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Abstract 

Zinc Dialkyl Dithiophosphates were used as anti-wear and anti-oxidants in lubricants from late 

1950s. They are undoubtedly the most used anti-wear additive in the world right now. However 

it can cause environmental hazards by polluting the catalyst. It can also cause eye irritation and 

allergic contact dermatitis. Due to these reasons lubrication industry needs an alternative for 

the ZDDPs to replace it practical applications.  

Boron based compounds are already been studied as anti-wear additives for years now. They 

also make very good tribofilm on the surface of the metals to give protection form wear and 

tear. A lot of study was already done on these additives and their behavior in different 

atmospheres, but still there is a need for further study and research in the field. In this context 

this research study was carried out in the Department of Chemical Engineering, Luleå University 

of Technology.  

Iso-Butyl Zinc Dialkyl Dithiophosphate (ZDDP) and S-(di-n-dialkylborate)-ethyl-O,O’-

dialkyldithiophosphates (BEDTP) were the two types of anti-wear agents used in this study. 

Solutions of these additives were made in different base oils and they were heated for different 

intervals of time. The samples before and after heating were characterized using Fourier 

Transform Infrared Spectroscopy (FTIR) and Nuclear Magnetic Resonance (NMR) techniques. 

The results of this study were discussed and concluded in this report.  
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Chapter 1 

1 Introduction 

1.1 Tribology 

Friction and lubrication are very important and well related terms. Lubrication is a very 

important term used in the field of “Tribology”. This word “Tribology” is combination of 

two Greek words “Tribo” and “Logos” meaning rubbing and logic respectively. It is 

defined as “the science and technology of interacting surfaces in relative motion”. It 

covers all the fields of lubrication, wear, friction and the science related to the surfaces,  

which are interacting with each other in a relative motion [1-2]. Therefore, Tribology is 

the field of science, which covers all the fundamental research and industrial 

applications related to the friction. Surface sciences and Nanotechnology are the 

examples of some basic research in this field [3]. The importance of this study can be 

judges by the fact that appropriate application of Tribology principles in industry can 

save up to 1.0% - 1.4% of country’s gross national product [4].  

Tribology can be further subdivided into two fields, tribotechnology and triboscience. 

Tribotechnology explains the technical behavior of certain basic units and sets, while 

triboscience clarify the processes occurring during the friction and wear related motions 

and establishing universal valid laws. Triboscience also regards tribophysical and 

tribochemical processes, which are connected with the friction related processes, which 

occur under the influence of mechanical energy [5].  

1.2 Background        

Tribochemistry is the study of chemical interactions between the lubricants and the 

rubbing surfaces. As the two metal surfaces slide on each other there are high chances 

of wear and tear. Therefore it is very important to study the exact behavior of 

lubrication at the point where two surfaces came in contact with each other. The anti-

wear additives, present in lubricants, undergo decomposition at high pressure and 

temperature forming a protective layer called tribofilm. This tribofilm is formed due to 

the result of chemical reactions or adsorption processes. The reactivity of these 

additives with the surface is very important and crucial. If additive is too reactive, it 

leads to the corrosion of the surface. If additive is less reactive it will not form a 

protective layer (tribofilm) on the surface of the metal and hence wear and tear will 

take place resulting in the damage of machine or engine [6]. 
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This tribochemical reaction of additive is caused by the heat produced due to the 

friction between the surfaces sliding on each other. The contact temperature is called as 

“flash temperature”. This temperature usually is very short-termed but high [7]. Also the 

active sites present on the surface play important role in these reactions. These 

reactions can be degradation and oxidation of lubricants, formation of inorganic and 

organometallic products, surface catalysis, polymerization and oxidation of surfaces [8]. 

The products formed on the surface of the metal depend on the reactivity and 

composition of the additive. It has been shown previously with the help of nanometer 

resolution that the films formed on top of aspirites, which experience higher pressure, 

are harder than those between aspirites [6, 9]. 

A modern lubricant is a mixture of base oil and additive package. Additive package is 

composed of anti-wear, anti-oxidant, dispersants and friction modifier agents. Also 

depending upon the need of the process sometimes viscosity-modifying agents are 

added in the lubricants.  

Figure 1.1: Modern lubricants 

An engine of a car or machine is working at very high temperature and pressure. These 

additive packages protect the engine surface by inhibiting oxidation, wear, corrosion 

and rust. The base oils are usually of mineral origin containing the long chain of 

hydrocarbons. A typical crankcase oil composition is given in the following table [10]. 

Usually companies use 0.5-2 weight % concentration of anti-wear additives in lubricants. 
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Table 1.1: Typical Ranges and composition of engine crankcase lubricants [10] 

Function Component Concentration wt- %  

Base oil     75-95  

Friction and Wear Viscosity Index Improver 0-6  

 Anti –Wear additive 0.5-2  

 Friction reducer 0-2  

 Rust Inhibitor 0-1  

    

Contamination and Cleanliness Antioxidant      0-1  

 Dispersant  1-10  

 Detergent 2-8  

    

Maintain Fluid Properties Pour-Point dispersant 0-0.5  

 Anti-foam additive  0-0.001  

    

 

1.3 Anti-Wear Additives 

This research was focused on anti-wear additives. Traditionally Zinc (II) dialkyl-dithiophosphates 

(ZDDPs) have been used as anti-wear and anti-oxidant agents in lubricants [11, 12]. ZDDPs have 

been used as anti-wear agents for 40 years now but still there is a need to study and 

understand the mechanism of film formation it makes on the surface of the metal. There is a 

large need of research in this field to understand the products formed during the 

decomposition of these additives in practical applications [13-17]. Even though ZDDPs are 

arguably the most widely used anti-wear additives used in the world right now but in the past 

decade, efforts were made by both companies and researchers to develop a new branch of 

anti-wear additives, which can replace ZDDPs. ZDDPs can cause environmental pollution by 

poisoning catalyst [18, 19]. Also ZDDPs causes eye irritation and allergic contact dermatitis [20-

21]. Also from the literature review it has been found that there is no reasonable cost-effecting 

compound, which has the same anti-wear properties as ZDDPs on a metal surface [22]. Due to 

all these reasons lubrication industry needs an alternative for the ZDDPs to replace it practical 

applications.  

Boron-based compounds are already been studied as corrosion inhibitors, friction modifiers 

and anti-oxidants since 1960s [23-25]. Tribofilms made by boron compounds on metal surfaces 

are very stable and can be very good anti-wear additives. In this research both ZDDPs and 

BEDTP (Boron based dialkyl-dithiophosphates) are used in experiments to study their thermal 

degradation on different temperatures to have an inside idea of their decomposition 
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mechanism during the real life application i.e. vehicle engines etc. Degradation products of 

these both compounds make a tribofilm on the surface of the metal to protect it from the wear 

and tear as discussed earlier. Following diagram illustrates the film formation.  

 

Figure 1.2 Formation of Tribofilm on metal surface 

1.4 Objective of this Study 

 As discussed earlier ZDDPs and boron-based additives are used in the lubricants as anti-oxidant 

and anti-wear additives. It is very important to study their decomposition products and 

behavior. A lot of characterization study was done in the past using different experimental 

techniques at different environmental conditions [26, 27]. But still there is a need of further 

study into the matter. In this study the thermal degradation of ZDDPs and boron-based 

additives (BEDTP) was studied. This sort of study is important so that one can predict the 

behavior of these additives in lubricants when they undergo thermal degradation at high 

temperature and pressure in industrial applications.  

Fourier Transform Infrared Spectroscopy (FTIR) and Nuclear Magnetic Resonance (NMR) 

spectroscopy were used in this study to identify any changes, if there present, in the structure 

of these materials after heating for several intervals of time. Then these results are discussed in 

the later part of the report.  

 

 

 

 

 

 



5 
 

Chapter 2  

2 Materials and Method 

2.1 Materials 

In this study three types of base oils and two types of anti-wear additives were used. 

Two of these three base oils were model base oils used by SKF for their experimental 

research. The other oil was simple Mineral Oil, a mixture of different long chain 

hydrocarbons. Both ZDDP and BEDTP were used as anti-wear additives in this study. All 

of the materials used in this work are discussed further in this chapter.  

A). Zinc Dialkyl Dithiophosphate (ZDDP) 

Laboratory prepared Zinc Dialkyl Dithiophosphate was used in this study [38, 39]. It has 

the following structure.  

 

Figure 2.1 Molecular structure of ZDDP 

where R is an alkyl group. In this structure one can see that zinc is bound to the anion of 

dithiophosphoric acid. In this work a complex with the alkyl group iso-butyl was 

implemented. Also di-n-butyl dithiophosphate of Zn (II) was used at the initial stage of 

this study. However, after checking its purity with NMR spectroscopy it was not found 

pure enough to carry on research with it. So later the testing was only done with di-iso-

butyl-dithiophosphate zinc (II). The n-butyl complex is in the liquid form at room 

temperature, while the iso-butyl analogue is a solid at RT. 

R = -CH2-CH-CH3  (Iso-butyl)   R = -CH2-CH2-CH2-CH3 (n-butyl) 

                CH3  
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So the ZDDP used in this study is di-iso-butyl-dithiophosphate-zinc (II) (referred as Iso-

Butyl-ZDDP in result and discussion part of this report). It is a white chemical, which is in 

solid form at room temperature. It is used as one of anti-wear additives in base oils.  

B). S-(di-n-dialkylborate)-ethyl-O,O’-dialkyldithiophosphates (BEDTP) 

Boron based additives were also prepared in the laboratory of Division of Chemical 

Engineering, Luleå University of Technology by Tech. Lic. Faiz Ullah Shah [6]. This and 

similar (without a –CH2-CH2- linker) class of compounds have been studied in references 

[6] and [19]. The molecular structure of S-(di-n-dialkylborate)-ethyl-O,O’-dialkyl- 

dithiophosphates (referred as BEDTP in later parts of this report) is as follows: 

 

Figure 2.2 Molecular structure of BEDTP 

In this work a compound with R pentyl group was implemented.  

R = -CH2-CH2-CH2-CH2-CH3 (Pentyl, C5H11) 

It is a colorless liquid with mildly irritating odor at room temperature. In the future it 

can be used as anti-wear additive in base oil. 

C). n-Hexadecane (base oil, BO) 

n-hexadecane was used as one of the base oils implemented in this study. The chemical 

formula of n-hexadecane is C16H34.  The molecular structure of this compound is given 

below.  
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Figure 2.3 Molecular structure of n-Hexadecane 

It is a simple straight chain hydrocarbon and it is widely used in the world for 

experimental purposes in tribological studies. Some of its properties are given below. 

Molecular Weight = 226.44, Boiling Point = 287 oC, Manufacturer = ACROS Organics 

D). Diethylene Glycol Dibutyl Ether 

In this study two types of Diethylene Glycol Dibutyl Ethers (DGDE) were used. One 

DGDE was on shelf for 3 years. When the experiments were run in that ether it yields 

very strange results probably because of oxidation of this chemical over time. So a new 

bottle of DGDE was ordered and experiments were run in both ethers. The chemical 

formula for DGDE is C12H26O3. Some of its properties are given below. 

Molecular Weight = 218.34, Boiling Point = 256 oC, Manufacturer = ACROS Organics,  

Purity = 99+% 

Both new and old DGDE were used in the experiments in the course of this study. 

E). Mineral Oil 

This oil was already in use for the experimental research in the department. It is a 

homogeneous molecular mixture of many long and short chain hydrocarbons. Some of 

its properties are also given below.  

Density = 0.8135 g/ml, Viscosity at 40 oC = 17.5 m Pa, Carbon (%) = 86.0 + 0.7 

Hydrogen (%) = 14.5 + 0.5,  

These were the three base oils and two anti-wear additives used in this study. All the 

samples were tested using Fourier Transform Infrared (FTIR) and Nuclear Magnetic 

Resonance (NMR) spectroscopy.  
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The following instruments were used in this study: 

Fourier Transform Infrared Spectroscopy, IFS 66 V/S, Manufacturer = BRUKER; 

Varian/Chemagnetics Infinityplus CMX-360 NMR spectrometer;  

Shaking Water Bath, Model = SW22, Manufacturer = JULABO  

2.2 Methods 

A). Step 1 

First the preliminary tests were run using iso-butyl ZDDP, n-butyl-ZDDP and BEDTP. 1 

weight % solutions of these three anti-wear additives were prepared in all three base 

oils, i.e. n-Hexadecane, Diethylene Glycol Dibutyl Ether and Mineral oil. All of these 

samples were tested by FTIR and NMR spectroscopy before and after heating. n-butyl- 

ZDDP was not found pure enough after initial testing and was eliminated from the 

experimental procedure. Also some strange results were recorded in case of “old” DGDE 

and new Diethylene Glycol Dibutyl Ether was ordered to continue the experiments. Also 

the purity of both additives was checked by 31P NMR spectroscopy in solutions of these 

compounds in ethanol and toluene.  

B). Step 2 

In the second step 1 weight % solutions of iso-butyl-ZDDP and BEDTP were prepared in 

all base oils (new and old Ether, n-Hexadecane and Mineral Oil) and were heated for 24 

hour in a water bath at 90 oC. The bottles of the samples were closed hence samples 

were not in contact with moisture or air. Before and after heating the samples, they 

were tested on FTIR equipment to get the wave number (cm-1) and Transmittance (%) 

graphs. Also before and after heating samples were characterized by 31P NMR 

spectroscopy.  

C). Step 3 

 In the third step 1 weight % samples were again prepared like in step 2 and were 

heated for 48 hour at 90 oC. Again the bottles of samples were tightly closed and no 

moisture or air was in contact with samples. After 48 hour of heating samples were 

characterized by FTIR and also samples were preserved for 31P NMR spectroscopy.  

Also in this step both new and old Ethers (DGDE in pure form) were characterized by 
31P, 13C and 1H NMR spectroscopy in order to monitor any significant change in original 

structure of these chemicals.  
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All the results are discussed in chapter 3. 

These sort of experimental conditions were also followed in different studies over the 

years involving anti-wear and anti-oxidant lubricant additives research. (See references 

[28, 29]). 
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Chapter 3 

3  Results and Discussion 
It has been studied previously that ZDDP decomposes in oil at high temperature to form 

zinc phosphate chains, which then make tribofilm on the surface of the metal [30]. 

Thermal degradation of ZDDP is well studied over the years by different researchers [27, 

31, and 32]. In this chapter first the characterization results of iso-butyl-ZDDP solutions 

are discussed followed by the results of BEDTP solutions before and after heating the 

samples. Also these results were discussed and compared to the research already been 

done in this field. 

3.1 Characterization of iso-Butyl-ZDDP solution in Base oils 

using 
31

P NMR 

A one-weight % solution of iso-Butyl-ZDDP was prepared and characterized using 31P 

NMR and Fourier Transform Infrared spectroscopy before heating. Then these solutions 

were heated at 90 oC for 24 hour and characterized again using same techniques. Also 

ZDDP was characterized by 31P NMR spectroscopy after preparing its solution in ethanol 

to check its purity. As ZDDP has a very high solubility in ethanol the resulting spectrum 

confirmed its high purity. 

 

Figure 3.1 100 mM  iso-Butyl- ZDDP in Ethanol (31P NMR) 
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The resonance peak is at 103.6 ppm, which is in accordance with literature [33] and also 

there are no small peaks other than that main peak in the whole spectrum. In the 

previous study resonance lines for this complex in the solid state were recorded at 

103.7, 103.1, 100.1 and 99.5 ppm [38]. In another study melt of the same complex gave 

resonance line at 100.6 ppm and a dilute solution of this complex in chloroform gave a 

resonance line at 97.3 ppm [39]. Hence the peak at 103.6 in ethanol is most probably a 

“solvent effect”. This means iso-Butyl-ZDDP used in this study is very pure. 

iso-Butyl ZDDP in Diethylene Glycol Dibutyl Ether (New) 

The following 31P NMR spectroscopic results show the iso-Butyl ZDDP in new DGDE 

before and after 24 hour of heating. 
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Figure 3.2 iso-Butyl ZDDP in New DGDE before and After Heating 

In these results before heating the solution there are two main peaks 103.53 ppm and 

99.10 ppm. This sort of behavior and chemical shift anisotropy in 31P spectroscopy was 

earlier studied by the researchers [33]. Additive shows this sort of behavior when they 

are presents in binuclear form in the solution. Actually most short alkyl chain (including 

iso-butyl) ZDDPs are dimers i.e. Zn2(DTP)4 in the solid state. In liquid solutions, this dimer 

is in the kinetic equilibrium with the monomer presented in Fig 2.1 [38]. Relative 

population of these two species depends on the concentrations and is shifted to the 

monomer at low concentration of ZDDP, 0-5 %.  iso-Butyl ZDDP is a solid compound and 

does not completely dissolve in DGDE at room temperature. After heating the solution 

of this complex for 24 hours the equilibrium between mono and binuclear complexes 

shift towards the mononuclear complex i.e. binuclear complex has decomposed upon 

heating into two mononuclear complexes.  

After heating for 24 hour the 31P NMR data suggest that iso-Butyl ZDDP did not undergo 

any thermal degradation even after heating at 90 oC. It reveals that iso-Butyl ZDDP is 

quite stable at these conditions in DGDE. However, decrease in the intensity of the peak 

is due to the binuclear affect iso-Butyl ZDDP shows in the solution [33]. There is a fast 

exchange of ions between the two nuclei hence affecting the intensity of the peaks. This 

sort of ion exchange was also studied previously. This behavior is due to the fact that 
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even though binuclear molecules are structurally similar but in-equivalent to each other 

(bond length, angles, torsion angle etc.). So that is why complex exist in the form of two 

isomeric binuclear molecules [39]. 

iso-Butyl ZDDP in Diethylene Glycol Dibutyl Ether (Old) 

For this solution following spectra were recorded.  
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Figure 3.3 iso-Butyl ZDDP in Old DGDE before and After Heating 

This is the result which prompted the ordering of New DGDE for further experiments. In 

old DGDE, iso-Butyl ZDDP was degraded even before heating. Before heating the peaks 

were recorded at 85.56 ppm and 84.3 ppm. There is a big chemical shift in the peak 

position apparently showing iso-Butyl ZDDP was decomposed at room temperature. It is 

a really strange result which also prompted the characterization of pure old and new 

DGDE using 13C and 1H NMR spectroscopy to record any significant structural change in 

both ethers. Those results are shown at the end of this chapter.  

After 24 hour of heating this solution of iso-Butyl ZDDP in Old ether a small peak 

appeared at 0 ppm showing that P = S bond was broken and phosphoric acid was 

released in the solution. Also as ether contains oxygen in its structure it oxidizes the iso-

Butyl ZDDP hence breaking the bonds between sulphur and phosphorous.  
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iso-Butyl ZDDP in n-Hexadecane  

The following results show the spectra of Iso-Butyl ZnDTP solution in n-hexadecane. 

 

 

 

Figure 3.4 iso-Butyl ZDDP in n-Hexadecane before and After Heating 
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These spectra again show the behavior described earlier by researchers [33]. In this case 

before heating the peaks of iso-Butyl ZDDP were recorded at 103.72, 103.04 and 98.80. 

More than one peak in the spectra was due to the binuclear behavior [33].  

After 24 hour of heating peaks were recorded at 103.70 ppm, 103.04 ppm and 98.2 

ppm. There is almost no shifting in the peak position showing ZnDTP did not go under 

any thermal degradation after heating under these conditions. However, the intensity of 

the peaks was slightly different as during heating the solution showed the binuclear 

behavior. There is a fast exchange of ions between the two nuclei hence affecting the 

intensity of the peaks. This sort of ion exchange was also studied previously. This 

behavior is due to the fact that even though binuclear molecules are structurally similar 

but in-equivalent to each other (bond length, angles, torsion angle etc.). So that is why 

the complex exists in the form of two isomeric binuclear molecules [38, 39]. The nature 

of the base oil also affects the stability of the additive. From these spectra one can see 

that iso-Butyl ZDDP did not undergo any thermal degradation. One of the reasons is n-

Hexadecane has a high viscosity as base oil. If base oil is denser and stable there are 

more chances that additive will also be more stable in that oil. 

iso-Butyl ZDDP in Mineral Base Oil 
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Figure 3.5 iso-Butyl ZDDP in Mineral Oil before and After Heating 

A one-weight percent solution of iso-Butyl ZDDP in mineral oil was characterized by 31P 

NMR spectroscopy. In this experiment 64 and 256 transients were accumulated before 

and after heating respectively. The peaks were recorded at 103.50 ppm, 102.86 ppm 

and 98.00 ppm before heating. Due to the binuclear affect discussed earlier more than 

one peak was recorded. Mineral oil is also non-polar oil in which solubility of iso-Butyl 

ZDDP is very low hence showing more than one peak. The peaks were in accordance 

with the literature [33].  

After 24 hour of heating at 90 oC the peaks were recorded at 103.50 ppm, 102.79 ppm 

and 98.70 ppm. No shifting in the peak positions shows there was no thermal 

degradation of iso-Butyl ZDDP. Only intensities of the peaks at 103.50, 102.79 and 98.70 

are different, which is due to the ion exchanging between the binuclear and 

mononuclear molecules [39]. In addition, signal to voice ratio is considerably better in 

the sample after heating, thus suggesting that more iso-Butyl ZDDP has dissolved in the 

mineral oil after heating. Also as the mineral oil is a mixture of long and short chain 

hydrocarbons its viscosity is much higher than the ether and n-hexadecane which are 

just model base oils. The iso-Butyl ZDDP is bound to be more stable in this sort of the 

base oil than the model base oils. 
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3.2 Characterization of BEDTP solution in Base oils using 
31

P NMR 

A one-weight % solution of BEDTP was prepared in Mineral oil, n-Hexadecane, old and 

new Diethylene Glycol Dibutyl Ether (DGDE). These samples were characterized before 

and after heating for 24 hour at 90 oC. 31P NMR spectroscopy results are discussed in this 

section. 

First a solution of BEDTP was prepared in toluene to check the purity of the additive. The 

resulting spectrum is shown below. 

 

Figure 3.6 BEDTP in Toluene  

BEDTP is a colorless liquid at room temperature and has a very good solubility in 

toluene. The recorded spectrum shows the resonance peak at 96.36 ppm, which is in 

accordance with the literature. Also there are no small peaks in the spectrum, which 

shows that BEDTP used in this spectrum was very pure.  

BEDTP in Diethylene Glycol Dibutyl Ether (New) 

Following are the spectra obtained by 31P NMR spectroscopy characterization of BEDTP 

in Diethylene Glycol Dibutyl Ether solution. 
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Figure 3.7 BEDTP in New DGDE before and after heating 
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Before heating the solution for 24 hour main peak was recorded at 95.10 ppm. It is a bit 

away from the original peak shown by BEDTP in toluene solution. This small shift in peak 

position is due to the solvent affect. After 24 hour of heating the resulting spectrum 

showed the main peak at 95.69 ppm. Also one can see the small peaks at 68.56 ppm and 

65.37 ppm. Also a small peak at 0 ppm was recorded.  

The small peaks at 68.56 ppm, 65.37 ppm and 0 ppm shows BEDTP is thermally 

degraded during 24 hour of heating. Peaks at 68.56 ppm and 65.37 ppm correspond to 

monothiophosphate [40]. Which means dithiophosphate was converted into 

monothiophosphate during heating. Also a small peak at 0 ppm shows the presence of 

phosphoric acid in the solution. However BEDTP is not completely degraded during 

heating and still a very song peak at 95.69 ppm can be seen in the spectrum. 

BEDTP is highly soluble in DGDE because it is a much polar oil then Mineral oil or n-

Hexadecane. As DGDE is not very viscous and has low density the BEDTP is not very 

stable in it. That is the reason it degraded to some extend in this solution.  

BEDTP in Diethylene Glycol Dibutyl Ether (Old) 
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Figure 3.8 BEDTP in Old DGDE before and after heating 

In this case before heating the main peak was recorded at 95.76 ppm. Small peak shift is 

due to the solvent affect. After 24 hour of heating apart from main peak at 95.72 ppm 

some small peaks can also be seen in the spectrum at 68.59 ppm and 65.61 ppm. These 

peaks are due to the thermal degradation of BEDTP. Dithiophosphate was converted 

into monothiophosphate. Also a small peak at 0 ppm mentions that there is phosphoric 

acid present in the solution. 

These old ether results for BEDTP are much better than those for iso-Butyl ZDDP. As one 

can see there is no thermal degradation of BEDTP in old ether at room temperature. 

Also there is not a very large shift of the resonance peak in case of BEDTP as compare to 

iso-Butyl ZDDP in old DGDE. However after heating BEDTP degraded to some extend in 

both new and old ether because BEDTP has a high solubility in DGDE. Another important 

reason of its thermal degradation in DGDE is that ether contains oxygen and it oxidizes 

BEDTP breaking the bond between sulphur and phosphorous.   
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BEDTP in n-Hexadecane 

n-Hexadecane is also a model oil but much more viscous than ether. Also it does not 

contain any oxygen group. The resulting spectra of 31P NMR spectroscopy of BEDTP in n-

hexadecane are given below. 

 

Figure 3.9 BEDTP in n-Hexadecane before and after heating 
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In this case, before heating, peak was recorded at 95.59 ppm. Small additional shift in 

peak was recorded due to the solvent effect. After heating for 24 hour at 90 oC the peak 

was recorded at 95.49 ppm. There are no small peaks present in the spectra after 

heating. Hence BEDTP did not undergo any thermal degradation during heating.  

BEDTP is much more stable in the base oil like n-hexadecane which is a simple 

hydrocarbon as compare to the Diethylene Glycol Dibutyl Ether which contains oxygen 

in its structure. Also BEDTP is liquid at room temperature as compare to iso-Butyl ZDDP 

so it did not show the binuclear behavior in non-polar base oils.  

BEDTP in Mineral Base Oil 

The following spectra were recorded for these samples. As like n-Hexadecane, Mineral 

oil is also non-polar oil.  
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Figure 3.10 BEDTP in Mineral oil before and after heating 

The spectra for both samples (after and before) heating were recorded using 31P NMR 

spectroscopy. The peak in the spectrum of the sample before heating was recorded at 

95.12 ppm. A small shift is due to the solvent effect. After 24 hour heating the shift was 

recorded at 96.10 ppm. This shows there is no thermal degradation of BEDTP in the 

mineral oil during heating. However after heating the miscibility of BEDTP in the solution 

increased and peak was shifted towards its original position i.e. 96.36 ppm in toluene. 

BEDTP is liquid at room temperature. It did not show any binuclear behavior in the base 

oil because the compound is always mononuclear (see figure 2.2).  
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3.3 Characterization of iso-Butyl ZDDP solution in Base Oils 

using FTIR 

After the characterization of iso-Butyl ZDDP by 31P NMR spectroscopy it was also 

characterized by Fourier Transform Infrared Spectroscopy (FTIR). First the pure base oils 

were run as a back ground on the FTIR equipment and then 1 weight % solutions of iso-

Butyl ZDDP were run as a sample using those back grounds. The results obtained by this 

characterization are discussed in this section.  

iso-Butyl ZDDP in Diethylene Glycol Dibutyl Ether (New) 

A one weight % solution of iso-Butyl ZDDP was prepared in new DGDE base oil and the 

sample was run over FTIR before and after 24 hour heating at 90 oC. The following 

wavenumber (cm-1) against Transmittance (%) spectrum was recorded. 

 

Figure 3.11 iso-Butyl ZDDP in New DGDE before and after heating 

In the spectrum the bands in the regions of 2960-2850 cm-1 are assigned to C-H 

vibrations. One can also see the band at 730 cm-1 which indicates the presence of P = S 
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in the compound. Bands in the region of 995-980 cm-1 are assigned to P-O-C bond. CH2 

banding can also be seen at 1465 cm-1 [6]. 

There is not a lot of difference in the spectrums before and after heating of the solution. 

This result is in accordance with the 31P NMR spectroscopy result of the same solution. 

There is no indication of thermal degradation of iso-Butyl ZDDP after heating for 24 

hour. All the bands present in the before heating spectrum also reappear in the after 

heating spectrum indicating there is no bond breakage during heating.  

iso-Butyl ZDDP in Diethylene Glycol Dibutyl Ether (Old) 

The following spectrums before and after heating were recorded.  

 

Figure 3.12 iso-Butyl ZDDP in Old DGDE before and after heating 

In this spectrum the bands at 985 cm-1 and 725 cm-1 are assigned to P-O-C and P = S 

respectively. Also C-H vibrations (2960-2850 cm-1) and CH2 bending (1470 cm-1) can be 

seen clearly. The 31P NMR spectroscopy of same solution showed that iso-Butyl ZDDP 

was decomposed in Old ether solution even before heating. But this spectrum is not at 

all in accordance with that result. There is nothing in this spectrum, which indicates the 
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thermal degradation of iso-Butyl ZDDP during heating. This might be due to the fact that 

NMR spectroscopy is more sensitive than FTIR spectroscopy. Also there might be some 

mistake during the experimental procedure, which leads to this conflict of results.  

iso-Butyl ZDDP in n-Hexadecane  

Before and after heating spectrums are shown in the following figure for iso-Butyl ZDDP 

/n-Hexadecane solution. 

 

 Figure 3.13 iso-Butyl ZDDP in n-Hexadecane before and After Heating 

The bands at 2960-2850 cm-1 and 470 cm-1 are due to the C-H vibrations and CH2 

bending respectively. Also P = S can be seen at 720 cm-1. Also P-O-C bond can be seen at 

980 cm-1. There is no difference in the spectrum of before and after heating. This 

indicates that iso-Butyl ZDDP did not go under any thermal degradation during heating. 

This result is in accordance with the NMR spectroscopic result of the same solution. All 

the bonds are in contact before and after heating. 

iso-Butyl ZDDP is very stable in n-hexadecane over the period of 24 hour if it is heated at 

90 oC. As described earlier the nature of the base oil affects the stability of the additive. 
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As there is no oxygen present in the structure of n-Hexadecane, no oxidation of additive 

occurs during the course of heating. 

iso-Butyl ZDDP in Mineral oil 

iso-Butyl ZDDP /Mineral oil solution was characterized by FTIR and following resulting 

spectrum was obtained. 

 

Figure 3.14 iso-Butyl ZDDP in Mineral Oil before and After Heating 

In this spectrum all the bonds can be seen. Bands at 997 cm-1 and 720 cm-1 are assigned 

to P-O-C and P = S respectively. C-H vibrations (2960 cm-1) and CH2 bending (1470 cm-1) 

can also be seen in both the spectrums. All the bonds are in contact after heating 

indicating that there is no structural change in Iso-Butyl ZnDTP due to thermal 

degradation.  

Mineral oil is also a very stable and viscous base oil having number of long and short 

chain hydrocarbons in it. Anti-wear additives are bound to be more stable in these sorts 

of non-polar oils than the polar oil. This result also indicates exactly the same behavior 

by ZnDTP.  
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3.4 Characterization of BEDTP solution in Base oils using 

FTIR 

Same procedure was followed for the characterization of BEDTP by Fourier Transform 

Infrared Spectroscopy (FTIR) as iso-Butyl ZDDP characterization. One weight % solutions 

were prepared in the base oils and wavenumber (cm-1) against Transmittance (%). 

BEDTP in Diethylene Glycol Dibutyl Ether (New) 

The following spectrums were obtained from the characterization of BEDTP/DGDE 

solution by FTIR.  

 

Figure 3.15 BEDTP in New DGDE before and after heating 

The bands at 980 cm-1 and 740 cm-1 are assigned to P-O-C and P = S bonds respectively. 

In this spectrum one can also clearly see a band at 1350 cm-1 indicating the presence of 

B-O bond in the compound. C-H vibrations and CH2 bending can also be seen in the 

spectrum. The spectrum in this case is of not very high quality, but still there is no 

indication of thermal degradation of BEDTP during heating. All the bands present in 

solution before heating re-appear in after heating spectrum as well.  

This result is not in accordance with the NMR spectroscopy of the same solution that 

showed some part of BEDTP under goes thermal degradation resulting in the formation 
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of monothiophosphate and phosphoric acid. This conflict in results might be due to 

couple of reasons. One of the reasons might be that NMR spectroscopy is more sensitive 

and accurate way of characterization as compare to Fourier Transform Infrared 

Spectroscopy. Also in NMR spectrum of this same solution after heating also showed 

that there was still a large amount of non degraded BEDTP present in the solution (peak 

at 95.69 ppm). Only a small amount of BEDTP was degraded during heating. So that is 

the reason we still get all these bonds in the FTIR spectrum of after heated solution. Also 

BEDTP undergoes little oxidation in ethers because ethers have oxygen present in their 

structure. This oxygen triggers the oxidation in the solution but is not enough to oxidize 

the whole solution because experiments were run in the close system i.e. the sample 

bottle was tightly capped during the experiment to avoid any moisture or air contact 

with the solution.  

BEDTP in Diethylene Glycol Dibutyl Ether (Old) 

The following spectrums were recorded for BEDTP in old DGDE solution. 

 

Figure 3.16 BEDTP in Old DGDE before and after heating 

In this spectrums B-O (1340 cm-1), P-O-C (980 cm-1) and P = S (735 cm-1) can be seen. 

Also CH vibrations and CH2 bending bands are assigned. NMR spectroscopic 

characterization of same solution showed the thermal degradation of BEDTP at a small 

scale as shown in the new ether solution. However FTIR still shows all the bonds are in 
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contact after the heating because of the reasons described in case of new ether. (Please 

check BEDTP in Diethylene Glycol Dibutyl Ether (New)). 

BEDTP in n-Hexadecane 

The following spectrums before and after heating for this solution were obtained. 

 

Figure 3.17 BEDTP in n-Hexadecane before and after heating 

The bands at 1360 cm-1 and 725 cm-1 indicates the presence of B-O and P = S bonds in 

the compound respectively. There is no difference between the two spectrums (before 

and after heating) emphasizing the fact that BEDTP did not undergo any thermal 

degradation what so ever during the course of heating. This result is also in accordance 

with the NMR spectroscopy of the same solution indicating no thermal degradation. 

 BEDTP in Mineral Oil 

A one-weight % solution of BEDTP was prepared in the mineral base oil and 

characterized by FTIR. The following resulting spectrums were recorded. 
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Figure 3.18 BEDTP in Mineral Oil before and after heating 

The bands at 1365 cm-1 and 720 cm-1 indicates the presence of B-O and P = S bonds in 

the solution respectively before and after the heating. So, BEDTP did not degrade during 

the course of heating. This result is also in accordance with the NMR spectroscopy of 

this solution indicating the same results.  

3.5 Characterization of Pure Diethylene Glycol Dibutyl 

Ether (DGDE) using 
1
H and 

13
C NMR Spectroscopy  

As discussed earlier some strange results from Old DGDE prompted the characterization 

of both new and old DGDE using 1H and 13C NMR spectroscopy. These tests were run to 

record the spectrums for both old and new ethers. Then both spectrums were 

compared to identify any difference between the structures of two ethers. This study 

might be helpful in identifying the reason behind the strange behavior of old ether 

during the research.  
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Figure 3.27 13C NMR spectroscopy result for New DGDE 

 

Figure 3.27 13C NMR spectroscopy result for Old DGDE 

As seen from these spectra between the two ethers except small difference in intensity of the 

peaks. Multiple at 77.2 ppm is from chloroform-d (CDCl3), which was use as internal reference 

in DGDE. The difference in intensities at 77.2 ppm peak are due to different concentration of 
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CDCl3 added to these two samples. There are no shifts in the peak positions. The following 1H 

NMR spectra suggest whether there is any water present in the old ether. 

 

Figure 3.28 1H NMR spectroscopy result for New DGDE 

 

 

Figure 3.29 1H NMR spectroscopy result for Old DGDE 
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There are no additional resonance peaks in the old ether spectrum that indicates any kind of 

moisture present in it. Both spectra are very similar and there is no shift in the positioning of 

the peaks. Hence from this study it is difficult to identify any structural change in the old DGDE.  
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Chapter 4 

4 Conclusions 
Comprehensive study of thermal degradation of two anti-wear additives iso-Butyl ZDDP 

and S-(di-n-dialkylborate)-ethyl-O,O’-dialkyldithiophosphates (BEDTP) was done in this 

research.  

Both iso-Butyl ZDDP and BEDTP are more soluble in polar oils than in non-polar oils. 

Both additives showed good solubility in Diethylene Glycol Dibutyl Ether (DGDE). Both 

additives showed poor solubility in n-Hexadecane and mineral oil, which are non-polar 

oils. However solubility of both additives increased after heating for 24 hour in these 

oils. The nature of the base oil also affects the stability of the additive. Both additives 

are more stable in denser base oils like mineral oil and n-Hexadecane as compare to 

ether, which is polar and has low viscosity. After 24 hour heating at 90 oC both additives 

showed no thermal degradation in mineral oil and n-Hexadecane. However iso-Butyl 

ZDDP showed the binuclear behavior in the solution of these base oils [33]. Both iso-

Butyl ZDDP and BEDTP showed thermal degradation in ether. iso-Butyl ZDDP undergoes 

thermal degradation in old ether even at room temperature. It also degraded to some 

extend in the new ether. BEDTP also showed thermal degradation after 24 hour of 

heating in new ether and old ether; however it remains stable in both mineral base oil 

and n-Hexadecane. Both iso-Butyl ZDDP and BEDTP release phosphoric acid in the 

solution while undergoing thermal degradation in ethers. Also it was detected that 

dithiophosphate degrades into monothiophosphate. 

11B NMR spectroscopy was done on the BEDTP sample before and after 24 hour heating 

at 90 oC. Boron peak was identified in the spectrums of new DGDE, old DGDE and n-

hexadecane solutions. On the other hand BEDTP mineral oil solution did not show any 

boron peak in the spectrum.  

Both new and old ether were characterized using 1H and 13C NMR spectroscopy. There 

were no structural disagreements or traces of water found between the two ethers.  
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