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Abstract:

The mechanism of insoluble gel formation in hydrocarbon basestock lubricating oil contaminated with
sunflower oil was studied in a laboratory apparatus simulating the conditions of a diesel engine
crankcase. Two distinct and separate phases formed within the system when using basestock oil as the
lubricating substrate - a solid insoluble gel phase and a supernatant liquid phase.

The research was conducted to understand and characterize the physical and chemical differences
between polymer species contributing to viscosity and those contributing to insoluble gel. Addition
polymerization was known to yield viscosity rise at conditions of this work. A theory was developed
which hypothesized simultaneous oxidation of addition polymers in basestock oil to yield more polar
compounds which formed the separate gel phase.

Experiments supported the polar gel theory. Attempts to homogenize or disperse the gel in basestock or
commercial lube oils failed to show similarity to the physical behavior of non-gel addition polymers.
Infrared spectroscopy also showed that gel contained more carbonyl groups than pure sunflower oil or
addition polymerized sunflower oil.

Antioxidant and free radical initiator trials indicated gel was chemically different from addition
polymerized sunflower oil, with the presence of oxygen being key to gel formation. A long chain
amine was successful in preventing gel formation. When the acidic addition polymers were converted
to less polar amides, the oil mixture remained a single phase. These results generally confirm that the
polymers resulting from addition polymerization are polarized by oxidation to form the separate gel
phase.
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ABSTRACT

The mechanism of insoluble gel formation in hydrocarbon
basestock lubricating o0il contaminated with sunflower oil
was studied in a  laboratory apparatus simulating the
conditions of a diesel engine crankcase. Two distinct and
separate phases formed within the system when using
basestock o0il as the 1lubricating ' substrate - a solid
insoluble gel phase and a supernatant liquid phase.

The research . was conducted to understand and
characterize the physical and 'chemical differences between
polymer species contributing to viscosity: and " those
contributing to insoluble gel. Addition polymerization was’
known to yield viscosity rise at conditions of this work. - A
theory was developed: which hypothesized simultaneous
oxidation of addition .polymers in basestock o0il to yield
more polar compounds which formed the separate gel phase.

Experiments supported the polar gel theory. Attempts to
homogenize or disperse the gel 1in basestock or commercial
lube o0ils failed to show similarity to the physical behavior
of non-gel addition .polymers. Infrared spectroscopy also
showed that gel contained more carbonyl groups than pure
sunflower oil or addition polymerized sunflower oil.

Antioxidant and free radical initiator trials indicated
gel was chemically different from addition polymerized
sunflower .0il, with the presence of oxygen being key to gel
formation. A long chain amine was successful in preventing
gel formation. When the acidic addition polymers were
converted to less polar amides, the oil mixture remained a
single phase. These results generally  confirm that the
polymers resulting from addition polymerization are
polarized by oxidation to form the separate gel phase.




INTRODUCTION.

Recently, fuel costs have declined, but an increased

awareness that the supplj of pettoleum-based fueié is finite

has sparked,interest'in finding new sources of motor fuels.

Vegetable oils as' alternate diesel- ehgine fuels have

received modest interest for several decades tl] . However,

economic factors have favored the 'uge of petféleumfbased
fueis'[Z] . - - -

The use of vegetable oils as fuels for diesel engines is’
not a new concept. As far back as 1912, Rudolf Diéséi, the
inventor of the diesel engine, tried usihg vege#;bie oils as
diesel fuels, but eéonomics and 'design never favored‘their
use £33 . - |

The development of the diesel engine has‘been based on
the availability of petroleum—dérived diesel fuei which in
turn has been tailored to meet the needé of thé curreﬁt
engines. During this period, a wealth of empirical
knowledge has been developed 'thét servés,‘és‘the dafa base
for the current diesél fuel specificafions [4] n

Two principle problems hgye been identified wifh usi@g‘
vegetable oilé diréctly as diesel fuelg: 1) vegétable‘qiis

form carbon deposits inside the combustion chambers of -
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direct injection engines and 2) vegetable oils carried ;qto
the crankcase polymerize 1in the lubriceting oil. -The
thickened 0il mixture plugs the oil filter, causes oil ring
sticking and plugs orifices leading inte and out of the
crankcase. These» problems c&n cause eventual engine
failure. The .above problems are reiated te the chemical
structure differences betweeﬁ vegetableloils and dieselufuel
€51 |

Positive aspects of vegetable oils .as fuels are: 1)
natural state is 1liquid and hence easily transported, Zf
heat content is comparable to diesel fuel, 3) éotential
widespread availability and 4) renewability as resources
€61 . | o -

Studies have been performed on transesterification and
decarboxylation of the _veéetable oils for fuel pqrposee,
either of which »increases cost. 'Direct Qse ef mipimaliy
precessed vegetable' oile should ‘ﬁetmit on-farm preeeseing_
and minimize costs £5,7,8,93 . | |

This research 1is part of 'continﬁing wotk at this
laboratory. Previous workers confirﬁed‘that lubricatiqn oil
thickens due. to‘e vegetable oil contaminatien. This
thickening may . cause Ven unacceptable ‘viscosity rise
10,111,123 . These workers developed a set of standard
. conditions consisting of :vatiables' known .tq strongly

influence the thickening of lubricatihg 0oil due to veqeteble




0il contamination.

The factors considered in develpping the standard
-conditions were femperature, chemiéél environment 'ahd
catalysts. Rewolinski [102 chose 150 C as the standard
temperature because 150 C 1is a rough aﬁerdge temperature
encounteied‘by the oil as it travelslthrbﬁgh‘the cpankc&ée
and engine combustion afeas. Rewoiinski alsb_showed
viscosity rise due to vegetable oii polymeriiationvwas
strongly influenced by the preéence‘ of ijgen;” In a
standard exposure oxygen was percolated thréu@h test oil
mixtures. As oxygeﬁ fiow' rate increésed, tﬁé  r§te of
viscosity rise iﬁcreased. The presence of‘nitrogen did not
affect viscosity rise. Standard conditions ‘include an
oxygen flow rate of 2.0 ml)sec. .Rewoliﬁski also
investigated . the effects of‘ Qaryinq Qégetable Qil
concentration. As veéetable oil cbncentration'inc;eased,
the rate of viscosity rise increased. | To get'a medsuraﬁle
viscosity rise in a reasonable period of tiﬁe} standard
conditions include 5.0 weight perceﬁt Sunflowér Qil in the
lubricating oil. | " R

Jette’s research [C1l13 focussed on the role of copper
catalyst in tﬁe system. . Copper 1is a éommon enginé wear
metal, and Rewolinski had. determinéd copper was é mdre

imporfant polymerization catalyst than iron. Jette went on
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to determine that soluble copper was the most important
catalyst form. He wused copper foil and observed that
viscosity rise increased with increased coppéé foil aréa.
As a result of this combined research, a 2 cm x 5 ém'copper
foil strip 1is present 1in the "standard conditions. To
control the amount of metal present in the sysfem; all of
the equipment in contact with the oilvmixtufe is-glass.
Lubrication oil thickening may be reduced by changing

the engine design or perhaps by changing the chemical make-'
up of the lubricatind oil. Engine design modificétions are
costly; therefore, alteration of the lubrication oil is more
feasible [£133 . Extensive work_h&s been done on lubricatihg
oils and conventional diesel fuel systems where system-
specific antioxidants, dispersants and mefal deactivators
have been developed. There is a need to explore tﬁese areas
with vegetable o0il fuels.

 The equipment used at this 1laboratory simulates the
environment of a crankcase. Variables such as”amount of
copper, oxygen flow rate, amouht of sunflqﬁer 0il and
temperature can be controlled fo a greater degree than in an
actual engine. Simulation also allows for repeated tests in
the same apparatus as well as avoiding the recurring.costs
of replacing expensive engines upbn their failure; |

The use of hydrocarbon basestock as the lubricating oil

substrate is desirable if a complete understénding of the
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contamingted system chemistgy is sought. This 1s due to the
unknoﬁn‘cheﬁical ﬁature' of the~.additive éackagé iﬁ the
commerCiai lube oil.”'v o . .

Dutta €123 attemptgd to use hydrocarbon basestock
contaminated with 5.0 weight percent sunflower ‘oil and
encountered the formation " of two distinct phases. A gel
formed as the sunflower o0il polymerized, and this gei
precipitated out as a separate phase. l V;sgésity
measurements to quantify pqumerizétion became meaningless
for this two-phase system. Measuring viscosity was ﬁot the
only problem Dutta encountered. He also discoveféd thé
amount of gel formed was difficult to quantify-becaqse the
gel was swollen with 1lubricating 'éil. Until the
mechanism(s) of gel formation in the current lubricating oil
system is understood, visébsity measurements as a methqd to
quantify polymerization of sunfloyef' oil in baseétock oil

are meaningless.




RESEARCH OBJECTIVES

This research was conducted to understand the
mechanism(s) of contaminant vegetable oil polymerization in
a lubrication oil system. A primary goal was t§ unde;étand
the chemical nature of gel precipitafion versus viscosity
formation as vegetable oil polymerizatibn 6ccurs 'in the
given system. o

A further objective was to be able to wutilize the

. hydrocarbon basestock lubricating oil 1in future studies so

the impact of upknown chemical additives is eliminated. ‘To
accomplish this objective, the formafion' of insoluble'ggl
mqst be sharply minimized. As . the chemist;y of fhe_system
is understood, gel forﬁation and viséoéify risé  may be

eliminated by future research findings.




THEORY

The éresence of oxygen 1in a diesel lubrication system
contaminated with vegetable o0il may produée a ﬁariety of
chemical reactions. One of these reactions is‘oxidative
polymerization where oxygen interacts with the double bonds
of vegetable oils to inifiate the formation of addition
polymers. ther oxidation reactions méy occur when oxygen
cleaves a vegetable o0il double bond to form aldehydes or
acids. Ketones can also be formed without double‘bond
cleavage. The possible reactions of Yegetable oils and

oxygen will be discussed in the following sections.

Oxidative Polymerization

Current diesel fuels are petroleum—derived and are
chemically different from vegetabie ‘oiis. Diesel fuel
contains hydrocarbons which are arranged in straight or
branched chains. It 15 usualiy paraffinic in nature{ but
may contain some aromatics. ‘ Vegetabie oils, on the other
hand, are water—insgluble, hydrophopic tfiglycerides

(glycerol esters of fatty acids). A vegetabie oil
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triglyceride is approximately three times larger than a
typical diesel fuél component [14]'.
Vegetable 0il can be thought of as a reaction product Qf

glycerol and fatty acids.

?HZ—OH HOOC—R1 ' CHZ—OOCB1
?H-OH + HOOC-R2 ----> 3HOH + ?H-OOCR2
CHZ—OH HOOC—R3 CHZ—OOCR3
Glycerol Fatty Acids Water A Triglyceride

In the above reaction scheme, Rl' R2 and R3 symbolize the
even numbered hydrocarbon chains of fatty acids that are

usually 16 to 22 carbons in length. The size of R R, and

17 72
R3 may vary depending upon the particular vegetable oil.
They are typically different in chain léngth and number of
double bonds. The degree of unsaturation of one
triglyceride molecule can vary from 2zero to nine double
bonds. The molecular weight of a typical trigiyqeride
molecule is 750 to 1000. The fatty acids contribute roughly
95% of the total weight of the molecule and infiuence both
the physical and chemical properties ;of the veéetable oils
£143 . |

The current research 1is using sunflower o0il as the
contaminant vegetable oil in tﬁe simulafed _lubricating

system. Sunflower o0il‘’s primary unsaturated fatty acid

‘constituents are oleic, linbleic and 1linolenic. An oleic
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fatty acid is an eighteen—cafbon fatty acid with one double
bond while linoleic has . two dbuble bonds and linolenic has
three double bonds £143 . Compositions of typical sunflower

molecules are shown in the following table.

Table 1: Fatty Acid Distribution in Sunflower 0il

Fatty Acid Sunf lower 1% Sunf lower 2*5
Palmitic 6.0 6.4
Stearic 4.2 4.2
Oleic 18.7 2309
Linoleic | 69.3 61.4
Linolenic 0.3 3.0

Eicosenoic 0.1 —_——

AKaufman and Ziejewski C153
AAxPeterson, Wagner and Auld C131

The double bonds in the sunflower oil may be attacked by
oxygen. This process is sometimes referred. to as
autoxidation  because the oxidation méchanism is
autocatalytic. When vegetable .oils " are autoxidized, the
result is addition polyﬁerization which oééuré by a free

radical, hydroperoxide mechanism {141 .
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Oxidativé polymerization of vegetable o0il occurs as
describéd below C161 .

1. The initiation of the oxidative chain reaction is
preceded by an induction period which has been attributed
to the presence of natural antioxidanté. There are n6
detectable changes in the vegetable o0il physical or chemical
properties. - The induction period may be eliminated by
adding a small quantity of a hydroperoxide. '

2. The double bonds are directlf attacked by oxygen,
and hydroperoxides are formed. As oxygen is consumgd, the
polymerization reaction may be detected. ‘ |

3. The hydroperoxides decompose to free radicals. The
decomposition of these hydroperoxides causes the reaction to
becbme autocatalytic.

4. High molecular weight, cross-linked pqumers are
formed by polymerization, and scission reactions yield low
moleéular weight compounds such as Cafbonyls and hydroxys.

Thé initiation of the radical chéin reaction is a
controversial topic. The autoxidation of vegetable o;ls was
first thought to consist of an initial attack on'the double
bonds of the unsaturated fatty acids to form cyclic
peroxides L1731 . This reaction is depicted below.-.

“CH,-CH-CH- + 0, --=-) -CH,~CH-CH- |
0—0
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Later work showed the initial products tq contain
noncyclic, alpha-methylenic hydroperoxides with the‘doqble
"~ bonds still intact tlB] . If the double bond were.stili
intact, this would imply the' alpha—mgthylenic carbon-.
hydrogen bond was broken. -'This' bond' has a strength of 80
kcal/mole. Since éhere is 1little available energy to bféék
this relatively strong bond, investigators have conciuded
the oxygen directly attacks. the carbon-carbon double bond
£19,20,21,223 | |

Only a few of the carbon-carbon double bonds need be
attacked to produce hydrope?oxides. voﬁce forméd; even in
trace amounts, hydroperoxi@es.cén act as cafalysts.v At this
point, it should be mentioned thaf the initiation of
autoxidation may be due to metal catalysts since most fatty
esters contain metal [23,243 . | o

Hydroperoxides are formed by oxidative attack at the
carbon-carbon double bond. As the oxygen attacks the double
bond, the.electrons rearrange in such a manner thaf‘the
double bond is shifted. This shifting is oftén refétred to
as conjugation [20,21] . | |

. =CH,~CH=CH- -——f>—CH=CH—?H
OOH ‘

Hydroperoxides may decompose by, severql 'meéhanisms. @hen'

hydroperoxides decompose, ‘the following groups can be
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produced: tertiary radicals, hydroxyl radicals, carbonyls
and .a' cafbon—carbon cleavage.' The hﬁdrqpefoxidés may

decompose to“ form free radicals in the foilowing nanner

£191 .
ROOH ----> RO* + HOo
ROO + HOOR —-¥-> ROO....HOOR ----> HOH + RO- + ROO*
; h |

The mechanism of chain propagation is agreed upon arong
invéstigators £2531 . The . initiatioﬁ prqducﬁé .may be
oxidized or may combine with another hydrocarbqn to prodqce
the following reactions. | |

Re + 02 —-————) R06°
ROOec + RH ----> ROOH + Ro

Terminétion reactions generally consume free radicals
and often yield polymeré. Some of these reactioﬁs a;e shown
below [19,251 . | | | |

ROO< + ROO° ----> ROOR + 0,

ROO® + oOH ----> ROH + 0,
Re + Re ----)> R-R

R0OO° + Re ~----> ROOR
Free radicals may also attack carbon-carbon double bonds

and produce larger hydrocarbon free radicéls £19,253 .

'HH - R
| | |-
Re + -C=C- ---==) -CH-CH-
H H 0OR

| 1 |
ROO¢ + -C=C-  ----) -CH-CH-
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The following general scheme describes oxidative attack
of the double bond, formation of hydroperoxides,
hydroperoxide decomposition, chain reactions and termination

reactions [19,24]

—-CH2-CH=CH-
2
-CH2-CH-CH-
|
00-
-CH2-CH=CH-
Y
-CH--CH-CH + CH-CH=CH-
|
OOH
-CH--CH=CH- 5
-CHO-CHO-CH- + -CH-CH=CH- -CH=CH-CH- + H» -CH-CH=CH-
|
m I ® I
chain chain chain

reaction reaction reaction
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Each of the radicals may réact with a variety compounds
[19,251 . These are detailed below. |
" Radical (2) may react with a carbon-carbon double bond
and polymerize to form anéther fadical. This is the p?imary
polymerization pathway. ' N
-CH=CH—6H— + -CH,-CH=CH- ----> -CHZ—EH-CH—
—cu;cﬁféﬂ—
Radical (4) has the capability to aétack a carbon-carbon
double bond to produce polymer ‘préduéts and continue the

chain reaction.

~CH=CH-CH- + ~CH,-CH=CH- SN —CH=CH—?H-
000 0
}
1

~CH,,-CH~CH-

Radical (2) may also combine with Radical (45 and

polymerize to a nonradical polymer.

o‘
-CH-CH=CH- + ~CH=CH-?H— === -CH=CH-?H-
00-° 0
|
0
I
-CH=CH-CH-

Two Radical (2)’'s may polymerize to a nonradicalA
polymer. | .
(4] -]
-CH~-CH=CH- + -CH-CH=CH- ----> -CH=CH-CH-

I
~CH=CH-CH-




15

Two Radical (4)‘'s may polymerize.

—CH=CH—?H- + —CH=CH—?H- e —CH=CH—?H— + 0,
00 ¢ 00 o 0
I
0
|
-CH=CH-CH-

Another way to visualize Radical (2) or (4) attacking a

carbon-carbon double bond is shown below [251 .

A S
Re + -f=?- ————— > R-f—?o ————— > Higher polymers
RiR; RiR,
H H H H
| | 11
ROO-= + —f=?— ————— > ROO—?—?O ————— > Higher polymers
RiR, RiRy

This predominant polymerization pathway to higher polymers

is known as vinyl polymerization.

Other Oxidation Reactions

Besides oxidativé polymerization, there exist other
oxidation mechanisms. The double bonds in the sunfiower oil
can also be homolytically cleaved bf oxygen.~ When oxygen
cleaves the double bond, the alkene moleeule is connerted
into two emaller molecules [£263 N | o

The products of eleavage each contain a carbon—oxygen
double bond with the oxygens attached to the carbons present
in the original carbon-carbon double bond [27] .
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0

2
—CHZ-?=?—CH2— -—j-> —CHZ-C=0 + 0=?-CH2—
H H ’ H
alkene aldehydes

Aldehydes'mﬁy also be formed without cleavage of the
carbon-carbon double bond. If a hydrocarbén molecule
contains a terminal double bond, thishbond may be attacked;
and an aldehyde may be formed [263 | ' |

0 0

2 I
. R-CH=CH2 -——> R-CHZ-CfH
Oxygen may open the hydrocarbon chain (without cleavage

of the double bond) in the following manner to fbrm ketones

C£26,273 .

0, |
~C=C-CH,-C=C- ----> fCHz-C—CHZ-C=C-
| | || "1
HH H H 0 HH

Aldehydes can undergo further oxidation with extreme
ease. They are readily converted to carboxylic acids by
copper and heat £263 . |
02

RCHO ----> RCOOH

aldehyde carboxylic acid

Another mechanism by which aldehydes' are converted to

carboxylic acids and alcohols may be £26,271
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I s i
R-C-H + R-CH=CH-CH- ----)> R—?—O—OH —---) R-C-OH + ROH
OOH R '

Aldehydes may undergo autoxidation 1in a ménner similar
to that of hydrocarbons. Hydroperoxide radicals act as the

chain carriers, and the products can be acids £283 .

©
RCHO + R* ----> RCO + R'H
<]
RCO + 0, ----> RC03°
-]
RCO5° + RCHO ----> RCO4H + RCO
RC03H + RC03H ====> RCOZH +_RC023 + 0,
The mechanism for these reactions may be as follows:
0 0 |
4 o |
R-C-H + R’ ----> R-C° + R'H
}o,
0 0 0 0
I | | Il
R-C-0-0°¢ + RCH ----> RCe° + RC-00H
0 0 0" 0 |
[ il | i
RC-00H + RC-O0H ----> RC-OH + RC-OH + 02

A molecule of oxygeh ig regenerated, and two.acidg are
produced. Acids are generally the terminal oxidation
pathway products. | | | -
Oxidation of ketones requires bfeaking carbon-cgrbqn
bonds, and from a thermodynamic viewﬁoint takes place only
.under severe conditions. If'conditiong e#is; ﬁhere cleaﬁage
can take place, ketones are cleaved on either Sidenof tﬁe

carbonyl group to yield a mixture of carboxylic acids L2613 .
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Both aldehydes and ketones contain the carbonyl group,
C=0 and are téfetred to'as catbony} compounds. The carbonyl
group plays an important role in detefﬁining the'chgmistry
of aldehydes gnd ketones. n |

The darbonyi ‘group provides 'a site for nucleophilic
ad&ition and increases the acidity of the hydrogen atoms
attached fo the alpha carbon. | Both these effects are
consistent with the structure of the carbonyl group [26,271.

The carbonyl group contains a carbon—éxygen doublé bond.
The pi electrons pull strongly toward oxygen and make
carbonyl carbon electron-deficient | and carbonyl oxygen
electgon—ribh. Because the carbonyl group is flat, it is
susceptible to unhindered approach from above 6r below.
Appro&ch is perpendicular to the .piane of the group. Since
the polarized carbonyl group is accessible, .ip is highly
reactive 26,271 -

Because aldehydes and ketones both contain the carbonyl
.group, they resemble \each other closely in mdst of their
properties. An aldehyde has a tﬁrbon and a hydrogen atom
attached to the carbonyl 'group while thefe are two Earbqns
attached to the carbonyl group of ketones. This differen;e
in structure affects their properties iﬁ two wa&s:_ (a)
aldehydes are easily oxidized, whereas ketones are oxidized
only with difficulty; (Db) aldehydes are uéuallf more

reactive than ketones toward nucleophilic addition.
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Nucleophilic addition is the characteristic reaction of
carbonyl compounds [26,273 '

Aldehydes, ketones and carboxylic acids are polar in
nature. Once formed, they may not be soluble in nonpolar
solvents because polar groups .tend to associate with
themselves more readily than with the solvent; These groups
hydrogen bond, and precipitation or phase sépafation'may
occur as they form in a system. - |

For example, carboxylic acid molecules are‘polat and can
form hydrogen bonds with each other{. Two carbokylié acids

can strongly hydrogén bond in the following manner: [263

0-H---0
V4 \
R-C C-R
N\ 4
0---H-0

In this .case, the carboxylic acid molecules are held
ﬁogether by two hydrogen bonds. Carboxylic acidg readily
hydrogen bond in hydrocarbon solvents. Once hydrogen
bonded, they are less 1likely té react Qith othe; phémic#l
species in the system. . |
Carboxylic acids were given their name because their
most characteristic property ié aci&itg. The‘hydroxyl group'
of an acid can be replaced by NHR”té yield amideéi‘ Amides
are functional derivatives of acids and contain the carbonyl
group. Amides undergo hydrolfsis to revert to acids and

amines [£26,273 .
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Formation of amides involves cleavage of the C-OH bond

of the acid: (261

0 0
A 4
R-C_ . + NH,R ---=> R-C + H,0
- \
oH NHR

Anhydfides and esters are also functional derivatives of
carboxylic acids. The hydroxyl group is replaced by OOCR or
OR’ respectively (26,271 - '

0 ' 0
V4 4
R-C R-C
\
0 OR’
/
R-C
A\
0
anhydride ester

The presence of the carbonyl group makes these latter groups
polar £273 .

As the number of carbonyl species in a nonpolar system
increases, they may precipitate or form a Separate liquid
phase. If the acidic species could be ;eacted with a long
chain amine, the resulting amide should bé less pdlar and
remain soluble in a nonpolar system. If enougﬁ 6f the acids
became long chain amides, oxidized triglycerides .miéht
remain in solution in a nonpolér oil éolvent. |

Amides can be derived from acids, esters and anhydpidés.

Some examples are shown on the following page LC273
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0
I : Il
R-C-OH + RNH, --> R-C-NHR + H,0
0 0
- f
R-C-OR’ + RNH, ----> R-C-NHR + R’OH
0 0 0 0
il Il Il
R-C-0-C-R + RNH, ----> R-C-NHR + HO-C-R

Sunflower o0il consists of a variety of molecular
weights. Making one portion of an extremely large'molecule
polar may not méke the entire molecﬁlé pol&r enough to form
a separate phase in a nonpolar o0il solvent. E&ch mdlecule
might have to contain a number of polar groups befope_it
separates; The resulting phase may be a solid (or gélf‘with
entrapment of other moleculgs _such as -a nonpqlar oil

solvent.
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EXPERIMENTAL

Equipment

The environment of the crankcase of a diesel engine was
simulated in the laboratory in the form of a reaction kettle
placed in an o0il bath hegtei. ‘All the experiﬁenté were
conducted in a pair of 500 ml reacfion kettles fitted with
four post entrance lids (Figure 1). |

Two of the openings (the éenter and one side) on each .
kettle 1id were fitted with Ace threads to provide airtight
seals for entering and_exiting gas>tubes, respectively. Air
tight seals were necessary to- provide a controllable
environment as well as .to measure the gas flow.fate.
Silicon grease insured gas~tight seals between egch entrance
and its ground glass stopper. | Aé shown in'Figﬁre‘i, the
enteringvgas tube was,connectéd to @ 30 mm glass frit that
provided gas percolatipn'fhrough thé oil mixture. The glass
frit was accurately pésitioned in a fixed location with
consistent positioning from 'experiment tq experiment. Gas
percolation could be oﬁserved by remdving a glass stoppér,
The exiting tube was connected to tygén tubing leadiné to.a
soap film flow meter which measured fhe gaé flow.:'Fidw was

normally adjusted to 2.0 ml/seé.
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Copper was used as a 'catalyst in all experiments.

Copper foil with _ah area of 20 cm2

was rolled into a.
cylinder and placed oyef the gas dispersion tube.. Thé
éopper,foil‘w&s Scm long, 2 cm wide and 0.125 mﬁ thick.
When forming the cylinder, .the ends were. touching, not
overlapping. When resting on the frittéd glass surface, the -
coppér was in intimate contact with both the gas and oil
(Figure 1). |

The reéction kettle(s) was placed in the oil bath
(Figure 2). .The oil bath contained paraffin oil which
reached a higher level on the reaction kettle than the:ievel
of the o0il mixture within the kettle. A Polyéciénce Model -
73 immersion circulator ﬁds utilized to maintain an oil bath
temperature of slightly above 150 C. The Polyscience Model

73 has automatic témperature control with a precision of 0.2

C and circulates approximately 13 1liters of heating o0il per

minute. The automatic temperature control was adjusted to'a o

setting where the oil mixtufe within the kettle (not in the
bath) was maintained at 150 C. ‘ The tempefature within the
reaction kettle,was‘chécked pefiodically with a thermometer;
The oil bath'wés well  insulated with approxim&tely 2 inches
of vermiculife inshlatioh betweeﬁ steel plates that formed
the sides and bottom of the bath. ‘A tight fitting steel 1id
covered the vapor séace above the kettle(s) and péth 6113‘

The. 0il bath was placed under a ﬁenting hood.

T —————————
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High preséure- cylinders suppligd fhe gas (oxygen Qr‘
nitrogen) to the reaction kettle. Stainless steél‘tubing
exited from the gas cylinder regulator to eﬁter a four-
position'gas header mounted on a steel frame placed beside
the oil bath. Two precision needle valves were coﬁnected to
- the headers via tygon tubing to control gas flow to the
reaction kettles. Gas was preheated by passing it through a
one-quarter inch coil of stainless steel tubing that was
immersed in the oil bath. Insulated teflon tubing cohﬁected
the preheating coil to the glass stem of the-frit. Gas'flow
was adjusted to 2.0 ml/ sec. An operéting diagram is shown
in Figure 3. |

Viscosity of the o0il mixture was periodically measured
using calibrated Cannon-Fenske viscometers; ' Specific
viscometers were used fop specific. vis¢osity ‘rangeé.
Viscometers were plaéed in a constaﬁt temperéture watef bafh
that was maintained at 40 C by a Polysciencé Mddel'73
immersion circulator. The Polyscience. Model 73 has
automatic temperature control with a precision of 0;2 C.» To
take a sample, one of the kettle lid giass stoppers was
removed and 8 ml of the. 0il mixture was pipetted from the
reactor. The 8 ml sample Was"5then' transferred té the
viscometer.. In an attémpt to sténdardize the pipétting
procedure, the pipet was placed 8 ihchés belowifhé sﬁrfacé

of the steel 1id on the oil bath. Two viscosity
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measurements were ‘taken on each sample, and the average
value was used as the data point. If necessary,‘fhezsehple
was then saved for a Total Base Number (TBN) titretion; if
not, it was returned to the reaction ketele.

In an attempt to quantify the rate of gel formation,
care was taken to note when gel was first observed as
particles in' the viscometer when taking a viscosity
measurement. Once gel was observed in the viscometer, the
friﬁ and copper foll were checked for'gei formation. HWhen
the copper surface and diSpersiﬁg area of the frit were
covered with gel, tﬁe experiment was stopped. At the end of
each experiment, the gel was ailowed te drain on pepet
towels in an attempt to remove as much of the supernatanf~as
possible. The gel was then weighed. This allowed
approximate comparison of gel formation from experiment to
experiment.

Total Base Number (TBN) indieates the alkalinity of the
oil mixture. TBN values were determined according te ASTM D
2896, "Total Base Number of Petroleum Products by
Potentiometric Perchloric Acid Titration”. This standard
method suggested wusing the back titration method to.get
sharp end points when working with wused oils. Excess
standard HClO4 solution was added fo a prepared sample.A The
excess was then back titrated witﬁ standard sodiﬁﬁ ecetate

solution. An Orion Research Model 901 MicroprocessOr
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Ionalyzer fitted with a Corning sleeve-type saturated glass
electrode was used to detect the endpoints £293 .

The iodine value of the sunflower oil was. determined to
provide a relative indication of the &moﬁnt of unsaturation
present. This value was determined according to ASTM
Standard 1959-69 which is applicable to vegetable o0ils and
their fatty acids L[£30] .

Fourier transform infrared spectroscopy (FTIR) was used'
to determine relative.amounts of.¢arbony1 groups in selected
samples. FTIR is a iow—cost, computer-controlled
digitization of spectra which eﬁables the user to extract
information in a matter of. secoﬁds. HWith older infrared
spectroscopic instruments, shelves. of specﬁra were recorded
on chart paper. FTIR spectra 1s stored in the computer
C311 . A Nicolet 5DX computer system with a heliqm—neon

laser and a sodium chloride sampie chamber was employed.

Materials

The vegetable o0il used at the beginning of the research
was sunflower mill oil from. Coﬂtinental " Grain Company of
Culbertson, Montana. It had an iodihg value of 140; Early
in the research, the Culbertson oil sﬁpply became depleﬁed.
New sunflower mill oil. was obtained from Cargill

Incorporated in Fargo, North Dakota. It had an iodine value
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of 144t Hydrocapbbn basestock .lubricating o0il was provided
by Phillips Petroleum in Bartlesville, Oklahoma. Two
different batches of basestock oilvwerg obtained. |

Lupersoi 130 was provided by Lucidol Pennwalt
Corporation of Buffalo, New York. Zinc dialkyl
dithiocarbamate (ZDTC) was supplied under the’tradengme, :
Vanlube AZ, by -R. T. Vanderbilt 'Companj, Iﬁc; Qf Ngrwalk,
Connecticut. Oétadecylamine (ODA) was obtained from Aldrich
Chemical Co. Zinc dialkyl 'dithiophosphate (ZDTP) was
supplied under the tfadenamé, Lubrizol 1395, by Phillips
Petroleum Company of Bartlesville, _Oklahoma. Paranox 107
was obtained from Exxon Chemicals of Houstpn, Texas.
Teftiary butylhydrogquinone (TBHQ) was received from Eastman
Chemical Prbducts, Inc. of Kingsport, Tennessee under the
name Tenox TBHQ ‘Food-Grade Antioxidant. Satfva Chemical
Company of Stamford, Connecticut provided the copper
stearate. All other chemicals were reagent grade.

From the standpoint of safety, inherent problems arise
when working with hot oils. The experimental apparatus was
placed under a venting hood to remove noxious- vapors. Care
was taken when working with the high pressure gas cylinders.
All waste oils and gleaning agents ﬁere treated as hazardous
‘wastes and disposed of through Montana State Universityﬂs
Chemical and Hazardous Waste Department. Gloves, safety

glasses and aprons were worn when handling hot oils.
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RESULTS AND DISCUSSION

Any given commercial lubricafing 0il contains_. an
additive package that is specificaliy desidned for that-
particular oil. The oil additive package contains chemica}s
that maximize engine performance. Some of these chemicais
are dispersants, defergents, rust inhibitors; oxidation
inhibitors, viscosity modifiers and friction reducers. With
the presence of such a wide variety of chemicals, the
additive package chemistry is extremely complex. Each of
these additives are chemicals and'may react with one anothe;
to form new compounds when placed in the lubricating oil.

The previous workers [10;11,12]‘ in this laboratory
showed commercial 1lubricating oil contaminated with 5.0
weight percent sunflower oil degraded rdpidly. Degradation
was quantified by Viscosity measurementé,- with
polymerization of the o0il mixture measured by viscosity
rise. |

To begin the current research, a standard run was made
with Super HD II 1low ash MIL-L-2104C API CD SAE 30
coﬁmercial lubricating oil contaminated with 5.0 weight
percent sunflower oil. Standard conditions cbnsisted of the’

0il mixture being ékposed to 20 cm2 copper foii, 150 C and 2
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ml/sec oxygen percolation. Figure 4 presents the viscosity
rise for this‘casé. Sunflower oil polymerizaéion wés fapid,
and sihulated engine failure occurred within 20 hours. In a
commercial lubricating oil experiment, failure takes place
when the yiscosity of the oil mixture reaches or exceeds 500
centistokes. This result was consistent with previous wofk;

Due to the unkﬁown chemical nature of the additive
package in commercial oil, Dutta [123 attempted to use éAE
30 hydrocarbon basestock oil in his research.' When using
basestock oil a§ the lubricating substrate, new problems
were encountered. Dutta contaminated basestock oil with 5.0
weight percent sunflower oil and exéosed the ﬁixture to
standard oxygen flow, copper foil and 150 C. He pbserved
severe degradation of thé 0il mixture within twenty hours
and noted formation of insolubles which he referred to as a
heavy sludge. The viscosity data of Dutta, shown as é
‘dotted line in Figure 5, are viscbsities téken of thé clear
liquid above the sludge. This clear liquid will‘ﬁe referred
to as the supernatant phase,' | ‘ | '

-To familiarize the current researcher with the use of
basestock oil, Dutta’s standqrd conditions éxperiment was
verified. Hydrocarbon basestock ‘contaﬁinated with“S.Q
weight percent sunflower o0il was exposed tb‘coppef foil;
oxygen percolétion and 150 C. Viscosity data‘of.fhe

supernatant can be seen in Figure 5. ' Formation of
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Figure 4. Viscosity of commercial oil and 5.0%
sunflower oil vs. time for standard
conditions.
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Figure 5. Viscosity of basestock oil and 5.0%
sunflower oil vs. time for standard
conditions.
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appreciable insolubles (refé:red to as .gel or sludge)
occurred within 8 to 10 hours. Both gel and viécosity
results dre consistent with Dutta’s work. The gel blanketed
the copper foil and was 1/8 tb 1/4 inch thick dn the'sides
and bottom of the reaction vessel. ~ The gel was sticky with
an irregular surface structure  with nibples of gel
protruding into the sdpernatant. |

The proportion of suéernétant to gel was approximately
nine to. one. This result was not uneipecfed beééuSe the
current researcher felt that polymerized sunflower oil was
-contributing to gel formation. The originai concenﬁration
of sunflower o0il in the latter experiment was niné and one-
half to one. The gel ié highly swollen with supernatant.
This may account for the small difference' in fhe'ébove
proportions. |

The gélnwas difficult to quantify. ’ Initial attempts
ﬁere made to gravimetrically measure the gei; b@t thése
methods>of quantification were not reliable because the gel
phase was swollen with lubricatiné oil. Sincé.two.bhases
are formed whén using hydrocarbon basestock oil, tﬁe cgrrent
researcher felt the viscbéity. measuremenps alone meant
little regarding degradation. Itﬁ was also difficult to
avoid gel particles when pipetting the supernaﬁant,”aﬁd even
fine gel particles 1lodged 1in the Qiséometgf and disﬁortéd

viscosity measurements.
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When wusing the commercial 1lube o0il, sunflower oil
polymerization resultgd in viscosity rise with 6n1y a slight
amount of gel at the end of a run'[lO,llj . Dutta's: Cl23
research in the basestock o0il indicated sunf lower .oil
polymerization contributed to gel formation.' The gel phése
must be eliminated from the ‘system if oil degfadétioﬁ is
going to be measured by viscosity rise. Gel is largely
ungquantifiable and adds another complicétion, to the
research. ‘ '

Preliminary éxperiments (Ruhs 1l and 2) were done in an
attempt to find milder conditions where the'suhfldheeril
polymers might contribute to viscosity fise'rather fhan gel
forﬁation. Since the addition polymérization.reaction may
have a lower activation energy than the othef.oxidation
reactions that forﬁ aldehydes, ketones and acids, decreasing
the temperature might produce increased vi;coéity fise and
reduced gel [271 . | From Dutta’s €121 fésﬁlté; standard
conditions of 5.0 weight percent sunflower oil, 150 C, 2.0
ml/sec oxygen flow and presence of copper foil produceﬂ gel
within 10 hours; and supernatant viscosity rpse' only
slightly within 60 hours. In order to avoid gel at ; lower
temperature and get measurable viséosity rise in a
reasonable time frame, more sunflower o0il may be necessary.
A control of sténdard conditions (basestock oil,'oxygeq

percolation, copper foil and 150 C) with 25.0 weight pércent
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sunflower oil (Run 1) was run to establish a baseline for an
increased sunflower o0il trial at reduced temperature.

Viscosity measurements of the supernatant in Run 1

showed little viscosity rise {similar to standard
conditions) as shown in Figure 6. Gel formation was first
observed at 8 hours. Upon completion of the experiment at

55 hours, the mixture was removed from the oil bath and
allowed to cool. Twenty to thirty hours later, uneven gel
formation with ridges protruding above the surface was
observed. As anticipated, more gel was observed in this
experiment wifh 25.0 weight percent sunflower oil than in a
standard conditions experiment with 570 weight percent
sunflower oil. This was consistent with prevailing thinking
that sunflower oil polymerizes and forms gel simultaneously.
Increasing the amoqnt of sunflower oil in the system
resulted in an increase in the amount of gel formed. |
Lowering the temperature from 150 C to 135 C might not
allow oxidation to the species contribﬁting to 'éel to
proceed as rapidly as those contributing to' ad@ition
polymerization. This might 1limit gel formatipn; This
experiment (Run 2) was conducted at 135 C with 25.0 wgight
percent sunflower oil, basestock oil, coppef foil and gﬁygen
percolation and gave viscosity fise similar to Run 1 where
the higher temperature was used. This result is also shown

in Fiqgure 6. Significant gel formation was observed in the
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Figure 6. Viscosity of basestock oil and 25.0%
sunflower oil vs. time for standard
conditions at 150 C and 135 C.
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same time frame as Run 1 (8 to 10 hours). Unexpectedly,
slightly more gel seemed to be present 1in Run 2 at.i35 C
than in Run 1 at 150 C. - ) o |

It was concluded . that lower temperature did not
alleviate the problems associated witb- gel formation.
Future work would emphasize understandiné tbe formation of
the gel phase and its relation to Viscosity‘rise. |

When working with polymers, it is often difficult to
distinguish and classify the differences between solids
(especially gels) and liquids. The difference between the
species that contribute to gel and the species contributing
to viscosity might be slight, and vigorous homoéenization
might show them to be physically similar species. If the .
gel could'be physically dispersed and made to contribute to
viscositj rise, one might conclude the species contributing_
to gel and viscosity rise are physically and chemically
similar. | ' o

A standard basestock oil/sunflower oil experiment was
run for‘twenty bours. The viscosity was measured'and found
to be 103 centistokes. Gel from this experiment'was swollen
with the supernatant. Most of the supernatant was removed
from the gelvby'draining and "patting" dryzwith-an absorbent
cloth. The "dried" gel was then weighed. The proportion'of-
gel to supernatant was determined to be approximately ten to

ninety. The gel, in ' proper proportions, 'was' then
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homogenized at room temperature 1in the supernatant phase.
Homogenization of the 'gellsupefnatant mixture lin.a Haring
high speed laboratory blender (Model 700B) at 20,600 rpm for
five minutes produced a slight viscosity rise from 103 to
110 centistokes. At twenty minutes of homogenization, the
viscosity was 124 centistokes. Further homogenization
produced increased viscosify rise, At 75 minutes -of
homogenization, the viscosity appeared to decrease. These
'results can be seen in Figuré 7. |

The reliabilitf of the viscosity measurements in Figure
‘7 was questionned. Upon closely eXamining theAflow of the
mixture through fhe viscometer, fine gel pattioles were
detected. Once gel particles are detected, viscosity
measurements may not be reliable. o  Upon ceasing
homogenization, the mixture was 1inspected undor bright
lighting where a distinot two phase system was-observed.
The fine gel particles gradually settled from thé
supernatant phase. Homogenization had produced a finely
dispersed two phase system where the above viscosities have
little meaning. Fine gel particles probably distorted tho
viscosity measurements when passing through the yiscoﬁeter.
This led to the conclusion that bhysicolzagitation did not
cause the gel to revert, even teﬁporarily,' to a singie

phase, viscous material.
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TIME, min

Figure 7. Viscosit?!| of supernatant/gel mixture vs.
time of homogenization.
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Dispersants and surfactants in the commercial oil
additive package are inteﬁded to disperse ihorganic
substances such as dirt/grime; but ‘they may be a factor in
preventing the gel phase from precipitating £323 . 1It was
believed the commercial oil dispersant might be able to keep
the gel in solution and thus yield a meaningful viscosity
rise. Some of the "dried" gel from a basestock experimént
was heated in the commercial lubricatiné oil at a ratio of
ten to ninety for 24 hours at 150 C. The mixture waé
checked every fbur hours. | No physical changes in the
nature of the gel were observed. The additive package in
the lube o0il did not appear to changé the physical or
chemical nature of the gel. The amount of gel présent did
not appéar to decrease, and the gel particles.remained a
separate phase from the.commercial oil. This result was nét
surprising because the éommercial oil dispersants are not
designed to disperse organic species. This'result indiéatéd
the gel-forming species were chemica}ly different from thé
species contributing to viscosity.

A commercial organic‘ dispersant, Paranox 107, was
obtainéd from Exxon Chemicals of Houston, Texas. Paranox
107 is a succinamide-based, ashless dispersant. It_was felt
that this strong dispersant might be able to keep tﬁe ggl—
forming species dispersed as they are being fofmed. The

dispersant in the commercial oil may not have been hble to
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disperse the gel that was alfeady highly associated in the
homogenized gel/commercial oil experiment. The amide part
of the dispersant is basic in nature and might intefact with
acidic species to keep them dispersed. Due to proprietéry
.reasons, the exact chemical' structure of Paranox 10? éould
not be obtained. ‘A Phillips 66 represenfative.gpecqlated
Paranox 107 may be capable of dispersing organic chémical
species in the present system anq recommende& Qéing 1!0 to
5.2 weight percent £32] . ‘ |

Paranox 107 was added at 3.0 weight percent fq the
basestock oil/sunflower oil mixture énd exposedltd Qxygén
percolation, copper foil and 150 C (Run 3). Gel formation
was observed by 14 hours. Recall that gel appeared in a
standard conditions experiment in 8 to 10 hours. Presenéé
of the gel again made taking meaningful supefnatant
viscosity measurements difficult. The commercialldispersanﬁ
may have worked for a short perioq of time, but §e1
formation still occurred. This again indicated the
viscosity-forming sbecies‘and ~ the gel—fopming.spégigé were
chemically different. | o

The homogenization triais and the éommercial dispersant.
experiment indicated formation of the gel phasé Q&s not
-simply a physical separation. It was felt the édditives in
the commercial oil might act in either pf two wajs; 15

chemically inhibit gel fqrﬁatioh'qr 2) keep gel su;pended.
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If the gel were mérely suspended, it might bé chemically the
same as viscosity-fofming species. : -
Dutfa €123 found two ‘expérimental situations Where
little gel was éroduced in experiments usiﬁg basestock oil.
Both these experiments were reproduced and COnfifmed in the
present work because they were pivotal to fhé'direqtién of
future research. These experiments are discussedyih the
following paragraphs. ' . | |
_ An antiozidant, zinc dialkyl dithiocarbamate (ZDIC), is
sometimes used in commercial .0il as an oxidation inhibitor
and an anti-wear agent. ZDTC 1is thought to inhjbit
corrosion by inhibiting.oxidation of 'fhe lube oil~to gcidic.
species as well as by forhiﬁg‘ é prbtectivé film 6n metal
surfaces. The mechanism by which’ ZDTC ‘acts-ié not ﬁell
understood, but ZDTC is- believed té decompose
hydroperoxides. The recommended usage level 1n a diesgl oil
lubricating system is 1.0 weight"pércent. Tﬁe structﬁfe of :

Z2DTC is given below.

CcHy, 8
v
N-C-S| 2n
/ .
CsHyy 2

In Run 4 where 1.0 weight percent ZDTC was added at time
zero to the 5.0 weighﬁ' percent sunflbwer oil and basestock

oil and exposed to copper foil, standard oxygen percolation
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and 150 C, no viscosity rise and no gel formation of
significance were observed (Figure 8). The ZDTIC appeared to
block polymerization and hence viscosity rise and gel
formation. This work confirms the finding of Dutta [123
with ZDTC.

Rewolinski £101 showed oxidative polymerization of
commeréial oil proceeded by a free radical mechanism. In
Rewolinski’s work, a commercial peroxide (Lupersol 136).was
periodically added to the commercial '0il system under a
nitrogen environment, and viscosity rise matching that
produced with oxygen percolation was obsepved. The
structure of Lupersol 130 is shown below.

CH CH

3 I 3
(CH3)3C00—f—C;C—?—OQC(CH3)3
CH3 CH3

Lupersol 130 is known to homolytically qleavg at 0-0 bonds
to produce free radicals which catalyze the chain reaction
of oxidative polymerization. It is widely used as a free
fadical initiator in vinyl polymerization. |

Dutta C[12] used Lupersol 130 with 5.0 pefcent sunf lower
oil in the basestock oil and subjected the mixture to a
nitrogen environmént, coéper catalyst and 150 C. Thé
Lupersol 130 was added at 0.5 weight percent evéry four

hours. He observed significant viscosity rise with
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negligible gel fofmation. Viscosity rise wés n9t as rapid
as that encountéfed when using commercial oil and oxygen,
but<still occurred. o | .‘ - ‘

In this work, the free radical initiator at 0.5 weight
percent was added every four'hdurs to the 5.0 weight pércent
sunf lower oil/bdsestock oilv‘ mixture wiﬁh éxposu;g tq
nitrogen percolation, copper catalyst and - 150 C (Run 5).
This trial resulted in essentially no gel and gave the
viscosity rise presented in Figuré 9. Dutta's resuits are
shown on Figuré 9 as a dotted line. |

Zinc dialkyl dithiocarbamate, Z2ZDTIC, blocked viscosity
rise and gel formation 1in nthé basestock oil ﬁith 6iygen
while the Lupersol 130 experiment ‘Yielded-viséosity rise
without oxygen. No gel was formed in the absence of an
oxygen atmosphere. These experiments seemed folindicate
that gel is a separate chemical species péoducéd' by
oxidation. B - |

If oxygen produced gel and Lupersol 130 without oxygen
yielded only viscosity rise, what would happen if they wére
uséd simultaneously? One might éxpeét to getyboth Qiscoﬁity
rise and gel formation. ~ Lupersol 130 free radicals might
make species which could contribuﬁe to viscosity ;1sé while

‘simultaneous oxidation miéht result in gel formation.
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Dutta: a
this work:o

TIME, hrs

Figure 9. Viscosity of basestock oil and 5.0%

sunflower oil vs. time for standard
conditions with nitrogen and additions of
0.5% Lupersol 130 every 4 hours.
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An experiment with 0.5 weiéht percent Lupersol 130 added
every four hours.at' standatd conditions with oxygen present
(Run 6) produced significant gel in a time frame similar to
standard conditions without Lupetsol 130 (8 to lo'hours).
Only one viscosity .measurement was taken because‘the gel
formation by 8 hours was so great that gel particles plugéed
the ﬁiscometer. It was speculated that this'result occurred"
because the triglycerides simultaneously polymerized and
oxidized with the resulting polymers perhaps precipitating
~due to their "carbonyl polarity."

Previous results indicated ZDIC was an antioxidant
inhibiting polymerization that produced viscosity rise and
gel formation. What if more free radicals as deriﬁatives of
Lupersol 130 were added to the earlier experiment nsing 1.0%
ZDTC with-oxygen in an exposure of. 5.0%:sunflower oil in
basestock 0il? Dutta [12] showed ZDTC does not pféﬁent
viscosity rise when used with a nitrogen‘atmosphete and
Lupersol 130 present. Current and past reseafch indicated
ZDTC does not inhibit the initiator role of Lupersol 130 but
does seem to work as an antioxidant. If ZDTC,_oxygen and
Lupersol 130 were all present in the sunflower/basestock
system, the results might be no gel .formation 'but
significant viscosity rise because ZDTC maf .block the
oxidation of poljmers to gel and yet allow Lupersol léO to

produce viscosity rise.
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An experiment using 1.0 weight pepéent ZDTC, basestock
' oil, 5.0 weight percent ‘sunflower oil, 0.5 weight éercént
Lupersol 130 added every foﬁr hours, copper.foil,.oxyéen and
150 C (Run 7) produced heavy. gel. Viscosity results wefe-
again difficult tb take because gel fdrmation'occurrgd in
such large quantities by 8 .hours that the del particles
plugged the viscometer. '

The experiments with ZDTC and/or Lupersol 130 are

summarized below.

Table 2: Summary of Experiments with Additives

ZDTC ZDTC - zpre Lupersol 130

oxygen Luperéol 130 Lupersol 130 oxygen
nitrogen KOXygen '

no viscosity viscosity ' gel ' gel

little gel little gel

A strong hypothesis may be made regarding Table 2. Z2inc
dialkyl dithiocarbamate (ZDTC) .s.ppe}':).rﬁ~ to biock-oxidative
polymerization, but not thef oxidétioﬁ reactions tﬁat cédse
polymerized material to become iﬁcreasingly polaf.' The ZDTC

may be blocking hydroperoxide formatiod, but not
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hydroperoxide decomposition. When Lupersol 130 is present,
hydroperoxides are already presen£ and decomposition Qf the
hydroperoxides occurs. In the ZDTC, Lupersol 130 experiment
wifh nifrogen present, the polymers cohtribute toAviecesiﬁy
rise. In the same ekperiment with‘ oxygen present, the
polymers may undergo oxidation and form gel. ZDTC cannot
stop the oxidation reactions that cause éolarity. When ZDTC
is present, polymer is still being made. As oxidation
occurs, the polymer Dbecomes iﬁgpeaeingl& polar. 'The
oxidation reactions,appeatho‘ be fast enough to knock the
polymer’out of solution to form gel befete it contributes to
viscosity rise. When Lupersol 130 and oxygenlefe used
simultaneously, oxidation of the polymers reeults in gel
formation.

Theée foregoing results led to a re-evaluation of the
research appreach; It was decided that pufeuing a eystem
with th additives, ﬁupersol 130l and 2DTCJ was not in the
best interest of fufure research. Dealing with e eimple
chemical system might be the best approach. '

At this point in the researCh,‘ the original supply of
hydrocarbon basestock o0il was exhausted. The new besestoek
0il was obtained from Phillips 66 and is knewn es Baltic 011
IS0 UG-68, Grade 315,  81550. Jette [llj found differen;

supplies  of commercial 1lubricating 0il had different
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additive'packages which wére férmulated. for and based on
'their source of crude oili Thése lubricating oiis.ffoﬁ
different sources with their éustomized additive packages
gafe Viscosity rise in different time frameé.' |

Due to Jette’s [lljsfindings, the new basestqck oil was
- exposed to standérd conditions with 5.0' wéight pérceﬁf
sunf lower oil, oxygeh percolation, copper foi1  and 150 C
(Run 8). Gel was still produced: but at a later tiﬁe. The
" old basestock oil and standard éonditions pfoduced gel in 8
to 10 hours, while the new baéestock oil and standard.
conditions d4id not produce significant gel until 15 to'20
hours. Supernatant viscosity rise with the new baseétock
oil was similar to supernatant 'viscosity rise with fhe old
basestock 0il. This comparison is shown in Figuré 10.

Why did the old basestock oil -prodﬁce gel ét ten hours
and the new basestock oil at twenty hdgrs? Perhaps atbmic
emission spectréscopy would idenﬁify é key differéncé
between these oils. - Samples of both basestock oiis wefé
sent to Lubricon Labbratory in Indiaﬁapélis, indiaha and
analyzed for trace metal content. | :

Atomic emission data indicated differences in trace metals

as shown in Table 3.
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Table 3: Atomic Emission Data

0ld Basestock New Basestock

ppm pPpm
Iron 1 1
Aluminum 1 1
Copper 1 2
Tin 3 0
Silicon - 5 S
Sodium 2 8
.Maqnesium 3 6
Zinc 3 )
Barium 0 4

It is difficult to pinpoint any significant differences
that may be causing the delay of gel formation in the new
basestock oil. Some possibilities are tin may be écting.as
a catalyst while other metals ﬁuch as sodium,- zinc(
magnesium and barium may be acting as deaétivators. These
tests from Lubricon are not extrémely accurate béloﬁ tén
parts pef million; therefore, the small parts per milliqh
numbers shown in Table 3 maf nof :éally indicaté significant .
differences between the two baséstﬁck oils; | |

On visual inspection, the new basestbck 6il'appeared to
be more ifideséent than the 61d “basegtock oil;, It was

speculated aromatics were involved and might somehow
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Basestock 11~

H 300

Q) 200

TIME, hrs

Figure 10 Viscosity comparison of old and new
basestock oils and 5.0 % sunflower oil
vs. time for standard conditions.
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influence the polymerization or cher oxidation of the
sunflower oil £331 .  Fourier transform. infrared
spectroscopy (IR) on the two sémples Awere analyied fsr
differences in aromatics. [34) Ihe aromatic feéion of IR
showed no dist;nct difféfences-bétweén the two baseétocks;'

Differencés between the‘two basestocks weré not clearly
definable using infrared spectroscopy or atomic emission
"data. Up to this point 'in the fesearch; the gurrent
researcher assqmed the basestock oil' acted as an inert‘
diluent for the sunf Lower 'oii because Dﬁtta'[lZ]”showed
that, when the basestock o0il without the presencé of
sunflower oil was exposed to oxygen, copper. and i50 C,
viscosity did not rise and no gel formed. ‘Surprisiﬁély,
different batches of hydrocarbon basestock appeared to'cause
sunf lower 611 to react differéntly at the éxperimental
conditions of this work. ' | A

In attempting to answer thei question of inf}uence of
different basestocks, there ;;e a variety of éoésible
explanations. Perhaps a trace agent such as a homoéeheous
refinery chemical was causihg‘ the difference. Differgnt
sources of crude may contain vapying “amounts of trace
elements due to geographical differences [333 . These trace
elements may not have been-detectablé in the atomic-emission
study because variations in reshlts occur when attempting to

detect metals in amounts of 10 pgrts per million or lesst
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Further speculation as to differences between the two
basestocks was judged to be wunproductive to the current
work. | |

Because the new. basestock oil éave différent results
from those found previously, 'any earlier feseérch thét'w&s
to be extended would need to -be‘rgpréduced;"The ééfies-of
ZDTC and Lupersol 130 experiments that were pféviously
discussed were reproduced (Runs. 4-7) in the new béséétock
oil. . |

The first experiment with the new hydrocarbon basestock
oil (Run 9) involved 5;0 ﬁeight percent sunflower oil, 1.0
weight percent 'ZDTC and 0.5 weight percent Lupersol 130
added every four hours. The mixture was exposed to oxygen,
copper foil and 150 C. It was hypothesized that because
sunflower o0il in the new basestock 0il prodﬁced gél at a
later time than iﬁ’the'old basestock oil thét ZDTC might bé
able to prevent oxidation of the poljmers which contfibute
to gel. This was believed because there appe&red to be a -
slower oxidation of polymers which contribute to gel.in the
new basestock (gel at 20 hours 'instead '6f_at 10 hours as
with the old basestock). Luperéol 130 might then be able to
make polymers contributingl to viscbsity rise because the
polymers might not be oxidized- and Become polar.’ Whéh this -
experiment was performed, gel formation éccurrgd within\Zé

hours. It was concluded that ZDTC did not &ct'ag&ihSt the
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oxidation reactions ﬁhat result in polar polymers. The ZDIC
did nqt perform any better in this experiﬁent ﬁith the new
basestock oil than it did with fhe-same-cohditions in the
old basestock oil. | . -

Next, the new basestock o0il with Lupersol 130 added
every four hours at 0.5 wéight percent and standard
conditions of oxygen percolation, copper foil and 1561C
without ZDTC present (Run 10) were tested. This experiment

glso produced heavy gel in thé twenty hour timelframe; The
polymers were again being oxidized and becoming.polar. .

The two key experiments that did not produce.gel in the
old basestock oil were repeated in the new basestock Qil.
The first experiment used 0.5 weight percent Lupersbl 130
added every four hours, nitrogen, copper, 150 C-and 5.0-
weight percent sunflower oil. This éxberiment (Run 11)
reproduced the results obtained in the old basestock oil.
Viscosity rise was observed, and no gel formation took
place. Comparison of the viscosity results can be seén in
Figure 11. Viséosity rises of the two Basestoqks
contaminated with 5.0 weight percent sunflower oilland
exposed to Lupersol 130 and nitrogen are similar. Uﬁder a
nitrogen environment, viscositj rise occurred in thg same’
time frame. |

The second expe;iment that produqed no gel in the old

basestock was‘l.o weight percent ZDTC, oxjgen, cdpper, 150 C
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Basestock KA

Basestock 2:o0

TIME, hrs

Figure 11. Viscosity comparison of old and new
basestock oils and 5.0% sunflower oil
vs. time for standard conditions with

nitrogen and additions of 0.5% Lupersol 130
every 4 hours.
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and 5.0 weight percent sunfloﬁef oil.‘ These same conditions -
were tested with the new basestock (Run 12). Wifh the new
basestock, gel formation occurred 5etween 15 and 20 hours.
The amount of gel formation at 20 houfs in the new basestock
0il with ZDTC present was comparabie to ﬁhe amount. of gel
formation at 10 hours in the old basestock oil ;ithodt ZDTC
present. The amount of gel formed with ZDTC present in
the new'basestock oil was alSQ simiiar tb‘the amoﬁnt of gei
formed in the new basestock o0il without thé preégnce‘of
ZDTC. ZDTC appeared to Dbe ineffectibe since géi formation
occurred in the same time f;aﬁe as standard conditions
(around 20 hours). | | |
| Because .ZDTC was so effective in minimizing gel
formation in the old basestock oil (exposed to an dxygen
atmosphere) and was considéted a key to futuré research, the
exact same ZDTC experimént (Run; 13) -wés fepeated. Ggl
formation again occurred in significant amounts at'ZO hggré.
There appeared to be no improvemént when uéing the new
basestock oil.in conjunction with ZDTC. | | | |

- The new basestock oii may have some metal or contaminant
compound that is deactivating the 2ZDTC and making it
ineffective. Some difference(s) petween the two bésestocks
causes ZDTC to perform differently in each; |

| 'From the beginning of the sunflower oil experiments in

this "laboratory, it was known that 2ZDTP, =zinc dialkyl
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dithiophosphate, was the most commonly used antioxidant in
the lubricant industry [323 . ZDTP supposedly inhibits the
initiation stage of autoxidation by decbmposing intermediate
hydroperoxides to nonradical producté. It may also inhibit
the proéagation step by reacting with the peroxy radicai.

The structural formula of ZDTP is given below.

RO S
AN
//P—S . 2n

RO

Dutta [C12] showed 1.0 wéight percent ZDTC blogked gel
formation and viscosity rise in the old basestock 0il/5.0
weight percent sunflower oil ‘mixture exposed to oxygen
percolation, copper foil and 150 C. One weight percent ZDTP
was ineffective when used wunder the same conditions. The
current research indicates ZDTC may ~not be a'éuperior
antioxidant. However, it may reméiﬁ in thg systeﬁ while
ZbTP decomposes. Jette [111 showed the concentration pf
zinc (presumably from 2ZDTP) in 'a commercial lubricating
0il/5.0 weight percent sunflower o0il system decreased with
time. Based on these results, a decision to test ZDTP in
the new basestock was made.

Dutta’s results with 1.0 weight pe;cent ZDTP in the old
basestock 0il/5.0 weight percént .sunflower oil  w§re
reproduced with the new basestock 0i1/5.0 weight Qercent

sunflower o0il under standard conditions (Run‘ 14).
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Significant viscosity rise was not observed, and gel
fofmation occurred within 20 hours. The viscosity results
are.shown'in Figure 12 with Dutta’s results depicted by a
dotted 1line. There was no improvement with ZDTP present
over the standard conditions case with no ZDTP. Gel
formation occurred 'at a later time than in Dutta’s
experiment and' in a time frame similar to a sfandard
conditions experiment.'

Since Jette [111 showed the concentration of =zinc
declined with time and ZDTP may be decomposing in this
laboratory system, progressive additions every four'hours bf
1.0 weight pergent ZDTP were made to the new basestock
0il/5.0 sunflower o0il mixture. Again, the system was
exposed to oxygen, copper foil and 150 C (Run 15). When
this experiment was run, significant gel formation occurred
within 15-20 hours. The ZDTP added either initiglly or
periodically was not effective in the given system.

Neither ZDTC nor ZDTP had worked in the new basestock,
yet one of the earlier Speculations was that aﬁfioxidants in
the commercial 1lube o0il were stopping oxidation to gel.
Perhaps there was an interaction between the aﬁtioxid&nts
and some other material in the commercial lube oil. At this
time, an ongoing review of the literature revealed copper

stearate might have a synergistic effect with the
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Figure 12. Viscosity comparison of old and new
basestock oils and 5.0% sunflower oil
vs. time for standard conditions with
initial addition of 1.0% ZDTP.
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antioxidants [351 . The structure of copper stéar&te is as
follows: | h
(C;4H35C007) cut?

Perhaps the old Dbasestock contained a material that
activated the ZDTC whereas the new basestock did not.
Copper was a known catalyst for the addition polymerization
reaction and may be a catalyst for gel-forming oxidétion
reactions. Dutta’s €121 copéer and no-cdppEr experiments

could not distinguish any differences in the rate of gel

formation. He concluded copper was not a catalyst for the

" gel-forming reaction(s). The current resea:chet felt gel

formed so rapidly in the old Dbasestock o0il that the role

copper played was undefinable. In the new basestock oil

" where gel formation occurs at a slower rate, the role of

copper with respect to gel may‘become'cledrer.

To establish a control,. 10 ppm copper stearate repldced
copper foil in an experiment of new basestock 01175{0 weight
percent sunflower oil eiposed to oxygen and 150 C (Ruﬁ 16).
It was speculated that coppér steafate might'dissociate aﬁd

yield cu?t

ions in the  systen. However( significant gel
formation occurred in Run 16 within S héurs which was.faster
than with standard conditioﬁs.- This was not Qnexpectéd
because Jette [111 showed soluble copper wﬁs the most. active
form of catalyst in this ‘system. When using coépgr-foil,

the copper first had to dissolve to form active species.
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With direct addition of copper stearate, the copper was
already in a soluble form. | | '

Next copper stearate (10 ppm) and 1.0 we;ght percent
ZDTC were both added at otherwise standard conditions (Run-
17). ZDTC appeared to Dbe 'effecpive for a short period of
time, but significant gel formed by 16 hours. Both copper .
stearate experiments seemed to produce  gel faster than the
sfandard conditions case.

The ongoihg literature search suggested phenols might
work as antioxidants in the present system. Quinones which
are oxidized phenols might destroy free radicals and ﬁhereby
terminate radical reactions [361 . High levels of phenols
might increase the induction period and delaf the‘oxidgpion
process. Dutta [123 tried 4,4‘—methylenebisv(2,6—di¥tert—
butylphenol) iq his research. It was bglieved Dutta's
phenol might not héve been converted - to the qginone‘wpich
may be the functional. form - responsible for antioxidant
action £371 . The tertiary butyl groups might have hindered
the hydroxyl group and the_ quinoné Structure might not have
been active. Tertiary butyl hydroquinone (TBHQ) is a
simpler moleculé and might be easily oxidized to the quinone

form. This conversion is shown on the following page.
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When 0.5 weight percent TBHQ was used In the current
system with new basestock oi1l, 5.0 weight percent sunflower
oil, copper foil, oxygen and 150 C (Run 18), significant gel
was formed within 20 hours. There was no improvement with
the addition of TBHQ.

The complex chemistry associated with using oil
additives such as antioxidants was again reviewed, and it
was decided that some simpler chemistry must be understood
and more fundamental experimental variables examined. At
this time, Raman C383 found removal of the copper foil from
the commercial lubricating oil system at four hours still
resulted 1In a viscosity rise similar to the standard
conditions where the copper was left in the mixture for the
duration of the experiment.

In the new basestock system, more 1insight iInto the
chemistry might be obtained by manipulating the environment

to which the oil mixture was exposed. From Raman®s results.
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it was hypothesized that.long~1ived radicals might be formed
early in the éxperiment and keep producing addition
polymerization. If the new basestock sysfem wege'exposed to
oxygen for four hours and then Subjeéted to a nitrogen
environment, viscosity rise might ‘take place without gel
formation. The initial oxygen environment mighf produce the
long-lived radicals that lead to' viscbsity, and the gel
might not form because the oxygen would not be preéent to
polarize the addition poiymers.

A standard experiment of new basestock 0il/5.0 weight
percent supfiower-oil exposed to- copper foil and 150 C was
run with oxygen for four hours ahd then nitroqeh for the
. remainder (Run 19). No wviscosity rise'ﬁas detected in 48
hours (4 hours of oxygen and 44 hours of nitrogen). A émall
amount of gel formed due 'to’the initial exppsﬁre to oxygen.
Because viscosity - rise was not detected and minimal gel
formed, thé theory of 1long-lived radicals seems imbrobable.
It appears more 1likely that Raman’s résult with removing
copper after four hours is due to soluble coppef species
that remain in the system after the copper is removed.

The body of experimental data gathered so far indicated
oxygen was attacking the double bonds in .the addition
polymers and making tﬁese polymefs polar. The polar
addition polymers are then not sp}uble ~in thé-nonpolar

lubricating oil. If the' carbon—éarbon double bonds were
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converted to addition polymers by Lupersol 130 in a nitrogen
atmosphere, the large materials that dissolved in neutéal
solvent might produce viscosity.

Next, three experiments were performed exposing the
' basestock/sunfloﬁer 0il mixture to 1.0 weight percent
Lupersbl 130 added every two hours and a nitrogen
atmosphere. .The first (Run 20) subjected the oil mixture to
Lupersol 130, nitroden, copper foil and 150 C until reachiﬁg
a viscosity of 500 centistokes. Nitrogen percolatioﬁ was
then switched to oxygen (28 hours) to préduce a viscosity
rise to 1278 centistokes in an additional 24 hours. These
viscosity results are shown in Figure 13. The experiment
ran for another 44 hours where viscosity measurements were
not taken and frequent observations were made to seé if gel
formation was occurring. No apparent gel formation took
place. However, the oil mixture becaﬁe so‘viscous that it
was a solid at room température; therefore, gel might not
have been detected even if it were present. The teﬂtative
conclusion was drawn that the polymefized material‘did.not
convert to gel. Thel most accessible double bonds were
converted to addition polymers by the Lupe;sol 130, and few
were left for oxygen to attack to form.gel.

The second experiment kRun "~ 21) involved the same
conditions as Run 20, and a viscosity of 215 centistokes at

20 hours was measured before switching to oxygen. Viscosity
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continued to rise for the next 20 hours until reachlng 500
centistokes. These results are also shown in Figure 13
The experiment ran for an additional 22 hours while checking
for gel formation. An apparent gel phase was present at 62
hours, but’ it could not be separated from the viscous
supernatant phase. KWhen the mixture cooled to roém_

temperature, attempts to separate the two phases Dby

decanting were unsuccessful. The result of this experiment
leads to the conclusion that moderately polymerized
material converts to gel only very slowly. The most

accessible double bonds were converted by the Lupersol 130
to addition polymers, and few were left for oxygen to‘attack
to form gel. . | |

In the third experimént (Run 22), the viscosity reached
110 centistokes at 12 hours Dbefore switching to an oxygen
envifonment. Viscosity results are also shown in Figure 13.
Significant gel was formed Qithin 15 hours after switching
to oxygen. The amount of double Dbonds consumed in going
from 60 to 110 centistokes may not have been high enough to
prevent gel formation after oxygen introduction.

The theory that oxygen was simultaneously cleaving
double bonds to yield polar compounds while addition
polymerization was proceeding appeafs to Dbe yalid. To
further test this hypothesis, a compound that might react

with carboxylic acids and prevent gel formation was tested.
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Run 20: to 07 0 500 cSt: o
Run 21: N7 to 07 0O 215 cSt: A

TIME, hrs

Viscosity of new basestock oil and 5.0%
sunflower oil vs. time for standard
conditions with nitrogen and additions of
0.5% Lupersol 130. Nitrogen switched to
oxygen at times indicated by arrows.
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Octadecylamine (ODA) is an eighteen carbon amine with

the following formula. |

CH3(CH2)17NH2
The amine should react with the acids to form loné chain
amides which would be less polar then the acids and remain
soluble in the nonpolar lubrication oil. As the carbon;
carbon double bond is bein§ cleaved to form acid groups, the
ODA might react with the acids. The product molecule should
be a triglyceride with an eighteen carbon amide which should
be somewhat larger_ than the originalvtriglyceride.mdlecuie
and might remain in solution due to its 6vera11 nonpolar
character.

Fifteen grams octadecylamine was initially added at the
beginning of a basestock oil/sunflower o0il experiment and
exposed to copper foil, oxygen end 150 C (Run 23). Viscesity
at 20 hours was 147 centistokes in Run 23 while at 20 hours
it was 309 centistokes in a standard commercial 0il
experiment. Viscosity results were difficult te take after
20 heurs because gel formation occurred and gel-particles
plugged the viscometer. Viscosity rise occurred at a slewer
rate than with a standard commercial lubricaﬁing oil
experiment as can be seen in. Figure 147 Siigﬁt gel
formation was detected at twenty hours. The experiment ran

for an additional 16 hours, and the amount of gel present

did not appear to ' increase. The final quantity of gel
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commercial oil:A
ODA initially:o

TIME, hrs

Figure 14. Viscosity of new basestock oil and 5.0%
sunflower oil vs. time for standard
conditions with 15 g ODA added initially.
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" formed was substantlally less than the amount of gel formed
in a standard condltlons experiment with basestock.

It was hypothesized ODA might be evaporating from the
system; therefore, periodic additions were tried. When 0.7
grams-ODA were added -every four hours to basestock 0il/5.0
weight percent sunflower oil and exposed to coéper, oxygen
and 150 C (Run 24), gel formation was prevented. The
experiment ran for 32 hours with ODA additions every four
hours. An additional 18 hours of exposure resulted in no
gel formation. The ODA appeared to be reacting with acids
as they formed. Viscosity rise was similar to a standard
experiment as shown in Figure 15.

'The total base numbers (TBN;s) for Run 24 are shown in
Figure 16. Tuo TBN samples were taken every four hours;
The first sample was taken immediately prier to adding the
ODA. The second sample was taken 25 minutes after adding
the ODA. An average TBN of approximately 0.3 was
maintained. These results indicated the ODA was keeping the
system from becoming increasingly acidic. |

To test the polar compound hypothesis‘further( it was
speculated the ODA might solubilize gel thetvhad already
been formed. A reaction kettle with 36 grams ﬁew basestoek
oil, 4 grams gel from a standard basestock experimeqt and 4
grams ODA was heated to * 150 C. After six hours, the gell

"dissolved"”, and a viscosity measurement was taken.

™ T —T———
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commercial oil:A
ODA at i1ntervals:o

TIME, hrs

Viscosity of new basestock oil and 5.0%
sunflower oil vs. time for standard

conditions with additions of 0.7 g ODA
every 4 hours.

Figure 15.



TBN1mgKOH/g

Figure 16.
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TIME, hrs

Total base number of new basestock oil

and 5.0% sunflower oil vs. time for standard
conditions with additions of 0.7 g ODA
every 4 hours.
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Baéestock 0il viscosity was 60 centistokes while digsolving
" the gel into ‘the basestock gave a viscosity of 75
centistokes. Another experiment using the same proportions
-of gel, ODA and o0il was run using commercial lubricating
oil. The gel also "dissolved" within sik hours. Viécosity
increased from 95 to 155 centistokes{ o

The acidic gel hypotheéis appeared to be wvalid. To
further confirm this, Fourier transform infrared
spectroscopy was used. This method should show relative
amounts of carbonyl compounds and allow Ifor sample
compar;sons. It was believed the gel material was more
polar and was thus more oxidized than the sunflower oil by
itself or the same amount of sunflower oil in a-degiaded oil
mixture that had been converted to addition polymers.
Sunflower oil in degraded 1lube o0il would'prpbably be more
oxidiZednthan puré sunflower oil. The order pf iqcreasing
degree of oxidation might be ;pure suﬁflowér oil, sﬁnflower
oil conVerteg to addition polymers and sunfloﬁer oil
- converted to gel. | | .

Since the gel from ény giyen éxperiment was highly
swollen with supernatant} it was heceséary to 6btgin
reasonably pure gel. The swollen gel from a standard
conditions experiment (Run 16) was washed at room
teméerature with octadecane'and hexane and then vacuum dried

at room temperature for two or three minutes. This
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procedure was repeated until the gel was dry and crumb;y;
The gel was then subjected to a warm nitrogen atﬁosphere for
30 minutes to remove any _occluded, solvents. The gel was
then dissolved in‘ortho—chlorophen61 (OCP) which is a eommon
solvent for dissolving complex polymers.

Three samples were analyzed with each sample containing
the same concentration of sunflower o0il. The three samples
were 1) pure sunflower oil, 2) gel from a standafd
conditions experiment and 3) cémmercial lubricating
oil/sunflower o0il from a standard conditions experiment
thickened to 300 centistokes. All samples were dissoived in
oCP. Next the three samples, containing the same
concentration of sunflower oil were analyzed by FTIR.

As expected, the gel was the most oxidized and.cbntained
more carbonyl groups than the other two samples. Iﬁe
deéraded lubrication 0il contained more carbonyl éroups than
the pure sunflowe; oil, another anticipated resulﬁ; Figure
17 giveé the FTIR spectra. Areas under each of the curves
was determined. The degraded lube o0il had 1.7 times as many
carbonyl groups as pure sunflower oil while the gel had 4.2
times as many carbonyls as Apure sunf lower 'oil. These
.results were consistent with the "polar gel" theory and
other experiments;

A tabulatedAreview of all experiments performed is given

in Table 4 of the Aépendix.
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Figure 17. Infrared spectroscopy of equal concentrations of pure sunflower oil,

addition polymerized sunflower oil and insoluble gel from sunflower oil.
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SUMMARY

The mechaﬁism of gel formation in baéestock lubficating
0il needed to be clarified at the conditions of this Qork.
The experiments performed in this research provided insight
into the differences between gel formation and addition
polymerization of sunflower oil. Addition polymerization
and gel formation appear to occur siﬁultaneously and only
exlude each other és double bonds are consumed.

Once a polymer 1is polarized to a certain degree 5y
competing oxidation reactions, it has less affinity for the
nonpolar lubricating oil. The difference in affinity causes
a two phase system.‘ Small molécules ﬁhat are polarized may
still remain in solution, so it should be kept in'mind that
addition polymerization to large molecules occurs
simultaneously with polarization to acidic species. The
addition polymers -that become éolariied appear to contribute
to gel formation.

Attempts to make t%e system less pblér by the addition
of a long chain amine were sgccessful in dissglving gel.
When the acidic polymers _were converted té Iless polar

amides, the oil mixture existed as a single phase. Total
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base number results showed the system was no longer as
acidic. Infrared spectroscopy showed the gel.confained more
carbonyl groups than pure .sunflower oil 6r degradéd
sunflower oil. All these results confirm that the polymers
resulting from addition polymerization are poiarized by
oxidation to form the separate gel phase.

These results now facilitate the way for future research
in hydrocarbon basestock oil without the presence of gei.

/
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CONCLUSTONS

Insoluble gel formed from sunflower oil in basestock
lubricating oil appears to be due tp simuitaheous
addition polymerization and other 6xid§tion‘
reactions. These other oxidaﬁion reéctibné also
take place at points 6f unsaturation to yiéld polar
cérbonyl groups, especially acids. These polymers
then lose affinity for the nonpolar lubricating oil

and form a separate phase.

The formation of insoluble gel requires the presence

of oxygen at the conditions of this work. Sources
of peroxy free radicals other than oxygen do not

yield insoluble gel. .

Insoluble gel formation can be prevented by reaction
with long chain amines to yield amides which reduce
overall molecular polarity by additidn of allong
chain polar component. 'Other long chain basic

species should show éimilar gel-retarding behavior.
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The antioxidant, zinc dialkyl dithiocarbamate
(ZDTC), éppears to retard gel formation by blocking
éddition pdlymerizdtion and not by inhibitinétﬁhe

oxidation reactions that yield polar species;
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SUGGESTIONS FOR FUTURE RESEARCH

A new standard experimeﬁtal procedure needs to be
devised where gel—formiﬁg species are converted to
soluble speciés which can be quantified by viscogity

rise.

Further confirmation of the theory that acidic
species contribute to gel formation should be gained
by alkalinity studies of gel and gel-forming

systems.

Thin layer or gel permeation chromatography should
be inveétigated to determine the relétive poiymeric
natures of -insoluble gel and soluble addition

polymers.

Copper is known to promote addition polymerization,
and hence viscosity rise. The formation of gel may
also be copéer prbmotéd. Thé role of copper‘with
respect to gel formation needs to be clarified.
Other metals need to be tested for their abiiify to

catalyze gel formation.
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APPENDIX

Table 4: Operation Parameters for 0il Bath Runs

1 yes no foil 25 150 none
2 yes no foil 25 135 none
3 yes - no foil 5 150 Paranox
4 yes no foil 5 150 - 2ZDTC
5 no yes foil 5 150 Lupersol
6 yes no foil 5 150 Lupersol
7 yes no foil 5 150 Lup, ZDTC
8% yes no foil 5 150 none
9% yes no foil 5 150 Lup, ZDTC
104 yes no - foil 5 150 - Lupersol
11 no yes - foil 5 150 Lupersol
12% yes no foil 5 150 ZDTC
134 yes no - foil 5 150 - ZDTC
14% yes no foil 5 150 . 2ZDTP
15% yes - no foil 5 150 ZDTP adds
16 yes no stearate 5 150 . none
17% yes no stearate 5 150 ZDTC
184 yes no foil- 5 150 - "TBHQ
19 4 hrs 44 hrs foil 5 150 none
20% 28 hrs 68 hrs foil 5 150 Lupersol
21% 20 hrs 42 hrs foil 5 . 150 Lupersol
22% 12 hrs 21 hrs. foil 5 150 Lupersol
23% yes no foil 5 150 - ODA -
24*% yes no foil 5 150 ODA adds

* indicates new basestock
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