any analyte presence) 
are also the test sample containing a low concentration of analyte and reagents blank. 
Irrespective of the type of the sample used for LOD estimation it is important that all samples 
are taken through the same measurement procedure applied to the real sample including all 
steps. Analyzing pure reagents blank that did not follow all the method steps normally applied 
to the real sample is a convenient way to asses only instrument LOD and not method LOD [21], 
[22], [25], [28]. The standard deviation used for LOD calculations is calculated based on a 
sufficiently large number of repeated measurements on such independently prepared samples. 
The reliable estimate of standard deviation is obtained when the number of independent 
replicates is between 6 and 15 [21], [20], [30], [25], [28], [29]. While the number of necessary 
replicates agrees with many literature sources the computation of this limit (LOD) share 
inconsistent approaches. Due to that fact and other constraints like the length of this work the 
following approach is only considered. As described in EURACHEM guide for method 
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validation the standard deviation of repeated measurements on an appropriate sample in 
repeatability conditions is calculated using the equation below: 
 

                                                          𝑆0´ =  𝑆0  √ 
1

𝑛
+  

1

𝑛𝑏
                                               (2.6.4) 

 
where 𝑆0 is the estimated standard deviation of the repeated measurements, 𝑆0´ is the standard 
deviation used in LOD calculations,  𝑛 is the number of how many times the real samples are 
actually measured and 𝑛𝑏 is the number of how many times the sample blank is measured 
according to the measurement procedure. The LOD is then calculated using the following 
equation: 
 
                                                                  𝐿𝑂𝐷 = 𝑘 𝑥  𝑆0´                                                  (2.6.5) 

 
where k is the numerical factor and 𝑆0´ is the corrected standard deviation if the measurement 
is conducted under repeatability conditions. If the measurements are done under  the 
intermediate precision conditions this correction of standard deviation is not necessary and 
ordinary standard deviation should be used then [21].  The value for the numerical factor is 
chosen based on statistical reasons so that a possibility of false positive or false negative types 
of errors has an acceptable low level (usually 5% possibility) [25]. There is a common 
agreement between different literature sources that a measurement signal three times the 
standard deviation of the blank or background signal is a good approximation for LOD values 
[21], [20], [30], [29], [22], [28]. There is a low possibility that a measurement signals above 
this value could originate from the blank itself or by chance [22], [30]. The analyte detection 
below the LOD values is not recommended because of  the fact that uncertainty values 
associated with the measured results are much higher and reliable estimation cannot be obtained 
[21], [30], [23].  
 

2.6.5 Limit of quantification (LOQ) 

LOQ is defined as the “lowest concentration of analyte that can be determined with acceptable 
level of precision and trueness or measurement uncertainty” [21], [25], [28], [23], [29]. All 
considerations regarding LOD practical assessment including the calculation part also applies 
to the LOQ assessment.  The only difference is the value for numerical factor k which in this 
case has a value of 10. This value for factor k defines the lowest concentration of analyte that 
can be quantified when a relative standard deviation (RSD) of measurement is 10 % [30]. 
Compared to the LOD calculation, statistical justification for LOQ estimate do not exist [25]. 
Analyte quantification below the value for LOQ is not impossible but it is unreliable since the 
measurement uncertainty associated with the results becomes unacceptably high [25], [30].    
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 3. Experimental  

3.1 Reagents and materials  

Multi element organo-metallic certified reference material (PerkinElmer V23, VHG Labs, Inc., 
Manchester, New Hampshire, USA) with analyte concentration of 500.0 ± 5.0 µg/g (Ag, Al, B, 
Ba, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, Sb, Si, Sn, Ti, V, Zn)  was used as base 
stock solution for calibration or working standards. Conostan S-21 multi element organo-
metallic certified reference materials (Conostan, SCP Science, Baie-D’Urfé, Canada) with 
analyte concentration of 5, 100 and 500 µg/g (Ag, Al, B, Ba, Ca, Cd, Cr, Cu, Fe, Mg, Mn, Mo, 
Na, Ni, P, Pb, Si, Sn, Ti, V, Zn) were used for validation purposes while a 900 µg/g reference 
standard with the same preferences was used as the first check standard (QC1). Conostan 
custom blend multi element certified reference material (Conostan, SCP Science, Baie-D’Urfé, 

Canada), which contained Ca at 3600 µg/g, P at 3100 µg/g, Zn at 1500 µg/g and B at 130 µg/g 
blended in the blank oil (75 cSt) was used as the second check standard (QC2). Element blank 
oil with viscosity of 75 cSt (Conostan, SCP Science, Baie-D’Urfé, Canada) was used to make 
up for viscosity differences in all analyzed solutions. A standard cobalt organometallic solution 
(VHG Labs, Inc., Manchester, New Hampshire, USA) with a cobalt concentration of 500 µg/g 
was used as internal standard while LIAV 230 (organic solvent) was used as a dilution solvent. 
Polypropylene volumetric flasks (50 mL, Sarstedt, Nümbrecht, Germany), denoted as ICP 
flasks were used for sample and standard solutions, while a standard borosilicate 100 ± 0.1 mL 
volumetric flask (Blaubrand, Germany) was used for internal standard preparation. Borosilicate 
based measuring pipettes (10 mL) were used for oil sampling.      

3.2 Sample and standards preparation  

The sample and standards were prepared according to the procedures that are usually used for 
this type of sample. To evaluate the effects of different storage conditions on lubricant stability, 
freshly mixed lubricant (25 L) was taken from production and analyzed with FTIR and ICP 
instruments. For the ICP analysis, the ICP flask was first weighed on the balance (Mettler 
Toledo, PR2003 Comparator, ± 0.001g) with built in tare function. A mass of 3.000 g freshly 
mixed oil (lubricant) was added into a flask and diluted to a final mass of 30.000 g with LIAV 
230. This oil solution denoted Solution 1 was then properly shaken and left to settle down for 
a couple of seconds. Since the concentration of some elements in Solution 1 was still very high, 
further dilution was needed so that their concentration lies into the calibration range of ICP 
instrument. A mass of 1.5 g Solution 1 and 1.5 g blank oil (75 cSt) was then accurately weighed 
in a new ICP flask and diluted to a final mass of 30.000 g with LIAV 230. This second oil 
solution was denoted Solution 2. The purpose of blank oil addition was to make up for viscosity 
differences in all analyzed solutions by ensuring that the oil content was the same in every 
sample after dilution to a final mass (30.000 g). Analytes that were measured in Solution 1 are 
B, Mg, Na and Si while, Ca, P and Zn were measured in Solution 2. FTIR analysis was also 
conducted at this point, by direct injection of oil samples into the instrument. Results obtained 
from these first measurements were used as reference values for comparison purposes. After 
the first analysis, lubricant was poured in twelve 2L high-density polyethylene (HDPE) bottles, 
divided in four sample groups and stored at four different temperatures. This type of bottle was 
intentionally chosen since the same type of bottle material is usually used for lubricant storage 
under real storage conditions. The first sample group was placed in the refrigerator in which 
the temperature was approximately 9 °C during the whole experiment. The second sample 
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group was stored in the laboratory, where the temperature was around 22 °C, while the third 
and fourth sample groups were placed in warming cabinets with constant temperatures of 45 
and 80 °C throughout whole experiment. All sample groups consisted of three 2L HDPE bottles 
filled with the freshly mixed lubricant as can be seen in Figure 3.1.  

 

 

 
Figure 3.1. The sample group stored in the laboratory 

 
One of these bottles was intentionally left open, another was closed with a polypropylene (pp) 
cap and the third one was spiked with distilled water (850 ppm), closed with a pp cap and well 
shaken. The following days, after the first measurements, a required volume of oil for ICP and 
FTIR analysis was taken from top, middle and bottom layer of every HDPE bottle and placed 
into open polypropylene (pp) glass. Test samples from all layers were taken with three 10 mL 
measuring pipettes, where one pipette was used for only one-layer minimizing contamination 
risks. Samples taken from the bottles stored at higher temperatures (45 and 80 °C) were placed 
into pp tubes and sealed with parafilm to prevent moisture absorption from air, while cooled 
down.  

The preparation of calibration or working standards for the ICP instrument was done by 
weighing ICP flasks on the balance and adding the appropriate quantities of multi element 
organo-metallic standard oil solution (PerkinElmer V23) in order to get the required 
concentration. The addition of blank oil (75 cSt) and dilution solvent (LIAV 230) followed 
ensuring that a total amount of oil inside the flasks was 10 % by mass after dilution to a final 
mass. A blank solution was prepared also in the same manner ensuring that amount of blank oil 
was 10 % by mass after dilution to a final mass with LIAV 230. Calibration standards of 0, 1, 
2, 15 and 50 µg/g were prepared this way and used for ICP instrument calibration. 

The preparation of the first and the second check standard followed the same procedure applied 
to the preparation of oil samples. Only Solution 2 from the first check standard was actually 
used as a check standard with an analyte concentration of 4.5 µg/g. Solution 1 from the second 
check standard with B concentration of 13 µg/g was used only as a check standard for B. The 
reason for that were high concentrations of other elements that were beyond the instrument 
calibration range. Solution 2 was used as a check standard for Ca, P, and Zn with respective 
concentrations of 18, 15.5 and 7.5 µg/g. The second check standard was very similar to the 
analyzed samples in terms of matrix and concentration of most of the elements, which is a clear 
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advantage compared to the first check standard. Multi element standard solutions (Conostan, 
S-21) with initial concentrations of 5, 100 and 500 µg/g were used for validation studies. From 
the initial standard solution of 5 µg/g solution, a 0.5 µg/g was prepared, while a solution of 2.5 
µg/g was prepared from a standard solution of 100 µg/g. Solutions of 25 and 50 µg/g were 
prepared from the same standard solution of 500 µg/g. The preparation procedure for these 
solutions was the same as for calibration standards ensuring that the oil component was 10 % 
by mass after dilution to a final mass with dilution solvent.  An internal standard solution of 1 
% was made by weighing appropriate amounts of cobalt stock solution into a standard 100 mL 
volumetric flask, which was then diluted to 100 mL with LIAV 230. After proper 
homogenization, a volume of 120 µL was added to all analyzed solutions. The calibration and 
the check standards were prepared every other day, while the preparation of internal standard 
was on a weekly basis. 

3.3 Instrumentation  

3.3.1 ICP-AES 

All measurements were performed using a PerkinElmer Optima 8300 ICP-OES instrument, 
running in the axial mode with operational parameters and selected wavelengths of 
corresponding analytes presented in Table 3.1.  

Table 3.1 PerkinElmer 8300 Optima instrumental conditions including analytes and chosen 
wavelengths used under analysis 

 
 

Co (internal standard)

Ag

Nebulizer start up Al

Cd

Cr

Nebulizer Gas (L/min) Cu

Fe

Mn

Viewing Distance (mm) Mo

Plasma mode Ni

Read Delay Time (sec) Pb

Replicates Sn

Read Time (sec) Ti

Sample Flow Rate (mL/min) V

Sample Flush Time (sec) B

Wash Frequency Ba

Wash Rate (mL/min) Ca

Wash Time (sec) Mg

Peak algorithm P

Background Correction Zn

Internal Standard Na

Calibration Equation Si

Sample Units S

Quality Control Limits (%)

Quality Control Fail Action 

Frequency of check standard 

2-point 

Continue with analysis

Linear through zero 

ppm

± 10

After calibration first and 
after sixth sample 

Parameter Settings 

Source Equilibration Delay (sec) 15

Plasma condition

Spray chamber 

1,0

0,50

1500

15

Instant 

Same for all elements

Axial

60

3

226,502

Peak area (3 points)

Co

25

15Plasma Gas (L/min)

RF generator power (W)

Auxiliary Gas (L/min)

Analyte Wavelength (nm)

228, 616

338,289

308,215

290,880

249,677

493,408

283,563

327,393

239,562

260,568

203,845

232,003

180,669

Auto (min:1,00, max:5,00)

Glass cyclonic

1,00

Between samples

1,00

60

317,933

279,077

214,914

202,548

589,592

212,412

217,000

235,485

334,940
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In the used instrument configuration analyzed solutions were delivered to the nebulizer by a 
peristaltic pump. After ignition and before analysis, plasma was first run for 10 minutes without 
solvent aspiration followed by 10 minutes with solvent aspiration according to the 
manufacturer’s recommendations for respective sample type. All samples were also well shaken 
right before analysis in order to ensure proper homogenization.  
 

3.3.2 FTIR  

Brukers Alpha FTIR instrument was used to asses molecular changes in the analyzed lubricant 
during this work. The characteristics of this equipment are presented in Table 3.2.  
 
Table 3.2 Characteristics of used FTIR equipment  
  

Equipment features        

Spectral range  4000-400 cm-1 

Resolution  4 cm-1 

Sample scan 23 

Background scan  23 

Path length (µm) 100 

Type of cell  "Flow through" 

Cell material  Stainless steel body, ZnSe windows  

Software interface OPUS 7.2 

Apodization   Blackman-Haris 3-Term 
 

 

Infra-red (IR) spectra of the background was first recorded and subtracted from the IR spectra 
of the analyzed sample. The IR spectra of the samples were obtained by direct injection of 
approximately 2 mL oil into the instrument, while the background spectra were obtained when 
the sample cell had been removed from the instrument. All IR spectra were recorded at room 
temperature using the conditions stated in Table 3.2. The IR spectra of freshly mixed lubricant 
was used as a reference for comparison with other IR spectra obtained afterwards for different 
layers and different samples. The instrument was washed by injecting an appropriate amount 
of heptane prior to analysis and after every run to minimize contamination risks.   
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4. Results and Discussion 

4.1 Method validation  

During the ICP-AES method validation study, method performance parameters like linearity, 
precision, trueness, limit of detection (LOD) and limit of quantification (LOQ) were evaluated. 
Linearity was evaluated by preparing a set of calibration or working standards including 0, 1, 
2, 15 and 50 µg/g following the procedure already described in Section 3.2. Instrument 
calibration was then conducted using the instrumental conditions stated in Table 3.1. which 
resulted in calibration curves presented in Figure 4.1. and corresponding linear regression 
equations in Table 4.1. 
 
Table 4.1 Linearity evaluation results 

 

 
As can be seen from Table 4.1 linear regression equations are given without intercept meaning 
that the instrument software forced regression (calibration) line through the origin. However, 
this action is not in compliance with the linear least square fitting techniques usually applied to 
the construction of calibration lines. It is considered as one of the common mistakes that could 
deteriorate accuracy of the measurement especially at the ends of the calibration line. According 
to Section 2.6.1 this action (RTO) is justified only in cases where it can be demonstrated that 
the intercept is not significantly different from zero. Statistical significance of the intercept 
value was checked by analyzing regression output (see  Figure 2.6.) for every element based 
on three criteria. The first and most important criteria was based on the p-value for the intercept. 
If the intercept is not statistically different from zero, then the p-value for the intercept should 
be larger than 0.05. The second criteria for intercept rejecting was when the confidence interval 

Analyte RTO1     

justified

Ag  +  +  + 0.999945 0.999890 y = 12830x

Al  +  +  + 0.999907 0.999814 y=3403x

Cd  +  +  + 0.999997 0.999994 y =8243x

Cr  +  +  + 0.999986 0.999972 y = 16520x

Cu  +  +  + 0.999990 0.999980 y = 18280x

Fe  +  +  + 0.999971 0.999942 y = 5400x

Mn 2/3  +  +? 0.999939 0.999878 y = 26970x

Mo 2/3  +  + 0.999986 0.999971 y = 1157,7x

Ni 2/3  + + 0.999988 0.999976 y = 1812x

Pb 2/3  +  +? 0.999951 0.999902 y = 198,4x

Sn 2/3  +  + 0.999980 0.999960 y = 689,1x

Ti 2/3  +  +? 0.999983 0.999966 y = 67310x

V  +  +  + 0.999976 0.999952 y = 11130x

B  +   +  + 0.999913 0.999826 y = 4901x

Ba  +  +  + 0.999943 0.999886 y = 519900x

Ca  +  +  + 0.999957 0.999914 y = 9673x

Mg  +  +  + 0.999995 0.999990 y = 668,2x

P  +  +  + 0.999977 0.999954 y =229,4 x

Zn 2/3  +  +? 0.999893 0.999786 y = 6715x

Na  +  +  +? 0.999987 0.999974 y = 21220x

Si  +  +  + 0.999981 0.999962 y = 1152x

S 2/3  +  +? 0.999040 0.998081 y = 1501x
1 RTO- Regression through origin  

Visual 
inspection 

Random  
distribution 
of residuals Corr. coeff. R2 Calibration equation  
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for the intercept spans over zero, while the third criteria was the intercept value lower than the 
standard deviation for intercept. Only the first and second criteria were satisfied for RTO by 
elements such as Mn, Mo, Ni, Pb, Sn, Ti, Zn and S as presented in Table 4.1. Despite that fact, 
RTO for these and all other elements in respective Table was statistically justified. The reason 
for that was the fact that the first and most important criteria was satisfied by all elements, 
which is considered as acceptable for this work. According to that, accuracy of measurement 
on the real sample should not be affected significantly. Visual inspection of calibration graphs 
presented in Figure 4.1. confirmed that relationship between instrumental signal and 
concentration in calibration standards was indeed linear for all elements.  
 

 
 
Figure 4.1. Calibration curves for all elements using calibration standards (0, 1, 2, 15, 50 ppm) 

 
The distribution of residuals is one convenient way to test some of the basic unweighted linear 
regression assumptions as described in Section 2.6.1.1.2. Residuals or errors are defined as the 
difference between measured instrument value and calculated value using linear equation for 
the same concentration level. If the linear relation between the instrumental signal and 
concentration is achieved, then the residuals should be randomly distributed about zero as can 
be seen from the residual diagram for Ca in Figure 4.2. The second assumption also known as 
the homoscedasticity states that residuals are constant across the whole calibration range. This 
means that residuals should not increase with the concentration in the calibration standards. The 
residual diagram for Zn shown in Figure 4.2. indicated that homoscedasticity of the residuals 
was questionable since they increased with concentration for almost all concentration levels. 
Some other elements such as Mn, Pb, Ti, Na and S also showed signs of deviation from the 
mentioned regression assumptions as presented in Table 4.1. However, deviation from 
homoscedastic distribution of residuals was not confirmed for all concentration levels, which 
suggests that variation in instrumental signal could be related to random variations. This was 
concluded for all elements marked with question mark in Table 4.1. Deviation from both 

Ag Al Cd Cr 

Ti 

Na 

Cu 

Fe Mn Mo Ni Pb 

Sn V B Ba 

Ca Mg P Zn 

Si S 
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assumptions (random distributions and homoscedasticity of residuals) could indicate a non-
linear relation between instrument signals and concentrations.  
 

 
 
Figure 4.2. Residual diagrams for two different elements  

 
High values for the correlation coefficient indicate high levels of linear association between the 
dependent (instrument intensities) and independent (concentrations) variables for all elements 
stated in Table 4.1. Linearity confirmation only by correlation coefficient is not recommended 
by literature since the high values can be obtained even when it is obvious that data lie on 
smooth curves. Coefficient of determination (R2) is a measure of variability in instrumental 
signal that can be explained by the calibration model. All elements had high values for this 
coefficient indicating that the calibration model explains almost all variations in instrumental 
signal. Based on the analyzed parameters and corresponding values in Table 4.1 it was 
concluded that linearity of the method was confirmed for all stated elements.  
Precision and trueness of the method was evaluated at 0.5, 2.5, 25 and 50 µg/g by analyzing six 
independent replicates of each standard solution under repeatability conditions. These standard 
solutions were prepared according to the procedure described in Section 3.2 and analyzed using 
the same instrumental conditions as for the linearity evaluation. The repeatability precision 
estimations are expressed in terms of Relative Standard Deviation (RSD) calculated using 
equation 2.6.2., while trueness is expressed in terms of recovery (R) calculated using equation 
2.6.3. The LOD and LOQ values were evaluated by analyzing ten independent replicates of 
blank samples prepared as described under Section 3.2., and calculated according to the 
Eurachem guide (2014) as described under Section 2.6.4 and 2.6.5. Obtained results are 
presented in Table 4.2. As can be seen from Table 4.2. the precision of the method was better 
than 3.2 % RSD for all elements at 2.5 ppm. The precision at 25 ppm was better than 2.2 % 
RSD, while at 50 ppm RSD was better than 3.1 % for all elements except for Ba, which could 
not be assessed at these concentrations because of signal saturation. The reason for that was 
probably high sensitivity of the chosen spectral line. In this case the change of spectral line 
from too sensitive to less sensitive could overcome this problem. As expected, the precision of 
the method for almost all elements is the highest in the center of the calibration line and lowest 
at both ends of the same line. Precision at 0.5 ppm was worse than 5 % RSD for elements such 
as Ni, Sn, Ba, P and Na, while other elements had RSD values that were better than 5% RSD. 
The possible explanation for that could be the fact that LOD and LOQ values for Ni, Sn, Ba, P, 
and Na are higher than 0.5 ppm as can be seen from Table 4.2. Measurement under this values 
have higher uncertainties and cannot produce give results. However, LOD and LOQ values can 
be calculated in different ways and could produce different values than those used in this work. 
Some elements such as Ag, B, Mg and Si with higher LOQ values than 0.5 ppm and LOD 
values that were higher or close to the 0.5 ppm, had RSD values better than 5%. 
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Table 4.2 Trueness, precision, LOD and LOQ estimates 

 
 
Nevertheless, these values were higher for most elements than the RSD values for the same 
elements at other concentration levels indicating lower precision at 0.5 ppm. This contribution 
to imprecision could be caused by forced regression through origin as explained in Section 
2.6.1. The Accuracy of the method was expressed in terms of recovery (%) and calculated at 
four concentration levels. At 0.5 ppm only concentrations of Ag, Al, V, Ca and Si were 
overestimated below 5%, whereas concentrations of Cd, Cr, Cu, Fe, Mn, Mo, Sn, Ti, B, Mg and 
Zn may have been overestimated from 5 to 15 %. The concentrations of Ni and Pb may have 
been overestimated by more than 20 %, while the concentration of Na, P and Ba may be 
underestimated up to 30 %. Overestimation of S can be explained by the fact that analyzed 
CRMs were sulfonate based.  At a concentration level of 2.5 ppm the concentration of Ag, Al 
and Ca may be underestimated below 5% from the reference value, while concentrations of Cd, 
V, Ba and Si were overestimated below 5%. The concentrations of Cr, Cu, Fe, Mn, Mo, Ni, Pb, 
Sn, Ti, Mg, Zn and S were overestimated by 5-21 % whereas concentrations of P and Na were 
underestimated about 15 % and 12 %. At the concentration level of 25 ppm only elements Cu, 
Fe, Mn, Pb, and Ti were overestimated more than 5 % while the concentration of P was 
underestimated by about 12 %. All other elements were inside ± 5 % from reference value. At 
the concentration level of 50 ppm only Fe, Pb and Ti were overestimated more than 5 %, while 
the concentrations of P and S were underestimated about 13 %. The concentration of all other 
elements was inside ± 5 % from reference value for this concentration level. The number of 
elements that were inside ± 5 % from reference value was the highest for 50 ppm and lowest 
for 0.5 ppm. The Accuracy of the method increases with concentrations for almost all elements 
as can be seen from Table 4.2 which is in compliance with the theory. Some elements such as 

Analyte
RSD           
(%)

R1           

(%)

RSD           
(%)

R           
(%)

RSD           
(%)

R           
(%)

RSD           
(%)

R           
(%)

LOD2     

(ppm)
LOQ3    

(ppm)

Ag 1.21 100.09 2.31 98.54 1.18 99.31 2.80 97.53 0.32 1.08

Al 4.45 101.73 1.08 99.31 1.25 103.16 2.83 102.18 0.12 0.39

Cd 2.85 107.88 1.07 103.32 1.18 102.57 2.79 98.03 0.03 0.09

Cr 2.88 105.50 1.36 105.12 1.18 104.20 2.78 100.91 0.02 0.07

Cu 3.08 105.27 2.25 105.63 1.19 107.59 2.68 102.46 0.03 0.11

Fe 3.90 112.01 1.57 107.02 0.89 109.20 2.73 106.74 0.06 0.19

Mn 2.76 107.43 1.83 107.24 1.22 106.46 2.74 97.91 0.01 0.04

Mo 3.16 110.20 1.49 109.49 1.25 104.48 2.79 100.79 0.09 0.31

Ni 10.82 132.34 1.18 110.01 1.30 102.06 2.88 98.07 1.42 4.73

Pb 3.15 120.90 0.73 115.07 1.47 114.29 2.81 105.76 0.48 1.59

Sn 5.59 114.59 1.97 111.32 1.18 104.42 2.80 101.23 0.33 1.09

Ti 3.40 113.54 0.75 113.66 1.16 110.32 2.65 105.71 0.02 0.07

V 2.99 103.28 1.26 103.54 1.13 103.05 2.79 100.49 0.01 0.04

B 3.39 108.37 2.55 104.06 1.09 103.30 2.85 101.03 0.60 2.01

Ba 7.77 82.23 0.43 100.66 1.22 4.05

Ca 3.26 100.82 1.45 99.53 1.19 100.00 2.80 98.04 0.11 0.37

Mg 1.88 109.35 1.78 106.95 1.16 101.35 2.77 97.96 0.45 1.50

P 6.29 88.66 3.18 84.83 2.11 87.82 3.00 87.32 1.37 4.58

Zn 2.58 113.27 0.93 107.09 1.21 103.20 2.76 95.44 0.02 0.08

Na 5.58 73.12 0.60 88.42 1.30 102.42 2.79 98.23 1.07 3.58

Si 3.06 101.85 1.28 103.39 1.22 100.34 2.76 97.17 0.21 0.70

S 3.25 315.80 1.49 120.85 1.36 101.55 2.76 88.45 0.05 0.18
1 Recovery 
2,3 Calculation based on Eurachem guide 

0.5 ppm 2.5 ppm 25 ppm 50 ppm

Saturated Saturated
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Fe, Pb, and Ti were overestimated for all concentration levels, while concentration of P was 
underestimated for all concentration levels. This is a good indication that results for these 
elements could be affected by systematic errors. The validation procedure for P needs to be 
repeated since the instrumental condition, regarding the background correction points, was 
changed after the initial validation. All measurements on oil samples and check standards were 
conducted after this correction. The results from the initial validation study are presented in  
Table 4.2 and it would be interesting to compare these results with the results from the repeated 
validation for P. However, due to time constraints regarding this work revalidation was not 
repeated this time.  

4.2 Color  

The color change of the lubricants may be related to the presence of different oxidation products 
formed during the oxidation process. As can be seen in Figure 4.3., only samples stored at 80°C 
changed to darker colors. Samples stored at other temperatures were more stable and maintained 
the same color throughout the whole experiment. This was a god indication of that these 
conditions for the observed period were not severe enough to cause oil oxidation. Figure 4.3 
also revealed that color change was possibly caused by high storage temperature since this was 
the only factor that was mutual for all samples.  
 

 
Figure 4.3. The color of fresh oil at the beginning of the experiment and the color of the oil samples 
stored at different temperature taken 75 days after the beginning of the experiment      
a) Closed samples; b) Open samples; c) Samples with added water  

 
4.3 ICP-AES  

The calibration standards, quality check standards and oil samples were prepared as described 
under Section 3.2. and analyzed using the conditions stated in Table 3.1. Elemental 
concentrations in the oil samples or check standards were calculated by multiplying determined 
concentrations in diluted samples with corresponding dilution factors. Obtained results for 
analyzed elements in different samples are presented and discussed below. Quality check 
standards were analyzed after oil samples, and results for oil samples were generally accepted 
if the result for the quality check standards were within the quality control limit (± 10 % from 
reference value). However, all measurements are presented in this work and the results that 
were outside the control limits are named. Two quality check standards were applied in this 
work and they were named as QC1 and QC2. The second check standard (QC2) was very 
similar to the analyzed oil samples in terms of matrix and analyte concentrations. Results 
obtained for this check standard had a higher analytical significance for this work then results 
obtained for QC1. The first check standard (QC1) was characterized with matrix and analyte 
concentrations that were quite different from analyzed oil samples. The second and the third 

Fresh oil  9°C       22°C    45°C   80°C    9°C   22°C     45°C   80°C 

a) c) 

  9°C    22°C    45°C   80°C 

b) 
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measurement (points) on all figures below and for all elements were checked with calibration 
standards. Since the same type of CRM was used for calibration and quality control purposes, 
results from these measurements can not be accepted with confidence even though they were 
inside the control limits. 

4.3.1 Boron  

4.3.1.1 Open bottles  

As can be seen from Figure 4.4., variations in the B concentration between layers were minimal 
for almost all samples stored at different temperatures, except for the sample stored in the 
refrigerator (9 °C). In this sample (9 °C), concentration in the second layer, measured 33 days 
after the beginning of the experiment (corresponds to the seventh measurement or seventh point 
in the respective figure), was abnormally high compared to other measurements. The recovery 
of the internal standard for this measurement was only 78 %. Such a low recovery could be 
caused by uneven distribution of internal standard in the sample solution or by a smaller amount 
of internal standard in this sample compared to the blank sample. The intensity signal for B in 
this measurement was corrected for the difference in internal standard intensity between blank 
and oil sample. From the obtained corrected intensity, which was around 27 % higher than 
uncorrected intensity, corresponding concentration level of around 190 ppm was calculated and 
presented in Figure 4.4. The sample stored at room temperature (22 °C) showed a higher 
variations in concentration between layers at the beginning, while the sample stored at 45 °C 
showed higher variations at the end of observed period. The concentration differentiation 
between layers was the lowest for the sample stored at 80 °C. The quality control check with 
the first check standard (QC1) gave the results that were within the quality control (QC) limits 
for all respective measurements. The second check standard (QC2) for B was applied from the 
fifth measurement to the end of experiment and obtained values were also within the defined 
quality control limits.  
 
4.3.1.2 Closed bottles  

Samples stored at 22 °C and 80 °C showed a smaller variations in concentration between layers 
compared to samples stored at the other two temperatures. Based on Figure 4.5., the differences 
in concentration between layers were largest in the sample stored at 45 °C. The sixth 
measurement (corresponds to the sixth point in the respective figures) for all layers and storage 
temperatures failed QC1 but they passed quality control check with QC2 for B. QC2 was 
applied only from fourth measurement. All measurements conducted after fourth measurement 
passed quality control check with QC2 for Boron.  
 
4.3.1.3 Bottles with added water  

From Figure 4.6. it can be concluded that samples stored at 9, 45 and 80 °C were quite 
homogenous regarding the B concentration in different layers. Small differences could be 
explained by random variations in instrumental signal and variations in the sample due to 
uneven distribution of analyte in the solution. The sample stored at 22 °C had a higher 
concentration in the third layer compared to other two layers, where concentration differences 
between layers were minimal for almost all measurements. The highest concentration in the 
third layer was measured at the time when significant amount of air bubbles was introduced to 
the plasma together with oil sample. This could be a possible explanation for such high 
concentration that deviated from other measurements. However, quality control checks for both 
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standards (QC1 and QC2 for B) were within the quality control limits for all respective 
measurements. The second standard (QC2) for B was applied only from the fifth measurement 
for this sample. Analyzing all measurements conducted on QC2 for B it was found out that 
measured B concentration was lower than the actual reference value (130 ppm) for every 
measurement. Mean value for these measurements was calculated to be about 123 ppm, which 
led to the conclusion that concentration in real samples may be underestimated with about 4.6 
%. Quality check standard results that are always higher or lower than corresponding reference 
value indicate the presence of systematic errors in the measurement. At the same the precision 
of the measurements conducted on QC2 for B was calculated to be lower than 2.3 % RSD 
indicating good measurement precision.    
 

4.3.2 Magnesium  

4.3.2.1 Open bottles  

Figure 4.7. clearly indicates that concentration of Mg in samples stored at different temperature 
was evenly distributed in the whole solution. Observed differences between layers for each 
sample and all measurements were minimal except for the sample stored at 9°C. So unusually 
high concentration in the second layer was probably due to same reasons as already explained 
for B. The quality control (QC) check with QC1 passed all measurements conducted on the 
samples stored at different temperatures.         
 
4.3.2.2 Closed bottles  

Figure 4.8. indicates that Mg was evenly distributed in all samples regardless of storage 
temperature. Observed differences between layers were below 1 ppm for all measurements and 
were probably caused only by random variations in instrumental signal. Only the second last 
measurement for all three layers conducted on all samples stored at different temperatures did 
not pass the quality control (QC) check with QC1.     
 
4.3.2.3 Bottles with added water  

Mg distribution between layers was consistent for almost all measurements on the samples 
stored at different temperatures. All measurements conducted on these samples passed QC 
check with QC1. As could be seen from Figure 4.9., Mg distribution between different layers 
was consistent and unaffected by different storage conditions.   
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Figure 4.4. Boron concentration in open bottles stored at different temperatures 
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Figure 4.5. Boron concentration in closed bottles stored at different temperatures 
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Figure 4.6. Boron concentration in bottles with added water stored at different temperatures  
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Figure 4.7. Magnesium concentration in open bottles stored at different temperatures 
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Figure 4.8. Magnesium concentration in closed bottles stored at different temperature 
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Figure 4.9. Magnesium concentration in bottles with added water stored at different temperatures 
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4.3.3 Sodium  

4.3.3.1 Open bottles  

Na was uniformly distributed between layers for all samples except for the one measurement in 
the sample stored at 9 °C as can be seen from Figure 4.10. For the seventh measurement in the 
second layer internal standard recovery was only 78 %, and as explained before could be 
possible explanation for the obtained result. However, the obtained result was not in agreement 
with expectations and the results obtained for other analytes in the same sample. The 
concentration of other elements in the same sample increased, while the concentration of Na 
decreased for the same measurement. Increase in concentration could be explained by the 
internal standard correction calculations while decrease in concentration for the same sample 
cannot be justified by the same explanation. The observed difference could therefore be 
prescribed to the random effects. All measurements on the samples stored at 9 °C and 22 °C 
passed QC check with QC1 while the sixth measurement on the samples stored at 45 °C and 80 
°C failed QC check with QC1 for all three layers.  
 
4.3.3.2 Closed bottles  

The results for closed bottles are presented in Figure 4.11. As can be seen from the same figure  
Na was uniformly distributed between layers for all samples with minimal differences in all 
measurements. All measurements passed QC check with QC1. 
 
4.3.3.3 Bottles with added water  

Na concentration in different layers was also consistent for these samples for almost all 
measurements as shown in Figure 4.12. The sixth measurement on the samples stored at 9 °C 
and 80 °C failed QC check with QC1 for all three layers, while all measurements on samples 
stored at 22 °C and 45 °C passed QC check with QC1. 
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Figure 4.10. Sodium concentration in open bottles stored at different temperatures 
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Figure 4.11. Sodium concentration in closed bottles stored at different temperatures 
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Figure 4.12. Sodium concentration in bottles with added water stored at different temperatures 
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4.3.4 Silicon  

4.3.4.1 Open bottles  

According to Figure 4.13., Si was not uniformly distributed between layers in the samples. The 
lowest variations in Si concentration, between layers, were obtained for the sample stored at 22 
°C. The highest concentration in the second layer for the sample stored at 9 °C was measured 
when recovery for internal standard was about 78 % which could explain the obtained result. 
The last three measurements conducted on the samples stored at 9 °C, 22 °C and 45°C failed 
QC check with QC1 for all three layers. The seventh and last measurement for all three layers 
on the sample stored at 80 °C failed QC check with QC1.  
 
4.3.4.2 Closed bottles  

The results for this sample are presented in Figure 4.14. Concentration difference between 
layers was smallest for the sample stored at 22 °C, while the largest difference was observed 
for sample stored at 45 °C with maximum difference up to 4 ppm. The seventh, ninth and tenth 
measurement on the samples stored at 9 °C and 22 °C failed QC check with QC1 for all three 
layers. The second last and last measurement on the samples stored at 45 °C and 80 °C did not 
pass QC check with QC1 for all three layers.  
 
4.3.4.3 Bottles with added water 

The highest concentration difference, which was above 2 ppm was observed between the first 
and two other layers in the sample stored at 22 °C as presented in Figure 4.15. Concentration 
differences between layers were below 2 ppm for all other samples. The last three measurement 
on the samples stored at 9 °C, 22 °C and 45 °C did not pass the QC check with QC1 any of the 
three layers. The seventh and the last measurement on the sample stored at 80 °C failed QC 
check with QC1 for all three layers.  
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Figure 4.13. Silicon concentration in open bottles stored at different temperatures 
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Figure 4.14. Silicon concentration in closed bottles stored at different temperatures  
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Figure 4.15. Silicon concentration in bottles with added water stored at different temperatures  
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4.3.5 Calcium  

4.3.5.1 Open bottles  

Ca was unevenly distributed between layers for this type of sample according to Figure 4.16. 
For the sample stored at 45 °C these differences were at most above 200 ppm for some 
measurements. Maximum concentration differences between layers for other samples stored at 
9 °C, 22 °C and 80 °C were below 200 ppm. These variations in measured concentration values 
could be prescribed not only to the random variations in instrumental but also to the variations 
in the oil samples due to unequal distribution of  Ca within solution. The concentration in the 
third layer increased continuously for the sample stored at 80 °C and at the end of the 
experiment was about 100 ppm higher than at the beginning of the experiment. The last 
measurement on the samples stored at 9 °C and 22 °C failed QC check with QC1 for all three 
layers. The fifth, sixth, eighth and the last measurement on the sample stored at 45 °C also failed 
QC check with QC1 for all layers. The fifth, ninth and the last measurement on the sample 
stored at 80 °C did not pass the QC check with QC1. However, the QC check with QC2 which 
was applied from fifth measurement passed all measurements on all samples.  
 
4.3.5.2 Closed bottles  

Uneven distribution of Ca in the sample solution was also observed for this sample type. 
Differences in concentration between layers were above 200 ppm for some measurements on 
the sample stored at 9 °C, while maximum differences for other samples were below 200 ppm 
for all measurements. The sample stored at 22 °C had the smallest difference in concentration 
between the second and a third layer for all measurements as can be seen in Figure 4.17. 
Compared to other storage temperatures overall variations of Ca concentration between layers 
was lowest for the sample stored at room temperature (22 °C). The fourth, seventh and the last 
measurement on the samples stored at 9 °C and 22 °C did not pass QC check with QC1 for all 
three layers. The fourth, ninth and the last measurements on the samples stored at 45 °C and 80 
°C failed also QC check with QC1 for all three layers. QC2 was used from the fourth 
measurement to the end of the experiment and all measurements on all samples passed QC 
check with this check standard.     
 
4.3.5.3 Bottles with added water 

Uneven distribution of Ca was most obvious for this type of sample. It seems like that uneven 
distribution increases with storage temperature as can be seen from Figure 4.18. Differences in 
concentration between layers were above 200 ppm for some measurements on the samples 
stored at 9 °C, 45 °C and 80 °C, while in the sample stored at 22 °C these differences were 
below 200 ppm for all measurements. The fifth, sixth, eighth and the last measurement on the 
sample stored at 9 °C did not pass QC check with QC1 for all three layers. However, these 
results for the check standard were only up to 1% larger than the upper control limit. The 
seventh measurement for all three layers conducted on the sample stored at 22 °C and 45 °C 
also failed QC check with QC1. These results for check standards were also inside the range of 
1 % from the upper control limit. The fifth, ninth and the last measurement on the sample stored 
at 80 °C failed QC check with QC1 for all three layers. Check standard results in this case were 
also very close to the upper control limit. All measurements and all samples passed QC check 
with QC2 which was applied from fifth measurement.  
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Figure 4.16 Calcium concentration in open bottles stored at different temperatures 
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Figure 4.17. Calcium concentration in closed bottles stored at different temperatures 
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Figure 4.18. Calcium concentration in bottles with added water stored at different temperatures 
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4.3.6 Phosphor   

4.3.6.1 Open Bottles  

P distribution between layers was almost homogeneous for almost all measurements on all 
samples as can be seen from Figure 4.19. The observed differences in concentration between 
layers for all storage temperatures are probably due to random errors. P was almost 
homogeneously distributed between layers for the sample stored at 80 °C except for the last 
two measurements, where it started to differentiate. The fourth measurement on the samples 
stored at 9°C and 22°C failed QC check with QC1 for all three layers and obtained values were 
well above the upper control limit. For samples stored at 45 °C and 80 °C, QC1 was applied for 
the first and from the fifth measurement to the end of the experiment. All measurements on 
these samples for all three layers passed the QC control from that point. The QC2 was also 
applied from the fifth measurement to the end of experiment and all measurements on all 
samples passed the QC check with this check standard.  
 
4.3.6.2 Closed Bottles  

The smallest differences in P distribution between layers was observed for the sample stored at 
22 °C, as can be clearly seen in Figure 4.20. The concentration differences were at most less 
than 100 ppm for all measurements made on samples stored at 22 °C and 45 °C, while the same 
differences for the other two storage temperatures were at most above 100 ppm. These 
differences were also probably due to random variations. The fourth measurement on all 
samples failed QC check with QC1 for all three layers. The results for QC1 were well above 
the upper control limit. The second check standard was applied from fourth measurement and 
all measurements on all samples passed the QC check with this standard. 
 
4.3.6.3 Bottles with added water 

The most consistent distribution of P between layers throughout the whole experiment was 
observed for the sample stored at 9 °C according to Figure 4.21. The observed differences in 
concentration distribution were low for all storage temperature and were probably caused by 
random variations in the experimental conditions. The fourth measurement for all three layers 
on samples stored at 22 °C and 45 °C failed QC check with QC1. For the samples stored at 9°C 
and 80 °C QC check with QC1 was applied for the first measurement and after that from the 
fifth measurement. All measurements on these samples passed QC check with QC1. The second 
check standard (QC2) was applied from the fifth measurements and all measurements on all 
samples passed QC check with this check standard.  
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Figure 4.19. Phosphor concentration in open bottles stored at different temperatures 
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Figure 4.20. Phosphor concentration in closed bottles stored at different temperatures 
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Figure 4.21. Phosphor concentration in bottles with added water stored at different temperatures 
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4.3.7 Zinc  

4.3.7.1 Open bottles   

Zn was distributed almost evenly between layers for the sample stored at 22 °C for the first 20 
days, after which the differences began to increase as can be seen from Figure 4.22. The 
observed differences for this and all other samples were probably caused by random effects.  
The fourth, eighth, ninth and the last measurement for all three layers on the samples stored at 
9 °C and 22 °C failed QC check with QC1. The sixth and last three measurement for all layers 
on sample stored at 45 °C failed QC check with QC1, while the last two measurements on 
sample stored at 80 °C also failed QC check with QC1. QC check with QC2 did not pass 
measurements for all three layers on samples stored at 9 °C and 22 °C, whereas the fifth and 
the last measurement on sample stored at 45 °C also failed QC check with this standard. The 
fifth and two last measurements on sample stored at 80 °C also failed QC check with QC2.  
 
4.3.7.2 Closed bottles  

For the period of 30 days Zn was almost evenly distributed in the sample stored at 22 °C after 
which uneven distribution prevailed as can be seen from Figure 4.23. The similar pattern was 
observed for other storage temperatures. As already explained, random variations in the 
experimental conditions were probable cause for such results since no other logical explanation 
could explain such behavior. The fourth, seventh and the last measurement for all three layers 
on samples stored at 9 °C and 22 °C failed QC check with QC1, whereas the fourth, seventh, 
ninth and the last measurement on samples stored at 45 °C and 80 °C failed the same QC check. 
The QC check with QC2 was applied from the fourth measurement to the end. The fourth and 
the last measurement for all three layers on samples stored at 9 °C and 22 °C and the last 
measurement on the samples stored at 45 °C and 80 °C failed QC check with QC2.    
 

4.3.7.3 Bottles with added water 

According to Figure 4.24. Zn was unevenly distributed between layers for almost all 
measurements on all samples. The observed differences were probably due to the same random 
effects as already mentioned. The sixth and last three measurements for all three layers on the 
sample stored at 9 °C did not pass QC check with QC1. The fourth, seventh, eighth and ninth 
measurements for all three layers on samples stored at 22 °C and 45 °C also failed QC check 
with QC1 whereas the last two measurement on sample stored at 80 °C failed the same QC 
check. QC2 standard was applied from fifth measurement for all samples. The fifth and the last 
measurement for all three layers on the sample stored at 9 °C failed QC check with QC2, 
whereas seventh and ninth measurement on samples stored at 22 °C and 45 °C also failed the 
same QC check. The fifth and the last two measurements for all three layers on the sample 
stored at 80 °C failed QC check with QC2. Analyzing all measurements on QC1 and QC2 for 
Zn it was found that measured Zn concentration was higher than the actual reference value for 
all measurements. Mean value for these measurements on QC1 was calculated to be about 999 
ppm. This led to the conclusion that the concentration in real samples may be overestimated 
with about 11 % based on this check standard.  The precision of the measurement on QC1 is 
expressed in terms of RSD and was calculated to be 3.17%. The mean value for the 
measurement conducted on QC2 was calculated to be 1621 ppm. The results in the real samples 
may be overestimated with about 8 % based on this check standard. The RSD for this 
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measurement was 3.31 % indicating that precision of the measurement decreased slightly 
compared to the QC1.    
 

 

 

 

 
 
Figure 4.22. Zinc concentration in open bottles stored at different temperatures  
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Figure 4.23. Zinc concentration in closed bottles stored at different temperatures 
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Figure 4.24. Zinc concentration in bottles with added water stored at different temperatures  
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4.4 FTIR 

The IR spectra for all samples were recorded using the instrumental conditions stated in Table 
3.2. Analyzing the IR spectra of freshly mixed oil and IR spectra of the oil samples at the end 
of the experiment the most distinctive changes, important for this work, were observed at the 
following wavenumbers: 673, 863, 972. and 1267 cm-1. These wavenumbers with 
corresponding peaks are presented in Figure 4.25a, b. The IR absorption at 673 cm-1 could be 
related to out-of-plane bend vibrations in O-H bonds characteristic for phenol or alcohol 
molecules as can be seen in Figure 2.2. The presence of phenol molecules in the analyzed oil 
sample can be related to the presence of antioxidant such as hindered phenols. The same 
absorption peak can originate also from the aromatic C-H out-of-plane bend vibrations or C-S 
stretch vibrations in disulfide molecules [32]. Analyzing the absorption region with the peak at  
673 cm-1 it was observed that absorption peaks of several other functional groups occur within 
the same frequency region. Furthermore, these peaks behave differently in the samples stored 
at different temperature. For the samples stored at 80 °C the peak intensities and corresponding 
peak area decreases with time. For other samples, the absorption peak at 673 cm-1 decreases 
with time, while the overlapping peaks increase and emerge as separate peaks with different 
peak frequencies. Because of the overlapping nature of these absorption peaks it is very difficult 
to address their origin. The absorption peak at 863 cm-1 can be related to the wag vibrations in 
N-H bonds characteristic only for primary and secondary amines. The presence of these 
molecules in oil sample can be related to the presence of another type of antioxidant such as 
aryl amines (diphenylamine’s). This absorption peak can also originate due to out-of-plane 
bending vibrations for hydrogen bonds in O-H molecules. Absorption peak at 972 cm-1 is within 
the absorption region (995-850 cm-1) that can be related to the stretching vibrations in P-O-C 
bonds characteristic for aromatic phosphates present in the phosphor-based additives. This 
absorption peak can also originate from in-plane C-H bending vibrations in aromatic molecules 
[32]. The absorption peak at 1267 cm-1 can be related to the stretch vibrations in C-N bonds 
characteristic for primary aromatic amines, which is another indication that aryl amine 
molecules could be present in the oil sample. The absorption in the region between 1350-1250 
cm-1 can also be related to the stretch vibrations in P=O bond characteristic for organic 
phosphate molecules. The absorption peak at 1267 cm-1 is also within the absorption region of 
aryl-O stretch vibrations, characteristic for aromatic esters and in-plane bend vibrations 
characteristic for O-H bonds present in the primary or secondary alcohols [32]. At the beginning 
of the experiment, the IR spectra of freshly mixed oil was first recorded and the area for each 
respective peak was then calculated with the instrument software. These values are then used 
as reference values. For absorption peaks registered at 1267, 972. and 863 cm-1, the area was 
calculated using integration method B, while the peak area at 673 cm-1 was calculated using 
integration method A. Area of the background absorption was included in method A 
calculations and is the only difference compared to method B as can be seen from Figure 4.25c.  
To evaluate the rate of changes for each respective peak, reference values were compared with 
the measured values for the observed period. The obtained results are expressed in terms of 
percentage and are presented in Table A.1., A.2., A.3., in the Appendix. The area for each 
respective peak measured at the beginning of the experiment corresponds to 100 %.  
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Figure 4.25. IR spectra of reference sample (red color) and the closed sample stored at 22°C      
a) IR spectra of the same oil sample recorded at different times; b) zoomed spectra of the same sample, first 
layer (C22C1), second layer (C22C2) and third layer (C22C3); c) type of integration methods applied for 
each respective peak after conversion to the absorption spectra  
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Results from the FTIR analyses, presented in the Appendix, showed that observed changes in 
absorption peaks (673, 863, 972. and 1267 cm-1) took place almost simultaneously at all three 
layers in all bottles stored at corresponding temperatures. These results suggest that the 
analyzed oil samples were stable and homogeneous for the observed period.  However, an 
increase in the temperature had catalytical effects on the rate of changes for all respective peaks 
as can be seen from the same tables in the Appendix. The largest changes were recorded for the 
peak measured at 972 cm-1 and effects of different storage temperatures are presented in the 
Figure below.  
 

 

 

 
 
Figure 4.26.  Changes in the peak area measured at 972 cm-1 for the samples taken from the third 
layer  
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According to Table A.1 presented in the Appendix, the lowest storage temperature caused 
minimal changes at all respective peaks for the observed period and can be considered as the 
optimal storage temperature for this product. The rate of the observed changes in all respective 
peaks was highest for the highest storage temperature. The direct exposure to oxygen and 
presence of water had also catalytical effect on the rate of the observed changes in all respective 
peaks. These effects were even more pronounced at higher storage temperatures as presented 
in Figure 4.26. It took only seven days to reduce the original area, measured at the beginning 
of the experiment to a level of 38 % for the sample stored at 80 °C in closed bottles. For the 
same period and the same storage temperature, the original area was even further reduced for 
the samples in open bottles and bottles with added water. The reduction of peak area can be 
quantitatively related to the disappearance of respective molecular bonds that absorbs on these 
frequencies. In the case of the peak at 972 cm-1, the reduction of the peak area could indicate 
the depletion of P-O-C bonds present in the phosphor-based additives that absorb on these 
frequencies. Phosphor-based additives are often used as antioxidants because of their 
antioxidant properties, which means that they are consumed during the lubricant oxidation 
process.   

5. Conclusions  

From the results for the intra-laboratory method validation study it can be concluded that 
linearity of the method, for all elements, was confirmed for the concentration range of 0.1-50 
ppm based on the set criteria. The correlation coefficient for all elements was larger than 0.999, 
indicating high level of association between the measured instrumental signals and 
corresponding concentrations. Precision and accuracy of the method was evaluated at 0.5, 2.5, 
25 and 50 µg/g by analyzing six independent replicates of each standard solution in repeatability 
conditions. Precision of the method was expressed in terms of RSD values and obtained results 
suggest that precision increases with concentration for most of the elements. The highest 
precision, for almost all elements, was obtained for the concentrations measured in the center 
of the calibration line. The RSD values for these measurements were lower than 2 % for all 
elements except for P, which had RSD value of 2.11 %.  The lowest precision was obtained for 
the concentrations measured at the both ends of calibration line. Accuracy of the method, 
expressed in terms of recovery, increased with concentration and was the highest for the highest 
concentration for most of the elements. Recovery values for P was almost unchanged for 
different concentration levels, which is a clear indication that results for this element could be 
affected by systematic errors. The LOD values, calculated according to Eurachem guide, were 
lower than 0.5 ppm for all elements except for the Ni, Ba, P and Na which had LOD values 
larger than 1 ppm. The LOQ values were in the range from 0.04 to 4.73 ppm for different 
elements. Analyzing the results from ICP measurements it can be concluded that analyzed 
lubricant was homogeneous during the whole experiment, since the variations in the elemental 
composition between layers were minimal and were probably caused by random effects. It was 
also concluded that the optimal storage condition, based on the lowest variations in the 
elemental concentration between layers, was achieved when the lubricant is preserved in closed 
bottles that are stored at room temperature. The analyzed lubricant was also stable during the 
whole experiment, since the lubricant’s homogeneity was practically unaffected by different 
storage conditions. Analyzing the IR spectra of the oil samples, especially the changes in 
absorption frequencies at 673, 863, 972. and 1267 cm-1, it can be concluded that samples were 
stable and homogeneous since the changes between layers were minimal for all storage 
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temperatures. The obtained results also showed that increased temperature, direct exposure to 
oxygen and presence of water catalytically affect the rate of the observed changes. The optimal 
storage condition, based on the FTIR results, was achieved when the analyzed lubricant was 
preserved in closed bottles that were stored at 9 °C. This conclusion was induced from the fact 
that the observed changes at all respective peaks were minimal for this storage condition.  
   

6. Recommendations and possible improvements  

In order to minimize the risks for contamination of the certified reference materials, preparation 
of calibration and quality control (QC) standard solutions should be reconsidered. Elemental 
composition of the analyzed oil samples was comprised of Mg, Na, Si, B, Ca, P and Zn. The 
second QC standard (QC2) used for ICP measurements was very similar to the analyzed sample 
in terms of matrix and concentration levels of B, Ca, P and Zn. However, other elements such 
as Mg, Na and Si were not present in this c standard. For the future work it is highly 
recommended that QC standards should be as similar as possible to the analyzed samples in 
terms of composition, matrix and concentration levels of all elements. The quality control on 
these standards should increase our confidence in the obtained results. The use of calibration 
standards as QC standards is not recommended since it could lead to the propagation of 
systematic errors in the results.   
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Appendix  

 

Table A.1 Results for the samples in closed bottles stored at different storage temperatures 
 

 

Sample 

Wavenumber (cm-1) 673 863 972 1267 673 863 972 1267 673 863 972 1267

Time (days) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00

7 100,73 98,36 92,72 89,41 100,68 97,98 92,64 89,75 100,54 98,35 92,76 89,79

12 100,47 97,82 92,25 89,44 100,60 97,87 92,23 89,41 100,50 97,37 92,07 88,75

16 100,52 98,86 91,76 89,28 100,44 99,13 91,76 89,32 100,23 99,16 91,78 89,45

26 100,48 100,47 90,61 89,20 100,36 100,46 90,76 89,53 100,74 100,38 90,83 89,23

30 99,97 99,25 89,45 86,85 100,03 99,07 89,85 87,38 113,05 99,30 90,29 88,22

35 99,58 99,21 89,80 88,42 99,31 99,24 89,34 87,95 99,38 99,13 89,65 88,72

42 99,37 98,31 88,06 86,18 99,27 99,72 88,62 86,96 99,14 98,00 88,25 86,88

49 100,09 98,57 87,79 86,00 100,30 99,59 88,36 86,58 99,28 103,44 86,73 83,61

56 100,78 98,90 88,13 86,49 100,49 94,57 86,45 84,13 99,91 93,00 85,85 83,36

Sample 

Wavenumber (cm-1) 673 863 972 1267 673 863 972 1267 673 863 972 1267

Time (days) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
0 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00

7 100,27 99,15 90,14 87,73 100,30 98,86 90,23 87,40 100,22 98,44 90,00 87,29

12 100,04 97,68 87,53 85,00 99,95 97,69 87,45 84,75 99,87 98,28 87,63 85,35

16 99,73 98,58 85,70 83,58 99,87 98,65 85,78 83,59 99,69 97,84 85,30 83,03

26 99,80 99,82 82,12 80,95 100,08 99,68 82,22 80,97 99,93 99,97 82,10 80,66

30 99,28 97,41 80,31 78,23 97,47 95,15 76,78 71,00 99,54 98,30 80,92 79,26

35 98,56 98,50 79,67 78,63 98,78 98,33 79,72 78,73 98,40 97,78 79,26 78,11

42 98,33 96,54 77,49 76,11 98,77 98,10 78,06 77,76 98,90 97,08 77,61 76,56

49 98,90 95,58 75,59 73,92 99,41 97,24 76,52 75,63 99,48 97,63 76,67 75,55

56 99,08 90,71 74,19 72,82 99,73 95,71 75,68 74,25 99,63 92,27 74,76 73,09

Sample 

Wavenumber (cm-1) 673 863 972 1267 673 863 972 1267 673 863 972 1267

Time (days) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00

7 98,22 100,74 73,96 74,54 98,26 100,66 73,93 74,59 98,16 100,87 73,90 74,41

12 97,52 99,78 67,58 69,08 97,23 100,07 67,46 69,11 97,24 99,67 67,44 68,94

16 97,47 97,77 63,91 65,48 97,77 98,07 64,16 65,70 97,26 96,02 63,52 64,50

26 98,18 95,87 58,99 61,94 98,11 95,74 58,88 61,98 98,22 95,37 58,97 61,62

30 97,60 93,07 57,20 60,76 97,62 92,95 57,17 60,62 96,56 92,88 57,10 60,09

35 97,03 88,68 54,49 58,54 96,90 89,39 54,97 58,46 96,99 89,62 55,12 58,72

42 96,34 84,22 51,73 55,40 97,00 85,02 52,30 57,21 97,09 85,62 52,48 57,60

49 97,14 81,56 49,69 55,46 97,21 82,82 49,91 55,69 97,13 82,85 49,90 55,18

56 97,66 80,71 48,38 54,24 97,90 80,54 48,30 54,43 97,47 79,49 48,23 54,38

Sample 

Wavenumber (cm-1) 673 863 972 1267 673 863 972 1267 673 863 972 1267

Time (days) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00

7 95,94 81,50 38,44 49,61 95,94 81,79 38,47 49,64 95,55 80,02 38,29 48,20

12 94,26 77,27 33,59 45,45 94,91 79,03 33,68 47,03 94,83 78,66 33,64 46,40

16 94,91 76,87 32,28 46,18 94,92 76,77 32,27 46,44 94,84 77,17 32,28 46,17

26 94,85 74,28 31,15 46,20 94,84 74,12 31,14 46,34 94,82 74,25 31,12 46,29

30 92,82 72,30 31,03 45,53 93,07 72,45 30,89 46,35 93,04 72,61 30,97 46,01

35 92,59 70,55 30,89 45,53 92,41 70,69 31,05 44,39 92,88 71,70 30,97 46,67

42 92,61 70,89 30,73 47,00 92,64 70,61 30,71 46,88 92,57 71,16 30,68 46,79

49 92,55 69,18 30,73 46,34 92,93 70,05 30,69 47,28 92,90 69,90 30,77 47,37

56 92,95 66,88 30,81 46,59 92,81 67,00 30,82 45,91 93,09 68,52 30,93 47,93

Closed, 80°C, Layer 1 Closed, 80°C, Layer 2 Closed, 80°C, Layer 3

Closed, 22°C, Layer 1 Closed, 22°C, Layer 2 Closed, 22°C, Layer 3

Closed, 45°C, Layer 1 Closed, 45°C, Layer 2 Closed, 45°C, Layer 3

Closed, 9°C, Layer 1 Closed, 9°C, Layer 2 Closed, 9°C, Layer 3
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Table A.2 Results for the samples in open bottles stored at different storage temperatures 
 

 
 

Sample 

Wavenumber (cm-1) 673 863 972 1267 673 863 972 1267 673 863 972 1267

Time (days) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00

2 100,55 97,80 93,73 90,44 100,50 97,95 93,71 91,01 100,42 98,29 93,53 90,39

6 100,69 98,97 92,46 89,60 100,69 98,97 92,46 89,60 100,81 98,81 92,34 89,11

8 100,63 97,52 92,18 89,17 100,75 97,71 92,26 89,09 100,74 97,71 92,34 89,02

14 101,15 97,71 91,05 87,65 101,01 97,11 91,00 87,55 101,09 97,40 91,01 87,47

20 101,38 98,51 90,43 86,93 101,10 98,63 90,38 86,92 101,05 98,52 90,36 86,74

27 101,42 97,63 88,93 85,74 101,18 96,66 88,50 84,66 101,45 97,34 88,97 85,47

33 100,32 97,26 88,32 84,88 100,27 97,29 88,30 84,85 100,31 96,99 88,28 84,81

40 100,09 90,27 85,04 78,48 100,66 93,85 86,20 81,49 99,73 93,57 83,48 76,41

47 100,48 96,85 85,70 81,31 100,49 96,10 85,54 80,56 100,41 94,86 85,29 80,79

54 102,06 97,43 86,83 82,66 101,78 96,83 86,65 82,35 101,75 96,43 86,71 82,39

Sample 

Wavenumber (cm-1) 673 863 972 1267 673 863 972 1267 673 863 972 1267
Time (days) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00

2 100,16 100,20 93,37 91,97 100,14 99,89 93,47 91,94 100,34 99,68 93,44 92,13

8 100,53 97,73 89,24 86,17 100,35 97,25 89,25 86,43 100,45 97,68 89,04 86,03

14 99,92 94,53 83,93 79,97 100,72 97,43 85,51 81,85 100,62 97,45 85,56 82,40

20 100,52 98,16 82,32 79,12 100,42 98,19 82,32 79,34 100,36 98,41 82,26 79,09

27 100,99 97,08 78,85 75,94 100,83 97,00 78,94 76,40 100,52 95,42 78,48 75,17

33 100,15 96,09 76,42 74,21 99,54 96,48 76,95 74,75 100,05 95,93 76,99 74,55

40 100,48 95,54 75,06 72,32 100,39 94,29 74,63 71,44 98,20 78,14 69,96 65,94

47 98,72 89,05 70,58 67,31 99,97 95,07 72,86 70,93 99,45 92,31 71,55 69,74

54 100,55 93,88 71,95 70,34 100,66 93,65 71,90 70,46 100,77 93,07 71,77 70,17

Sample 

Wavenumber (cm-1) 673 863 972 1267 673 863 972 1267 673 863 972 1267

Time (days) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00

6 98,63 100,72 75,42 75,36 98,72 100,85 75,44 75,22 98,65 100,54 75,45 75,22

9 98,36 99,88 69,97 70,52 98,42 99,55 69,97 70,72 98,44 99,76 69,87 70,39

15 98,58 98,19 62,51 64,19 98,57 97,97 62,46 64,38 98,62 98,27 62,41 64,26

23 98,31 92,79 55,71 58,96 97,98 91,09 55,38 57,90 98,48 92,70 55,82 59,36

29 98,68 87,43 52,41 57,08 98,84 87,24 52,35 57,17 98,89 86,95 52,28 57,20

34 97,44 80,70 48,59 54,38 97,32 80,31 48,39 54,54 97,46 80,30 48,52 54,49

41 96,84 80,33 45,82 52,30 96,39 79,01 45,56 51,78 97,26 81,16 46,15 53,64

48 96,78 80,94 44,16 52,29 96,64 80,82 44,15 52,41 96,54 80,61 44,15 52,21

55 98,31 79,50 42,87 52,03 96,73 72,01 41,61 49,20 97,40 75,87 42,13 49,78

Sample 

Wavenumber (cm-1) 673 863 972 1267 673 863 972 1267 673 863 972 1267

Time (days) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00

6 95,52 81,66 39,11 50,47 95,45 81,54 39,19 50,36 95,59 81,47 39,11 50,28

9 94,65 78,18 34,48 47,56 94,57 78,10 34,52 47,57 94,53 78,41 34,44 47,68

15 93,86 75,84 31,26 46,22 93,82 76,03 31,39 46,17 93,77 75,77 31,21 45,97

23 92,79 73,68 30,24 45,71 92,78 73,12 30,26 45,43 92,92 73,58 30,25 45,72

29 93,32 72,73 30,04 46,22 93,38 72,56 30,04 46,10 93,27 71,75 30,00 45,72

34 91,69 71,00 30,18 45,43 91,37 69,77 30,03 45,38 91,68 71,88 30,29 45,84

41 91,34 70,72 29,77 47,10 91,26 70,16 30,00 46,31 91,37 70,88 29,87 46,92

48 90,61 69,19 29,80 46,64 90,75 70,11 29,90 47,18 90,73 70,34 29,85 46,32

55 91,26 64,08 29,59 45,28 91,74 65,66 29,68 46,24 91,69 67,73 29,78 46,69

Open, 45°C, Layer 1 Open, 45°C, Layer 2 Open, 45°C, Layer 3

Open, 80°C, Layer 1 Open, 80°C, Layer 2 Open, 80°C, Layer 3

Open, 9°C, Layer 2 Open, 9°C, Layer 3Open, 9°C, Layer 1

Open, 22°C, Layer 1 Open, 22°C, Layer 2 Open, 22°C, Layer 3
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Table A.3 Results for the botlles with added water stored at different storage temperatures 
 

 
 

Sample 

Wavenumber (cm-1) 673 863 972 1267 673 863 972 1267 673 863 972 1267

Time (days) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00

6 100,81 98,29 92,22 88,98 100,76 98,62 92,27 88,78 100,92 98,32 92,27 88,73

9 101,13 97,41 91,83 88,52 100,52 94,34 90,19 86,09 101,39 96,72 91,81 87,90

15 101,30 97,50 90,76 87,22 101,55 97,40 90,64 86,72 101,69 96,66 90,52 85,42

23 101,49 97,36 88,86 84,68 101,39 97,23 88,77 84,63 101,56 97,14 89,07 85,19

29 101,87 96,34 87,41 83,29 102,00 96,71 87,24 83,40 102,01 96,40 87,24 83,47

34 101,11 96,09 87,00 83,40 101,03 95,28 86,79 82,88 101,09 95,10 86,41 81,59

41 101,14 96,01 86,31 81,88 100,75 95,98 86,09 81,20 100,67 95,26 85,72 80,88

48 100,57 96,14 85,18 80,59 100,55 95,81 85,17 80,78 100,36 95,13 84,92 80,18

55 102,30 94,92 84,99 80,42 102,24 95,00 85,03 80,26 101,99 94,79 84,97 80,07

Sample 

Wavenumber (cm-1) 673 863 972 1267 673 863 972 1267 673 863 972 1267

Time (days) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
0 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00

5 99,98 99,37 93,22 91,43 99,89 99,40 93,47 92,34 99,85 98,17 92,82 91,07

8 99,83 98,46 89,01 86,62 99,99 98,13 89,10 86,49 99,91 98,20 89,12 86,48

14 100,73 98,13 85,46 82,55 100,66 97,45 85,37 82,26 100,89 96,81 85,20 81,66

20 100,18 98,82 82,35 79,88 100,26 98,55 82,32 79,61 100,91 95,25 82,03 78,57

27 101,15 97,35 79,02 76,98 101,21 97,32 79,31 77,12 101,29 97,39 79,21 77,05

33 100,05 96,58 77,11 75,24 99,87 96,48 77,10 75,40 99,97 96,34 77,16 75,12

40 99,45 90,94 72,77 67,59 100,63 95,84 74,77 72,60 99,55 95,08 73,16 68,29

47 99,68 94,36 71,77 69,87 99,79 95,20 72,16 70,49 100,14 93,22 71,98 69,59

54 100,53 93,76 71,19 69,80 100,90 94,05 69,98 67,22 100,58 93,09 71,05 69,61

Sample 

Wavenumber (cm-1) 673 863 972 1267 673 863 972 1267 673 863 972 1267

Time (days) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00

5 98,98 99,48 73,18 72,89 98,96 99,39 73,22 72,87 98,98 99,29 73,28 72,92

8 99,16 96,72 65,21 65,90 99,22 96,33 65,33 65,86 99,28 96,43 65,27 65,88

14 99,57 90,45 54,70 58,58 99,12 87,74 54,08 57,13 99,62 90,17 54,77 58,75

20 99,78 84,65 47,05 54,64 99,86 85,33 47,11 54,56 99,76 84,21 46,92 53,81

27 100,99 76,17 40,35 51,86 101,02 76,21 40,27 51,57 100,93 76,40 40,27 51,47

33 99,39 69,12 35,87 49,95 99,23 69,04 35,90 49,53 99,34 70,14 35,98 49,91

40 98,92 65,62 32,87 42,60 100,27 68,60 33,09 48,64 99,98 68,29 33,00 48,27

47 99,16 68,03 31,22 47,84 98,20 62,33 30,76 45,28 98,88 67,93 31,25 46,94

54 99,69 66,33 30,53 47,99 99,72 66,88 30,55 48,05 99,72 66,64 30,50 48,03

Sample 

Wavenumber (cm-1) 673 863 972 1267 673 863 972 1267 673 863 972 1267

Time (days) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00

6 97,80 66,17 27,93 46,26 97,66 66,38 27,99 46,52 97,95 66,14 27,88 46,27

9 97,67 63,67 27,89 46,23 97,75 64,26 27,91 46,33 97,83 64,37 27,90 46,23

15 96,88 63,24 28,36 45,95 96,86 62,93 28,30 45,76 96,71 63,14 28,37 45,93

23 95,73 61,65 28,86 45,60 95,35 59,92 28,82 44,59 95,91 61,44 28,88 45,72

29 95,94 59,35 28,97 45,28 95,82 59,50 28,98 44,91 95,90 60,09 29,16 44,78

34 93,63 58,54 29,13 45,37 93,22 58,89 29,45 43,91 93,31 63,81 29,56 42,77

41 93,07 58,48 29,19 45,92 93,35 57,63 29,19 45,69 93,10 58,52 29,17 45,98

48 92,46 58,49 29,35 46,42 92,41 58,41 29,48 45,81 92,68 58,31 29,22 47,00

55 93,05 55,61 29,45 46,58 93,03 55,15 29,50 46,61 93,26 55,78 29,61 46,88

Water, 80°C, Layer 2 Water, 80°C, Layer 3

Water, 9°C, Layer 1 Water, 9°C, Layer 2

Water, 45°C, Layer 2

Water, 80°C, Layer 1

Water, 9°C, Layer 3

Water, 22°C, Layer 1 Water, 22°C, Layer 2 Water, 22°C, Layer 3

Water, 45°C, Layer 1 Water, 45°C, Layer 3
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