anenuzianzidsnslulatiuasluauwpnaginas

ﬂumwmwmm
Qﬁﬂaﬁﬂ‘imﬂlﬂﬂﬂmaﬂ

fmmuwuﬁumumwmmmm?ﬁm:mmwanamﬁ?mmﬂqwmmamumummm
ariTinnaluazinananinedines
AMYANENAIART  AWNAINTINMNINENAE
Tnasfine 2553

AUANDVBIIAIN TN NN



TRIBOLOGICAL CHARACTERISTICS OF MOLYBDATE ESTERS

ﬂuﬂqwﬂwswawnﬁ
AMARNIBNIANERY.,

for the Degree of Master of Science Program in Petrochemistry and Polymer Science
Faculty of Science
Chulalongkorn University
Academic Year 2010
Copyright of Chulalongkorn University



Thesis Title TRIBOLOGICAL CHARACTERISTICS OF MOLYBDATE

ESTERS
By Mr. Tanatath Pluekpaiboon
Field of Study Petrochemistry and Polymer Science
Thesis Advisor Assistant Professor Warinthorn Chavasiri, Ph.D.

Accepted by the Faculty of Science, Chulalongkorn University in Partial

.............

................ Ny ......Thesis Advisor
(Assistant Professor Warir havasiri, Ph.D.)

f. ) i.r! er
(Assoﬁtc Professo Jale: rakar uk, Ph.D.)

A 5 PR Y i

“(Pongchart Buranaprascrtsuk Ph.D. )

ammnmummmaﬂ



sung wonilnyad : dnsouzianiziddinsluladeesiufuinnieanes,
(TRIBOLOGICAL CHARACTERISTICS OF MOLYBDATE ESTERS)
8. TSI InenTnugun : um. as. Funs 1973, 51 wii,

Nuilidnsuaremuaafavesasduuialiduneameifanisdiunisin
- ) 3 i L g o S e 1 - =&
wie  amENwsisillddunmsiannminliiesswiclaeniuesniiu - indeves

- el ar - ' : - i 4 ar ‘.’ = :
WwduAdnuaznsalufusiasiie) sntunauarn@uusid iy uussnaey

60:0.64, 120:0.66 Was

uanatsaNRfuN guﬂnmqnuﬂnmanaununn

dndaureaFunnd NusaNAanITuansadly 2
Apmanelu 24 : upuummumﬁw‘lun')r

AanaTasAnuraretnsiunay

NN g T2 gl ‘ \\ AumpLRANeT

1
NTLINLFAINLIN:

ﬂ'lJEl’J“lelﬁWEl']ﬂ‘i
Q‘W’W&Nﬂ‘iﬁu AN Y

TJﬂ'!iﬁﬂ‘H'lZSSi& _muun-m a.ﬁﬂ?nmmmuwuwan et



# # 5073408923 : MAJOR PETROCHEMISTRY AND POLYMER SCIENCE
KEYWORDS : ADDITIVES / MOLYBDATE ESTER / ANTIWEAR

TANATATH PLUEKPAIBOON : TRIBOLOGICAL CHARACTERISTICS OF
MOLYBDATE ESTERS. ADVISOR : ASSIST. PROF. WARINTHORN
CHAVASIRI, Ph.D., 51 pp.

This work explores the effect of the alkyl group of molybdenum ester

additives on antiwear. The additives were synthesized by the reaction of

molybdate ester contained- wolyt W %. The wear tests by Four-ball
‘—

0:0.66 and 200:0.44 (ppm of

| molybdenum esters exhibited

tester were as folloy
Mo:mm of wear s d
antiwear property. JFfhe Jrend of ~wear sce lameter revealed the reversed
proportional to the M@ cghtént in blen . er the blended oil was split
into 2 phases within ws. (By nging the formulations, base oil type,
adding dispersant, the stabi \-\ d be maintained. The wear scare

diameter of blended /0ils v&’g‘{ﬁg

IEs = ol

v \\ addition of dispersants and
synthesized molybdate este
e .l;"..rf..i} “/4

[

—— 5

sa

B iy

ﬂumwﬂmwmm
Q‘W’W&Nﬂim AN Y

Field of Study: Petrochemistry and Student’s Signature T“"“l"w “‘Lﬁ" l’”h
Polymer Science . Advisor’s Signature__ ¥V . Showmlv
Academic Year: 2010




Vi
ACKNOWLEDGEMENTS

The author would like to express the grateful appreciation to his advisor,
Assistant  Professor Warinthorn Chavasiri, Ph.D. for his providing advice,
encouragement, supervision and helpful suggestion throughout this research. In

addition, he is also grateful to Professor Pattarapan Prasassarakich Ph.D., Associate

l | ngchart Buranaprasertsuk, Ph.D., for
ake this report complete.
J
The author appreci ailand Research Fund for supporting research

fund, BP-Castrol (Thail ng materials and Center for Petroleum,
Petrochemicals and rials,‘Chulalor University.

Professor Wimonrat Trakarnpruk

serving as the thesis commi

AU INENINYINS
AN TUNN NN Y



CONTENTS

PAGE
ABTRACT IN THAI oot eeeeeeeeesene e s s sase s s e sanese s s s sanenes iv
ABTRACT INENGLISH, ottt neeennene v
ACKNOWLEDGEMENTS ettt ee e s e e ennaes vi
CONTENTS, ...ttt et n st ss s s bbb e es et e s s e nren vii
LISTOF FIGURES ... bttt ee e saneeees e X
LIST OF ABBREVIATIONS | sttt saee e ee e Xii
CHAPTER | 1 INTROBUCIHION [ L ittt e 1
1.1 Purpose of the InVeSHGAION. .. L . . i ss et seesneens 1
1.2 Research obj@elIVES £ k. o e e ese e senes 1
1.3 Scope of INVeSHOATION ... . i et 1
CHAPTER Il : THEORY AND LITERATURE REVIEW, ... 3
2.1 Tribology, friction, wearand [UBFIEation..................ccooeoeereremrrrreeessnerssnnnnnes 3
2.2 Application of molybdenum-as lubricant additive, .. ... ..o 5
2.3 LiteratuteFOVIBWS ...t ettt e 6
CHAPTER I EXRERIMENTAL ..ot 17
3.1 CReMICAIS,, . o eeesresseesifb s sresses asneesanseesasssseessnsssnsssnssanesasssanees 17
3.2 Synthesisof molybdateesters, .c..... L. oot doi G 18
3.3 Propeérties of synthesizedimolybdate eSters. .................4 .0 eoeeoeereeceerercnnes 18
3.3, The appearance of synthesized molybdate esters - | ................. 18
3.3.2 Structure of synthesized molybdate esters. . ... ..o 18

3.3.3 Determination of molybdenum content in
synthesized molybdate esters_.................coooveormreermreerrnerereneene. 18
3.4 Tribology and kinematic viscosity of blended oil ..., 19
3.4.1 Tribology of blended Oil..............ccccoomrrrrrremnrrrrreressr e 19
3.4.2 Kinematic viscosity 19



viii

PAGE

3.4.3 Improvement of the solubility of synthesized molybdate esters
inblended Oil...............o.ovmeeeeeee e 19
3.4.4 Tribology of blended oil of formulation nos 36, 39 and 42_ .. .. 21
CHAPTER IV : RESULTS AND DISSCUSION...........cooeeetrrercceeee s 22
4.1 The synthesis and structure of synthesized molybdate esters__ ... 22
4.2 Properties of based oil and synthesized molybdate esters_._................... 26
4.2.1 Base 00l SBIeCON, | L. . et 26

4.2.2 Tribology of blended o1k of synthesized molybdate ester

(reaction'no 5) and Yubase-4"base Oil.................ccocoereererrererenene. 26

4.2.3 Improvement of the solubility of Synthesized molybdate esters

MO [TeT ol o N i 28

4.2.4 Tribglogyofblended oil formulation nos 36,39 and 42 ... 31

CHAPTER V : CONCLUSION AND RECOMMENDATION, 34
5.1 Conclusiondl 8 . SIS TR M. 34

5.2 ReCOMMENUAIION L . e e e ee e ee e e eee e eeeeemeaenn, 34
REFERENCES....ooooeeeo e e 35
APPENDICES 37



LIST OF TABLES
TABLE PAGE
2.1 The chemical structures and properties of additives . .. e 6
2.2 Formulas and molecular weights of the additives ..................ccoocoomrrorrrecrecnees 8
3.1 List of chemicals used in the reactions __................cccoecuevvreeceeeeeerreeseceeeee e 18
3.2 The chemical list used in the formulations 20

4.1 %Yield, appearance and molybdenum content of

synthesized molybdate esters. . | Lo 23
4.2 The assignments of synthesized molybdateesiers. ... ... 24
4.3 Kinematic viscosity, viseosity-index and WSD of selected base oils_._._........... 26

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

from reaction no 5. 27

4.5 The test results for wear, Kinematic visﬁbsity, Viscosity index
and molybdenum contgnt of blended oilsformulation N0 36._.._................ 32

4.6 The test results for weay, kinematic viscosity, viscosity index

and molybdenum content of blendecd oils formulation no 39 32

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

and molybdenum content of blended oils.—-for_’mulation no 42 32



LIST OF FIGURES
FIGURE

2.3 Grease application.
2.4 Lattice structure of molybdenum disulfide.
2.5 Coefficient of friction curves of blended oils.

(@) ZnP8+MoDTC, (b) ZnP4+MoDTC and (c) ZnS4+MoDTC
2.6 The effect of amidogen group on lubrication properties of specimens.

(@) wear property, (b) friction coefficient property and

2.7 The effect of different.amide on lubrication properties of specimens.

(a) wear property, (h)friciion coefficient property and

2.8 Effect of additive €oncentrations on wear and friction.
(a) wear curve and (b) friction coefficient curve.
2.9 FT-IR spectrum and structure of ME
2.10 Temperature programmed, DSC fest ofPAO oxlidation in
the presence of DODPA with and Withon ME at 10 °C/min
2.11 Isothermal DSC test of PAO oxidation iﬁ the presence.of DODPA
with and without ME at 180°C
2.12 Isothermal DSC test of PAO oxidation in the presence of DODPA
with and without ME at-200°C
2.13 Time profile ofviscosity increase for 1.0% DODPA-cantaining
150 SN oil with and without MEg

10

11
12

12

13

13

14
15
15
16
16
18



Xi

FIGURE PAGE
4.1 Appearance of synthesized molybdate esters after 1 week storage ........................ 24
4.2 FT-IR spectra of synthesized molybdate esters from reactions nos 5-7. ... 26

4.3 Wear curve of the blended oil with the synthesized molybdate ester
from reaction no 5. 27

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

for 1 week at ambient condition. 29

AULINENTNEINS
AN TUNN NN Y



Xii

LIST OF ABBREVIATIONS

API American Petroleum Institute

A Atomic weight

ASTM American Society for Testing and
Materials

ATR Attenuated Total Reflectance

DEA Diethanolamine

DODPA p.p’~dioctyl-diphenylamine

DSC Differential scanning calorimeter

E-amine Ethylenediamine

EP additive Extreme pressure additive

EtOAC Ethylacetate

FT-IR ' 'Fourier transform infrared spectroscopy

HOO Hot oil oxidation test

ICP-AES Inductively coupled plasma atomic

£mission spectroscopy

10T Incipient oxidation temperature
ME Synthesized molybdate ester
Mo Molybdenum

MoDTC Molybdenum dialkyldithio-carbamate
NH4Mo Ammonium molybdate

oIT Oxidation induction time
P-amine Propylamine

PAO Poly-a-olefin

PTFE Polytetrafluaroethylene
T-amine Triethylenetetramine

Vi Viscosity index

WSD Wear scare diameter

ZDDP Zinc dialkyldithiophosphate
ZnP4 Zinc di-n-butyldithiophosphate

and zinc di-n-heptyldithiophosphate
ZnP8 Zinc di-n-octyldithiophosphate



ZnS4 Zinc di-iso-butyldithiophosphate
and zinc di-iso-heptyldithiophosphate

AULINENINYINS
AR TN TN



CHAPTERI

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 répbrts invelve modifying the structures of
molybdenum compounds to/be of an aﬁti-\)vear property and anti-oxidation which
were similar to zinc dialkyldithiophosphaie- (ZDDP) [2]. However, according to the
literature review, there has been.the limitation of using allkylthiophosphate ligands
which are harmful to health and environme-jj;f,-’"ﬂ-l‘his research focuses on the synthesis
of molybdenum ester of fatty acids which "c'afi'be found easily and inexpensive. In
addition, the performance.of synthetic substances as-an anti-wear and anti-oxidation

was conducted.
1.2 Researeh ebjectives

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.



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.
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CHAPTERII

THEORY AND LITERATURE REVIEWS

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

Tribology is the science involving the siudy of friction, wear and lubrication
of system. An object moving or rubbing on-others produces the friction causing to
energy lost and wear damage t0.ihe objects. The sysiem was thus needed a lubricant
to reduce friction and wear forbetter ecanomic and efficiency of the system.

Friction is theforce”that resists or hinders of object movement on other
surfaces calling an external friction. Onjhe other hand, the internal friction is the
friction between lubricantmalecules such'as viscosity.

“Wear” could be classified into 3 ty'pesr.depending on mechanisms as follows:

1. Adhesive wear oceurs in rubbing of objects with similar in hardness and
high load until adhesive force 45 farger 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. Tribachemical reactions are the wear resulting from the chemical reaction in
tribological condition.

Lubrication is the modifiedsliding surfage, by introducing dubricant between
the surfaces:\Lubricants could be classified/into 3 typesias'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).



*: Reaction film_

Metal

Fig 2.1 Surface films at asperity contacis'between rubbing surfaces. [3]
-

Solid lubricant dees not sqgueeze out when carrying high load which is

different from liquid lubrieant(Fig 2.2).1

—_ Spot Welds

- 'Solid Lubricant stays in there

Fig 2,2:Coemparison of liquid.and.solid lubricant.ecarry-high load. [4]

Grease is the mixture of oil and soap, sodiam, calcium or fithium soap jelly. It
forms gel-like so it,can.apply to the;open box taolg and gears such as ball bearing and
open gear (Fig 2.3).



Fig 2
N
2.2  Application of mo@n a:llu ditive [4]

Molybdenum wa;ﬁ'_t brication fi ince the early 19" century as dry
lubricant of molybdy miw usually exceeds 98%.
Hexagonal lattice stru '§£ﬂ~ ide is displayed in Fig 2.4. The
L gonal MoS; sheet act as easy
rhvﬁ friction, while the strong

crystal could carry high load

shear sliding sheet
covalent bond betwee
to protect object from w: ‘

Many researchers s ed oluble organomolybdenums and developed
to other functional or multifyﬂﬁijﬁ!, additives such as molybdenum dialkyldithio-

and anti-wear [5].

carbamate (MoDT )E_igr friction modifier

Weak bonds between the sulfur-sulfur layers allow
- easy sliding of these layers over one another resulting

in low friction force

Fig 2.4 Lattice structure of molybdenum disulfide. [4]



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 mm?/s at 40°C
and 4.19 mm?%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 gontaining 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 contaming Zn.at 1000 ppm and Mo at 50 ppm
was examined. ZDDP with_n-eetyl group provided the lowest friction coefficient.
When the Mo/Zn ratio at gencentration of molybdenum being higher than 50 ppm, the
small effect of alkyl group inZDDP was observed. The coefficient of friction curves
are exhibited in Fig 2.5. '

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

Additree Chemicsf cir
cmﬁn?ﬁ}m Shoctoe:. ‘._mm Fyrohysis fempermiure (o0)

RO, #{n '
m,E—S—erE '\m-
ZnP% 76 66 115 - 8

5™ Primasy C8
ZnP4 29 A0 168 - Primayy C4,C5
Fnj4 T4 73 IhE— Begopiang 04, 5

o
MeDTE -~ = 577743 i !CQ-CIS 560

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

280
240
200

alloy using compounds containing nitrogen as the additive by a.block-on-ring wear
tester with: & similar ‘configuration to a Timken tester in test eondition as follows:
sliding speed at 1.54 ms™ 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 (A1S152100) at a Vicker hardness of between 653 and 746.



[Zn]=1000ppm [Mo]
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+10ppm
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©200ppm
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Coefficient of friction
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0 20 40 60
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Fig 2.5 Coefficient of friction curves of blended oils.
(@) ZnP8+MoDTC, (b) ZnP4+MoDTC and (c) ZnS4+MoDTC [2]



The specimens were prepared by mixing together of 0-5 wt%. of additive in
liquid paraffin, viscosity at 21.49 mm?s at 40°C and 4.42 mm?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 ef additives affecting the reduction of

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

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

o ' Molecular
Additives ¢ Formulas _
weight
Propylamine (P-amine) CH3CH2CH‘2NH2 59
Ethylenediamine (E-amine) HZNCHK?H‘ZNHZ 60
Triethylenetetramine (T-amine) HZN(CHZ)ZNH(CH2)3NH(CHZ)ZNHZ 146
Acetamide CH3CONH, 59

Acrylamide CH,CHCONH, 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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é4'5 [~ == Acrylamide
g | L )
§ 40
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0 5
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Fig 2.8 Effect of additive concentrations onwear and friction.

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

Hua and co-warkers) [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
diethanelamine<(DEA)was, refluxed at 1452C-for-1.5 h, and.thep-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-a-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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Fig2.9 FT ARéspectrumiand structure’of ME [7]

_—

Blended PAO, DODPA With andf"__vvﬁhout ME were evaluated by DSC. The
results of DSC in incipient oxidation temp'ératUre (I0T) and oxidation induction time

(OIT) were displayed in exotherrm‘i'c and;"iégth_ermal modes as shown in Figs 2.10-
s !

2.12. —a

PAO + 1.0% DODPA + 0.5% ME (10T=232.3°C)
- i -

PAQ+|1.0% DODPA (I0T=221:4 £0)

1 \_/
160 180 200 220 240 260
Temperature (°C)

HeatfleWw,endo up (MW)

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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PAO + 1.0% DODPA + 0.5%ME (OIT=74.5 min) l

T e

PAO + 1.0% DODPA (OIT=35.5 min)
|

T T T \" T T T

T T
0 10 20 30 40 50 60 70 80 90
Time (min)

Heat flow endo up (MW)

Fig 2.11 Isothermal DSC test of PAQ oxidation in the presence of DODPA with and
without ME/ai1.80°C [7]

PAO + 1.0% DODPA 1+ 0.5% ME (OIT=13.2 min)
(OFTFE13.2/Min)

*_,-_7-1-—

PAQ™ 1,0%DODPA (OIT=6.3 min)

I

Heat flow endo up (MW)

3 10 15
Time (min) '

Fig 2.12 Isothermal DSC test of PAO oxidation in the presence of DODPA with and
witheutJMEat 200°€ [#]

The 10T 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 efviscosityincrease for 1.0% DODPA-containing 150 SN oil
with'and without ME. [7]

Hua and co-woukers/[8] inspected tribological properties as wear and friction
of oil containing ME of oleic/acid and with ZDDP.

RO s i, OR;
Rsov - 2l voR

Structure of ZDDP

The friction and'wear properties of blended oils were investigated by Four-ball
machine with rotating speed«1450 rpm for 80 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 coefiicient 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.



f uﬂﬁ w“ﬂmmmf .
TEE MO TP O

15



16

1.2 § —m—392N
—e—588 N
_‘_
10 | GB6 N
r
08 -

WSD, mm

025 050 0.75 1.0@ 125 150

tr:atlon

ﬂ‘u ANBNINEINS

Fig 2:47 Effect of ZDDP on friction coeff|C|ent with 2. 0% ME [8]
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base oil 150SN were better than those blended oils with either ME or ZDDP with base
oil 150SN only.



CHAPTER Il

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. Y

Dispersants: Lubrizel 6404, Lub__rizol 6420, Viscoplex 1-330 and base oil
150SN, 150J, 500SN, Yubase-4were obta@i{né—d from BP-castrol (Thailand) Ltd.

3.2  Synthesis of molybdate esters [7] j{’-_—: _

The molybdate ester was. prepared Qyz'lr_feacting 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 tinorganic| matter lout 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
Oleic Stearic Octanoic 1 )
nos ) _ ) DEA NHsMo
acid acid acid
1 1 - - 1.14 0.113
2 1 - - 1.14 0.565
3° 1 . - 1.14 0.113
4 1 - - 15 0.113
5 1 l a = 2 0.113
6 - 1 - 2 0.113
7 - - 1 2 0.113

! diethanolamine 7
2 ammonium molybdate (solution)‘x"'

¥ ammonium molybdate (salid)

3.3 Properties of synthesized molybda'g'e"ésters.
3.3.1 The appearance of synthesized m6[)7bgate esters
The synthesized molybdate esiers Wéré 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™

was used to proaf the structure.of the synthesized molybhdate esters.

3.3.3 Determination of molybdenum content in synthesized maolybdate esters
The ‘molybaenum- content! in "MES was$ "determined by <{CP-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 4200 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 tranls_parent and opaque liquids (and calculation

of dynamic viscosity)”

3.4.3 Improvement of the solubitity of s}nfﬁ’ésized molybdate ester

in blended oil Y

The solubilitysimprovement-of-ME-in-blended-ol-was carried out by adjusting
the formulation of blended oil with dispersants and changing base oil types (Table

3.2), then investigated Dy visual at ambient temperature Tor a week.



Table 3.2 The chemical list used in the formulations.
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Chemicals
Formulation nos Lubrizol i Lubrizol
RX5 Rx6 Rx7 150SN  150]  Yubase-4 Viscoplex

6420 1-330 6404
1 1 99
2 1 99
3 1 99
7 1 99
5 1 99
6 1 99
7 1 99
8 1 0 4
9 i " 99
10 1 %8 2 02
11 1 96.3 25 02
1 1 858 02
3 1 948 Illl Z 02
14 1 f $F —3 2 0.2
15 T ofg T Al 25 02
16 i J | — 3 02
17 W T 1} ; 4 0.2
18 ¥ 968044, 040 2 02
19 1 96,3 FaF 25 02
20 1 oFdA =T 3 0.2
21 I 98 = 2 02
2 1 ~93.8 5 02
23 1 ooy 5 03
24 1 L) 93.6 Is 04
%5 T ™ 935 ' F 05

Y. v

26 " 938 5 02
27 1] 93.7 HPE 03
28 1 936 5 04
29 1 93,5 5 05
30 1 938 5 02
31 1 93.7 5 03
32 1 936 5 04
33 1 935 5 05
34 1 95.7 03 3
35 1 92.7 03 6
36 1 88.7 03 10
37 1 95.7 03 3
38 1 92.7 03 6
39 1 88.7 03 10
40 1 95.7 03 3
41 1 92.7 03 6
42 1 88.7 03 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.

AULINENINYINS
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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 chaice to solve this problem. The alkyl group of
ME may affect on lubricity.properiies, therefore alkyl groups of ME were investigated
by varying fatty acid and.iesied wear properties of blended oil to obtain new antiwear
additive from ME. :

4.1  The synthesis and structure of synfhesized molybdate esters

The desirable ME in this research as antiwear additives should be oil soluble.
The synthesis of ME was €arried* out ir"r'f-one-pot reaction [7]. Firstly, reflux the
mixture of DEA and fatty acid-at 145°C lfo‘rJf"'l.S h. Three fatty acids: oleic acid,
octanoic acid and stearic acid were selectéd"tdexplore the effect of alkyl group in
fatty acid chain on tribelegy-of-biended-ot:-Secondiy ~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 filtratel was evaporated: to~achieve the, ME~Seven reactions were
conducted by wariation 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 P H p P C W C
storage
Mo content
1.6 0.75 0.64 0.59 2.1 2.1 2.7
(Yowt)

C - Clear liquid, H — Hazyliquid,.P = Precipitate, W - Wax

The ideal ME should be a ¢lear liquid since it is able to blend homogeneously
with the base oil. Withsthe/ratio ‘of oléic acid: DEA: ammonium molybdate as
1:1.14:0.113 (reaction'no 1), the precipiiéted 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 ol_ér_i,.c};acid: DEA: ammonium molybdate to
1:1.14:0.565 (reaction no 2), the hazy ME_I_-V\;a_s'__.formed and Mo content decreased to
0.75 %wt. To observe the effect of adding é_olid ammonium molybdate into the
reaction instead of as solution with the sdmé 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
diethanolaming®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 0f 0:59.%wi.‘With the ratio of ¢leic acidi DEA: ammoanium molybdate as
1:2.0:0.213 (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.

ere olonﬁém%d by FT-IR with ATR cell as presented
'l idd
in Fig 4.2. The assignments were summarized in Table 4.2.

The structures of

¥ o
b L
Al Z\'.l'tfa.

o7 i
Table4.2  The assignments"'dfj'iyntheslé_eﬂ‘-ﬁ]olybdate esters

" T d o
.f._*'_. "‘... -

e g |
Wavenu@ber (cm™) ‘77 Asmé;ent
}S-ZEQ O-H strgteﬁing
2910 C-H asymmetrical stretching
2840° = C:H symmetrical stretching
11620 , ' Amide cérbonyl band C=0 stretching
1560 Secondary. amine N-H bending
~1450 A7) 2 bending
1060 Secondary amide C-N stretching
900 Mo-O stretching
720 (CHy), 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™[9]. This characteristic peaks were different
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from those observed in step | 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™, respectively. These typical absorption bands
normally use to verify the MEs.

Rx5 Finish

i

4000 3600 3200 2300 2400 © 2000 4800 1600 1400 1200 1000 800 550

a) FTF-IR spectra-of reaction no 5

i

Rx6 Finish

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 "550
cm™

b) FT-IR spectrum of reaction no 6



26

Rx7 Step |
.
%T
Rx7 Finish
f\sﬁvm)ﬂ
4000 3600 3200 2800 2400 2000 . 13221_1 1600 1400 1200 1000 800 "550
|

¢)" FT-IR/spectrum of reaction no 7

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

4.2 Properties of based0il'and synthesized molybdate esters
4.2.1 Base oil selection )

The essential parametets. of three_i-d-iff__erent base oils: 150SN, 500SN and
Yubase-4 were carried out: kinematic visco;it){ 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=¥Fhe results are shown in Table 4.3.

Table 4.3 Kinemati¢ viscosity, viscosity.index and WSD of selected base oils

Test
Base oil KV @40c KV @ 100 c VI WSD
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 ng} be iested-The trend of WSD was reversed to
the amount of ME. Those.results.demonstrated that.the ME from reaction no 5 could
improve antiwear propeity of«the blended oil. However, the stability of that blended

oil was not excellent singé itwas split in%o two phases within a few hours.

F

Table 4.4 Four-ball weartest of the blen'yed oil with the synthesized molybdate ester

ol

from reactionne 5. -
Content of ME from |-~ = |

s

reaction o5 2=~ 010 [ 03 | 0.6 | 1.0
(WIW %) e
~WSD LA
LY 0.76 | 0.64 | 064 | 0.66 | 0.44
“(mm) s

A yeraure ofRsg A £

a 0.2 0.4 0.6 0.8 1 1.2
Rx5 content (%owt)

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 I11). 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 1), 150J (group 11) and Yubase-4 (group L) as presented in formulation nos 1-
9 did not improve the solubility and stability-of-biended oils. The MEs were dropped
and in some cases precipitated within an hour (Fig.4.4). The addition of dispersant
Lubrizol 6420 and Visceplex.4=330 could improve solubility, but still poor stability of
blended oils. The MEssWwere completed soluble, but still precipitated and dropped
within a week, as formulation nos 10-33 (Flg 4.5). The blended oils (formulation nos
36, 39 and 42) possessedigoad solubility, and stability, the MEs did not precipitated
and separated out with‘the fatio of 1%wt of MEs, 10%wt of Lubrizol 6404, 0.3 %wt
of Viscoplex 1-330 and 88.7 %wt of base oi}_ 150SN (Fig 4.6).

i



Formulation No. Formulation No.

F
L gl
[ il -

Y ¢) Fermulation nos,7-9
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for 1 week at ambient condition.
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ormulation 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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Formulation No.

b,
Formulation No.

o
Yar

f blended oils fomg@@?:34-42 after storage

Fig 4.6 Appearance of blended

T-ir

(_:J_u =

{]

4.2.4 Tribology of bIeQd‘gg oil formulat@ nos 36, 39 and 42

The sﬂt@fﬂnﬁ}tﬁsﬂe‘wﬁ(ﬁﬁ Eit’ﬂ)ﬂ% Kinematic viscosity,

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

_ _ _ ¢ - o/
e AN IR AR VAN
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 (%owt) 0.0 0.1 0.3 0.6 1.0
Mo content (ppm) 0 22 65 128 213
KV @ 40°C (mm?/s) 38.84+ 40.28-+ 40.19 40.01 39.91
KV @ 100°C (mmZ/s) 6477 6.639 6.639 6.673 6.633
VI 119 119 120 122 121
WSD (mm) 045 | 0.55 0.53 1.16 0.51

Table 4.6  The test rgsults for wear, kiriematic viscosity, viscosity index and

molybdenum content of blended oils formulation no 39

formulation No. i 13 39
content of the ME from .
reaction no 6 (%wt) B0 = ;(,)-'1 0.3 0.6 10
Mo content (ppm) B =73 67 131 221
KV @ 40°C (mm%s) 3884 4040 4008 40.02 39.83
KV @ 100°C (mmzls) 6.477 6.670 6.641 6.659 6.618
VI ' 119 122 120 121 121
WSD (mm) 0.45 049 051 052 048

Table 4.7  The test results.for wear, kinematic viscosity, viscosity index and
molyhdenum content of blended oils formulation.no 42

formulation No. 42
content of the ME from
EaCtion no 7-(oowt) 0.0 0.1 0.3 0.6 1.0
Mo content (ppm) 0 24 79 155 233
KV @ 40°C (mm?/s) 38.84 41.38 40.53 40.87  40.36
KV @ 100°C (mm?/s) 6.477 6.752 6.695 6.728 6.684
VI 119 119 121 120 121

WSD (mm) 0.45 059 068 068 052
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1 , RN 5.-""'-; \‘*
Fig 4.7 Wear cuive of bler n’:T oil formulation'nos 36, 39 and 42
- N,

- '\ W\
Fig 4.7 showed tha d of the alkyl group of MEs was not
' -\.‘ yl group was slightly affected

up displayed lower WSD than ME

significant on wear property,
on wear property of MEs. |
with C8 alkyl group.
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CHAPTER YV

CONCLUSION AND RECOMMENDATION

51  Conclusion

The ME at the ratio of oleic acid/DEA/NH;Mo 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™. The blended oil containing base 0il (Yubase-4) and the ME from reaction no 5
provided satisfied antiweai property with reduced WSD via Four-ball wear test.
However, the blended-oil was inhomogenepus within an hour. The dispersants added
to blended oil could improve siability-of ;)Iended oil. The ratio of ME/Lubrizol 6404/
Viscoplex 1-330/base 0il150SI\ as 1/10/Q.3788.7 showed homogeneous solution after
a week at ambient condition. This formula;tion behaves a good wear trend increasing
with amount of ME. This IS perhaps thejafdiﬂsp_ersants are interfere with the ME to
adsorb on metal surface. The double bond oi_all&l group of ME was not significant on
wear property. The_length of-aklkyl grou’b"-’bf'ME was_slightly affected on wear
property, ME with C18-atkyl-group-showed-towerWSD-than that containing C8 alkyl

group.

52  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.



[1]

[2]

3]

[4]

[5]

[6]

[7]

[8]

REFERENCES

Finance, Ministry. Thai customs department. Import statistics anti-knock

preparations, oxidation inhibitors, gum inhibitors, viscosity improvers, anti-

corrosive preparations and other prepared additives, for mineral oils(including

gasoline) or for other liquids used for the same purposes as mineral oils.
[Online]. 2010. Available from:
http://www.customs.ge.th/Statistic/SiatisiicResult2550.jsp?page=5&stat Type=
import&month=12&year=2010&productCodeCheck=Y &productCode=3811
&countryCheck=nuli€Ccetintry=[2011, February 10"

Muraki, M., and Wada, H. Influence of the alkyl group of zinc

dialkyldithiophosphate™ en -the frictional characteristics of molybdenum
dialkyldithiocarbamate under sliding conditions Tribology International 35
(December 2002): 857-863. _

Khonsari, M., and Booser,. E.R. Aﬁgﬁed tribology bearing design and
lubrication. 2" ed. Ghichester, Engiéh'd;|Wiley, 2008.

Rudnick, L.R. Lubricant additives chemisiry and applications. New York, USA:
Marcel Dekker, 2003. P

de Barros’Bouchet, M.1., Martin, J.M., Le-Mogne, T ., and Vacher, B. Boundary

lubrication mechanisms of carbon coatings by MoDTC and ZDDP additives
Tribology International 38 (March 2005): 257-264.

Huang, W., Du, C., Li, Zi; Liu, M:, and Liu, W. Tribological characteristics of
magnesium alloy using N-containing compounds as lubricating additives
during stiding Wear,260 (January 2006); 140<148;

Hua, J.Q., Wei, X.Y.,"Yao, J.B., Han, L., and Zong, Z.M. Evaluation of
molybdate ester as a synergist for Arylamine antioxidant in lubricants.
Tribology International 39 (November 2006): 1469-1473.

Hua, J.Q., Wei, X.Y., Dai, G.L., Fei, Y.W., Xie, F., and Zong, Z.M.
Tribological behaviors and mechanism of sulfur- and phosphorus-free organic

molybdate ester with zinc dialkyldithiophosphate Tribology International 41
(June 2008): 549-555.




36

[9] Chase, K.J., Demassa, J.M., Stunkel, B.W., and Mazzamaro, G.A. Novel
molybdenum compounds. United States Patent Application Publication
US2008/0220999A1 (Septemper 2008): 1-8.

[10] American petroleum institute. Appendix E-API base oil interchangeability

quidelines for passenger car motor oils and diesel engine oils. [Online]. 2009.

Available from :
http://docs.google.com/viewer?a=v&q=cache:Z2VBWaUanH0J:www.api.org/
certifications/engineoil/pubs/upload/AppE-REV-07-07-

09.pdf+api+base+oil &hl=th&gl=th&pid=bl&srcid=ADGEESj57n1dRhEw;jB
wgDAT7jW20Q- 7

XW7MnS1IRcArumChEXRY NMWOEzZCmKelpBQB1IHYNnLyfO-
ZT4tlIKKinlds-tkd3vIMSg: RudxihtQbH7X3XUWCzM-YWB86A-
ngSq9BJW802QEmdS&sig:AHIEtbRimC9zTngVPSOUVanKTKXuv-
Agg&pli=1 [2010; January 14%) —



AULINENINYINS
AR TN TN



38

Appendix A

The appearance of synthesized molybdate esters

Table A-1 The appearance of synthesized molybdate esters

Step 11

evaporated Finished

_ )
Re‘;’]‘f)g"’” Initial @“ |
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Appendix B

API base oil categories

Table B-1 API base oil categories [10]

= ‘ l"‘ —

Base oil ... % Saturat ﬂ Vi

Group | /A,ﬂ LS00 ,\\ 80-119

Group II /A’i &‘\\ 0,03 80-119
Group 1l o / /290 \\m >120

Group IV l ‘u' »,\ PAO)

Group Vv lw s l. , AL 1 or V.

fé;,——.ffd
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Appendix C

Four-ball wear data

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

i < P Ball nos

QD ’\3 m _E ol

3 28 33

° 2 S © o

o - =,

S o
= =}

0.1 1
0.3 1

-

o

=

3

=3

=

o

>

>

o

w

[{e]
0.6 1

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

Ball nos
2

Replication
no

ME content
(%wt)

Sample

0.0

150SN Stock

0.0

0.1

@
o

Formulation no 36

©
o

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

Ball nos
2

Replication
no

ME content
(%wt)

Sample

0.1

@
o

©
o

Formulation no 42

<
—
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Table C-4 Four-ball wear of formulation no 42 replication no 2

Ball nos
2

Replication
no

Synthesized
content
(Yowt)

Sample

0.1

@
o

Formulation no 42

©
o

<
-




Appendix D

%0 Yield calculation

Table D-1 Molecular weight of chemicals

\ / Molecular weight
g/mol
=—

105.14

AS4 -

Formulation D-1 %YEId calcu

e ﬂ“%ﬁw PR )7 T

45

F”“*TWDT ﬁﬁﬂﬁfmyﬁﬁﬁ”ﬂewmﬁﬁd o

%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.

Mean Data
ID:  Calib Blank 1

Sample Qty
Analyte

Ag 328.068
Al 396.153
B 249.677
Ba 233.527
Ca 317.933
Cd 228.802
Cr 267.716
Cu 327.393
Fe 238.204
Mg 285.213
Mn 257.610
Mo 202.031
Na 589.502
Ni 231.604
P 213.617
Pb 220.353

5i 251.611

AiS 1

s Date:  2000/07/29

Corr. Intensity Std. Dev. Sample RSD
13283 038 %
13,2956 0.68 %
1,519.0 8.20 %
236.8 157 %
30272 1.05 %
836 10.59 %
57 293.56 %
450.1 6.34 %
61.9 1841 %
306.5 5.85 %
5282 822 %
63.0 % L [e——— i —— 605 %
?0,0?3_4 : 118 %
1.378.1 . [0.00] 21.02 ppm 153 %
11.7 439 3753 %
Auinenifieans -
[0.00] 19 30 124 %

i?if@ﬁ’iaﬁﬂﬁfuﬁﬁ’mﬂmaﬂ o

'V 200.880

Zn 206.200

[0.00] 17.38 266.56 %

20.6 [0.00] 1.05 pom 5.00 %



Mean Data
ID: STD

Sample Qty
Analyte

Co 228.616
Ag 328.068
Al 396.153

B 249.677

Ba 233.527

Ca 317.933
Cd 228.802
Cr 267.716
Cu 327.303
Fe 238.204
Mg 285.213
Mn 257.610
Mo 202.031
Na 580.502
Ni 231.604
P 213.617
Ph 220.353
Si 251.611
Sn 189.027
Ti 334.940
V 200.880

Zn 206.200

Seq. No.: 7
g Prep. Vol.: Dilution: :
Corr. Intensity Conc (Calib) Std. Dev.  Calib Units Conc (Sample)
253285 14.84 3400 mgL
088,537.7 [20.3674] 1.369.13 ppm
3251064 [20.3674] 993.54 ppm
110,183.3 [20.3674] 35801 ppm

102.778.5 [20.3674]

504,010.3
60.040.3
275.096.2
738,687.2
114,402.7
1.187.564.2
1.256.084.2
63322
788,103.2
36,561.0
27211
2,801.2
155.304.6
853.8

3.746.656.5

389.786.1 [20.3674]

14 3?5 ¢ 203674 3222

923.30 Ppm

VIEWI?ﬁEJ’]ﬂ‘i

AiS

Date:

Std. Dev.

ammnimum'mmaﬂ

2

2000/07/29
Sample

47

RSD
0.14 %

0.14 %
0.31%
033 %

0.51 %

0.60 %
0.20 %
0.69 %
023 %
047 %
0.20 %
0.34 %
042 %
0.76 %
0.40%
0.26 %
0.00 %
013 %
0.52 %
0.17 %
0.24 %

0.22 %
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Mean Data

ID:  STD Seq. No.: 8 AIS

Sample Gty 123 g Prep. Vol.: 3008 Dilution: : Date:  2009/07/29
Analyte Corr. Intensity Conc (Calib) Std. Dev.  Calib Units Conc (Sample) Std. Dev. Sample RSD
Co 228.616 248072 14.54 0.077 mgL mgL 0.53 %
Ag 328.068 1,003.616.4 20.68 0.126 ppm 507.6 3.00 ppm 0.61 %
Al 396.153 320,045.0 2061 0.153 ppm 506.1 375 ppm 0.74 %
B 249.677 111,040.0 2053 0.181 ppm 5039 445 ppm 0.88 %
Ba 233.527 103,273.9 2047 5024 1.95 ppm 0.30%
Ca 317.933 505,808.5 2.63 ppm 0.52 %
Cd 228.802 60,693.2 1.03 ppm 0.20 %
Cr 267.716 276.,832.1 2.65 ppm 0.53 %
Cu 327.393 750,578 4 334 ppm 0.66 %
Fe 238.204 1155442 r .06 \ i 4. 1.70 ppm 0.34 %
Mg 285.213 1,196.298.2 2.62 ppm 0.52 %
Mn 257.610 1,267.575.0 1.62 ppm 0.32%
Mo 202.031 63633 122 ppm 0.24 %
Na 580.502 7977779 6.31 ppm 125%
Ni 231.604 36.853.7 2.60 ppm 0.52 %
P 213.617 27623 507.6 032 ppm 0.06 %
Pb 220.353 2.801.7 500.1 232 ppm 0.46 %
Si251.611 157,182 ‘1 1381 ppm 0.36 %
Sn 189.927 8448 4.00 ppm 0.83 %
Ti 334.940 3.787.380.6 208 ppm 041 %

'V 290.880 3939180 2058 176 ppm 0.35%

TR GMenRYias T T
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Mean Data
ID: Rxl

Sample Qty
Analyte

Co 228.616
Ag 328.068
Al 396.153
B 249.677
Ba 233.527
Ca 317.933
Cd 228.802
Cr 267.716
Cu 327.303
Fe 238.204
Mg 285.213
Mn 257.610
Mo 202.031
Na 589.592
Ni 231.604
P 213.617

Pb 220.353

51 251.611
Sn 189.927
Ti 334.940
V 200.880

Zn 206.200

Seq. No.: 13
013¢g Prep. Vol.: 11.79 Dilution: :
Corr. Intensity Conc (Calib) Std. Dev.  Calib Units Conc (Sample)
26,3975 15.47 0.078 mg/L
-1,096.9 -0.023 0.0010 ppm -2.054
55,0211 3447 0.0060 ppm 3133
-2,0373 -0.543 0.0131 ppm -40.35

-64.7 -0.013
53101
4403
385
13251
-1.561.8
20505
-508.2
552112
215216
3491
1764

-872 X Jald Tpm -57.62

7.0423
' il

59

8509

-0315 -0.049 0.0009 ppm

Aue Thenineing~
AN TUNN NN Y

AIS
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Date:  2009/07/29

Std. Dev.

0.0015

1.195

0.0929

0.218

0.203

0.1405

0.0741

0373

0.0512

0.0066

388

1.978

1272

324

5.606

0.203

19.456

0.0105

0.0854

Sample
mg/L

ppm

ppm
ppm

ppm

ppm

ppm

ppm

ppm

RSD
0.51 %

445 %

0.18 %

242%

797 %

132%

146 %

3436 %

223 %

148 %

150 %

0.75 %

0.24%

30 %

7.20 %

270 %

0.80 %

0.24 %

153.03 %

248 %

193 %

12.04 %
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Mean Data
ID: STD Seq. No.: 15 AIS
Sample Qty 123¢g Prep. Vol.: 30.08 Dilution: ! Date:  2009/07/20
Analyte Corr. Intensity Conc (Calib) Std. Dev.  Calib Units Conc (Sample) Std. Dev. Sample RSD
Co 228.616 23,2458 13.62 0.071 mg/L mg/L 0.52%
Ag 328.068 1.066,091.6 2197 0.128 ppm 5392 3.14 ppm 0.58 %
A1396.153 3576024 2241 0.117 ppm 550.1 286 ppm 0.52%
B 249.677 73.427.0 13.57 0.206 ppm 1332 507 ppm 152%
Ba 233.527 1031012 2045 ppm 502.0 1.05 ppm 021%
Ca 317.933 508.041.0 2051 : - 5034 441 ppm 088 %
Cd 228.802 62,6772 522.0 147 ppm 028 %
Cr 267.716 280.093 4 2.04 ppm 040 %
Cu 327.303 808.691.3 3.08 ppm 0.56 %
Fe 238.204 117,227.2 0.63 ppm 0.12%
Mg 283.213 1,250,574.0 1.01 ppm 0.36%
Mn 257.610 1,296,581.0 248 ppm 048 %
Mo 202.031 64652 277 ppm 0.54 %
Na 580.502 903,671.9 6.01 ppm 1.05%
Ni 231.604 36,0203 i 1o 1y g 048 ppm 0.09 %
wepaly
P 213.617 2.806.6 A A70.088 \ . 1.08 ppm 038%
Pb 220.353 27526 0.01 E‘g.: w : 4013 256 ppm 0.52%
$i251.611 163,400.1 21,60k ot ' 2.19 ppm 041 %
Sn189.927 8226 _ ' 6.57 ppm 136%
Ti 334.940 3,95?,?7§ L N iy . 1.18 ppm 022%
V 200.880 405.162.6 :I 21. 1 w 021 ppm 0.04 %
Zn 206.200 143196 20.06 0.004 ppm 4025 230 ppm 047 %
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