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CHAPTER Ι 

INTRODUCTION 

1.1 Purpose of investigation 

 In 2010, Thailand imported lubricant additives approximately 5.6 billion Baht 

[1]. If these kinds of additives are commercially available with similar properties 

inside the country, it is definitely reduced the imports. Molybdenum compound is one 

of the general additives used in lubricant for engines in industry and automobile to 

reduce friction and anti-wear. Some reports involve modifying the structures of 

molybdenum compounds to be of an anti-wear property and anti-oxidation which 

were similar to zinc dialkyldithiophosphate (ZDDP) [2]. However, according to the 

literature review, there has been the limitation of using allkylthiophosphate ligands 

which are harmful to health and environment. This research focuses on the synthesis 

of molybdenum ester of fatty acids which can be found easily and inexpensive. In 

addition, the performance of synthetic substances as an anti-wear and anti-oxidation 

was conducted. 

 

1.2  Research objectives 

The objective was to synthesize lubricant additives consisting of molybdenum 

ester of fatty acids with anti-wear property. 

 

1.3 Scope of investigation 

 

1. Literature review and in-depth study concerning this research work. 

2. Synthesize molybdate oleate ester and adjust the reaction conditions to 

obtain good yield of target product. 

3. Synthesize molybdate esters from stearic acid and octanoic acid. 



 
 

2

4. Characterize the synthesized molybdate esters by FT-IR and determine the 

molybdenum content by ICP-AES. 

5. Investigate wear and oxidation properties, and kinematic viscosity of 

blended oil containing synthesized products, dispersants and base oil. 

6. Summarize data and report. 

 

 



 

CHAPTER ΙI 

 

THEORY AND LITERATURE REVIEWS 
 

2.1 Tribology, friction, wear and lubrication [3-4] 

 

 Tribology is the science involving the study of friction, wear and lubrication 

of system. An object moving or rubbing on others produces the friction causing to 

energy lost and wear damage to the objects. The system was thus needed a lubricant 

to reduce friction and wear for better economic and efficiency of the system. 

 Friction is the force that resists or hinders of object movement on other 

surfaces calling an external friction. On the other hand, the internal friction is the 

friction between lubricant molecules such as viscosity. 

 “Wear” could be classified into 3 types depending on mechanisms as follows: 

 1. Adhesive wear occurs in rubbing of objects with similar in hardness and 

high load until adhesive force is larger than cohesive force of the objects then weld 

the contact surface and tear out the surface. 

 2. Abrasive wear occurs in rubbing of matters with different in hardness and 

loading not too high till adhesive force is larger than cohesive force of the matters. An 

object that has lower hardness will tear out by other. 

 3. Tribochemical reactions are the wear resulting from the chemical reaction in 

tribological condition. 

 Lubrication is the modified sliding surface by introducing lubricant between 

the surfaces. Lubricants could be classified into 3 types as solid, liquid lubricants, and 

grease. 

 Liquid lubricant normally inserts between the surfaces of object to prevent the 

surface contact and rubbing that the course of wear. Solid lubricant formed the thin, 

soft coating on the surface to reduce friction such as graphite, molybdenum disulfide, 

PTFE plastic or by a sulfur-, phosphorus-rich layer formed by adsorption of additives 

from a lubricating oil (Fig 2.1). 
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Fig 2.1 Surface films at asperity contacts between rubbing surfaces. [3] 

 

 Solid lubricant does not squeeze out when carrying high load which is 

different from liquid lubricant (Fig 2.2). 
 

 
 

Fig 2.2 Comparison of liquid and solid lubricant carry high load. [4] 

 

 Grease is the mixture of oil and soap, sodium, calcium or lithium soap jelly. It 

forms gel-like so it can apply to the open box tools and gears such as ball bearing and 

open gear (Fig 2.3). 

Spot Welds 

No Welds 

Liquid Lubricant is squeezed out 

Solid Lubricant stays in there 
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Fig 2.3 Grease application. 

 

2.2 Application of molybdenum as lubricant additive [4] 

 Molybdenum was used in lubrication field since the early 19th century as dry 

lubricant of molybdenum disulfide powder with purity usually exceeds 98%. 

Hexagonal lattice structure of molybdenum disulfide is displayed in Fig 2.4. The 

weak van der Waal forces between sulfur atoms of hexagonal MoS2 sheet act as easy 

shear sliding sheet between rubbing surface to reduce friction, while the strong 

covalent bond between molybdenum and sulfur atoms of crystal could carry high load 

to protect object from wear.  

Many researchers synthesized oil soluble organomolybdenums and developed 

to other functional or multifunctional additives such as molybdenum dialkyldithio-

carbamate (MoDTC) for friction modifier and anti-wear [5]. 

 
Fig 2.4 Lattice structure of molybdenum disulfide. [4] 
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2.3 Literature reviews 

Muraki et al. [2] examined the effect of the alkyl group of zinc dialkyl-

dithiophosphate (ZDDP) to friction coefficient of oils containing molybdenum 

dialkyldithiocarbamate (MoDTC) and ZDDP with a reciprocating roller-on-disk 

tester. The blended oils composed of base oil with viscosity of 20.74 mm2/s at 40°C 

and 4.19 mm2/s at 100°C, and ZDDP and MoDTC at different extents. The chemical 

structure and properties are presented in Table 2.1. The effect of molybdenum content 

to the friction coefficient in blended oils containing Zn at 1000 ppm revealed that the 

content of molybdenum reduced the coefficient of friction. The effect of alkyl group 

in ZDDP compared with blended oil containing Zn at 1000 ppm and Mo at 50 ppm 

was examined. ZDDP with n-octyl group provided the lowest friction coefficient. 

When the Mo/Zn ratio at concentration of molybdenum being higher than 50 ppm, the 

small effect of alkyl group in ZDDP was observed. The coefficient of friction curves 

are exhibited in Fig 2.5. 

 

Table 2.1  The chemical structures and properties of additives. [2] 
 

 
 

 Huang and co-workers [6] investigated tribological properties of magnesium 

alloy using compounds containing nitrogen as the additive by a block-on-ring wear 

tester with a similar configuration to a Timken tester in test condition as follows: 

sliding speed at 1.54 ms-1 at room temperature and load of 200 - 1000N with sample 

feed rate at 0.7 mL/min for 30 min. The block sample was made of an AZ91D 

magnesium alloy at a Vicker hardness of 96 and the ring sample was made of bearing 

steel (AISI52100) at a Vicker hardness of between 653 and 746. 
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Fig 2.5 Coefficient of friction curves of blended oils.  

(a) ZnP8+MoDTC, (b) ZnP4+MoDTC and (c) ZnS4+MoDTC [2] 
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The specimens were prepared by mixing together of 0-5 wt%. of additive in 

liquid paraffin, viscosity at 21.49 mm2/s at 40°C and 4.42 mm2/s at 100°C. The 

formulas and molecular weights of the additives showed in Table 2.2. The effect of 

number of amidogen group and different amides on wear, friction and load-carrying 

capacity were studied at 200 – 1000N of load. With 3 wt% of additive concentration, 

the wear, friction and load-carrying capacity of specimens were improved (Fig 2.6) 

The length of alkyl group of amides was found to improve wear, friction coefficient 

and load-carrying capacity of specimens (Fig 2.7). The effects of concentration on 

friction and wear were investigated at load of 400N and additive concentrations of 0-5 

wt%. The results revealed the concentration of additives affecting the reduction of 

wear and friction of specimens and the optimum concentration at 3 wt% (Fig 2.8).  

 

Table 2.2  Formulas and molecular weights of the additives. [2] 
 

Additives Formulas 
Molecular 

weight 

Propylamine (P-amine) CH3CH2CH2NH2 59 

Ethylenediamine (E-amine) H2NCH2CH2NH2 60 

Triethylenetetramine (T-amine) H2N(CH2)2NH(CH2)3NH(CH2)2NH2 146 

Acetamide CH3CONH2 59 

Acrylamide CH2CHCONH2 71 
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Fig 2.6 The effect of amidogen group on lubrication properties of specimens.  

(a) wear property, (b) friction coefficient property and (c) load-carrying capacity 

property. [2] 
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Fig 2.7 The effect of different amide on lubrication properties of specimens.  

(a) wear property, (b) friction coefficient property and (c) load-carrying capacity 

property. [2] 
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Fig 2.8 Effect of additive concentrations on wear and friction.  

(a) wear curve and (b) friction coefficient curve. [2] 

 

Hua and co-workers [7] synthesized molybdate ester (ME) of oleic acid by 

two-step reaction. First, the mixture of 28.3 g of oleic acid and 12.0 g of 

diethanolamine (DEA) was refluxed at 145°C for 1.5 h, and then 2.0 g of ammonium 

heptamolybdate in water was added and heated at 110°C for 1 h. The mixture was 

distilled under reduced pressure at 110°C and then filtered inorganic specimen to 

obtain brown liquid of ME. The structure of ME was confirmed by FT-IR (Fig 2.9). 

The oxidation property of mixed ME with poly-α-olefin 150 SN (PAO) and          

p,p′-dioctyl-diphenylamine (DODPA) was evaluated by differential scanning 

calorimeter (DSC) and hot oil oxidation test (HOO). 
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. 
 

Fig 2.9 FT-IR spectrum and structure of ME [7] 

 

Blended PAO, DODPA with and without ME were evaluated by DSC. The 

results of DSC in incipient oxidation temperature (IOT) and oxidation induction time 

(OIT) were displayed in exothermic and isothermal modes as shown in Figs 2.10- 

2.12. 
 

 
 

Fig 2.10 Temperature programmed DSC test of PAO oxidation in the presence of 

DODPA with and without ME at 10 °C/min [7] 
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Fig 2.11 Isothermal DSC test of PAO oxidation in the presence of DODPA with and 

without ME at 180°C [7] 

 

 
 

Fig 2.12 Isothermal DSC test of PAO oxidation in the presence of DODPA with and 

without ME at 200°C [7] 

 

The IOT and OIT of blended oil with ME were higher than those without ME. 

The HOO test was carried out for blended oil of PAO, DODPA with ME and the 

blended oil without ME at 160°C and blew dry air through the oil at 10 L/h. The 

viscosity at 40°C was then measured at 24, 48, 72 and 96 h (Fig 2.13). The viscosity 

increasing of blended oil with ME was lower than blended oil without ME. The 

results of DSC and HOO exhibited that the antioxidation property of blended oil, 

PAO, DODPA and ME was better than that without ME. 
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Fig 2.13 Time profile of viscosity increase for 1.0% DODPA-containing 150 SN oil 

with and without ME. [7] 

  

Hua and co-workers [8] inspected tribological properties as wear and friction 

of oil containing ME of oleic acid and with ZDDP.  

 

 
 

Structure of ZDDP 

 

The friction and wear properties of blended oils were investigated by Four-ball 

machine with rotating speed 1450 rpm for 30 min and load of 392, 588 and 686 N at 

room temperature as presented in Figs 2.14-2.17. Figs 2.14-2.15 showed the optimal 

concentration of ME at 2.0% with the lowest WSD and the lowest friction coefficient. 

At high concentration of ME, above 2.0%, the friction coefficient was slightly 

increased. In Figs 2.16 and 2.17, good WSD and friction coefficient in blended oil 

were detected in range of 0.50% - 1.25% of ZDDP. With the concentration of ZDDP 

over 1.25%, the WSD and friction coefficient were increased at load of 686N. With 

the WSD and friction coefficient increased at high load and high concentration of 

ZDDP because corrosive wear occurred while high load and oil contained high sulfur 

and phosphorus decomposing from ZDDP. 
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Fig 2.14 Effect of ME concentration on WSD with 1.0% ZDDP [8] 

 

 
 

Fig 2.15 Effect of ME on friction coefficient with 1.0% ZDDP [8] 

 



 
 

 

16

 
 

Fig 2.16 Effect of ZDDP concentration on WSD with 2.0% ME [8] 

 

 
 

Fig 2.17 Effect of ZDDP on friction coefficient with 2.0% ME [8] 

 

Both friction and wear properties of blended oil containing ME, ZDDP and 

base oil 150SN were better than those blended oils with either ME or ZDDP with base 

oil 150SN only. 



 
 

 

CHAPTER III 

 

EXPERIMENTAL 
 

3.1 Chemicals 

 

A list of chemicals used are as follows: Ammonium molybdate tetrahydrate, 

ACS reagent, purity ≥99.0% obtained from Riedel-de Haen, diethanolamine, ACS 

reagent, purity ≥ 99.0 % obtained from Fluka, oleic acid purity 90% and 1-octanoic 

acid, purity ≥98% purchased form Aldrich and stearic acid purity 95% purchased 

from Sigma-Aldrich. 

Dispersants: Lubrizol 6404, Lubrizol 6420, Viscoplex 1-330 and base oil 

150SN, 150J, 500SN, Yubase-4 were obtained from BP-castrol (Thailand) Ltd. 

 

3.2 Synthesis of molybdate esters [7] 

 The molybdate ester was prepared by reacting the designed fatty acid: oleic 

acid, octanoic acid or stearic acid, and diethanolamine in the round bottom flask at 

145°C for 1.5 h. The reaction mixture was cooled down to 110°C, and then 

ammonium molybdate solution was added. The reaction was continuously stirred at 

110°C for 1 h. The mixer was dried by rotary evaporator. EtOAc was added into the 

mixture, then filtered inorganic matter out the filtrate was evaporated at 65°C to 

achieve the synthesized product. The reaction recipe is listed in Table 3.1. 
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Table 3.1 List of chemicals used in the reactions. 
 

Chemicals (eq) 
Reaction 

nos 
Oleic 

acid 

Stearic 

acid 

Octanoic

acid 
DEA1 NH4Mo2 

1 1 - - 1.14 0.113 

2 1 - - 1.14 0.565 

33 1 - - 1.14 0.113 

4 1 - - 1.5 0.113 

5 1 - - 2 0.113 

6 - 1 - 2 0.113 

7 - - 1 2 0.113 

 1 diethanolamine 

 2 ammonium molybdate (solution) 

 3 ammonium molybdate (solid) 

3.3 Properties of synthesized molybdate esters. 

3.3.1 The appearance of synthesized molybdate esters 

 The synthesized molybdate esters were stored at ambient temperature for a 

week then observe their appearance. 
 

3.3.2  Structure of synthesized molybdate esters 

 Perkin-Elmer Paragon 1000PC FT-IR operated in the range of 4000-550 cm-1 

was used to proof the structure of the synthesized molybdate esters.  
 

3.3.3  Determination of molybdenum content in synthesized molybdate esters 

The molybdenum content in MEs was determined by ICP-AES technique 

according to ASTM D 5185 “Standard test method for determination of additive 

elements, wear metals, and contaminants in used lubricating oils and determination of 

selected elements in base oils by inductively coupled plasma atomic emission 

spectrometry (ICP-AES)” with Perkin-Elmer Optima 5300V. The dilution solvent 

prepared by diluted Conostand standard containing cobalt 5000 ppm in Exxol D 80 to 

final concentration about 10 ppm. The calibration curve was prepared by diluted 

Conostand S-21 multi-elements containing 500 ppm each with baseoil (Yubase-4) and 
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dilution solvent. The synthesized specimens were prepared in the same way with 

working standard about 10 folds of dilution. 

 

3.4  Tribology and kinematic viscosity of blended oil 

3.4.1  Tribology of blended oil 

 The ME containing 1 eq of oleic acid, 2 eq of diethanolamine and 0.133 eq of 

ammonium molybdate aqueous solution (reaction no 5) was used to test in this study. 

The weight ratio of ME to base oil Yubase-4 was 0.1, 0.3, 0.6 and 1.0 respectively. 

The tribology was investigated by Four-ball wear tester (19800-5 Seta-Shell Four-ball 

lubricant tester) at a rate of 1200 rpm, load 40 kgf, ambient temperature and operated 

time 1 h. This experiment was carried out at Shell of Thailand Company limited. 
 

3.4.2 Kinematic viscosity 

The blended oils were investigated the kinematic viscosity at 40 and 100°C by 

Cannon CAV2100F automatic viscometer that complied with ASTM D 445 “Standard 

test method for kinematic viscosity of transparent and opaque liquids (and calculation 

of dynamic viscosity)”  
 

3.4.3  Improvement of the solubility of synthesized molybdate ester  

in blended oil 

The solubility improvement of ME in blended oil was carried out by adjusting 

the formulation of blended oil with dispersants and changing base oil types (Table 

3.2), then investigated by visual at ambient temperature for a week. 
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Table 3.2  The chemical list used in the formulations. 
Chemicals 

Formulation nos 
Rx5 Rx6 Rx7 150SN 150J Yubase-4 

Lubrizol 

6420 
Viscoplex 

1-330 
Lubrizol 

6404 

1 1   99      

2 1    99     

3 1     99    

4  1  99      

5  1   99     

6  1    99    

7   1 99      

8   1  99     

9   1   99    

10 1   96.8   2 0.2  

11 1   96.3   2.5 0.2  

12 1   95.8   3 0.2  

13 1   94.8   4 0.2  

14  1  96.8   2 0.2  

15  1  96.3   2.5 0.2  

16  1  95.8   3 0.2  

17  1  94.8   4 0.2  

18   1 96.8   2 0.2  

19   1 96.3   2.5 0.2  

20   1 95.8   3 0.2  

21   1 94.8   4 0.2  

22 1   93.8   5 0.2  

23 1   93.7   5 0.3  

24 1   93.6   5 0.4  

25 1   93.5   5 0.5  

26  1  93.8   5 0.2  

27  1  93.7   5 0.3  

28  1  93.6   5 0.4  

29  1  93.5   5 0.5  

30   1 93.8   5 0.2  

31   1 93.7   5 0.3  

32   1 93.6   5 0.4  

33   1 93.5   5 0.5  

34 1   95.7    0.3 3 

35 1   92.7    0.3 6 

36 1   88.7    0.3 10 

37  1  95.7    0.3 3 

38  1  92.7    0.3 6 

39  1  88.7    0.3 10 

40   1 95.7    0.3 3 

41   1 92.7    0.3 6 

42   1 88.7    0.3 10 
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3.4.4 Tribology of blended oil of formulation nos 36, 39 and 42 

The selected formulations nos 36, 39 and 42, with various amount of MEs as 

0, 0.1, 0.3, 0.6 and 1.0%wt were used to investigate tribology by Four-ball wear tester 

at a rate of 1200 rpm, load 40 kgf, ambient temperature and operated time 1 h. 



 
 

 

CHAPTER IV 
 

RESULTS AND DISCUSSION 
 

 In the field of lubricant field, molybdenum compounds have been widely used 

as a multifunction lubricant for reducing friction, antiwear, EP additive and 

antioxidant. Molybdenum compounds with rich phosphorus and sulfur ligands as 

organometallics are generally toxic. In this research, the use of fatty acids 

coordinating with molybdenum is a choice to solve this problem. The alkyl group of 

ME may affect on lubricity properties, therefore alkyl groups of ME were investigated 

by varying fatty acid and tested wear properties of blended oil to obtain new antiwear 

additive from ME. 
 

4.1 The synthesis and structure of synthesized molybdate esters 

The desirable ME in this research as antiwear additives should be oil soluble. 

The synthesis of ME was carried out in one-pot reaction [7]. Firstly, reflux the 

mixture of DEA and fatty acid at 145°C for 1.5 h. Three fatty acids: oleic acid, 

octanoic acid and stearic acid were selected to explore the effect of alkyl group in 

fatty acid chain on tribology of blended oil. Secondly, ammonium molybdate was 

added and the mixture was refluxed at 110°C for another one hour. The mixture was 

evaporated until dried, and then EtOAc was added. The inorganic matter was filtered 

out and the filtrate was evaporated to achieve the ME. Seven reactions were 

conducted by variation types of fatty acids, the ratio of fatty acid, DEA and 

ammonium molybdate. The results are summarized as presented in Table 4.1. 
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Table 4.1 %Yield, appearance and molybdenum content of synthesized  

  molybdate esters. 

Reaction nos 
Test 

1 2 3 4 5 6 7 

%Yield 8.2 3.9 3.3 3.0 10.8 10.9 10.1 

Appearance 

after 1 week 

storage 

P H P P C W C 

Mo content 

(%wt) 
1.6 0.75 0.64 0.59 2.1 2.1 2.7 

  C – Clear liquid, H – Hazy liquid, P – Precipitate, W - Wax 
 

The ideal ME should be a clear liquid since it is able to blend homogeneously 

with the base oil. With the ratio of oleic acid: DEA: ammonium molybdate as 

1:1.14:0.113 (reaction no 1), the precipitated ME was observed after storage for 1 

week with Mo content 1.6 %wt. When more ammonium molybdate solution was 

added in order to change the ratio of oleic acid: DEA: ammonium molybdate to 

1:1.14:0.565 (reaction no 2), the hazy ME was formed and Mo content decreased to 

0.75 %wt. To observe the effect of adding solid ammonium molybdate into the 

reaction instead of as solution with the same ratio (reaction no 3), the ME was 

precipitated after 1 week storage with Mo content of 0.64 %wt. This was clearly seen 

that the amount and matter of ammonium molybdate could not increase the Mo 

content, %yield and appearance of ME. In reaction no 4, the quantity of 

diethanolamine was adjusted as the ratio of oleic acid: DEA: ammonium molybdate as 

1:1.5:0.113, the attained ME was still precipitated within a week of storage with low 

Mo content of 0.59 %wt. With the ratio of oleic acid: DEA: ammonium molybdate as 

1:2.0:0.113 (reaction no 5), a clear liquid with high Mo content of 2.1 %wt was 

achieved. As a result, the appropriate quantity of diethanolamine needed to be 

adjusted to stabilize the ME. Therefore the conditions of reaction no 5 were designed 

for further synthesis of other MEs. Fig 4.1 shows the appearance of MEs. 

The variation of different fatty acids was conducted under the optimal 

conditions with the ratio of fatty acid/DEA/Mo of 1:2:0.133. The other fatty acids 

experimented were stearic acid (reaction no 6) and octanoic acid (reaction no 7). 
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While the former system gave the Mo content 2.1%wt with wax appearance at 

ambient temperature, the latter provided the ME with clear liquid and higher Mo 

content of 2.7%wt as that obtained from reaction no 5.  

  

 
 

Fig 4.1 Appearance of synthesized molybdate esters after 1 week storage 

 

The structures of MEs were confirmed by FT-IR with ATR cell as presented 

in Fig 4.2. The assignments were summarized in Table 4.2.  

 

Table 4.2  The assignments of synthesized molybdate esters 
 

Wavenumber (cm-1) Assignment 
3280 O-H stretching 
2910 C-H asymmetrical stretching 

2840 C-H symmetrical stretching 

1620 Amide carbonyl band C=O stretching 

1560 Secondary amine N-H bending 

1450 C-H bending 

1060 Secondary amide C-N stretching 

900 Mo-O stretching 

720 (CH2)n rocking 
 

Fig 4.2 shows FT-IR spectra of a) reaction no 5, b) reaction no 6 and c) 

reaction no 7. In general, the characteristic broad band responsible for molybdate in 

MEs could be observed around 900 cm-1[9]. This characteristic peaks were different 
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from those observed in step I from each reaction before adding ammonium molybdate 

solution. The secondary amide band and the amide carbonyl absorption peak could be 

detected around 1060 and 1620 cm-1, respectively. These typical absorption bands 

normally use to verify the MEs. 

 

 
a) FT-IR spectra of reaction no 5 

 

 
b) FT-IR spectrum of reaction no 6 
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c) FT-IR spectrum of reaction no 7 

Fig 4.2 FT-IR spectra of synthesized molybdate ester from reactions nos 5-7. 

 

4.2 Properties of based oil and synthesized molybdate esters 

4.2.1  Base oil selection 

 The essential parameters of three different base oils: 150SN, 500SN and 

Yubase-4 were carried out: kinematic viscosity at 40 and 100°C, viscosity index and 

Four-ball wear, parameter as rate of 1200 rpm, load at 40 kgf, at ambient temperature 

and ran time for 1 h. The results are shown in Table 4.3. 

 

Table 4.3  Kinematic viscosity, viscosity index and WSD of selected base oils 

Test 
KV @ 40 c KV @ 100 c VI WSD Base oil 

cSt cSt - mm 
150 SN 30.10 5.176 100 0.77 
500 SN 96.59 10.85 97 0.69 

Yubase-4 19.38 4.240 127 0.76 
 

Among three selected base oils, Yubase-4 displayed high wear scare diameter 

(WSD) 0.76 m.m. and the highest viscosity index as 127, lowest temperature impact 

to viscosity. Thus, this base oil was selected to blend with MEs and tested the 

tribology. 
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4.2.2  Tribology of blended oil of synthesized molybdate ester (reaction no 5) 

and Yubase-4 base oil 

The MEs from the reactions nos 5, 6 and 7 are appropriate to test of tribology 

by Four-ball wear tester with parameters at rotation speed of 1200 rpm, load at 40 kgf, 

ambient temperature and tested time for 1 h. The results of Four-ball wear test of base 

oil (Yubase-4) and blended oils are shown in Table 4.4 and Fig 4.3. The base oil 

without ME revealed wear scare diameter (WSD) 0.76 mm, while that with various 

amounts of ME (reaction no 5) of 0.1, 0.3, 0.6 and 1.0 %wt showed WSD of 0.64, 

0.64, 0.66 and 0.44 mm, respectively. The MEs from reaction nos 6 and 7 were not 

soluble in this base oil, so they could not be tested. The trend of WSD was reversed to 

the amount of ME. Those results demonstrated that the ME from reaction no 5 could 

improve antiwear property of the blended oil. However, the stability of that blended 

oil was not excellent since it was split into two phases within a few hours. 

 

Table 4.4 Four-ball wear test of the blended oil with the synthesized molybdate ester 

from reaction no 5. 

Content of ME from 

reaction no 5  

(w/w %) 

0 0.1 0.3 0.6 1.0 

WSD 

(mm) 
0.76 0.64 0.64 0.66 0.44 

 

 
 

Fig 4.3 Wear curve of the blended oil with the synthesized molybdate ester 

 from reaction no 5. 
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4.2.3  Improvement of the solubility of synthesized molybdate ester  

   in blended oil 

 The blended oil containing MEs with Yubase-4 was not exceptional stable, 

therefore it should improve the solubility and stability by changing based oil type 

and/or adding dispersant. The solubility and stability enhancement formulations were 

conducted by varying amount and category of dispersants (see Chapter III). Nearly all 

formulations still found the precipitation or phase separation, except for the 

formulation nos 36, 39 and 42. The only variation of base oil in API group as 150SN 

(group I), 150J (group II) and Yubase-4 (group III) as presented in formulation nos 1-

9 did not improve the solubility and stability of blended oils. The MEs were dropped 

and in some cases precipitated within an hour (Fig 4.4). The addition of dispersant 

Lubrizol 6420 and Viscoplex 1-330 could improve solubility, but still poor stability of 

blended oils. The MEs were completed soluble, but still precipitated and dropped 

within a week, as formulation nos 10-33 (Fig 4.5). The blended oils (formulation nos 

36, 39 and 42) possessed good solubility and stability, the MEs did not precipitated 

and separated out with the ratio of 1%wt of MEs, 10%wt of Lubrizol 6404, 0.3 %wt 

of Viscoplex 1-330 and 88.7 %wt of base oil 150SN (Fig 4.6). 
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a) Formulation nos 1-3     b)  Formulation nos 4-6 

 
   c) Formulation nos 7-9 
 

Fig 4.4 Appearance of blended oils of formulation nos 1-9 after storage  

for 1 week at ambient condition. 

 
 



 
 

30

   
     a)  Formulation nos 10-13      b)  Formulation nos 14-17 

   
                 c)  Formulation nos 18-21            d) Formulation nos 22-25 

 

   
                 e)  Formulation nos 26-29         f) Formulation nos 30-33 

Fig 4.5 Appearance of blended oils formulation nos 10-33 after storage 

for 1 week at ambient condition. 
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  a) Formulation nos 34-36  b) Formulation nos 37-39 

 
c) Formulation nos 40-42 

Fig 4.6 Appearance of blended oils formulation nos 34-42 after storage 

for 1 week at ambient condition. 

 

4.2.4  Tribology of blended oil formulation nos 36, 39 and 42 

 The selected formulations were used to test for wear, kinematic viscosity, 

viscosity index and molybdenum content. The blended oil formulation nos 36, 39 and 

42 were mixed with various amounts of MEs in the range as follows: 0.0, 0.1, 0.3, 0.6 

and 1.0%wt. Then determined to test kinematic viscosity at 40 and 100°C by 

automatic viscometer Cannon CAV2100F, viscosity index by calculation, wear 

property by Four-ball wear tester at spin rate 1200 rpm, load of 40 kgf, ambient 

temperature and operated time for 1 h and molybdenum content by ICP-AES 

technique with Perkin-Elmer 5300V. The results showed slightly increase of 

kinematic viscosity and viscosity index from blended oil without MEs. The wear 

scare diameter of blended oils with MEs was larger than the blended oil without MEs 
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(Tables 4.5-4.7 and Fig 4.7). Increasing of wear scare diameter may cause of 

dispersants which were added into the blended oil and competed with the ME to 

adsorb on the metal surface. Therefore, the dispersant acted interfered the adsorption 

of MEs. 
 

Table 4.5  The test results for wear, kinematic viscosity, viscosity index and 

molybdenum content of blended oils formulation no 36 

formulation no 36 
content of the ME from 

reaction no 5 (%wt) 0.0 0.1 0.3 0.6 1.0 

Mo content (ppm) 0 22 65 128 213 
KV @ 40°C (mm2/s) 38.84 40.28 40.19 40.01 39.91 

KV @ 100°C (mm2/s) 6.477 6.639 6.639 6.673 6.633 
VI 119 119 120 122 121 

WSD (mm) 0.45 0.55 0.53 1.16 0.51 
 

Table 4.6      The test results for wear, kinematic viscosity, viscosity index and  

                      molybdenum content of blended oils formulation no 39 

formulation No. 39 
content of the ME from 

reaction no 6 (%wt) 0.0 0.1 0.3 0.6 1.0 

Mo content (ppm) 0 23 67 131 221 
KV @ 40°C (mm2/s) 38.84 40.10 40.08 40.02 39.83 

KV @ 100°C (mm2/s) 6.477 6.670 6.641 6.659 6.618 
VI 119 122 120 121 121 

WSD (mm) 0.45 0.49 0.51 0.52 0.48 
 

Table 4.7  The test results for wear, kinematic viscosity, viscosity index and 

molybdenum content of blended oils formulation no 42 

formulation No. 42 
content of the ME from 

reaction no 7 (%wt) 0.0 0.1 0.3 0.6 1.0 

Mo content (ppm) 0 24 79 155 233 
KV @ 40°C (mm2/s) 38.84 41.38 40.53 40.87 40.36 

KV @ 100°C (mm2/s) 6.477 6.752 6.695 6.728 6.684 
VI 119 119 121 120 121 

WSD (mm) 0.45 0.59 0.68 0.68 0.52 
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Fig 4.7 Wear curve of blended oil formulation nos 36, 39 and 42 

 

 Fig 4.7 showed that the double bond of the alkyl group of MEs was not 

significant on wear property, whereas the length of alkyl group was slightly affected 

on wear property of MEs. ME with C18 alkyl group displayed lower WSD than ME 

with C8 alkyl group. 



 
 

 

CHAPTER V 

 

CONCLUSION AND RECOMMENDATION 
 

5.1  Conclusion 

The ME at the ratio of oleic acid/DEA/NH4Mo as 1/2/0.133 eq was 

successfully achieved with the stabilized liquid more than that with other ratios at 

ambient atmosphere. The band responsible for molybdate is observed around 900   

cm-1. The blended oil containing base oil (Yubase-4) and the ME from reaction no 5 

provided satisfied antiwear property with reduced WSD via Four-ball wear test. 

However, the blended oil was inhomogeneous within an hour. The dispersants added 

to blended oil could improve stability of blended oil. The ratio of ME/Lubrizol 6404/ 

Viscoplex 1-330/base oil 150SN as 1/10/0.3/88.7 showed homogeneous solution after 

a week at ambient condition. This formulation behaves a good wear trend increasing 

with amount of ME. This is perhaps the dispersants are interfere with the ME to 

adsorb on metal surface. The double bond of alkyl group of ME was not significant on 

wear property. The length of alkyl group of ME was slightly affected on wear 

property, ME with C18 alkyl group showed lower WSD than that containing C8 alkyl 

group. 

 

5.2  Recommendation 

For the future work, the varieties of alkyl chain of MEs may be examined. The 

ideal ME should be homogenized in base oil, thus decrease the content of dispersants 

in blended oil. 
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Appendix A 

The appearance of synthesized molybdate esters 

Table A-1 The appearance of synthesized molybdate esters 

 

Reaction 
nos Initial Step I Step II Step II 

evaporated Finished 

1 

     

2 

   

 

 

3 

   

  

4 
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5 

     

6 

     

7 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

40

Appendix B 

API base oil categories 

Table B-1 API base oil categories [10] 

Base oil % Saturates % Sulfur VI 

Group I <90 >0.03 80-119 

Group II ≥90 ≤0.03 80-119 

Group III ≥90 ≤0.03 ≥120 

Group IV Polyalphaolefins (PAO) 

Group V Not included in Group I, II, III, or IV. 
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Appendix C 

Four-ball wear data 

Table C-1 Four-ball wear of formulation no 39 

 

Ball nos Sam
ple 

M
E content 
(%

w
t) 

R
eplication 

no 

1 2 3 

0.1 1 

   

0.3 1 

   

0.6 1 

   
Form

ulation no 39 

1.0 1 
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Table C-2 Four-ball wear of 150SN stock and formulation no 36 

 

Ball nos Sam
ple 

M
E content 
(%

w
t) 

R
eplication 

no 

1 2 3 

0.0 1 

   

150SN
 Stock 

0.0 2 

   

0.1 1 

   

0.3 1 

   

0.6 1 

   

Form
ulation no 36 

1.0 1 
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Table C-3 Four-ball wear of formulation no 42 replication no 1 

 

Ball nos Sam
ple 

M
E content 
(%

w
t) 

R
eplication 

no 

1 2 3 

0.1 1 

   

0.3 1 

   

0.6 1 

   

Form
ulation no 42 

1.0 1 
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Table C-4 Four-ball wear of formulation no 42 replication no 2 

 

Ball nos Sam
ple 

Synthesized 
content 
(%

w
t) 

R
eplication 

no 

1 2 3 

0.1 2 

   

0.3 2 

   

0.6 2 

   

Form
ulation no 42 

1.0 2 
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Appendix D 

% Yield calculation 

Table D-1 Molecular weight of chemicals 

Chemical Molecular weight 
g/mol 

DEA 105.14 

Oleic acid 282.46 

Stearic acid 284.48 

Octanoic acid 144.21 

NH4Mo 1235.86 

ME reaction no 5 495.56 

ME reaction no 6 497.58 

ME reaction no 7 357.31 

Molybdenum 95.96 
 

Formulation D-1 %Yield calculation formulation. 

 

 %Yield = (%Mo x MW of ME) / Ar of Mo 

 

Formulation D-2 Theoretical of molybdenum content in the synthesized molybdate  

                      esters. 

 

 %Mo =                                   (Ar of Mo x eq of Mo) x 100% 

 

 

 

 

 

[(MW of DEA x eq of DEA) + (MW of fatty acid x eq of fatty acid)  

                                 + (Ar of Mo x eq of Mo)] 
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Appendix E 

ICP data 

Table E-1 ICP data of synthesized product and blended oil. 
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