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SUMMAR

The effect of oil composition on ibts behaviour under oxldative
conditions, both by sir-blowing end in en intertal combusbion engine, was
the mein purpose behind this vesesrych progromme. Initially it was necessery
to devize bechnicues for the accurato deternination of moleeular welght and
chloreform insolubles, and o modify verious other mebhods of snalysls so

thet they were suitable for this particular work.

An ebullioscopic technique involving the use of a thormistor sensing
olonont was used to determine molecular weight, but rather severe fluctuations
were experionced in the meber resadings. In an ettempt to reclify this the
cold finger condenser was replaced by a permenently fixed Licbig condenser -
thus giving o consbant volume of golvent in the obulliometer. Howsver, this
vas not the complebe answer to the fluctuations, these being finally eliminated
by the use of benzone (ss solvent) which had been cerefully re~distilled and
dried over sodium wire. Apperently moisture was the principel factor causing

the inacouracies.

Segregotion of that part of the oll insoluble sgludge dorived from
angine wear end blow~by particles was esrried cut by telking up the engine
deteriorated oil in chloroform and filtering off the extraneous material,
This wes nade possible Ly the ease with which the oil snd the sludge produced
by oxidation of the oil could be dissolved in this particular solvent, The
minimun amount of chloroform requived por gramme of deteriorated oil wasg
establishod, ams was the most efficient method of solvent removal, i.0. rotary
£ilm evaporation, This treatment of the used oil sample did not effect the

struoturs or composition of either the oxidised or unoxidised portions,

In thie progromme several oils of different compositions were oxidised

by air-blowing ot 200°C (o modificd I.P. oxidotion test), and by running under



steady conditions in en internal combustion engine for verious periods of
time, In goneral, the patitorn of detericration by oxidation was similay

in both systems, i.e, the oxidative deterioratlon followed the path of's
hydvocarbons —> raping —> oll goluble sludge —> 0il ingoluble gludge

The oils used in this programmne all behaved in a gimilar faghion under those
conditions, but differed from one another in the amounts of varicus oxidation

products produced,

The entent to which any one oil followed the path of oxidation
outlined above wag apparently governed by the percentage of arometie material
contained in the original oil. Some evidence was obtained supporiting the
thoory of "optimum cromaticity® in the ronge of 6-8% sromatics, This effect
wes very evident in olla oxidiged by silr~blowing but wes less obvious when

the same oils were detoriorsted in the engine,

In this work 4¢ was shown that o aimllar optimun effect exzisted when
the retio of aromatics s naphthonics was congidered. A% aromatie concentrations
lower than 7 or 8% insufficliont oxidetion inhibiting materisls e.g. naphthols,
wore formed to prevent the formstion of oill soluble sludge, end at this "optimum
aromabicity® encugh inhibitor was formed to lindt the oxidetion to the production
of roging, Whore the avomatic content wes hipgh the amount of inhibitor formed
was not even suificient to provent the oxidetion process Yo proceed yeb enothoy

stop to oil insoluble sludgo.

Conditions in the engine appoared to favour oil soluble sludge
formation tut not the formation of ¢il ingoluble sludge. It may have been that
the motals prosent counteracted the effect of the inhibitors formed, thug
allowing soluble sludge, and that insufficlent time had beon spent at ongine

conditiong for insoluble gludge to be producsed.



In both mothods of detorioration the seme hydrocerbon types
were oxidised to glve gimilar oxidation products. The materiai which was
removed upon oxidation and treatment with fuller's eaerth waes found to be
gpread over the hydrocarbon types present in the original oil with a tendency
for the heavier aromatic material to be preferentiolly attacked, This

tondency wog more apperent in the oils containing most aromatics.

The tendency for hydrocarbons to be oxidised to resins, then to
oil soluble sludge, and finally to oil ingoluble sludge was made more apperent
by the evidenco found during this progremmo of work, 4 transfer of material
epparently took place from vesins, via soluble sludge, to insoluble sludge.
In addition, it was found that the acidity of the oil insoluble sludpge was
related to its ingolubility in the oll - this mey have been due to the
formation of hydroxy scids (by the oxidation of o0il soluble sludge) which ere

known to be ingeluble in mineral Iubricating oils.
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Introduction

Inbriceting oils derived from petroleum products are the most common
lubricents in uge at the present times These odls heve to withstand severe
conditions of temperature and pressure, as well ac acting as hest transfer
agents, as corriers for oxidetion snd corrosion inhibitors; and as anti=-
friction agonts. They bave meny different specifications to meet dependant
on the conditions under which they are used, but by far the most importent
factor is that thoy should suffer ag little deterioration as posaible when

in service.

Although there heve been meny advences in refining techniques snd in
the development of additives, the life of a lubricating oil is still limited.
In the course of the lifetime of an oil it may become conteminated by extraneous
material such as dust, water, metal frogments from wear of the engine surfaces,
and lead salts from incompletoly turnt fuel, ell of which make the lubricont
logs efficient. However, this is of less importence then the changes in the
cheracteristics of the o0il which result from oxidative attack on the oil

nolecules themselvos,

Unfortunately, the conditions in an internsl combustion anginé are
precisely those which promote the oxzidative deteriorsation of lubriesting oils,
viz., splashing of hot oil on metal surfoces with the resulting contact of thin
oil filns with hot adr. Deterioration of this kind results in viscosity
increage, ascid and sludge formation, and may be the couse of bearing corrosion,

lacguer formation, piston ring sticking, ete, in an enpgine. As engine design



advences, higher cylinder snd crenkecase temperatures have to be dealt with,

and hence lubriceting oils have to withstend even more stringent conditions.

A great desl of information, concerning the mechenism of oil oxidetion

can be glesned by employing simple systems in which the veriables are few

‘and undor control. Although the variables present in an internsl combustion
engine are much more complex, it is still necessary to investigete the
deterioration of olls in an internal combustion engine since this is the type
of environment in which they are used, The following work is, therefore,

an attempt to ﬁhrdw some light on the influence of the chemicel structure of
the oil on its oxidative éetardoration in an intornel combustion engine as

woll as in ginple lsboratory systems.
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CRAPTIR IT,

Nature of Mimeral Imbricating Oils

Crude potroleum ds, epart from a few impuridies, an intricate
mixture of hydrocorbons which very in moleculer slze from gimple compounds
like methane to compounds of very high molecular weight and low voletility.
The hydrocarbons present in a lubricating oil range from normal alkenes to
condensed ring syomatle~naphthenic compounds with alkyl slde-choins. The
gource of the crude oil ond its refining treatment sre the factors determining

the emounts of each hydrocarbon type present in the finel product.

Owing to the complox nature and high molecular wdights of the
hydrocarbons occurying in lubricoting oils, soperation into pure compounds
is virtuelly impossible. Fraptionsl distilletion of lubricetbing oils (1,2),
and anelysis of the naryrow froctions produced, have in somo cases shown that
all the fractions have similar distritutions of avomatlc snd naphthenic

hydrocarbong.

On tho othor bhend, when o particular Mid-Continent oil wes fractionated
by reflux solvent/solvent oxtraction (3) it wag found that the first extracts
contoined polyeyelic arcmatics with short side~cheinsg the niddle ones
contained a little nephthenic material with medium length side-choins; the

ond fractlions conslsted solely of nephthenes with very long side=-cheincs.

It connot be assumed thet the hydrocsrbons present in lubricating oils
conslst of mixbures of separate erometics and naphthones sinee these could
caslly be distinguished by the usvel physicel processes of separation. Rather

it ies thought that the erometie rings ore bombined with the naphbhenic rings



in verying vebios os shown by Rossind (4) end others (5,6) by solvent

oxtraction of & Ponee Clty crude.

1t is known that the only pure hydrocerbons which cen be considered
as soparato constituents of lubricating oils are highly brenchel paveffins,
and much worls heg been done to determine whether or not isowpavaffine are
present in lubricating oils, For exsuple, Veterman end Yen Westen (1),
Buller end Heymen = Pilat (B) snd Medr end Willinghsm (6}} 81l investigated
wox-Lroo fragtlons fron various ecrudes and found thet they conbtained ne
spprociable emounts of lsowpavaffing. However, mass spactrographic studies
have in fact shown the presoencod of igvepaxefling and thevefors one should not
exciude them. It in now gemowvally aceepted that lubriceting oils contain

olther no iso-paraffing or only o minute quantity of them.

Ungaturated compounds have yet 1o be detected in sbraight run
gesolinos ond gas olls, and it ds not likely that they will be prosent in
lubricating oll fractionss The addition foding mumbers of lubrdceting
olls are usuelly vexy emall unless distilletion hog produced some decomposition,
cege Sachanen and Viroblenz (9) showed that the bromine numbers of lubricating
oils produced in high vacuum from verious crudes renged from 0.2 t0 5.0
High bolling fractions of asphaltic erude oils, which are apprecisbly decomposed

above 350°C,, usually give the highest addition numbers.

Frad ond Putschor (10) proved wecently that Pemngylvenion crudes
conbelned & considerable amount of olofins, these findings baing substantiated
by Muelk and Von Nes (31}, Opinion hes it, however, that Pennsylvenisn crude
oil ie exceptionel, ond that there are little or no olefing present in crude

oils ox in straight run dlstillates.



Fron the forepolug ovidenge, and other evidence in the geme vein,

it beg been concluded thet Iubricating oils conglst of &

Ae Poraffins, or satursted hydrocerbons with straight or branched
chalng;
B, Hapbthenes, or seturated cyclic hydrocerbons of one or more

rings which may have paraffinic sidewcheinsg

Cs Aromaitlos, or hydrocarbons containing one or more srometic

nuclel which may have naphthenic rings and/or paraffinic side-cheing.

The properties of sny perticular oil will be dependant on the ratio
f the cbove hydrocarbon types present, and also on the manner in which they

are combinad.

Moleeulor Structure of Iubricatlng Oils.

in cr&w to geln some insight into the neturs of the aromatics present
in lubriceting olls, vaerious types of pure sromatic hydrocerbons have been
added %o oils which have been de-sromatised (12) end the properties of these
now olle compared with the original ones. Work of this type haos led to the
conolugion that the aromatic hydrocarbens present in lubricating oils should
rosonble polycyelio avomatics with comparatively short sideecheins, o

monocyclic ervonatics with napbhthenic vings on thely gldew~chailng.

The nephthenioc material left in de~srometised lubricating oils of
varying ovigin has been extensively examined (13,14,15) end its empirical
formula given ag Op Honw? to Cp Hon.8 and the formuleae for the aromatic hydro~

carbons removed varied from Cn Hgnd to O, Hgp.yy, This vwould seen to indicate



that the hydrocorbons in any lubricating oil contain from two to five

condensed rings,

The question of the nunber of carbon atoms per ring was discussed
by Lipkin and Kuebz (16,17), ond they resched the conclusion that more then
helf of the rings in lubrlcating oll hydrocarbons are five-menbered - the
vorronted average figuwe being glven as 5.7. The sctual number of five
and sﬁ.x—membarm‘i ringe in the molecule may be in some doubt, but it cen be
espumed thet five and sixemembered rings are normally present. Verification
of thig cen be found in Grosss's work (18) ueing oplicel exeliobtion in which
he demonstrated the sbsence of €3,0,,0 and Cp rings in lubriceting oil
hydrocarbons.

Paraffinle sidewchain length appeeys to be dependent on the type

of ving Yo which it isg attached. " The number of carbon atoms in a paraffin
eide~chain verios frem 5 to 20, long cheins being associated with nsphthenes
and short chains vith arometics, At first it would gseem unlikely that long
slde-chaing of Gy, and over would remeln in lubricating oils efter dewwoxing,
since it is known that derivatives of benzene, nsphbhalene, eoto, with long
sida-chaing all having melting points above 10°C,  However, bronching in
the side-chain lowews the melbing point considerably (19,20) and this mey

provide the means by which long chelns can oxlet in Iubrlceting oil hydrocerbons.

A commonly used technique in the study of lubrlcating oils has been
the comporiaon of the properiies of synthetie hydrocerhons wibth those of oilse
These synthetic lubricents have been prepered by the alkylation of polyoyclie
aromatics, end upon examination (21,22) were fourd to have lubricating

pyoporblos provided that they possessed one or move sufficiently long pereffinic



side~chains and wes independsnt of tho structure of the remainder of the
molecule. Synthetic lubriceting hydrocarbons have been investigated
thoroughly by Mikeske (19,23) who found that the lubricaeting prop rties
depond on the number of rings, retio of aromatic to naphthenic rings, ratio
of rings to paraffing and tho number, length, degres of branching, and

position of the side-chaina..

Summing up, it would be unwige to essame that lubricating oils
consist only of polyeyeclic hydrocerbons meds up of & condensed nucleus to
which is stteched one long branched drain and several short chains. The
concept {24) of a simple “model molecule®™ for all lubricant hydrocarbons
hag only found support from other sources in respect of the single nucleus
theory (25), but the ides of only one long side-chein attached to the nucleus
in aromatic lubricents has been dlsputed (26). Alkylbensenes of the structure
proposed by Hooa‘et 8l are not the sole explasnation for the mass spectrum
given by a lube oil concentrate. Some di-n-slkylbenzenes and sewndary,
tertiary and side~chain~branched mono-alkylbenzenss give aimilar‘results.
Another indication that the picture of a gimple model for the entirs petroleua
diatillate renge iz not entirely true, comes from the work of Martin, Winters
and Willisms (27) who examined the Cyo alkylbenzenes of crude oil components

and discovered wide variation in isomer distribution in different crudes.
Struc 1. Groun Ans

In the cheracterisation of the structure of lubricating olls a
hypothetical mean molecule is congidered end the distribution of carbon atoms
among paraffinic, naphthenic end aromatic structures determined together with

the mumber of aromatic and naphthenic rings in this mean molecule. This is



known as "structural group analysie® end the everage proportion of the
seversl structural groups ere estimated irrespective of the manner in which

the groups are combined in the molecule,

The "direct” method of structursl group analysis is bosed on a
theoretical study of hydrocerbon molecules in which ultimate snalysis and
molecular weight determinations are carrded out before snd after hydrogenation.
A pareffin melecule of a given molecular weight will hsve o definite and
deduoibly percentage of hydrogens. With the introduction of naphthenic rings
into thig nolecule cach one sdded results in the loss of two hydrogen atoms.

Any saturated molecule conbalning naphtheone rings Wi;ll » therefore, have a
lower hydrogen conbent then the pereffin of the same moleculay welght, and
hanee it should be possible to esteblish a direct relationship between
hydrogen content, moleculer weighé and the number of rings per molecule in a

saturated hydrocarbon (#8). This relationship is as followss

Ry=1+ (8e326 = 0.5795&);&/100

where By is number of nephthenie rings per molecule
H 4 percentage of hydrogen

% is the molecular weight

Vhen a molecule containing arometic rings is hydrogenated to saturated rings,
esch aromatic carbon stom adds a hydrogen atom. The hydrogen teken ﬁp«.’m the
hydrogenation of double bonds is tins & mneasure of the number of sromatic
rings preosent. The resulting saturated molecule cen ha anélyse:d as before,
except that the percentsge hydrogen is now a meagire of the totsl rings present
in the ordiginel molecule. Naphthenic rings can be obtainad from totel rings

end avomatic rings by difference, and in this mannexr a ploture of the hypothetical



mean molocule cen be bullt up and thus the carbon a:is‘!;r:’tbutﬂ.on calculated,

Cortoin sssumptions require to be made rogerding the number of
corben atoms per ring and to what extent ring condensation end ring linkege
oceur before o complete sbructural group snalysis may be derived.. ' Ketow
condeonsed, six-membered rings have been the finsl cholce as the basis for
calculation and the reoesons for this are given in some detail by Ven Nes and

Van Westen (28),

Tho “Wotormon Ring Analysis® was the first published method for
structural group snelysis (26), and it is based on the additivity propertiscs
of hydrocarbons, For increments of cerbon snd hydrogen, it was noted that
the lorentsz ~ forenz specific refraction

n® -1 .

1
r = Py
ne 4 2 d

(Where n is refractive index at 20°C using the sodium D line, and

éd 4 density at 20°C,)

wag additive. Hence "r% is proportional tothe percentage hydrogen in
hydrocerbon molecules and thorefore the measurement of specific refraction
and molecular welght in a saturated oil geuple leads to the calculetion of
the number of rings per molecule, The Wetormon Ring Anelysis has proved to

be much more sultable for youtine analysis then the “direct® method.

The seme authors (29) also gave o mothod of enalysing semples
conteining srometic rings involving the meamarement of the eniline point,.
The value was then compered with the sniline peint for the completely hydro=-

geneted sample of the seme molecular welpght and specific refrvactivity, as the



L™ A

original semple, the second eniline point being obtained graphicelly. The
difference in the two aniline points was then, by meens of sultable factors,
employed to give the percentage of arvometbic rings end to predict the

spocifio rofvaction of the semple if it were coupletdy hydrogenateds

In opder to eliminate the mecsurement of anlline point; & "density
mothod® (28) wes introduced in which aromstie content and gpecific refraction
of a completely hydrogenated fraction were determined from denglby mossurements,
Analysis had now been reduced to the mossurenend of refrachive index, molecular
woight and density. During etteupts to sinplify the density meothod eguations
for obtalining carbon distribubion end ring content wore evoived in terms of
thego three quantitlics which elininated the need to calculate specific re~
fraction. These equations sre the bagls of the "ne-d«M method" of structura

group anslysis.

Of the thres determinstions reguired for snelysis the estimation
of moleculer welght presents the greetest difficuliles snd o more raecent
publication (30) gives & mothod which W¢§laea$ ﬁha.m@asuwemaﬂﬁ of noleoular
weight by the messurement of kinematic viscomity. . This is koown as bho

"V&wnnﬁmathaé“g

n=a-4 Method of Structursl Group Anelvsis

This method ig based on the dtatistical enalysls of a largs number
of mineral oil samples from different acurces (25) ond involves the determination

of the physicel constents refractive index (n) density (d) end moleculsr weight

(1)

The percentage corbon in total »ing structure (¥ Gp) and aromatic

ring structure (f Cy), the mesn total number of rings per molecule (Rp) end



avomstic rings per molocule (RA) mey be cnlculated from general equations

of the typo.

@ma«a + hell & coBd

Y

b

end Rwa' + PHU.d+ c.n
vhere O = porcentage carbon in one type of structure

B = mean nurber of rings per nolecule

d = tho difference botween messured dengity (a4)
and the dengity of the limiting paraffin (a
1iqudd hypothoticnl paraffin containing an
infinite number of CHp groups) at the ssme
tenperature

n = A similap function for refractive index

i = Molovuler wolghk

ond a, by c, a', ', ond ¢* are constents

The originators of the formulae, Ven Nes ond Ven Westen, found that
tvio equations were necesgory for each cuantity to be caloulsted since one
oguation @ild not cover the range accurately enough, This was thought to
he due to the fact that the mean muber of carbon atoms per ring decreasses
ey the number of r»ings inoresse, Therefore there are squations for "low

ronge® end "high renge® aromatic contents,

Percentoge carbon in peraffinic structure (% Cp) in naphthenic
structure (% Gy) and the mesn number of nephthenic rings per molecule (Ry)

are estimated by difference,

This nothod is primardly inteonded for the structurel group analysis
of olefin froe petroleun distillates boiling above the gasoline range. Hence
it is sultable for lubriceting oil fraction since it is besed on samples with
moleculer weight greater then 194h. The mothod is also suitable for fractions

containing at least 755 carbon in the ring structure, where the aromstic rings



do imt exceed the nephtbenic rings by more then one-snd-e~half times,
and fractions having up to four rings per molecule with not more than helf

of then sromatic, It can also be used for oils up to 0.2% sulpbur and up

to 0.5% nitrogen aand oxygen.

The equations uvsed in the debermination of the n«d-lf anslysis are
as follows (wheve 8§ is sulphur conbent)s
@ = d - 0,8510
n'=n e L4750
Pwo faoctors, v and w sre detemined ond used in the csleulations.
v 2,5l nte @
we d«l Al
The percentage coxbon in aromatic structure is given by:

for v positive ) = 430 v ¢ % 60

for v negative fily = 670 v + 3660
‘ M

The porcentage carbon in ring structure is given by

for w positive ji0p = 820 w + 10,000 « 38
i

for w negative fCp = M0 w + 10,000 ~ 33

The percantage carbon in naphthenicend mmf;i‘inics structures is
given bys

Hoy = Mg = 0y
o = 100 - fin
The mean number of arometic rings per molecule is given by:
for v positive R, = Oubly + 0.55 Mv
for v nepative Ry = Ouddi + 0,086 v
The mean total number of rings per moleculs is given bys
for w positive RBp = 1.33 + 0u46 H (w = 0,0058)
for w negative Rp = 1,33 + 0,180 (w = 0,0058)



Tho mean numbor of naphbbenie rings por molecule is given bys

By = Ly = Ry
A sindlay serios of equeticons ig availeblo for measurements of
refractive index and density et 70%C. whon theso ard not aveilable ot 20°C,
Nomographs for rapid deternination of equations are slso availoble bub of

course ere not quite so aceurate (28).
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I arbon Oxddation

low temporature, liquid phase oxidetion of hydrocarbons has been
tho subject of much investigation (33,32,33,34,35,56) the main interest
-bedng in the mochanien of oxidation from the point of view of deterioration

of lubricating oils.

In eaxlier studles of hydrocsrbon oxidation the greatest difficulty
was found to be the igoletion of primery oxidetion products, At firvet it
was thought (37) thet alcohols were intermediste oxidation products, snd that
othor products thon came fxom the oxidation of the alcohol. This theory
was proposed by Bone for high lemperature oxidation in the gaseous phase but
later Stovons (38) doubbed whother it wes velid for liquid phase oxidation
at lower temperatures. More recent work (39) hae uphold Stevens' view by
denongtrating thet alcohols aro generelly loss easily oxidised then the
gorraespending hydrocerbon, and in somo caaés act as Inhibitors to oxidation,
Bach (40) and Engler end Wild {41) were first to propose the modern theory
based on the assunpbion thot a hydvoperoxide is the primexy reaction product
of hydrocarbon oxidations This wmocheniom wes further developed by Callender
(42) and Ubbelohda (43) and extended to hydrocsrbons as a whole by Farmor (44.)

Chavanne (45) and Stevens (L6).

Oxddation of high moleoular welght poraffine and alkyl benzenes at
200%¢, to 120°C, (47) gove hydroperexides es main oxidation products, end in
the casa of parelffins these hydroperoxides decomposed to give ketones in high
yields In the case of hydrocerbons oxidised at 30°C te 1000, (48) in the

oxidation of decalin at 110°C. (L9), and in the oxidstion of white oils (50,51)



hydroperoxides were found to be present in high concentration in the sarly

gtoges of the reaction,

In the oxidation of nedecane, n~-nonone, and n-pctana, at 120°C.
(52,53,5%) the mein products wera found te bo methyl octyl =, mebhyl heptyl -
and meothyl hexyl ketones with corboxylllc acdds wenging from formic ecid
o @aiﬁs conteining one less carbon abom than the ordginel hydroctirbons.

This suggested that a betew-cerbon atom was attacked primarily end agreed
with the theory (55) that in low temperature oxidetion the betawcarbon is
primexily involved, followed by gamme~carbon and so on towards the centre of

the hydrocarbon molecule,

€Y

Oxidation of ?axaffinA:

Buploying the ovidence outlined above, Zuidema (56) suggested thet
the mechenisgn of low temperature, ligquid phese orxidation of straighi chain

pavalfins moy be ag follows:

Qe OH
|
ReClip, CHp, OHz + Op —> ROl CH, CHz —> R.CHp, CO. CHz + Hg0
yrdroporoxide Retone

R.OHp, CHpe CHs + Op —> RiCHp. COOH + H.CHO
Acid Formaldehyde
0.08
ReCHpe COOH « Op —> R,CH, COOH —> R.CHO + 00, + Hy0

Aldehyde

There should be some attack on the gamma~carbon atom algo, targ&va

the ethyl keltone, with the resultent production of a cerboxyllic acid smeller



by one corbon atom, and a@etaldﬁhyda. Conplete breskdown of the paraffin

chain maey come about by the alternate formation of acid and carbonyl,

TPormation of aloohols requires the hydroperoxide to be reduced,

loging an atom of oxygen in the processs

G OX
|
Re GHQ. Cil. (2113 ~ R GHZ. CH. OH, ('}l“13 + 0
Alcohol

When a brenched chain paraffin is oxidised there are two points of
attedk, a tortlory and & secondayy hydrogen atom, and may proceed either
sinultanecusly or in stages depending on the reaction conditions.

R R 04 0H

R.{I‘JH. (Clg)p. OligsCHiz + 205 —> a.«!":.(arrig)n.én.aﬁg,

0,01

R R
H..CI). (CHo)neCOLCHE & Hp0 —> mtl::. (CHo)pa COOH + H,CHO
t!m (-m
. Hydroxy Acid

(v) Oxidetion of Nephtheness

Chavanne and cowworkers (52,53) mede an extensive study of the
oxnidation of 1=lpuﬁimm£kwlﬂeyalohexam and o few oyclowpentane devivatives.
In the case of lij~dimethyl-cyclohenene the principsl product was dimelhyle
oyclohexenol, with water, corbon dioxide, p emethyleS=scotylvaleric acid,
acetic acid, P -methylveloric scid, dimethylecyclohsxenediol end acetonyle

lactone also being formed. Small smounbe of hydrogen, cerbon monoxide,

e Fe



methene, ebhone snd formic acid were produced,

As in the cage of paralfing e hydroperoxide is formed and it ls
thought, from the evidenge cited ebove, that attack lskes place atl a

tortiory cavbon atom.

oy M i, B
i Qiﬁ I OOH
+ O r—
Gl*is 01'13 cii5 GHE
Hy Hp Hy Wy
L. dimethyleyalohexane hydroperoxide
Hy Hy Hy Hp Ha ﬂg '
Cily, Q08 §§£§§ 31 H 4351
* - 2
H 0&13 4 Gl CHx CH.
H e H g I

13y dimethyloyclohexanol

Formation of the diol may be ewplained by a similer mechanism,

Other products are formed hy the oxidation of the hydroperoxide
itself and not the ketone as with the oxidation of pareffins. Instead of
roduction of the hydroperoxide to form an aleohol, further oxidation of the
naphthenic ring glves a product with the same number of cerbon atoms as the

original hydrocerion.

Hy, Hp , CH,

B ool |

o on ¢ Oy —> Ol 00,ClpeCllpsCiLCHp 000H & 11,0
Hy, Hy B = methyl =J « neetyl = valeric

aedd
If the other tertisry carbon atom in this molecule ia attacked

then acetonyl acetone will be formed,



CH: 0.01
| I
O‘ﬁz‘;o C‘f) . CH;a - Cﬁ 2 [} Gﬁ. Clig. GOOH L 2 0 20 — GH 3: G{} . Gﬂa. cﬁao G ® Clla. COOH

!
CHiz

hydroperoxide

Cﬂy COWCH e CHE' C0.CH ——> CH _«0H. COOH

2 3 2

acetonyl acetons glycoloc acid

Some of these oxidation products are probably oxidiged further to
more simple products and methene, ethane, etec, are probably formed by

cracking,

Oxidation of ethyle, butylw, and phenylecyclopentene (5.} indicates
that here the mechenism ls different fwom that for six-membored rings,
Wheroag ayclohexane derivatives gave a ketone with one carbon atom 1ess,'
the above g¢yclopentencs produced ketones containing the same humber of
carbon atoms os the original hydrocarbon, This mey have been due to
reduction of the bydroperoxide, formed ot the terbisxy corbon atom, to an

aliphatic katone rather then to a gyclic aleohol as in case of cyeloheyane

dorivetives.
0 OOH
H :
) & 112 K
1 « 0y —> W, —> G, (c112)3.oo.n + 0
Hg 1{2 HE HE

Further oxidation of the hydroperoxide cen also take place to glve

keto derivatives of aliphatic acids.



There is stlll some uncextoindy as to why there is a difforence
between cyclohexanc and cyclopentene derivatives, though it is thought that
it moy bo due o the presence of two teritlaxy groups in cyclohexane
dorivatives and only one in cyclopentanes, or to differences in ring sige

or side chain length.

(e) Oxidetion of Arometics:

Ozidation of a series of benzene derivatives ab 80°c, to 1.0°C, showed
that the oxygen atteck is salweys at o carbon atom ettached 4o the benzene
ring (57,47)e Aldohydos conteining the same mumber of carbon atoms es the
original hydrocarbons wore produced by methyl.bengzenes, while kotones wore
produced by subgtituted benzenes containing ono or more alkyl groups lerger
thon methyl. When the carbon etom attached o the benzene wos tertisry, the
kotone was found to contain the sualler of the two groups aittached to the
carbon atom, the larger group splitting off to glve a low molecular weight
acid, This was also found to be truc when one of the two groups wes o phenyl

group

It secoms probable that the formation of a hydroperoxide group at the
carbon adjacent to the bengenes ring was the initisting stop, end subsequent
studies (58) hove shown thet this is undoubtedly so. A peroxide could
decompose by dehydratlion to the aldehyde or ketone, depending on whether the
sterting matorial contained methyl or lorger groups, or by the loss of a
melecule of alcohol to form o ketone in the case of o tertiary hydrocorbon.

Aclds could be produced from both aldehydes ond ketones by oxidation.

The veaction mechenigm is well illusirated by the following general

case in widoch R is sonller thoan RY:



R R

I
?hn h— (l:}. —'R‘ +* 03 — Ph- -_— G. —— 11' e ‘}Ph.cg‘?ﬁ + R'ﬁ}i

| |

il 0O0H
PhoOO.R + Op — Ph,COOH + R.CID
R.CID + $0p —s R, COOH
RUOH  + 0, —> R*.COOH

No rupture of the benpzene ring occurs when erometic hydrocarbons

are oxidised, and derk, insoluble condensation products are alweys produced.

Oxidation Rotes

Tor pure hydmocerbons four types of oxygen absorpilon curves cen he
obtained = autocatalytic, sutoreterdent, linear, and sn sutocetslytic:
sutoreterdant type (59). These curves only apply under a given set of
oxidation conditions as it has bsen shown (60) that a glven hydrocarbon may
oxhibit eutocatalysis or autoretardation depending on temperature at which

the reasction occurs.

Oxidation rates of pure hydrocsrbons may be debermined erbitrarly by
measuring the dime reguired for 2000ce of oxygen to be absorbed by one
grenme mole (597, The greatest rates have been found to be associated with
hydrocorbons centeining & partislly hydrogenated condensed ring or a benzene
ring with & long pareffin slde~chain, but these did not give an sutocatalytic
curve, as one might have expected showing that autvcatalysis waes not required
for rapid oxidation, The most steble hydrecarbons was found to be the
naphthalene derivatives; most of them gave linear or autoretardsnt abgorption

CUrves.



An incresse in stebility wes notod when long side chain alkyl
hengenes were hydrogenatod to cyclohexsne derivatives, but simllerly
hydrogeneted nephthalene darivatives showed a deorease in stability, This
was found to be especially so if the naphthalene ring wes only partially
hydrogeneteds Thus, naphthalene wes much more steble than tetrahydronsphthalene
which in turn was more steble than decahydronaphthalene., Addition of
poreffin side cheins to naphthalene, tetyalin and decalin greatly reduced the
stability of thase compounds,

When the primery, secondary and tertisry amyl derivetives of benzene
were compared it wes found that the tertiery compound was the most steble,
This wes due to the fact that the tertiery derivative could not form a
hydroperoxide ot the carbon atiached to the fing and hence was oxidised at
obher positions. The tertisry butyl derivative of benzene was slso found (47)

0 o nuch more resistant to oxidative attack then the other butyl derivatives.

The extreme stability of naphthslene srometiocs, in compardison with
the benzene homologs, hes been sttributed (59) to the differcnces in their
oxidetion products in acting ag inbibitors. Oxidetion of nesmylbenzene after
adding 9.8% of pre-oxidised d~ methylnephthalene, gave esn oxygen sbsorption
curve which almost coincided with that for o~ methylnephthalene mlons.

Seponificabion values have been used in the study of oxidetion
stebildty (61), these values being measured after the hydrocsrbons hed been
oxidiced in & bomb under pressure for o fixed period of time. It was
coneluded thet polynuelear aromatiosn were very stable end that the introduction
of cide chains reduced the stability, the longer the side chain the pgroater
the decrease. Dete dorivatives of naphthalene were found to be more reactive

then the alpha derivative, These conclusions of Chornozhukov snd Krein (61)



sve in close agreement with thoso of Larsen (59)« All of these vorkers
found that benzene dorivatives ave loss stable then naphthelene ones and

that higher alkyl compounds ave less steble then lower molecular welght ones,

Yhen one comes to deal with mixtures of hydrocarbons the pleture
bacones mach more compliceted. The cubseqguent course of a hydrocerbon
oxidation 4s, to some extent determined by the reaction products. Lven
with a single hydrocarbon a veriety of products cen be obtained, so that
with mixtures of hydrocaerbtons the effect of the oxldation products of ons

hydrocexbon upon the rate and extent of enother is almost unpredictables

A nmixture of hexadecsne and cige~decalin wes apparently oxidiged at
the samo rate as the pure cipmedecalin (62) sugmosting that the least stable
hydrocerbon wag prefeventially attacked.  However, when a mixture of
hexadecane and | = methylnaphthelene was oxldised, the rate was siniler to
that of pare |- methylnaphthalens and very muach slower then thah of pure
hoxadocane, This slow rate of oxidation wos sssocieted with the formation

off ®e naphthol, known tp be an oxidstion inhibitor.

The above exemple indicates how wipredictable the oxidation of
niztures cen bes 4 Durther exemple of this is to be found inthe work done
by Larsen ot al (59) who found that in blends of white oil contedning 25%
of dlemylnephthalene, the diamylnaphthalene was oxidised preferentislly even
though white oll by itgelf is muoh more reasative than diemylnephthalene,

The: oxidation of refined mineral lubricating olls, containing an

immense nunber of different hydrocerbon molecules is £ process which defies



at tho moment all bul o general approach since even in simple mixtures

the oxidation products of one component can drastically effect the behaviour
of the méh@r. It ic generslly only possible to anslyse for functional
proups, and when this wesdone for the oxidation products of a number of
Californian oils (50) extracted in stages by furfurelend subsequently
oxidised at 150°0., 4t was observed that es aromatics were vemoved there
was & fdocresse in sludge formetion, This ds of course consistont with
oxidablon studies on pure hydrocsrbons which indicate that aromastics give

daxds insoluble condensabion produchs,

‘Ex“l;mmticm by Turfural also resulted in the production of grester
gquantition of weotor and less carbon dloxide and volatile acids, No
poroxides were detected, which suggests that any peroxides formed were
inmediately decomposed into other oxidation products. Both Dornte (50,63,64)
snd Danison (51} veport that when white oil is oxidised at 135%0, the principal
products are peroxides, carbonyls, weteyr, scids and only a trace of carhon
dioxide. VWhen tﬁey oxidised lubriceting oil at 175°C, they found thet water

accounts for HO¥ and carbon dloxide for 3 « 104 of the oxygen absorbed.

A Pennsylvenisn oil oxidised ot 170°C. (65,66) geve tho ozygen
distribution ass water, 44 - 70{; carbon dioxide, 3 - 9%; carbon monoxide,
0.6 = 342%; volatile acids, 1 -~ 7o5% fixed acids, 2 = 2,553 and 2 - 7%
isopentane ingolubles (conteining 15f% oxygen)s Temperature apperently
exerts little influence on this distribution in renge 150-180°C., bubt it
varies ag oxidatlion procecds. Similar studios et 1750(3. (67) found thot
3he5 = 43.5% of oxygen absorbed could be accounted £for as wabor and 3.1 = 7.5¢

and ss carboen dioxide.



Hicke=Bruun, ot al (67) compared an oil containing 19§ aromatic
rings with one containing 3% end found thet tho more sromatic oil produced
much greater quentities of "soluble sludge" and "insoluble sludge" than the
other, The effect of varying the concentration of aromaties on the time
required for ebsorpiion of 1800c.c. of oxypen/l00gm. oil, in presence of
iron, wop oxanined Ly Ven Fuchs and Diemond (58). The curve relating
absorpbion time Yo svomelic content passed through a meximum ot about 5%
aromatios, whowing that the oll hod en appsront “optimwn svometicity® with

vospect to oxidation stablility.

A Pernsylvanisn oil containing 9% aromatic was separvated (66) into
124 froctions and seven of these fractions, containing 0 « 407 sromstiecs,
were oxidised ot W0%C, It wos found thab nono of the fractions was ag
gtable vs the oviginel oil, bthe mogt sbtable being those with 15 and 25

svomatics, the lesat stoble those of sexe arometleity.

Oxidetion of lubriceting oils appears to be concentrated on thoe
eromatic material, and is{ corvied out independent of the oxidation of
nephthones and poraffinics. In low concentrations arometics reterd
saturated hydrocerbon oxidation, the oxidetion of srometics themsolves being
aslmost negligi”ble.' At bhigher conceniyations, however, the oxldation of
sromatics iz in addition to thet of saturated hydrocerbons and mey reverse

retarding offeat of oxidation products.

Jis 'neticag}mg‘a JHydrogarbon Oxidetion

Most liguidwphase hydrocarbon cwidetion processes sre characterised

by tho facht that the rate of oxidetion inorvesses with the extont of wxidatilon.



They are seid to be autocatelytic, but thore is no true catalysis since
the hydroporoxide, formed almost quantitatively in the first stages of
oxidation (6B8,44,69,70) 4s itcelf used up.

Polland (71) meintaned that tho genewal scheme of liquid-phase
hydrocarbon oxidetion comprises three steps (1) Initiation, (2) Fropegetion

end (3) Termination.

(1) Initiation
In the initiation s redicsl is formed (R-°)

Ri-—>R= «  (He)
where R is the subgtence being oxidised. Initlation cen be brought sbout
in several ways,
{a) by radiation which splits a molecule into radicals,
(b) by inltiators e.g. benzoyl peroxide, which decompose thermally into
radicals,
(e) by thermal decomposition into radicals of the hydvoperoxide produced
in the reaction,
(a) by the reaction of metal catalysts with tho hydroperoxide to form
radicals, and
(¢) by direct resction between oxygen and tho substrate to form an Re
radical and en HOge xadical. This is a very slow reaction end of minor

inportance.

Of the greantest interest is thermal decomposition of ths hydroperoxide
gince this gives rise to autoxidetion (72,73



Phuas

ROOH —>» RO~ + OHw
R~ + RH w-rROH} Re
Ol + RH — 0 » R

(11)  Propsgation

This teles place in two steps, in tho second of which the Re

radicel is regenerated. The second step is then repoated, forming e chain

reochblon.

Bee « ‘32 ——-a—mfz-

ROo- # RH—w ROOH + Re

(411) Ternination

The cheins aro terminated by the combination of radicals

ZRe —> R~R
R~ + RO, —> ROOR
gx&aﬂﬁma » Qg

The rete of remction depends on the concentration of hydroperoxide.
The shepe of the autoeatalytic oxidation curve can be expleined by the fact
that the congentration of hydroperoxide is low in the beginning and the
reaction accelerates as 4t bullds up.,  Later on the resction slows down
because of the depletion of material being oxidised.

It 1 well knoun that metal cotalysis can sccelerate these oxidation

€7e



processes, by increasing the rate of initiation and the reactions msy

wall bes

ROOH + M — ROw + O * M+

ROOH « U —'-Ri)g* * He * i

These two reactions form & chsain whoreby the metal dons act asg catalysts.

The metel ions may act on obher reactiong in the oxidation but thelr main
effeot is to increase the rate of initiation. These metals can be dissolved
in tho substence being oxidised, but they can elso be present in the emulsified
aqueous phose of an oxidation. There they react with hydroperoxide that

paoses dnto the agueous plmée.

The reactlon con be inhibited, i.e. the induction period ic increased,
by sdding small quantitles of easlly oxidlsed compounds such as phenols,
thiols, omines, ete. Those inhibitors usuelly interfere with the propagation
sbep by giving o hydrogen atom to the radical ROp~., The preduct formed

cannct add oxygen to contimme the reaction.

The sbove scheme of oxidotion mey be over simplified, but it is
thought to be the basis of most liquid-phsso oxidations of organic materials
by moleculer oxygen. The complicetions sppesr when we consider the further
reaction of radicels and of the hydroporoxide.
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CHAPTER IV

Oxidation Tesgts and lnpine Tests

A nunber of teat methods have been deviged for the purpose of
asbinating the probable behaviour of lubricating olls under oxldising
conditions. Small sosnle laboratory tests give useful informetion but
ore linited in their scope, whereas engine tests which simulate service

conditions are of more practical value.

In lebovatory oxidetion tests it is ususl to bring hot oil into
contact v}iiﬁ:x ady or oxygen, generally by bubbling the gas through the oil.
Many variotions of this method have been used but only one has been adopted
as standand for lubricating olls in this countyy. This is the Institute
of Petroleun test I.P. 48 (74) originelly introduced by the Adr Ministzy as
a test for eviation engine oilg. This test has besn exomined extanéively
{75) from the point of view of reproducibility of resulis end the effect of
veriation in the gpecified conditions.

In the X.P. 48 test, air at 15 litres/hour is bubbled through oil
mointained at 200°C. The stability of the oil is mossured Wy the incresse
in the Remsbotton carbon residue snd the kinenetie viscosity votio afber

12 hours oxidation.

The Indiens oxidetion test (76) is siniler in principle to the I.P.
test, but in this cose air at 10 litres/hour is blown through 300ml. of odl
maintained st 341°F. Precipitoble sludge i token sg the criterion of
stability end periode of time are moasured for the formation of (o) 10mg.
sludge per 10g. oil, end (b} 100mg. oludge por 10g. oll. Viscositieos mey

also be neasurad.
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The Indiana strring oxidation test for lubriceting oils (77)
is o modification of the sbove test and has been developed for olls
containing additives. High speed stirving provides aerabion of a 250ml.
sample of oil meintained st 330°F,, in the presence of copper and iron asg
catalysts. Sludge and soldity ere measurel every 2i hours, for a maximum

of 72 hours, and ore teken as meagures of the extent of oxidation,

Yet enothor oxldetion test is the Sligh oxidetion test (78) which
involves e smell static oll sample surreunded by an atsogphers of oxygen
at 20090, for e poriod of 2,5 hours. The ssphaltic matorial produced in
this timo is teken ag a messure of oxidetion, and is reported as the "Sligh

Nunbern,

041 stability ocsn also be determined by continuously recording the
oxygen abgsorbed by the oll somple. Downte (60} fivet dosoribed such en
epparatus in which oxygen tmbbled through a hot Qﬂ.i sample in a closed circult.
Low molecular welpght gases and vapours aye removed by an shsorptionend
condensing system and may be neocured, The shepe of the oxygen absorption
versas time curve ig often taken as being chavacterdistic of a perticuler oil

somple,

Tosts also exist for the messurement of the extent to which an
oxidlced oll is defective and measure besring corrosion wesr, siudge and
lacquer deposition ete, The Lxistent Corwisivity test (79) is a bearing
corrosion test in which no significent oxidetion of the ol tekes place
during the test. A beaping metel spocimen ds domorsed in 200z. of oil ot
1560 . for 20 minmates with oir agltetion at the rate of Ge’nl/min. On the



other hand the Underwood (80) and Thrust (81) tests ore exemples of bearing
corrosion tests in which the oil ig oxidised during the test period,

Controlled engiﬁe toots are used in the laboratory to simulate
true operating conditions and soveral measuvements may be made o estimete
Iubricant efficienoy. The actual oonditions in a running engine are such
288 to rapldly chepge the initial gualitics of the selected lubxicent due to
oxidation of the oil itself and contamination by the combustion products of
the fuel, VWhile it is posslbls to melte o laboratory asssessment of the
oxidetion resistance of an oil, the complications introduced by the various
contaninants are by no mesng easily simulated by a laboretory test procedure,
Lxperience hes shown thetv the laboratory tests do not sdequately measure the
degirable propovbies of olls, especially olls containing additives, and the
only satisfactory way in which this can be done ie by actual running in

angines.

Ingino lesle con be of two kiunds « long term triels in which actual
vehloles ave used xunning under normal road opereting conditions, or bench
tegts in which the engine is under close control. The "road test® method
is very difficult to contrxol and for iits success needs a lengthy period and

e large number of wvehicles,

Ideally, the conditions under which a test engine is run showld be
baged on those portaining to normal service. In practice this is difficult
to arrenge, such conditions vary widely and servico deta is difficult to
soguira. Alsp, any such test would be of far too long aurationann& it is
usual, therefore, to rely on oxtreme conditions and asgume that if satlsfoctory
porfovasnce is obtained in such an accelerated tect, the lubricsnt will bohae

ogually well under normal and, usually, less apduous conditions.



The ovaluatlon of the oll iz mede by observation, quaniitative
end qualitative, of its effect on the engine, The maln charecteristies
which indicate the probable performonce of thoe oil in service are: ring
stioking, pisbon xing ond cylinder weoy, hearing corvosion, oludge, doposits

in the combusiion chember, snd deterdoration of the oll Jbselfl.

In genoral it is the state of the englne rathor than the condition
of the used oil which receives most attention and iz regarded as the nost
impoxtent cxiterion. Provided that satisfactory ongine performence hag
been given the snalysis of the used lubricent iz congidered to be rather

undinportants

A great many engine tests have been devised and nmany of those tosts
have been standardised by the Co~-ordinating Resesrch Council of America (B82).
Degpite the lorge mmber available, little information ig given in the
literature on the corrslotion of oxidetion tests with engine performance.

It 1s accepted that some tests show little correlation with performance,
Larsen, Arnfield end Whitney (83,84} showed thot three oils could be placed
in eny of slx possible ovders of nerit by verdation of the catalyst in en
prddation tests Matbhewa end cowworkers (8%), however, hove shown thet an
oxidatilon tont cen provide o geod indlcation of how on oil will perfora in

an engine tost, bulb strvess that the cetelytic conditions used in the oxldation

tost should be as close as possible to those existing in the engine,

Yor some yeers now o sbudy of the deteriovabtion of lubrlesting cils
has been underdeken in thig laboratory (86,87,88). This has been mainly

concerned with the exidetion of lubrlcating oils by blowing alr through a hot



oll ssuple and analysis of the resulting oxddised semple. It wae folb
that the time was vipe fo conbinue this worlk by studying the deterioration

of lubriceting oils 1p en intermal conbustion engline.

When an oil is oxidised by blowing aiy through o hot samplo the
products of oxidetion may ba divided into thres groups depending upon their
solubility in the oils  These sre “eil insoluble sludge®, "oil soluble,
tut isopentene insoluble sludge" and the remaining oil soluble oxidised
naterisl which are known as "reslns®.  When the oll is doteriovated in en
I.Cs engine we hove snother class of oil ingoluble matordal which consists
of engine wear perticles and carbon perticles from the combustion chamber.
This meteriel iz known as “chloroform insolubles® since all other oil

oxidation products sre soluble in chloroform (89).

Bach of these oxldation products will have o certein effect on the
proporties of the oils. The oxbont to which thils occurs will depend upon
the emount end nature of the individual products. This will in twrn depend
upon the chemical structure of the oll, end in the caso of chloroform

ingolubles it will depend alsg on the characteristics of the engine.

The worlt coriied out consisted of doteriorating certain oils by (a)
adreblowing through hot semples; and (b) deteriorating the seme oils in a

Polapone T.C. engine, and investigeting tho followings

(43 the effect of the chemical stxmctire of the oil on the extern
to which oxldation ocours:
(11) the offect of the verious oxidetion products on the proporties
of the oily
(d34) the properbies of the products of oxidetiong

(dv) comparison of the oxidedlon products end their effects on



the propeorties of the oil in the two methods of oxidetion,



CHAPTER V



CHAPTER V.

Characteristics of Fuel and Oils Use

Four refined mineral lubricating oils conteining no additives
were used in the present work, Table I gives the place of origin and
wefining history of each oil, and Taeble 2 gives the refractive index, density,
nmolecular weight end viscosity as determined by the methods desoribed in
deteil in the Appendix, Since the oils were found to contain little or no
salphar the sulphuy content was ighored ond the resulting n~d-d analyses of
the olls given in Table 3.

The fuel used in the engine tests wss an unleaded gasoline the

characteristics of which are given in Table L.



TABLE I,

e REFINING HISTORY

OIL NO, 1. Mid-continent Aeid refined, MJE.K. ~ solvent
extracted and clay filtered,

0IL 0.2, Miadle East Middle distillate which had been
phenol extracted, propene dewsxed,
clay treated, vacuum re-run and
brdght stock added. Bright stok
had been trested in & sinmiler
nanness

OIL NO, 3. Middle Hest Compounded dilstillate and bright
astock. Both distillate and bright
stock were solvent extracted,
solvent dewaxed and clay filtered,

OIL, 10l Venazuele A nephthenic fecd=-stock which had

been vecuum distilled, caustic

soda treated and re-distilled.




TABLE II.

REFRACTIVE DENSITY | VISCOSITY
SAMPLE INDEX AT 20°C. mog;mcgmn AT 20°C,
AT 209C, (am/m1) WELIGHT - (Centistokes)
1, 1.4859 0.8830 525 364e2
2, 1.4868 0.8800 578 5170
e 1,5019 0.9057 523 7991

be 1,5280 049408 410 10803

TABLE IIT.

SAMPLE Gy, i Y, 7p Ry By Bep
1. 548 35e5 31e7 e 5 022 2o 6l 2486
23. 6t7 3(}.5 23.8 69&5 0.#6 20% 2.66
S 12.5 3945 2.0 0.5 0.81 26442 3e83

10-. 2?05 490 3 22- 3 5‘)0 2 1.‘0-2 10 77 30 19



TABLE XV

hoFeTelly
I,P. 0587 TEUST
CHARACTERISTION TALUR NUMEER NUMRER
Specific gravity st 60/60°%, 0.7257 160 D1298
Distillations 123 D86
10% evaporation at, 9C. 85
504¢ " O, 119
90, " v Og, 1,5
FER “ s 9, 187
Residue, & Vol, 1
Abel flash point,  °F. 67 33/59
Reid vapour pressure Pedei.ge 7.6 69 D323
Octane number, UM 80 LA D357
R 87 126 D908
Guam, mg/100nl. 2 38 D381
Sulphur, Frt. 0.12 107 90
Corrosion « 0.5 154, D130
PEL content, m1/IG 0 116 D526

Oxldation stobility min. 475 40 0525






CHAPTER VI

Le Ingtitute of Petroleum Oxidation Tegh

Borlier work in this laboratory used the Institue of Petroleum Tesh
I.P. 48 (87,88) as & method of oxidiming various oils, since this test hes
the advantage of both being e standerd test and providing operating conditions
which are essy to control. In the earlier stages of the present work this
tost was used to oxidise some of the olls used and to provide a2 basis of
correlation between alllthm oils used in this work, some of which had been

oxldised previously (87,88).

in the Institute of Pebroloun Test aly is paased through a 40ml. oil
semple, kept at 200%C., at & rate of 15 litres/hour for a period of 6 hours.
The semple 45 then left for 12 to 18 hours end oxidised for o further 6 hours,
giving 2 total oxidation time of 12 hours.

Ramsbottom carbon residue and kinematic viscosity at 100°F. are
measared before snd after oxidation, Oxldation of the oil is measured
by baking the ratio of viscosity aftor oxidation to viscosity before

oxidation, and the increzse in percenbage carbon. residue,

This test woe intended to cnable olls to be arranged in order of
stability, but in this laboratory has been modified so that oils cen be
oxidised for verying periods of time under constent conditlons. It has
been shown (87) thet there is no essentiel difference between oxidising oils

for one prolonged period and for 6 hour periods es in the standerd test.

The apparatus employed in the I.P. tost consisbed assenxiéily of

& hest resistant gloss boiling tube (25cm. long, 2.5cm. diameter) with a
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ground glass top fitted with a gless cep through which passed a glass air
inlet tube and an alr outlet tube. The inlet {tubs went to within Lmm, of
the bottom of the boiling tube which was greduwated to contain 40ml. of oil

at room temperaturs.

The heating bath consisted of e copper tenk (22.5cm, diem., 30cm. deep)
filled with a heavy~duty heating oil. At a depth of 22cms there was a
perforated brass plate which acted as a support for the four oxidation colls.
A hard asbestos 1id covered the bath, this 1id being fitted with a thermometer
and a Sunvic thermostatic control, The bath was heated eoxternally by two
electric heaters (1000 W and 800 W)s The -larger heater was used as o boost
heater and when the required tempsrature was reached control wap maintained

using the smeller heater,.

A ginglo bledod propellor provided the necessary stirring, this
propellor being fitted to a constant speed electric motor mounted above the

bathe Insulation of the bath was provided by a 1 in, thick fibre glass sheath,

Non~pulgating sir«flow wag obtained by means of a “"Proctor® diaphragnm
puap capeble of delivering 300 cu. in, per minute. In order to gain a more
sengivive flow control, V-notches were cut in the plug of the stop cock in such
a way es to terminate at the hole. This made it possible to have a range of
{low rete rathexr than the normal oneoff flow sssocisted with o gless stop cock.
The flow rato was moasured on a type U~tube mancmotric flowmeter with capillery
tubing as the orifice, A flowmetor was used for each individual oxidation cell,
ond the four flow meters were connected to a common mapifeld from the *Proctor®

puip.

In Wig. I. en end elevation of the bath iz shown with two oxidstion

cells in position.
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2e The Pelopone Ingine

The engine used in this study was a Pelapone PF.l., manufactured
by theo New Pelapone Lngine Co. Ltd., Wekefield, as a power generator, (sae
accompanying sectional drawing of engine). It was a gingle cylinder L-stroke
engine, with spark ignition, and which used straight-run gasoline ag fuel,
Stroke and bore were both equal to 4.75 ins. and cooling wes achieved by means
of water passing through a jJocket. A generator was coupled to the engine,
having a roted cutput of 230 V. and 12.4 A, at 1000 repe.m., the roted horsee

power of tho engine at this gpeed being Le5 behepe

The onglne was run at constant gpeed, 1000 rep.m., regulated by
means of & throttle governor. The cooling water rote was maintained at
l.4 gol. per min, throughout the tests, the inlet temperature being 55QF. -
60°F. and the outlet temperature YOOF. - 750F. These temperatures were
measured by meens of mercury thermometers inserted in pockets in the water
pips. Although the amblent temperature ranged from 450? - 65°F, it appeared
to have no effect on the running temperature of the engine, and under these
operating conditions the sump temperature meessured by a thermocouple, stayed
almost constont (110°F., = 115°F.). Due to the repid oil oirculation
( 100mp./min) in the engine, the oil in the sump roached this temperature
within one~hour of starting up. Iubrication of the moving parts was achieved

mainly by meens of a pumping action tut elso pertially by e splashing action,

An unleaded gasoline wag used as fuel in these experiments the
characteristics of which ere given in Chapter V, The consumption rate of the

fuel wos 4.3ml./min, by grovity feed,

At the end of each test the oil wes drained from the sump and sempled,

200ml. boing teken, ofter sbout one~third of oil had run out, The sump holds



he6 litres end wes filled with this amount et the commencement of each run,

No meke-up was added during a test,

When sampling had been completed the sump was emptied and the entire
engine was waghed with 100/120Q patroleun ether, by mesns of a hand pumping
device incorporated in the engine the 100/120° petroleum ether was circulated
throughout the engine without turning the engine over more then two or three
times. This hand pump wae alse used to fesd oll to the cylinder walls before

the stort of a test so thet engine wear was reduced (89}, After washing,
the engine was left oxposed to the atmosphere sc that all the 100/120o

petroleun dher evaporsted off,

The first step in the start-up procedure was to £ill the suap with
the particular oll to be examined and hend pump it to the cylinder walls,
Filling the fuel tank with unloaded pasoline was the next step, and the fuel
wag then gravity fed into the cerburettor by depressing the needle valve,
Once this was done the ignition switch was pushed over into the “ON* position

and the engine turned over Ly hend until ignition took place.
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CHAPTIR _VII

Oxidation of oils 1,2 and 4 was carried out by mecens of the modified
I,Ps test (Chopter VI} for various periods of time up to 24 hre, The oxldised
oils were thoen filtered, dssludged and deresined by the preocedures described
in the Appendix, and snalysed to determine what effect oll composition and
oxidation products. In this investigetion the oxddation products referred
to are those which have been retained by the oil.

Production of an and resing

The effeot of oil compositlon on the amount of non-volatile oxidstion
producte foxrmed can bo seen by exeminetion of figures 2 snd 3. 01l number 1
contained the smallest amount of aromatics and formed the smallest total amount
of oxddation pyoducts after 24 hours. 0il number 2 wase of intermediate
ayonaticity ond formed the socond greatest emount of oxidation products, with
the oll of greatest aromaticity, number 4, producing the greatest amount ¢f

nonevolatile products.

Soluble sludge was formed by 0il pnumber 1, 0il number k4 formed both
insoluble ond goluble sludge, and 04l number 2 formed no sludge st all, One
would expect the oils with the greatest srometicity to form sludge, bub here
0il number 1 hes o lower sromatic content then 04l number 2 end yeot forms sludge,

whereas the lattor forms none,

04l number 1 aid not start producing sludge until after 9 hours

oxidation, and then at an increoasing rate of formetion. Soluble and insoluble



SRl

sludge appeared to be formed from the stert by 0il number 4 end at a linsax
rate of formation, The pate of formation of soluble sludge by 0il number 1
was greater then thot of 0il number 4, but the totsl amount formed was mach

leps bthan that of 011 number 4 after 24 hours oxidation.

The eludge forming oils, numbers 1 end L produced approximately the
same quantity of resing af'ter 24 hours, tut 0il number 2 produced the grestest
smount of resing after this time, The rate of formation of resing by Oils
1 end ) decressed aftor & time; whereas the rate of formation of resins by
0il number 2 continued to be constent, It would seem thet the rate of
formation of resins decressed as the formation of sludges incressed, This was
particularly so in the case of 0il number 1, in which sludge did not commence
to appeoar until 9 houra oxidation which coincided with o deoresse in the rate
of resin formation. This effect has also been noticed in engine tests (90)
in which & decrease in resin content was coincident with an increase in gludge
value, Thieg would suggest that rosine arxe the first products of oxidation and

are further oxidised to sludges.

The results ghown in figures 2 and 3 are consistent with the work of
Davis (90) who showed that resing are formed until a constant quentity is reached
aend sludges are produced at & constant rate. This is tyue for leps rofined
olls, i.es olls which contain approcisble amounts of aromatics, and would acecount
for the behaviour of 01l number 4, 01l number 1 however has o lower aromaticity
than 01l number 2 and yet produces sludge. This may well be ‘ﬁue to an optinmun
aromaticity effect as mentioned esrlier (86,87,88).

Only in the case of 0il number 1 was the rate of formation of sludge

found to be approximetely equel to the decresse in the rate of formation of
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the resins, This was not o for 0il number I. and the desorepsncy may be
due to an increasse in the fomation of volatile products, such ag water and

carbon dloxide, not doternined in this investigation.

The eyclic theory of sludge precipitation, in which reglina ere
oxidiged to cdudge unbil the limdt of oil solubility is reached when they
procipitate corrying down sbaoybed resing, the resin content thon increasing
to a new nmeximam and the oyele yepested, does not appeor to apply in the above

coses of oil oxidation,

Aedd formation

0ils which have been oxidised possess an "acidity" due to products
which are a great deal mors complex than simple acids ond estors (91). These
alkall consuning substences include lactones and polyhydroxy compounds, bub
in the present investigation "acids" were regerded as oxygenatod compounds
capable of producing hydrogen lons and did not include carbonyl compounds.
This was done hecause no relationghlp has yot been found hetween corrosion and

neutralisetion or seponificetion numbers (91).

From Lipure 4 it cen be seon thet the acldity of all thres oils
increasss with oxldetlon time, bubt thet the incresse is linesr for 0Ll nmumber 1,
vherens 0dls 2 and L bove an incroasing rate of formetion, When sludge is
romoved, either by filtration oy by pentane trestment, tho acldity decreases
congiderably, indicating thet the sludges heve & hipgh acid mwber. When resing
are romoved the acldity 1s reduced to the velue obtained foxr the unoxidised
oil.

It would appear from flgure & that the total acidity produced after

2k boursg oxidetion is dependant on the sromaiic content = the grester the
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arvomaticity then the grester the acidity. Tersen (92) on the other hond,

found no epparent trend in the total acidity formed by oils from different
sourcoss Aeccording to Gibson (87) end Beaton (88), however, there is a

lineer relationship between the logerithm of the scid number of the desludged
01l and the percentege carbon in the mraffinie structure of the original oil.
This was plobtad for Oils, 1, 2 and 4 at 24 hours and that such & linear
rolationship exists can be geen from Ligure H. Thorefore, it would appear
that the acldity of the norwgludging part of the oil is rolated to the percentage
poaraffing in the orﬁginal.oil, and that the total acidity is rslated to the

sludgs forming tendencies of the oil.

Figure 6 chows whot conbtwibution insoluble sludge, soluble sludge
and resins ocach meke to the increase in acidity as oxidation progreosses. The
rate of incressse in scidity due to resins in 04l nunber 1 ig linecer up to
9 hours and theon the rate begsh to dgscresse, This was coincident with the
fornation of soluble sludge, at en increasing rate, which also contriﬁutad

to the total acidity.

Agidity incrosse in Oil number 2 wag due solely to the formation of
resing, end hence the plot of acldity incresss dug to resing ageinaet oxidetion
tine is similer to thet in figure 2 for total acidity apgsinst time., This

shows the rate of aclidity inorease to be increasing with oxidation time,

In the initial steges of oxidation of 0il number L all three oxidetion
products acontrdbuted almost equally to the total scildity, thereafter the bulk
of the increase being duo to the production of insoluble sludge. Up unbil
sbout 16 hours oxidation the soluble sludge contribubted slightly more to the
totel acidity than the resing did, but afbor 16 hours the resins gave more bhan

the soluble sludge to the ovarall secldity.
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Mueh thought has heen glven to the formation of sludge and acldity
during oxidetion, and it is now known that hiphly refined oils rapidly increase
in acidity when oxidiged end that sludge formetion is often association with
a decresse in the acidity of the remaining oil. It hag been suggested that
acids wore the precursors of sludges end resing (93) and thet sludge formation
was due to condensation of ecidic materials with polyeyelic naphthones. This
theory con be discounted, however, since pareffinic typo oils can product lerge

snounts of scid without the formetlon of sludge, e.ge 0il nuwober 2.

Yore recent theories sxe thet aldehydes end ketones precede the formetion
of sludge (94) and that the sludge ibtself is produced ‘by‘ the condensation of
azjométic hydroxyl compounds with carbonyl compounds (95). If this is the
correct menner in which sludge is produced then the formation of agids and
sludge should e competitive since they would both ba formed from carbonyl

compounds,

© Oxldatlon of Yrangformer oils showed that where the rate of acidity
formetion degcreased, the rate of gludge formation inoreased, Undor the
particuler oxidation conditions the diffusion of oxygen wes the rate controlling
factor, The resulis were explained by assuning that the acidic components in
the oil psﬁially reprogented potential sludge since the gludge formed later in
the oxidation was of high acidity.

Theore con be mo dr;:ubt that there is some reolationghip between aoidiﬁy
end sludgo formation, but the actusl nature of this reletionship is. sbill
uncertain, Ingoluble sludpe formed during tho course of the present work had
groater acid values then those of the soluble sludge or resins, and the

insolubility of this sludge moy be connected with ite highly polar acild groupinga,



e

It mey be the cese thot the soluble sludge continues to be oxidised until
ite acidity is such that it is no 10:13@# soluble in the non-polar oil and

is therefore precipitsted as insoluble sludge,.

Coxbon_residue

With dnovensing oxidetion time the carbon regidues of @11 three oils
inoreased (figurs 7). The rabe of incyesase in carbon residus of 0il nuaber 1
wag linear up to 9 hours oxldatlon, tut efter this time the rete of fornetlon
increased with oxidetion times ITE would seem therefors thet soluble sludge
hog & large cerbon wesidue since the formetion of this sludge brought aboub

such & sherp incrense in corbon residue.

041 nunber 2, which produced no sludge, exhibited a linear rate of
dncresse in carbon residve as Ald 04l number 4 which produced both types of
sludge. From the results obteinad for 011l munmber 4 it is sppevent that the
soluble sludge had a greater carbon residue than the insoluble sludge, which

in turn had o grester carbon regidue than the resing.

In 0ll thyes casges the cerbon realdues of the deresined oils were

in the ssmo rongs of values as that of the originsl oils,

The corbon residue of an oil in dependant upom its caybon/hydvogen
ratio end upon ites oxygen content, As oxidation proceeds the carbon/hydrogen
vobio, dnoreapes due bo condensebion end polymerisation, An dnecresse in
oxygen content causes the cerbon residue to decrease, snd hence the corbon
vesidue of an gxidised oil depends both upon the chemlceal composition of the
original oil and ite oxidotion behaviours, It bas been ghown (88) that the

structure of the oxidiged part of the oil and the type of reaction required to
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produce this structuré are more luportent than oxygen content in determining
the carbon resldue of the oxidised oll. This is supported by the evidence
shown in figure 7 since ona would expect the more syomatic olls to hove the
greotest incresse in corbon residue but here the inecresse in carbon residue
depends upon whother or not the oil forms sludge during oxidetlon.  Gibson
(87) found that ohove 9% Gy the incrcase in cerbon residus was 2 function of
percontage OGp tub in this work no relationship was found hotweon incresge in

cerbon resldue ond percentage carbon in the aromatic atructure.

Mpare 8 ond 9 show the contribution of the various oxideation products
to the tobtal carbon yesldue of the oxidised oilas, In all cases the
contritution of oach fraction tendod towsrds & consbent velue, The order
of contribution was soluble sludge > vesins > ifhsoluble sludge >
hydrocorbons,

Aocording to the work done by Vapsildeff (96) the resins present in
crude oils produce 207 and sludges 70% of the coke formed in the Conradson
toste Ol number 1 produced soluble sludge which tended to 527 contribution,
and the soluble sludge in 01l number 4 also tended to this valuo with insoluble
sludge conbributing 158,  The contribution of total sludge 4o the carbon
regidue in CALl number L wos 67/ which compored favourably with the value
determined by Vescllioff, Wheve no sludge was formed, 041 number 2, the
rogin contritution tended towerds 707 and where only soluble sludge was formed
the ropin contritubtion tended towards 256f%. Only where solubleand inscluble
sludge were formed Aid the resin contribution to the total cerbon residue tend

towards 207 .
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2» Iffect of oxidation on the charagteristics of the oil
Rensdty

Oxidation of 2ll three oils causes an increase in density as shown
in fipure 10, the rate of inorease in Oils 1 and 4 gradually diminishing
wherens 0il number 2 shows an incoreasing rate of formation of denser matorial.
This is consistent with fipures 2 sud 3 showing the rete of formation of

retoained oxidation producha.

The feot thot density incyeased in such o way suggests that the
bulk of reteined oxldation products sre of higher density than the oripginal
oil, the less dense oxldation products probebly bheing voletile ones such asg

carbon dloxide and wabore

.ﬂaaluaging and derogining the oxidised olls decreased the density
considerably, Removal of sludges reducing the deneity to values only slightly
above that of the original oil, vheress deresining reduces the density to
volues below that of tho original., This decrosse in density by removal of

resing incroages as oxldeation time inoreases.

No relotionship is apparent betwsen the percentege incresse in
dongdty end porcentoge Cp a8 was found by Beaton (88)e  When tho density
increase in all four oils, Oil numbor 3 heing oxidised to 24 hours only, wes
conaidered some relationshilp waps apparent botween the percentapge inoresse and

tho total number of rings per meon molecule of the original oil (figure 11).

Viscosity
From figure 12 4t con be seen that 0il number 2 shows the leoast

inorease in viscosity sftor 24 hours, followed by Gil number 1, and then
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041 number 4 which geve the grentesh incresse, 0Olls 1 and 4 are also “the
only two oils which formed sludges, indicating that sludges themselves have

a graater viscogity than the original oils.

It would be expected that oils containing the greetest amount of
aromatics would have the grestest lncrosse in viscosity, since aromstics form
oxidation products which ave very viscous. But from figure 12 1t can be seen
that thie is not necessarily the cage as 0il number 2 hes a grester aromatic

eontent than 01l ramber 1,

In all three cages it can be seen that the rate of viscosity increase
became greater with uxd.datﬁ.aq time, The Ingtitute of Petroleum oxidation
test uses the viscosity mti§ after 12 hours to clagsify an oil with respect
to its oxidetion stebility, but from figure 12 it cen be clesarly seen that this
nay lead to erroneocus results since the rate of increage in viscosity is
changing oven after 24 hours oxidstion. In this instance the order of
viscosdty retio st 2070, after 12 hours is the seme as that efter 24 hours
and iselzo the order of oxidation stability of these thres oils, i.e. 0il
nupber 2 2> 04l number 1 > 04l mumber 4,

Sludge removal decreased tho wiscosity of the oils to values just
above thet of the original oil, but the viscosity abill increaged with
oxi.ﬁwﬁ/ﬂ.an tine. When resins were removed however the viscosity decreaged to
values below that of tho original oll end continued to decrease ps oxidation

time incroscsed.

The relative contribution of sludge and resins to the total viscosity

incresse in shown in figures 13 and 14, In the indtiel stapges of the
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Hie

oxidation the contribution of the resing to the viscosity inéreasa wag in
excaeans of the sludge contribution, In the later steges of the oxidation
pludges toke over the bulk of viscosity incresse, It would eppear then that
the relative contribution of sludpe end resing to the increase in viscosity

depends upon thelr relative rstesof formation,

These findings are not in #grsement with those of Hickse~Bruun et al
(67) who found that, in two oils of 19 and 207 arometics, vesins were
respongible for 80 and 90/ of the viscosity increase respectively, These
workers did not oxidise the oils under such stremuocus conditions as wes done
in present investigation, ond thig may be the reason for the discrepancy in

results.
Fundamentel Viscosity T ture Index

The F.V.T.1e of an oil expresses the dependence of its viscosity
upon temperature, and was first proposed by Cornelissen and Vetermon (97,98)e
The P.V.T.I. 18 given by the logarithm of the ratio of the vlscosity at 20°C.
to the viscosity at 50°C. and takes the place of the gtanderd viscosity index
(V.I.) system put forwerd Ly Dean end Devis (99)s The viscosibty index is

exprossed by the formulas
VO_IQﬁ L“Utlm
L -H

where L,H and U are the viscosities ot 100%. of a standard oil V.I. = o,

of a standard oil V.I. = 100y and of the sample under investigetion respectively,
The two stendard oils bave a viscosity at 210°F, equel to that of the unlenown,
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The value of the Dean and Davis Viscosity Index is somewhat reduced by
the fact thet,

8) it is baged on arbitrery stendards;

b) it is not an additive property;

¢) at very high renge of V.I. the scale becomes mesningless
d). anomalous results ere obtained in the range of viscosibies

at 210%‘: helow 86@&0

The P.V.70.1, put forward by Cornelissen and Waterman ds claimed to

be sn absolute index and obviates the disadvantages of the Deen and lavis V.I1.

The relationship between viscosity and temperature is given by log V = (A/px) + B

where V «~ wvigcosity in ces.,
T = absolute temperature in degrees Kelvin,
and A, D and x are constants.

All similar compounds have the ssme value for the constant "x".

In this investigation the ¥.V.T.I, was osloulated by means of the
relationship log (vao G./VBG ‘Ce)e Frow figure 15 the effect of oxidation
on the F,V,T.1. of an oil cen be seen, It wonld appeayr that the oils giving
the gmabést total viscosity incresse also give the greutost chengo in F.V.T.I.
For all oils the F.V.T.I. dncresses as oxidetion progresses, in the cese of Oils

3 and L at an ever incressing rate and in tho cese of Oils 1l and 2 ot o

1linear rate.

The percontoge increase in P, V.T.X. after 24 hours oxidation is in
the order 041 2 < 041 1 < 041 3 < 04l 4, which is the reverse of their

order of oxidation stability. ~ Oils with the greatest percentege of cerbon
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in the pareffinic structure show the least chenge in F,V,T.I. and when

the percentege increase in ¥.V.T,1. la plotted against percentege Cp a

linear relationship cen be observed (figure 18).

Fgares 16 and 17 show the eifaect of removing sludge and resins
from tho oxldised oilss Removal of sludges reduced the F.V.T.I. to values
only slightly ohove that of the originel oil, When vesins sre removed,
however, the P.V,.T.1. was reduced to values lower than that of the oviginal
oll, the grestest reduction being in the oils which suffered the grestegt
attock during oxidation, This means that tho weierials formed as the rosult
of oxidotlon bhave very poor bemperature dependsnce properties, snd when theose
are rampved the rocovered oils have o more desiveble wvalue of P.V.T.I. then

the original olls.

Molecular Weipht

The molecular welghts were determined as described in the Appendix

and the resulie expressed grephically in figure 19,

From this it cen bo seen thet oxidetion brings about an incresse in
the wolecular weights of all thres olls, the bulk of this inerease ocowrring
in the fivst steges of oxidation, 1In 8ll three cases there is an initial rapid
incrence in the moleoular welght, this incrense being more pronounced in the
cose of 011 number 4 « the oil with the greatest arometicity. The value for
molocular wolpght veaches a maximun value after aboud 6 hours oxidetion, followed
by a slight decveege and then a finel rapid increase, The sherp drop in
mologulay welght, after the initial maximum bas besn posses is more distinet in
Oil number &; but this odl does not show ag great o final incrcase as doos 04l

number l.
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The initial increase in molecular weight may be due to oxidation
rosctions producing heavier molecules, simply by addition of oxygen to the
hydrocarbon molecules. Iurther oxidation may cause the formation of molecules
which erc more casily cracked at 200°C. and this mey eccount for the sudden
decrease in molecular welght in the range of 9 hours oxidation. After this
tine polymeriscation reactions may be more predominant and hence bring about

the finel increase in molecular weight.

Whon sludges are removed thore is a drop in moleculer weight but the
average moleculer weight of tho desludged oil 1s still greater than that of the
originel oils, 04l number 4 onge egain shows the groatest change. It would
oppeer then that the molecular weight of sludge itself must be considerably

greater then the moleculayr welght of the oil.

When the moleculer weights of the deresined oils were determined it
was found thet the recovered samples from Oils 1 and 2 hed molecular welghts
in the same rdnge ag the original oils, and that those from 01l number 4 hed
slightly greater molecular weights than the original oil. This would indicate
thet 0ils 1 and 2 are composed of hydroesrbons of similsr moleculsy weight.

In the case of Oll number ) the initial attack eppesred to be on the lighter
hydrocarbong so that the moleculsr welght of the deresined oil incresszed,

This indicated a groater diversity of hydrocerbon type prosent in 0il number &
which wag also the least refined of the olls. After the initial increasse in
the molecular weight of 0il number 4 there was a very slight decrease followed

by more constant values up to 24 hours oxidation.






CHAPTER  VILY

NATURE OF THE OXTDATION PRODUCTS AND OF THE OILS
RICOVERED PY FULLERS BARTH TREATMENE

L Properties of the owidation nroduchs

Bxreminetion of sludges ond resing requires thet thoy be separoted
fron the oxidised oils Tor accuvate onalyeis, it ie necessawy that they
undergo no change during separation. Binee resins epparently suffer no
chenge during sepeyatilon from the oxidised oll, e.g. thoy re~dissolve in the
oll, it i possible to exonine them divectly but since the meens of seperating
sludge involves pepbisabion and aggregetion, it is not satiefactory to examine
s propertics divectly. Davis eb al (90) also found thot resing could

re=-disselve in the oil, but thet sludges could not re-dissolve.

The Aifficulty in oxemining sludge ond resing was overcous by
deternining the propewties of the oll before end afbor sludge and rosin vemoval
end, with o knowledge of tho welghts of sludge end veming prosent, it was
possible to dotoimine thely properties. The properties of a fow samples of
sludge and rosin were found directly and compsved with the caloulated valuss.
It wag found that sludge showed great differetices in values wheress those for

the reging compared favourablys
Bensity
The densily of an oxidised oil semple can be expressed by the egquotions:

dav = Wy v Wy

Wy + wp
dy a,

[-1



whore & « density of the desludged oll;
wy = welght of the desludged oLl
do = donedty of sludge

end wo = welght of sludge present,

I% is possible to express the dengity in this manner since the oxidised oll
iz & homogeneous mixture of similer substances. Hence, the density of sludge

may be expressed ass

ﬁa = (dav - ) ﬂl}

(w1 « wp) dp = (dav . w)
Similarly the density of resins may be cslenloted.

From figure 20 it is obvious thet the densities of both resing and
sludge are grester then those of the originel oils. The sludge formed by
0il number 1 shows a aontigmous incresse in value, whereas thet of Oil number 4
shows en initial decresse up to 12 hours oxidation and then tends to a censtent
valye, This dndicetes that equilibrdum had been reached in the case of 0il

mamber 4 and hed not yob done so in the cese of 01l mumber l.

The resins formed in 0il number 4 showed en initiel increscse in denpity,
whoere the sludge showed o decresse. After about 12 hours oxidabtion the
- denpities of tho resins tended towerds a constant veluc acdid the sludge. The
rosing formed by all three oils showed a ﬁqnﬂen@y towerds congtant values indicating
that the rosine formed were of a uniform n;ture. If resing aré to be congidered
ag intermediate products in the formation of sludpge, the tendency towards constand

valueg mist bo expected.
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Moleculosr Welehd

An epproxinste value for the molecular weight of a homogeneous

nivbure of two siniler compounds can be calcvlated using the equations
Have = (X3 o My) « (% o Mo)

whore My ond s are tho molecular weights of the two compounds, snd x3 ond

Xy bhe velght fractions of the two conpononte,

IL Mave is the moleculay wolght of en oxidised oil sample, xp the
weight fractlon of the desludged oil present, end My the moleculer weight of
the desludged oil, then mg the molecular wolght of the sludge can be

valeuleted Lroms
vhere x, = weight fraction of the gludge,

Similexly ths molsouler weight of resine cen be calculated,

The mpleculey weighty of the resim formed by all three olls tended
towerds & constant value (figure 21) after very high initisl velues., The
resing from ell three olly tended to have values a 1ittle greater than those
of the oxiginel oils, which egress with bhe worlk done by Sachanen and
Vagsillefd (100) and Haws (101) who found thet rosine darived from lubrdcabing

oll ddetillates all had velues compawitvively close to that of the originel oil.

Soluble sludge mdecular welghbs were lnitielly grestey than those of
the reging (figuré 21}, but in the later steges of oxidation tended towards
velueg ginilar to thet of the resing, After an initially very high value the
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moleculey weight of gludge from O0il mumber 1 deoreased and was still
decroasing after 24 hours but yet had to reach the seme velue as the sludge
from 041 number 4. Sludge from 01l number 4 tended towards & molecular

woight which geened to indlcate thet dimerdsetion had telten place.

Moleculer weights of soluble sludge cbtsined in this investigation
ave comparable with those obbained by Fenske et al (65) by a cryoscopic method,
end by Sachanen (102) by an eimllioscopic method, Values have slso been
obiained by othor works (103,104, 105) » using a variety of techniques, which
differ groatly fyom thoso cbleined in the present work. Values obbained ranged
from 9;000 to 40,000, but such eorlier moleculsr weight determinations were
cmﬂ.@d oub on sludge sepsrated from the oxidised oil snd the wide varietion
in veluen obtained might have boen due to differences in degree of aggregetion

during precipitation of the sludge.

Aeid Number

The aoid numbers of soluble sludge end rosing formed by 0il number &4
sre both in the seme venge, tut the acldibty of the insoluble sludge formed hy
this oil was much grestors Figure 22 oleo shows thot 01l number 1 formed
soluble sludge which, unlike thot qf'ﬁi_l nunber L, was more scidic theh the
corvaesponding resing, The acid number of the resing from 01l number 2 wes
intermediate between those from Oi;l.s) pumber 1 and L, although efteor 24 hours
it was groater then that of Oil number 1 and still increasing.

That the oils conteining the grovtest pmount of paraffinic cerbon were
aloso the oils which tended %o produce the more acidlc resins, wes no doubt
due to the facht that paraffins on oxidetion wsuslly produce more acids than do

pthor types of hydrocarbong.
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Congiderably less sludge wes formed by these oils and hence leas
saldic mateorial could be transferved from resing fo soluble sludge. Also,
where sludge was formed, the resins ftended to have a more coustent seid

volue =~ unlike the resing from 011 mumber 2.

Where insoluble miudpge had been formed (0il number 4) the acld
manbercf the soluble sludge tended towsrds o constent value, and in tho cnse
of 031 number 1, which formed soluble sludge only, the acidity contimed to

inorease oven after 24 hours oxidetion.
Carbon Rogldne

Sludges and resing have a mach .grea'ber corbon residue than the
original oil (figure 23), tub resing have o relatively smeller corbon residue
then either dnscluble or seoluble sludge. Where sludge was formed, 01ls 1
and 4, the cerbon regidue of the resins tended to increase slightly with
mc:ldét:lon tine, bub whore no sludge formed tho cerbon vresidus of tho resins

vemained constent (01l number 2),

The soluble sudge formed ty 04l nmumber 1 after 9 hours oxidetion ghowed
o decwesging carbon wesidue ogs oxidation progressed, but tended towerds a
congtant value in the ssme venge as that of the soluble sludge formed by 0il
manber 4., The ingoluble and goluble sludges formed by 01l number L both
tended towards constent carbon residues with goluble sludge having the greater
value, In the first steges of oxidation, however, insoluble sludge had the
graatest carbon residua, but after sbout 6 hours oxidetion the soluble sludge

carbon regidue had incressed sufficiently to becomo the highent value,
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The fact thet the carbon residucs of tho resins were all
comparatively low indicated thet they wore not polymerised to any groat
oxtent, unlikke the sludges which appeaved to bo polymerised - with soluble
sludge moxe so then the insoluble sludge. This may have been caused by the
further oxidation of soluble gludge to insoluble mludge glving oxidation
products whioh were more essily cracked under the conditiong of the

Ransbottom carbon residue determination.

govered oily

Qe Proportics of thg re

Davig, Lincoln, Byrkit and Jones (90) removed romins stepwise from
on oxidiged oil eand found that the oxygen conbent, corbon residue,
neudbralisetion number end seponification number all epproximeted those of
the original oils This tendency fox deresined oiles to approach the
chapactorietics of the ordginal oll was apparent in tho present investigaiion
and vas also observed by Poell (106), Noack (107), Suide (108), Heorcusson (109)
end Schindler (110).

The oil zrecovered affer Fuller's ecarth trestment was that pexd of
the original oil whioch had not uwndergono oxidation., Al the deresined semples
obtained in the present work wore similer in colour %o the originel oils but

bad lost thelr ohevacberistic avematic "bloon®,

The refraetive indices of tho recoversd oils aro shown grephically
in figure 2k, aﬁd from this it ocon be seen that in all three ceses the
refractive index decreases with oxidation time. Oils 1 and 2 show a lineay
decrense in the refractive indices of the mccvex"a& ollsg, but in the case of
01l number 4 the decresse iz vepid et firet end then almogh lincer efter about

4 hours oxidation,
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A decroase in donsity of tho deresined oils was appayent, the
graphs of donsity ageilnet oxidation time being sinilar to those of tho
vefraotive indox. Onco again QL1 number 4 shows tho grestest chenge

followad by 041 number 2 and then 0il number 1.

For 041 mumbor 1 the moleculer welghts of the recovered oile are
in the sawe renge as thot of the original oil, 0ils 2 and 4 however show
an increase in molecular weight ~ only a slight increase in the case of 031l
numhar 2 btut mach greater in case of 01l nunmber 4. The veristion in molecular
weight can be clesrly seen in figure 19, ’(’311 nunber & showing prester

vardation in moleculer weight than did ¢ils 1 and 2.

Acldd nunbers of the recovered oils from ell three original oils
wore eithor the smme as, or slightly greeber then, those of the original oil

samplos but very much lower than the acid mubers of the oxidised oils.

The devegined oile all had viecosities at 20°C. which wore lower then
those of the original oils and tended to decrevse wilth oxidation time, 04l
manber 4 sgein showed the greostest decrease followed by 01l nusber 2 and then
Oil number 1. The F.V,T.E. of the recovered oil ssmples were lower than thab
of the original oil, showing thet the viscositlcs of the recovered olls axve less

temperature dependent.

Fron the foreogoing observations 4t was apparent thet the matericl which
suffored atbock during oxidetion is thet which contributed most to the viscosgity,
denpily and refractive index of the originel oils. It was aleo apparent
that the hydrocarbons which made up O4ls 1 ond 2 wers of a move uniforn nature
than those of 04l number L, since Oils 1 and 2 showed the leasht amount of change

from the original oils when they were deresined,



Je gtructure of tho recovered odls

After removal of oxygenoted compounds by means of Fallext*s earth
the roocovered, oxr deresined, oils were capable of bolng exemined by means of
the Wetormon Ring Analysis (29)» By this mesns the distribubtlon of cerbon
Smong isho poraffinic, nephthenlc and erometic portlons of the deresined oils,
ond the nunber of' diffevent xing gstructures in tho mean molecule, were

detorminod. The resulis of this snalyeis are shown dn figures 25,26 end 27.

The deresined olls from 0il number 1l showed very little change in the
percentoge %, any change being & slight lncrease. The pewcentege Uy showed
s overall inovoasy allsy 2 hours, bub u® to 9 hours oxidebtlon thore was o
alight deorease which was followed by o sldghtly greatey incremses A decroase
in tho i)ernaxltagga Cp wes obsorved up to 9 hours, snd after this time the ratoe
off doercape beceme fastor, Similey tendenclos were shown in the ring
dilstribubion in the mean molecule. Ry ghowed o linear xate of docrepse, Dy
showed a decyrease up to 9 hours oxidatlion end thon dncreased, and the rate of
devrsese in By incrosses sftor 9 hours.e Tronm this 1% would eppear thob both
sromatic and naphthenio componeirbs ere concerned in vresin fometion and that

aronatiocs are more important in the formation of sludpe.

Only the percentagd Uy and Gp of the deeresined olls fom 0il number 2
show eny change (figure 26), the percentage Oy decreased while the porcontoge
Cp increased slightly. Tho percentoge srometile content showed no change from
that of tho originel oile Ry aleo decreuses with oxidetion ¥ime, end since
Ry remains constent the total nuwber of rings per mesn molecule also decreasom.
Once ag;ain it would appesy thot the naphthenic portion of the oil is mainly

concerned with resin production gince Gil number 2 formed resing onlye.
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Whon Qil number 4 was exemined iz this menner (figure 27) o much
greater varietion in values is observeds As before, the percentage Cp showed
little change efter 24 hours oxidetion and in fact increases slightly, The
percentage Cy and the mwnber of erometic vings per molecule show a rapid
decresge up to 3 hours, the rate of decreese after this time being lineer,

Up until 3 hours the percentage Cy and the muuber of nephthenic rings per mean
molecule incresse vapkily and then decreased at o uniform rate, but were still
greator in value after 24 hours then the original oil, The initial decreage
in eromatic content was asgociation with sn lnorease in molecular weight which
indicotos that low molecular weight oromatics suffer the first oxidative atteck.
After 3 hours the percentege Op and dN& ond the mumber of aromatic and
naphthenic rings decressed at the seme rate - indicating that they were belng
oxidised simaltencously,
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In the present worle it wes found thot the formetion of sludge
dopended upon whether or not the original oil contained mors, or less,
thon 6-8% avomatices Qil number 2 with 0,7% arometics produced no sludge,
whoreas 041 number 1 (3.8% Cp) produced soluble sludge end Ol number 4
produced both soluble and insoluble sludge, Thms 1t would appea.r- that, undor
these pertvicular oxidetion conditionsg; thore was an optimum aromaticity for
the production of sludges This can be subsgtontiated if the values obltailned
by Boaton (88) ave included in tho greph of totel sludge formed appinst
oxidation time (figure 28). A similer offect was olwso found by Fengke (65).
This effect may ba an oxplenstion of tho “optimum aromaticlty®™ with rospect to
oxygen absorption, eince resins have a lowor oxygen content thon sludge (88,67).
Also, oils which give roging vather than sludge tend to pive greater amounts

of volatile products and honce vrebein a snaller smount of oxygon.

Trom the evidenco obtained in the present worl it would appear that
the ayometics were concerned with the formetion of sludge, whlle the naphthenic

matorials were concerigd with regin formatlon.

Whetheor an o0il formed sludgs ox not was dependant upon the ratio of‘
aromatic to naphthenic content, & similer optimum effect being observed as thot
of aromaticity., This is clearly seon in figure 28 where Cp3Cy was plotted
agelnst total sludge formed, 01l number 2 (CpsCn=0.27) formed no sludge and
tho deresined oils show a docresse in percentage nephthenic materlals with
oxidation tine, indicating that tho nephthonic moterlal present may have been
forming oxidetlon inhibitorz which hindered the oxidation of aromatics to

sludge,

Tho cerbon residues of the oxidiged olls have beon found to increage

with theolr arcmetic contents by other workeys, but this was not so in this work,
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Whether on oil has & greater or lesser incresse in cerbon residue than enother
deponds upon the emount and type of sludge produced upon oxidation, Fipgure 7
shows that the oils which produced sludge hed a greater increase in carbon
resiﬁﬁe then the oil which produced only resins, and that the oll which also

formed insoluble sludge had the grestest incroase of alle

Viscosity increase during oxidation showed no dependance upon the
aromoticity of the oviginal oils, The increage in viscoslty dld depend upon
whether or not sludge was produceds The oils which produced sludge showed the
greatest incresse in viscosity, the actusl incresse being directly proportional
to the amount of sludge formed. .1nsolubla sludge formed by Oil number 4 had
been filtered off, and hence the increasge in viscosity shown inAfigures 12 end
13 was not a true value, the viscosity incresse being greater than that shown.
Resins contributed move to the viscosity increase than the sludge in the initial
stages, but eventually the contribution of the goluble sludge was greater since

sludge had o greater viscosity then resing,

The incrense in total acidity of tho oxidised oils was spparently
dependont upon the amount of totsl oxidation products formed, which shcwqa some
dependance upoen the arometicity of the oils. Removal of sludge reduced the
acid numbers considerably, end it was found that the acid numbers of the sludge-

.frae olls had & lincer relatlionship with the percentage cerbon in the paraffinic
structure of the originel oil, Thus, it would seem that two types of acid
formetion took place. One wes assoclated with paraffinic content and resin

formation, and the other with aromoti¢ content and sludge formation.

Figure 11 shows that there was no relationship betwoen the density

inorease ofter 24 hours oxidation and the aromatie content but that there was



the resins vwas dependant upon the paraffipic content of the original oil.

0il number 1 produced soluble sludge hut no insolﬁble sludge, the soluble
sludge from Oil number 1 having a greater acidity than thet Crom 0il number

& which did produce insoluble sludge. Insoluble sludpe was found to be much

more acidic than elther goluble sludge or resins,

Resing formed from all thres oils tended towards congtant values of
density, with those of Oil number k greater then those of 0il numbexr 1, which
in turn was greater then the resins from 0il nmumber 2, This was also the
order of the densities of the original olls, but the densitics of the resing
were greater than those of the oils, The denglty of the soluble sludge formed
from 0il number 1l tonded to increese with oxidetion time, whereas the solnble

| sludge formed by 01l numbker L rapidly asttained & congtant value.

The molocular weights of all resing tended towards values which were
only slightly greater then those of the originel oile, with 01l number 2 showing
the greotest diifereonce between the molecular weipht of resgin and thet of the .
olls, Since the molecular weights ere very similaxr to those of the original
oils it would appeaxr that very little polymerisation took place during the
formation of resing, but that 01l nmunber L showed & greateost tendency fo |
polynerise = probably due to the high aromatic content of 0il nunber 4. After
initial very bhigh velues, the moleculer welghts of soluble sludge decreased and
tendéd towards constont values which were much higher than those of the original
olls and the resins, This indlcated that polymerisaﬁion played a large pert in
the formation of soluble sludge, The decrease in molecular weight of soluble
sludgo may be partially dus to absoxption of resins on to the suwrface of the

gludge when it was being precipiteted by n-pentane.



some relationship between tho increasge in density of the filtered olls and
the total number of rings per molecule. Desludging tho oxidised olls
roduced the value of the density considerably, and when the vesins vore

romoved the density becomo less than those of tho oxiginal oils,

Ingoluble sludge wes found to be more scidic than soluble sludge,
which in tuyn weg move acidic then resins. In tho case of 01l numbor 1 the
soluble gludge had o higher acld number than the soluble sludge from 0il
nupber 4., whlch hod algo produced ingoluble sludge. The scidity of resins in
0il numbor 2 was &ill increasing aftor 24 hours oxidation, and tending to
become greator thon that of either Oil number 1 or Ol number 4. Hence it
would seem that the acidity of resins was lost in the formation of soluble
sludge, which in turn lost its acidic meterisl in the formation of ingoluble

sludge.

The rosing formed by all threo oils have approximetely the seme value
of ocerbon reosidug, bubt this value was less then thet of the sludges. Ingoluble
sludge had a lower carbon residuo thon geluble sludge which sugpests that no
farther polymerisation took place afier formation of goluble sludge, and that
fPurther oxldatlon of soluble sludge produced caspounds which ars more casily
craclked and vaporised, This agreoed with the work of Gruse and Livingstone
(114.) who showed that in the thermel coking of hydrocarbons under cssentially
non=oxldising condition, the grester the number of vings per moleole then

the greater the carbon vesiduo,.

The acid numbers of the resing from 011 number 1 ond 4L tended to be
more congtent then those from 01l number 2, which was etill increasing after

2. hours oxidation, After this time it would soem that the acid numbor of



The properties of the resing formed during the course of the present
investigotion are very similar to those of the or;ginal oils, but tending to
have higher values of density, moleculor weight, scidlity; and carbon residue.
Soluble sludge oppesred to hoeve higher values of density, molecular weight,
aclidity end cerbon residue then the rosins indicetion that zoluble sludge was
a more oxidised and polymerised materisl then resins. Desludged oils had
characteristics spproaching those of the original olls, whereas deresined
panples genorally had lower values of density, molecular weight, etc. than
the originel oils, Hence the material suffering greotest oxldative attack

mist be the heavier and more viscous compounds present in the unoxidised oils.

Haus (101) found thet resins preformed end separated from lubricating
olls were similar in moleculsr welght and elemental composition to the resing
formed during oxidation. It has also been claimed (102) thet the ultimete
analyses of sludge, resins and polycyclic hydrocarbons of high moleculer weight
are all very similer, and hence the chemical gbructure of resing and sludge
are similar, only thelr physicel and physicel-chemical properties showing any
real differences. It is also thought (102) that the resins present in
unoxidiged oils have a small number of paraffinic side chains, end this should

be true for resins formed by oxidation assuming that Heus (101) 4s correct.

The informetion glesned during the course of the present work hag
ogresd with thet in the literature (60,101,90,114) in showing that the oxidation

of & lubricating oil takes place as follows:
hydrocarbons —> resing —>  soluble sludge —> insoluble sludge

When the three oils employed in this investigetlon were oxidised it

was found thet 0il number 1 produced soluble sludge and resing, 0il number 2
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produced resing only, and Oil number 4 produced insoluble sludge, soluble

sludge and rosins. Whero resing only were formed it was found that their

rate of formation was lineer up until ebout 18 hours, whereupon the rate
increased sharply. Thoe formation of resins in 0il number 1 exhibited a

lineey rate until 9 hours oxldetion, after which the rate of formation decreased,
This decresse in the kate of formation coincided with the formation of soluble
sludge, which wag produced at sn increasing rote. The rete of formation of
soluble sludge in 01l numbexr 1 was equal to the rate of decresse in the formation
of reging, In the case of 0il number 4 therc wes a very'rapiﬁ initisl increase
in resin formetion, the rate of which then decreased till a more or less
congtant value was obtelned, During thig time the formation of goluble sludge
inerocased repidly ot first and then slowed down, while the production of
insoluble sludge proceeded ot a constant rate, This indicated that equilibrium
had been reached in the formetion of insoluble sludge from soluble sludge, end

soluble sludge from resins,

The densities of the iesins from Qils 2 and 4 tended towards a constant
value, but in the case of 0il number 1 the density of the resins tended to
decrease. This coincided with a steoady increase in the density of the soluble
sludge formed by this oil. Similerly, the soluble sludge from (il number &4
showed & slight decroase in density, indicating that the denser meterial wosg
being transferred to theo lnsoluble sludpe. Thus it would appear that the
denser materisl was being transferred from resing to insoluble sludge vie

goluble sludge.

Whore no sludge was formed the acid mumber of the resins tended to
increase with oxidetion time, but where soluble sludge was also formed the

acidity of the resgins tended towards a congtant value, In the case of
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01l number 1 the acidity of the soluble sludge incressed with increasing
oxidation time, This indicated thet the more acidic materiel from the resins
wags being converted into goluble sludge. Oxidation of 0il number L gave resing
snd soluble sludge which tended towards congtent acidity, but alsc geve
ingoluble sludge which had an increasing acidit& as oxidation progressed.

Once ageln it would eppesr thet e transfor of materisl was tseking place from

soluble to ingoluble sludge.

There does not sppear to be much doubt thet oxidation of lubricating
oll hydrocarbons result in resin formation, followed by soluble sludge and
eventually insoluble sludge. There appears to be a2 uniform series of products
frow the true oil to ingoluble materdals (90,61). Since there appesrs to be
little or no fundamentsl difference between resins and sludpes (both soluble and
insoluble) one wonders what property ceuses the sludges to be precipiteted from
low boiling paraffins, wheress resing are not, TFarther, what causes the

ingoluble sludge to be precipitated in the lubricating oil medium?

In the first steps in the oxidation of a mineral lubricating oil seems
to be the conversion of ithe heavier hydrocarbon molecular, by a comparitively
lipht oxidetive atteck, to resins, Further oxidation of these resins occurs,
and then polymerisation and condensation takes place with the formetion of
soluble gludge. The union of aromatic carbonyl end hydroxyl materials by
condensation is probably the main reaction in the oxidative polymerisation of
the resing, This would alse account for the fact that any oxidised oil forming

a spluble sludge also produced resing with o fairly constant acid number,

A decresse in the average molecular welght of soluble sludge, after

initisl vexry high values, wes observed which may have been due to adsorption
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of resins on to the surfece of the sludge., It has been shown elsewhere (115)
thet residual olls produce sludges at high temperatures which are peptised by
the resinous moterials, resulting in the formation of sspheltic systems,
Distillate oils, low in resing, produce sludges which formed into heterogeneous
particles having little effect upon the properties of the oil, It has been
found (102) thet the resins formed true solutions in oxidiged oils, whereas
sludges were dispersed colloidally, probably due to the peptising effect of
adsorbed resins and heavy polycyclic hydrocarbong, The peptising propertics

of resing have slgso been observed by Kotz snd Beu (105).

Sludges ere dimporsed colloidelly in arometle hydrocerbong but tond
to aggregate and precipitete in paraffinic hydrocsrbong, e.g. they ere
colloidally dlgpersed in the lubriceting oils from which they are derived by
oxidation, but are precipiteted by addition of sn excess of petroleun ether.
Thus, sludges appear to be lyophobie with respect to paraffins, but lyophibic
with vespect to arometic hydrocerbons. This is of course the primiple of the
method which has been commonly employed in sludge separstion (62). Adsorption
of resing on to the surface of the @wlleldal sludge particles gives the perticles
protection sgainst coagulation brought sbout by the lyophoble materials present
in the oils., &ludge suspensions con also be formed in lubricating oils, and

this is probobly due to an insufficient concentration of peptising material,

Insoluble sludpgessre known, and this has beon further demonstrated
in this work, to have high acid number, end hence they have a hiph polority
compaxrad With that of the lubricating oil medium, This is, therefore, the
probable couse of insoluble sludge precipitation, and hence the further
oxidation of soluble sludge chenges its properties to such an extent that it ia

no longer soluble., The change in the nature ol the soluble sludge could be due
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to the oxldation of the adsorbed reosins to «duble sludge.

Since the formation of sludge apparently requires the presence orf
arometics, and it is well known that aromatices oxidise to hydroxy aecids which
are insoluble in petroleum oils (102), it would secem tbat the sbove explanation

of the solubility of oill insoluble sludge is perfectly feasible,

It would appesr that for lubricating oils of low arometic content,
i, o, 7 or 8%, thore was a sufficient amount of erometic hydroxy compounds
being formed to condense with aromaticeerbonyl compounds (95) to form sludges.
When the oil had about 87 avromatics there appears to have been a sufficient
amount of' inhibitor present to suppress the formation of aromatic hydroxyl
compounds,  These inhibitors were probably compounds similar to naphthols,
the inhibiting effects of which have hoen well deseribed in the literature
(48,61). As tho smount of aromatics incressed thore seemed to be on excess of
hydroxyl compounds formed so that the formation of inhibitor had little offect
and the formetion of sludge proceeded as before., As the percentage of sromatic
cerbon in the lubricating oil incresses further the eromatic hydroxyl compounds
are in excass of the arometic carbonyls and hence could cause the precipitation

of the seluble sludge as oll insoluble sludge.

Phe repeated oxidation, recovery snd re-oxidetion of a high arometie
oil foi several periods of timo (up to 24 hve sey) could bo a progremme of work
with several intoresting poseibilitics. One such posslbility may be the
eventuol complete breskdown of the oil and smalysis of sludges, rocins and
composition of the de-resined oils gould provide furthor elues %o the oxidation
path of the oll. Since, howeover, the molorial being removed upon oxddation
was epperontly aromaties there would also be the possibility thet whon the

vopbimun orometic : nephbhenic ratio® had been achioved in the recovered oil



the oxidetion process would be inhibited, This counld alsp be teclkled from
another angle - whet is the effect upon cludge formation of “pure® compounds

vwhich give rise to naphthols, phenols, carbonyl compoundis, ete, when oxidlsed?
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CHAPTER _X.

Detorioration in the Internal Cumbusbion Rngine

1. General

The four olls already oxidised by meang of the I.P.« test were
deteriorated in the Pelapone I.0. ongine for verlous periods of time (up to 120 hrs)
Oon removal from the crenkcage, the oil gemple was placed in a vacuum over ok 120°¢
and 29,5" Hg. Tor one hour to remove eny traces of vngine fuel., This {reatment
was found to be effective in removing the gasoline without altering the
charactoristios of the deterlorated cil., The oil sample was thon filtered
through an agbestog-packed Gooch crucible and the chloroform incoluble, oil

ingoluble, and odl soluble materisls were determined ss described in the Appendix.

2e JExtent of Deterioration

Fronm figurés 29,30,31 end 32 it con be seen that the order of oxidation
stability under engine conditions was the sams as that shown by the oils when
oxidiged by the modified Ingtitute of Petroleun test, i.e, 0il No. 2 > 01l No, 1>
0il No, 3 >0il No. 4. Thus, in this case, the change of oxidation conditions
énd the presence of metellic catalysts have not been such ag to alter the order
of oxidation stability. Again it ic seen thet oxidetion stability is not directly
proportional to the percentage of aromatics in the originel oil, since 0il number 2
suffers less oxidation, even though it conteins more aromstics, than 0il number 1.
Although the four oills were in the engine crankcase for {five times as long as
they were in thoe I.¥. oxldation eell, the amount of sludge and renins formed

wag mach less than in the I.P. teat.

The chloreform insoluble material, i.e. the meterisl not produced by

deterioration of the oil, was a direct function oi the time spent in the engine,
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The four olls did not give the seme emount of chloroform ingolubles after
120 hours, the greatest smount of these insolubles being found in the oil
which suffered the greatest deterioration. This was probably due to greater
waar and corrosion of the metel parts of the engine by sludpe and acidic

materiels formed in the oxidised oils.

Unlike their behaviour in the I.FP, oxidatlon test sll four olls
produced oil soluble sludge. 0311 nmamber 2 gave no such meterial when
oxidised under the 1.P, conditions, but when deteriorated in the Pelapone
engine a small amgunt of soluble sludge was produced. This mey have been
due to the presence of catalysts in the engine or %o the higher temperatures
encountered in the combustion chember, Whereas 0Ll number 2 shows o slightly
advenged state of oxidation, 0Ll number 4 shows a lowar degres of oxidation
since it doed not produce insoluble sludge when deteorierated in this engine,
The totel emount of sludge formed by each oll was in agreement with the
oxidation sbtability exhibited by each oil-unﬂ@r the nodified I.P. test condition,

and once sageln an optimun aromatleity was observed,

The oils which showed tho greebest oxidation stebility under the I.P.
tost conditions fovmed resing fairly repidly ot fivet under the engine
conditions, and thon the rate of formation decreased slightly, The more
gtable oils (1 and 2) showed a more constent rote of resin formation than
did oile (3 end 4), Conditions in the engine seemed to favour resin formabion
rathar then sludge formation since the oils which produced most sludge had

& proportionately higher resin content after 120 hours in the Pelapone engine.

3 Aoid Formetion.
All the semples deteriorated in the engine were much less acidic then

those semples oxidised by sir-blowing. The chloroform insolubles showed some
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acidity but this may be due to combusbion products of the fuel, Filtration
venoved thoge perticles and 4% con be geen from fisures 33 end 3 that the
acldity wes reduced by en smouvnt proporitional to the amount of ch&aﬂafbﬁn

insolubles retainoed by cach oil,

Dosludging the oll almo reduced the scidity end apgain the reductlon
wag proporbtional to the omount of sludge formed by the oll. A simller effect
wag observed whon the oll semples weroe dervesined, the scid mwmbers being

rofuced te velue the seme wrange ag those of the original oils.

In contrawgt to their behavicur in the modified L.P. test, the btotal
acidity doveloped by the oils when in the engine was greatest in the oilsg

containing the greatest smeunt of aromatics.

From figuavre 35 it is cleay thet the seoluble sludge formed by Oil
number 1 had e lower acid number then that forned by this oll in the I,P.
test -~ oven after otbtoining o meximun velue after about 102 hours use.s 01l
manber 2 gave o goluble gludge which had the highost acidity of all the semples
produced by deteriovation in the ongline, bubt sinco no soluble sludge was
produced by this oil in the I.P. tost no comperison can be made, OLll nuabew )
produced a soluble sludge which had much the seme order of acidity as that of
01l number 1 but tonded towards o congtont value which wag higher then that of
tha gludge from Oil mumber 1 after 120 hours detoriovetion, On the other hand,
0Ll number 3 gave a eludge which ghowed increasing scldity as the time sﬁant in

the engline increased,.

In general, regins had lower acid numbers than those possessed by the
realng formed duwing elr-oxidetion, The resins formed in the Pelapohe englne

showed acldities which tended towexds constent values, and ag in the case of
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the soluble sludge, the resins formed by 0il number 2 hed the highest acidity.
The resins from 0il number 3 had the second grestest acid mamber, followed

by those from Oil numbor 1 and then by those of 0il nmumber 14,

e Viscogity
The effoct of deterioration, by use in the engine, on the viscosity

of the four oils is illustrated in fipures 36 and 37, It cen bs scon that the
presence of chloroform insolubleg incressed the viscosity of the oll in
proportion to the smount of insolubles produced. Thus, the oils which
produced the grestest amount of engine wear and corrosion products also

suffered the grestest incresses in viscosity.

As before the desludging of the samples by n~pentane tréatmeht
decreased the viscosity, and the amount of decrease was apparently proportional
to the amount of sepluble sludge removed. The viscositles of the desludged
oils were still greater than those of the originel oils, Similerly, deresining
tho ollg reduced the viscosity - to values below that of the original oil,
The ¢ilg whiceh produced the lergest emount of resing also gave the greatest

deoreage in viscosity whon these resins were removed by fuller's certh,

Tho greatest increases in viscosity were observed in the oils which
produced the greatest amount of oxidation products. Thus 0il number 2 showed
the lesst change in viscosity followed by 03l number 1, 01l mumber 5 snd 0il
number 4 this was in general agreement with the findings of the results of the

oir-oxidation experiments.

In the deterioration of these olls by means of the Pelapone engine
it was observed that resing contributed by fer the most to the total viscosity

inereage, unlike the results obtained in the modified I.P. test in which the
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sludgo contribubed most to the viscosity increase. lHowever, in the I.P,
oxidation of thesa four oils the resins initlally contributed the greatest

part of the totel viscosity increases In the cese of the engine deterioration
the resing contribution is probably due to the proportionately greater amount
of reging produced, l.e. tho resing sludge ratio ls grestor in tho engine

deteriorated samples than in the I.P. oxidiged samples,

5e Densﬁ.'by,

In 8ll four cases the density incrensed with the time spent in the
Pelopone engine, but this was not a linear relationship aﬁd tended to chow
a lower rate of increose in density in the later stages of deterioration.
0il numbor & showed the grostest increase in density, the density increase
being related to the degree of delterioration of the oll, The order of |
density increase was therefore the ssme as the order of total retained

oxidation products formed in the four oils in the engine,

Degludging the deterilorated oils reduced the density, the reduction
depending on the quentity of' oil soluble sludge formeds The densities of
the desludged samples weore found to be greater thsn those of the original
unoxidised olls. As with desludging, the removel of resing also roduced the
dongities, tut the values for the recovered ollg were lower thsn those of the
original oils. Oncoe agein, the greatest decrease in density was found in

the oil which produced the groatest smount of resins (figures 38,39,40 end L1).

The dengities of the oll soluble sludge ond resins wers caloulated |
ag describea previously and the results shown graphicelly in figurss 38,39,40
and 41. It wes apparent that thoe donsitioes of these oxidation products were
in the geme range as those formed by oxidation in the I.P, test. In general,

the deneitios of the resing were lower then the densities of the oil soluble
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sludge which also agreed with the previous rvesults. Here, however, the

density of ﬁhe asludge fluctueted more, whereas those of the resins tended
towards congtont velues. It would seen that the equilibrium had not been
reached in the engine deterioration of the oil to form oll scoluble sludge

from reging.

6. Holecular Weight
The graphs shown in figures 42,43,44, ond 45 demonstrate the increase

in moleculer weight of tho olls deteriorated in the I.C. engine. The oil
which rebained the greatost amount of deterioration products also showed the

greatest increase in molecular weight, The molecular welghts of the semples

token from the crankesse showed no fluctuations as did the semples obtained

in the I.F., oxidation test.

Onco agein it was obsorved that desludging reduced the moleculer
welght of the oil in proportion to the amount of soluble sludge removed, The
molecular welghts of tho desludged semples were still greater then thoge of
the original lubricating oils end tended to increase slightly with the time
spent in the engine, Similerly, the deresining of the oil aampleé reduced
thelr molecular weights bto values alightly lower than those of the original
oils. The molecular weights of the deresined oile decressed slightly with

time,

0il poluble gludge and resin aocleculor weighte were coleulated as
~before, and it was found thet the moleculsr welghts of these deterioration
products were in the same range as those formed by air-oxidetion (figures,
42,43,44 end L5). As before, the soluble sludge moleculer weight wee greater
than that of the resins and thie was so in the cwmse of each oil. Poth

soluble sludge end resin molecular weights tended towards congtent values

£
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as the time in the engine inoreased, The molecular weights of the oll
goluble sludges had values which indicated that dimerisation hod teken

place during their formation, whereas those of the resines were only slightly
greater then those of thevoriginal oilge Thus, it would appesr thet soluble
sludge is formed by oxidative polymerisation of resins, and thet resins ave

formed by the comparitively slight oxidation of the lubricating oil molecules,

Te Propertios of the Recovered Oils
APter removal of the rosins from the deteriorated samples the

propexrties of the recovered oils were essentielly the seme as those of the
original oils. This effect was also noticed when the oils were sir-oxidised

and then deresined.

The densitios of the doresined oils tended to be slightly lower then

the originul oils, with all four oils showing sbout the meme decrssse from the

densitios of tho undeteriorated oils,

lloloculer weights tended to be almost the seme as those of the original
oils, but in all four cases showing a slight decresse, When these oils were
oxidised in the IL,P. test a great deal of fluctuation in the molecular weights
of the recovered oils wag observed, The recovered oils from the engine show
no such vearistion, The fact that the molecular weight of the resins does tend

to decrease shows that the heavier hydrocerbons ave being sttacked as before,

The pelditioes of the deresined oils were found to be the same as those
of the undeterioratoed olls, or slightly less. lHowever, the acld numbers of the
deresined olls from the engine samples were very much lower than those of the

deteriorated oils.



Devesined oil visgosity of all four olls used in the engine vasg
lower than that of the oviginal oil and in all czges tended to decreaze as
time spent in the engine incrcaced, This compared well with the viscoslity
changes observed when the I.P. oxidised oils were deresined by fuller's earth

troatnont,

Onco agaln it is apparent “bha;t the material which suffered the
grestest abtack during oxidation was that which contributed most to the
density, viscosity and molecular weight of the original olls,  When the
four oils were oxidised in the I.P, test the molecules which were attacked
in Oils number 1 and 2 seemed to be of & mors uniform nature than those of
041 number 4, but it doos not appesr possible to dvaw the same conalus:tozi

in this cese, slthough the trend was towards this boing so.

8. chure of the

The ocoarbon distyibution in the recovered oils, as determined by the

Waternan Ring Analysis, is shown in fipures 46,L7,48 ond 49,

In all four ingtances the percentage peraffinic material in the
oil molecule, after 120 hours deterioration, showed an inorease, The

biggest change in Cp wag seen in the deresined gampleos of 041 number 4.

The percentege naphthenic Oy materield in the recovered oils showed
en increase in 0dls 1,3 and 4 bub 2 decresse in the cease of 0il number 2,
An overall inercase in the percentage nephthenic meterials in Oils 1 and &
ware observed when oxidiged in the medified I.P, tost, as was the decresse
in Oy of the rocovered elle from 01l mmber 2, Here, 0ils 1 and 3 showed

only a slight increase in Cy, wheress Oil number ) showed quite a large increase,
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Dervesined samples from all four oils showed o large drop in
asromatic content after wse in the engine, indicating thet the aromatic
hydrocerbons are the main points of oxidetive deterioration in tho engine
as well ag in the I.P. test. 04l number 4, the oil which gave the
greatest amount of reteined detorloration products, also had the greatest

amount of vetsined deterioration products, also had the greatest chenge

in srometio content (Gp).
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CHAPTER X1

Anelysis of uged I.C. engine crankcase olls, taken from engines run
on the road and in the leboratory, has shown thet the oil=-insoluble phage
consists of the combustion chamber smoke particles, weer perticles, and
moterial drived from the oil by oxidetion (116), The chloyoform - soluble
fraction of the oil=ingolubles gives a meagure of the contribution of oll
oxidation to the insoluble phase, since chloroform ~ insolubles are consldered
to hove originated as part of the engine and from the blow=by of combustion
peges, and ave not considered as being products of the oxidation of the oil,
The amount of chloroform = ingolubles formed was move likely to be related.
to the time spent in tho engine, Yo thoscidity produced in the oil,’and to the
inoreage in vigecosity of the oil vather than dirvectly to the oxidation

charactoristics of the cronkease oil.

Although the effect was not o obvious as in oxidation by the I.7.
tost, the results from the Pelapone tests indicated that an optimum eromaticity
effect was in operation., The less refined oils, i.e. oils with highest
aromatie contents, wore deteriorated much more than the more refined oils,
but 0Ll numbor 2 peve fewest reteined oxidetion products eoven though it

contalned more aromotics than Qil mamber 1.

Bven though the deterioration time wasm up to five times greater than
the oxidation time undor L.P. test conditions, none of the oils exemined gave
the semo amount of deteriorabion products as they did in the I,P, test. In
the engine 041 number 2 gave e small amount of soluble sludge which it did not
give under the more severe conditions of the I.P. test. 0il number 4, on the

other hand, gave oile-ingoluble sludge in the I.P. test but did not do so in the



Pelopone engine. The operating condition of the engine appears to have
encouraged the formation of oll=soluble sludge but not the formetion of
cil=ingoluble sludge. - These findings are in accordance with the work of
Motthews (116) who found thet only lightly refined oils under high temperature
and good combustion conditions does oil oxidatlon directly produce an oile
insoluble phase. It would appoay thet the main factor controlling the amount
and composition of insolubles found in an I.C. engine was the efficiency of

the combustion process.

Under the conditions in the ongine all four oils gave ciniler
gquontities of resins, whereas 0il number 2 gave the greetest amount of resins
when oxidiced in the I.P. test, The fact that 01l number 2 A4id not, - in this
ingtance, produce more resins than the other oils mey be due to the formation
goluble sludge at the expense of the resing. Thls would be dn accordance
with the data obtained in the I.¥. oxidatlon test which indicated that rosins

were further oxidised to form soluble sludge.

Ag in tho I.P. oxldation tests en optimum effect, with respect to
the relative amounts of aromellcs and naphthenic materials, seems to be
force regording the total amount of oxidation products formed by ecach oil,
Howaver, in the c¢aso of the Pelapone engine it would appear that the operating
conditiong of tho engine end tho presence of metallic cetalysts offset, to
gome extent at least, the formetion of naphthenic oxidation inhibitors. Since
0il number 2 gave the smallest amount of rotained deterioration products, and
was also the only oll which lost naphthenic materiels in the deterioration
process, it would still appesr to be trﬁe that naphthenic materiala are used

in the fornstion of oxidation inhibitors.

The sromatic contents of the deresined samples from all four



engine~deteriorated olls decreased with time, but in the I.P. test 0il
nunber 2 (the lesst oxldised) showed o constant arometic content. In the ongine
0il number 2 geve soluble sludge but did npot do so when air-blovn ond indlcates

that, hore also, sromatics are used in the formation of oil=-goluble sludge.

The acld nunbers of the unfiltered samples, i.s. bofore chloroform in-
solubles have been wremoved, are higher then those samples containing only soluble
sludge end yvesing, The acidity of the chloroform ingolubles wag probably due to
acidic material, formed during the combustion of the unleaded fuecl, finding

its way past the piston rings into the crankcese.

None of the flltered oil semples from the engine showed the pame degree
of soldlty as thoy did when oxidiged in the I.P. test, on one would expsct since
fover oxidation products were formed. Desludging the oils by n-pentane treatment
reduced the acldity by an amount which was proportional to the amount of oilegoluble
sludge formeds. VWhen resins were removed the eseildity fell to almost the same velue
ag that of the originel oils Thus, it would appeer that the formation of acldic
motoriels in the engine followed the seme proeess as it dld in the I.P. test, i.e.

thore was a trensfer of acldity components from resins to sludges.

The desludged oils dorived from the engine doteriorated semples did
not show a similar linecsr roaltionghip between paraffinic content ond acidity
a8 did the desludped oils from the I.P. test. Obviously, the formation of
ecidic resing in tho Pelapone I.,0. ongine was not only nsepocisted with the

paraffinic content of the oil,

The increzsge in oll viascosity as deterioration time incressed vias
agoin dependant on the totel amount of retained oxidation products present,

with the bulk of the increeso bveing due to the resing and not to the sludges as



in the I.P. test. However, when the viscosity incroase was consldered in
the Light of the relative smounts of oll~solubls sludge and resins formed, it
bhacame obvious that soluble sludge gave the greater viscosity increase per

gramne of oxidation product,

The spuoples containing chlorpform ingolubles gove viscosities which
wera vory little greater than those of the filtered oils, and in the cese of
0il number 2 no differenca could be detected between the viscosity of the
filtered ssmples and thoso containing chloroforn insolubles. Once again,
when the relative weights of the two types of ingolubles were considered, it
wag found that per gramme of chlorvoform ingoluble the degree of viescosity
increase wes similar Yo thet given per gramme of oilesoluble sludge, Deresined
oil samples from the I.P. oxidation tests had viscosities lower then those of
the original oils and the same effect was observed when the engine deteriorated

0ila were deresinad.

Although the increase was not so great eg in the I.P. oxidiged oils,
the samples of all four oils teken from the crenkease showed distinet increases
in density which depended upon the amount of soluble sludge and resins foxmed,
The work done on the I.P. oxidised sumples showed that there was a linear
relationghip between the total number of rings per meen molecule and the
incrpase in density. A similor depondence on the total number of rings por
mean molecule was apparent in the density incresses observed in the engine

deteriorsted olls.

)

In general, the properties of the verious retained oxidation products
in the engine were similar to those formed in the L.P. test, both ollesoluble
sludge end resing having highor density values then the originel oils..

Removal of oilwsoluble gludge reduced the oll density in proportion to the



amount of sludge formad after eny given time, end the densitles of these oils
wers reducad to values below that of the oxiginal olls and it would gseem to

bo the caga thet sludges and regins weve formed by oxidative~deterioration

of the heavier hydrocarbon molecules prosent in the original oils, It was
also oboerved that sludges were more dense than rosins and thet both
ozidation products had similar values of density as the corresponding products

formed in the I.P. test.

it wes apparent thot detorioretion in the Pelapone englne also gave
oilesoluble sludge which was more agldic than the resing, but that the acid
nunbors of {the sludges and resing were lower then thoso of the sludges end

reosings formod by aireblowing at high temperature,

The resins formed under engine conditions had molecular welghts only a
little grestor than those of tho original oils, indiceting that, ac in the
I,?. tests, the resing wore formed by addition of oxygen to tho oil molecule,
0lle=goluble sludges, howover, had moleculer welghts which were much greatér then
those of the original oils and of the rosins. The molocular weights of the
soluble sludge were such as to suggest that thelr formation was due to the
uniting of two oil molecules during the deterioration veaction, Thus, even
in the different conditions of the engine, it would appesr thet oxidotive-
polyumerisation was the reaction which wes rosponsible for ¢t he formatlon of
ollegoluble sludge, whilét resin formation wos dus to a comper tively light

oxidative sbiack on tho oll moleculae,

I'rom the foregoing evidence it would appear that, in an I.C. engino
aleo, aromatics are oxldised to ollesoluble sludge since all four oils showed
an incresse in the paraffinic content of their deresinod samples ond decrease

in their arometic contents, This is further emphasised by the fact that 0il
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number 2 gave an oilewsoluble sludge snd a decrease in arometicity when used
in the engine, but showed neither of thesge offects when oxidised in the 1.7,

tost,

The deresined samples from Oil number 2 showed a similar decrease in
naphthenic contont in both methods of deterioration, indicating that in both
cages nephthenes formed oxidation products which inhibited oxidation in the
1.2, test but did not spparently do so in the engine. lHowever, 0il number 2
gave the smallest smount of oil=goluble sludge and the effect of the oxidation
inhibitors formed by nephthonic meterials may still be in operation tut offset

to some extent by the presence of metallic catalysts.

The engino operating conditions favoured the formation of resins and
oilegoluble sludge but did not favour the formation of oil-=ingoluble eludge,
Apart from 01l number 2, all the oils gave reletively more resins than soluble
sludge in the engine then they did in the I.P. oxidation test. Thus, thsre
seems to be a suificient supply of oxygen to sid the formation of resing and
oil=soluble sludge but not enough for the further oxidation of oilesoluble
sludge to ingoluble gludge. Pecouss 01l number 2 formed oilescluble sludge
in the engine it may be supposed thet the presence of metals encourages the
oxidative=~polymerisation of resineg to soluble sludge, but it is more likely to
be the case thet the oxidation inbhibltors formed by tho nephthenic materials

reacted with these metals and thelr powers of inhibition were diminished.

The components of the original oils whlch were atitacked in the engine
wers those which contributed most to the viscosity, density, and moleculer
weight of the oils. Less refined oils are generally composed of s wider veriety

of hydrocarbon types than the wmowe refined oils, and it was shown in the I,P. test

thet 0il nuber 4 was not composed of a uniform series of hydrocarbonse In the



T.Ce engine, however, this difference in the compositions of the four oils
was not evident, This may have been due to the fact that oll number i
formod no oil«insoluble gludge in the ongine and fewer hydrocarbons would

take part in the deteriorstion reactions,

Even under the engine running conditiong it still seemed to be true
that the hydrocarbens present in the lubricating cils were first oxidised
to resing which were further oxidised to oilegoluble sludge.- This scluble
sludge had & higher molecular weight, density, ond acidity than the resing,
which wes possibly due to the formetion of ollegoluble sludge from reging hy
an oxidative - polymerisetion reasction similar Yo that put forwerd to explain

the results of the L.Pe hamt.

However, it would appear that equilibriuwnm had not yet been reached
in the formation of cilwsoluble sludge from regins sinco the density of
oilegoluble gludge vawied a gpod deal while the density of the resins were
only Jjust tending towards o more congtant value. Also, the acid numbers of

the sludge had not reached constant value while those of the remine had.

It would thorefore be of interest to continue the yunning of the
Pelapone I.C. ongine until equilibrium is reached. When this has bgen
achioved it may then be possible to detormine whethoer or not cil-insoluble

sludge then commences to be formed from the oll=goluble sludge .
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T.  STODCR DETERMINATION

01l insolublo materials of hydrocarbon origin which result frem the
oxidation of the oil eve known as "sludges® This definition takes no account
of other degradetion, polymorisation or oxidabion products which mey be dissolved
in tho oile This second closs of meterisl mey be considered as “soluble sludges™,
since they are the products of the oxidetion and wexe not present originally.
Soluble sludge may be potential inmlut;le gludge and henece is just as objectlonable

ag insoluble gludge.

Levin and Towne (117) described o mothod of determining sludge valueg
and & modlfled vergion of thelr method wag used in the progent works The meobhod
employed congleted of the direct determination of soluble sludge and the indirect
dotermination of insoluble sludge since tho direod deberminetion of imsoluble
sludge gives rise to difficulbties in ‘the solvent treatment of the sludge to
romove all troces of clls lost hydrocarbon seolvents either dissolve the vhole

or poxt of the sludge or preoipitote soluble sludge from the remaining oil,

Sludge and espheltle materdels ave relatively insoluble in pereffin
solvents, the lower the boiling point of the parsffin the more inscluble the
sludge. TLevin ond Towne used a pentone mixture for precipitetion of the sludge,
gince exporiments showed that it did not desolve meterdal originally undisselved
in the olil itgelf.

%01l goluble sludge™ may be defined as thet portion of o filtored oil
which is inscluble in pentane. Liquid propene hes also been used (118) tut is
logs deslrable than pentene gince it tonds to precipitate meteriel normally

present in the unoxidised oil,
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In the doterminetion of sludge valuen a well stirred semple of the
oxidised oil was filtered as quickly as possible through a Gooch crucible,
packed with asbestos and heated to 75‘”0. Ty meenz of a heating tepe, Two
samplog %M thus obtained = a clerifiecd ssmple end an unclarified sempleo -

and sludge values wers determined for both.

A 10g. sample was weighed into an Erlemeyer flesk end 100ml, pentano
added. The flask was then shaken end allowed to stand for et leaat 12 houra.
The solution was then filtered through an asbestos packed Gooch crucible which
was weehed with pentane and dried in sn oven at 110°C. for onme hour. Trom
the difference in welghts of the pentene insoluble matter found in t he clerified

and wnclorified _samplés the insoluble gludge was calouloted ueing the following

relationghips: |
10~B

where 4 = eludge' not dissolved in pentane,
original oxidised oil sample (ge/10g);
B = sludge not dissglvecl in pentane,
filtered somple (ge/10g. )
and O = oil inéoluble sludge (wt.9).

From this equation it follows that 10 A gives "total sludge® (wte.7) 10 B gives

ol soluble sludge (whe%) end O gives oil insolublo sludge (whei).

The filtrates from the two semples were hosted to 60°C, under reduced
pressure to remove all the pentane solvent, and the "desludged"” oll kept for

farther enalysis.
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1T,  QHIOROFORY INSOLUBLES

When olls sre oxidised in en T.Gs engine, o fourth type of product
is obtailned - chloreform insolubleos, which are comprised of meioriel from the
wosr of engine parts and blow - by of combusted material. This extrencous
material is insolubleo in chloroform unlike the ineopluble and seluble sludges
and resing mentloned earliew, Although it hed been well established that
this insoluble matexdal could be separated from the oll by treating with
chloroform end filtering, it was necessary to corry out a serles of experiments
to determine the amount of chloroform to add per gremme of eil, the contact
time reguired, ond the most effieient method of removing the chloreform from

the filtored mixture.

a) Quantity of Chloroform nseds

Proliminory experiments showed that the oil sludges dissolved repidly
in chloroform ag long as fairly frequent sheking wes employed. For the
purpose of this work it wag decided to give the oil somples p contact time of
at least 12 hours to ensurc that all the chloroform soluble sludge would dissolve.
Therefora, after tho addition of chloroform to the weighed oil sample, tho flask
wag sheken at 15 minute intervals for the first two hours end then allowed to

stand overnight,

Several 10g. semples of 04l number L., which had been deteriowated in
an 1.Cs ongine, wore welghed accuretely into 250ml. stoppered flasks and various
quentities of chloroform were odded ranging from 10ml. to 200mls The flagks
were then shoken as before end left overnight in o dexrk cupbosrd ot room

temporature,
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Binch sample was then fillered through an accurately weighed Gooch

crucible pecked to sbout half ite depth with agbestos, The filter was then

vashed with 100=120°C petroleum ether which removed any oil sticking to the

filter but A1d not dissolve the chloroform insoluble material. The Gooch

crucible was then dried in a vacuum oven et 29.5" Hg. vecuunm end 60°C,  Vhen

¢ool the cruclble was again welghed accurately and the welght of chloroform
ingolubles obteined by differcnce and expressed as a percentoge by welpght of

the original oil sample,

The resulbe of these series of determlnations are expressed graphically
in £ig, 50 From this graph it cen be seen that high values are obteined
initially, due no doubt to come of the oll~insoluble sludge remaining
undissolved in the chloroforms After sbout 75ml. chloroform/10g. oll had
beon added constent values were obtained, indlcating that all the oil - ingoluble
sludge had dissolved leaving only the chloroform insoluble matexisl which

originated from the engine,

Hence, it was decided to determine the chloroform insolubles by adding
chloroform in the ratio of 10mls ¢ lp. oil, which would ensure complete solution
of the oil = insoluble sludge and would also veduce to almost negligible

proportions any lossges due to spillage.

b) Removal of solvents

The solvent in this case is chloroform which had a bepe of 61.26°C,
ot atmospheric pressure, s density of 1.489g./c.c. ot 20°C., & refroctive index
of L4l at ao°c.. a viscosity of 0.58 cep. at 2000., and a molecular weight
of 119,39, Obviously if any of this solvent romains in ths chloroform insoluble
free oil eny messurvements of density, refractive index, viscosity, molecular

weight, etc. on these semples will be affected, This may lecad to erroncous



vesults in ony n-d-ll cnalyses which mey be carrvied oute Hence it is

dogizeble to remove all traces of clilovoform from the seaumples.

Since & rotary film evaporator was uged tc remove 10000./12000.
potroleun ethor from oll samples it was thought advisable to use the seme
apparvatus to remove chloroform slsos  This was achioved by heating the

avaporator in an oil bath ab 100°C. end under 28 Hg. vacuum.

In order to determine the length of time required for complete
removel of the solvent, several 10g. semples of Oil number 4 (density 0.9408)
wers token end varying smounts of chloroform (donsity 1.489) ndded, The
dengitlies of thege mixbures wore then measured and whon plotted ageinst the
percentoge chloroform prosent o straight line was oﬁ:taim& (fig. 50)s This
made possible the determimstion of ehloroform content of the oil semples after

avepbdration.

10g. samples of OAl mumber )4 were then diesolved in 100ml. of
ohloroform end placed in the rotory £ilm oveporator for various periods of time,
Bvaporation was corried out ot 100°C, and 28" llge vacuum end after evaporotion
of the chlowoform the density of tho oil/solvent mixiture wes detormined. This
wogs ropeated for longer periods of time until almost completo removel of
chloroform had been achleveds, Tho percontago oll present wes plotted against
evaporation time (fig. 51) end it con be seen that almost complote ovaporation

is obteined ofter aeboud 45 mimrbes.

It was honce decided to carvy out evaporation im the rotory film
ovaporator for 1 hour mo that the chloroform content was veduced to lese than

06 3% by weighte
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c) Bffect of presence of Chloroforms

Any 01l number L/chloroform mixture containing 0.1% chloroform by

weiglf;t will have the following cheracteristicss

dav, = 0,9409
Nove = 1,5278
and Mav, = 409
Thege values were caleulated using the following oquationss

Wl + WQ

d&V‘ o e——————
d; 4y
Mov, = xlﬁﬁl * Xg Mg

Nov is czleulated froms

Ngav. - 1 MNavy,
Naav. + 2 dave

Ry 2

where Rl,:z = ¥Ry ¢+ xRo
2 -

N22 + 2 4

and

In tho above equations,

w = xospoctive wolghts,
X = mole fraction,
end R = molar refraction,

Subgeript 1 refers to the oil and 2 refers to the solvent.
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Tho n=d=i analyses of such a mixture and tha oil itgelf are g,ivgn

in the following tables

Mixture 011 Deviation Recommended

L Repeatability
§ip 273 275 =0e2 0.8
g 5041 4948 +0.3 1,6
0y 2248 22¢3 +0.5 A 1.8
o 199 50.2 =03 1.6
By 1,40 .42 =0, 02 0406
Ry 3420 3419 +0, 01 e 12
Ry 1.80 .77 «0.03 O s

From this teble it coen be seen that the deviations of the ehloroform/oil mixture
from the veluog for the oil itself are well within the limits of repeatability

laid down by Ven Nes end Ven Weston (28).

Thercefore ovaporation in the mamner degeribed is a suiteblo procedare
for the removal of chloroform since this leaves less then 0.1% chloreform by

weight which in turn will produce negligible error in any subsequent ned-l anslysis

I1f,  ERGIN DETERMINATION

Whon oil ingoluble and oll soluble sludges have been removed from an
oll, there still romains oxidised meterisl which cennot be precipiteted by

hydrocarbon solvents., This materdal is not oxidised or polymerised to any
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great oxtont snd is loosely termed “reeing®.  Beceouse these resins and the
more highly onidised meteriel contain oxygen they ave more polar thén the
hydrocsrbons from which they ove derived, and hence can be adsorbed on to
active cleys or earths. The adsorption of resins may not be entirely selective
(102}, some high moleculer weight sromatics being adsorbed as woll as resins.
On the other hand, a second group of workers (101) meintain that thore is a

-sharp division betwoen the adgorption of resing and arometic hydrocarbons.

Bince there appeared to boe some conflict over this question of relative
adsorption Beaton (88) carried outwork with o view to adopting fullers' eerth
ag an adsorbent for the quentitative determination of resging., The principles

of the determinotion ere therefore those put forward by Matthews (116) and Beaton.

The fullers! ecarth used for this purpose waas produced by the Fullers!
Borth Union, linglend, and is a calciun montmorillonite containing small prow-
portions of other minerals as impurities. There is no definite chemical
composition for fullers' earth, (A1, Fe, Mg) Sig, 0z, (OH)), representing the
main structure with Cs, Mg, Na and H as exchangeable ions. Tho main
physico=chenical propertics of fullers' earth ere related to the existence of
eloctrical dipoles and double loyers in its structure. Adsorption of acidic
matordel from a nonepolar solvent is due to formation of hydrogen bonds, the

surfoce atomle structure of fullers' earth being well sulted for this purpose.

EROCERDURE

About 20g. of the oxidised oil were accurately weighed into a flask
and dissolved in 100°C./120%, petroleum ether in the ratio of solvent/oil =
25ml./1g. since the removel of tho oxidised metorisl from sn oil depends upon the
quantity of fullers' earth used end the agitetion time, a stenderd agli¥ation

time of 15 minutes was employed and the smount of fullors' carth added deponded
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upon the oxidation ﬁime, The longer the oxidation time the greater the
quantity of fullert earth required. Knowing the period of oxidation and
the oxygen content the necessary smount of fullers' carth was estimated,

added to the solvent - oil mixture and agitated.

Aftor 15 minutes o small ssmple was filtered and matched, with
rospect to colour, with e prepared sample of unoxldised oil end golvent
since this had boen found (88) to be the simplest and guickest wey in which
to determine whether or not extraction wes complete, This wes made poséibla
by the fact thet the optlcal dengity of these solubtions depends moxre on the
oxygen content than on the chemical structure, the optical density of en
unoxldised oil/solvent mixture boing almost the senme ss thet of a fullers'

earth troated oil/solvent mixture,

If extroction waas not complote further quantities of fullers' earth
were added until a filtered somple metched the standerd somple, The complete
oil/solvent mixture was then filtered, and fresh.solvent sdded %o the fullers'
ocarth and the mixture sgitated for 15 minutes to remove any traces of unoxidiged
oil which mey hove been adsorbed., This mixture wos then filtered and the two

£iltrates combined,

The 100/120%C, petroleunm ether_solvént was then removed by meens of a
roteyy £ilm evaporator which reduced the petroleum ether content to less than 0.1 by
weights In this type of evaporstor o flagk is rotated in a liquid peraffin oil
bath et 100°C, for 1 hour and under a vacuum of 28" Hg, The bulk of the solvent
is removed in the first fow mimates, the romeining time being required to remove

the finel treacos.



NI XN
e Ui‘a(}:}l‘

Rotary £iln evaporvstion wss tho best mothod for the removal of golvent
since it reduced the potroleun ether content to such a low velus thot 1t had

little or no offect on the sabsequent ned=d anolysis.

The recovered oil remailning in the evaporator flegk was removed by
golution in 30/@"6. potroleun ether and twansferring to a welghed sample
bottle., Heating to 60°C, under 29.5%ig, wos sufficient to remove the low
bolling petroleum other, The semple bottle end contents were re~weighed and
the d@ifference in weight betwoen the original oil and the recovered oll gave
the total amount of material oxidised. Knowing the sludge veluas for a

particulay 0il the smount of resing present con be determined by difference.

The recovered or “deresined oil' was suitable for analysis by the

n=d- method since the oxygen content had beon reduced to well below O 5%

v, MOLECULAR WEICHT
Molecular welghts were determined obullioscopically in preference
to the cryoscopic method (28), and were caleulated using the following

aquation for ideal conditions.

'] :::&""W

——————

T
where i = molecular wolght of swvlute,
w = wolght of solute,
= elevation in bolling point,
and K = constant whose veluo is dapendant on"

the apperatus and upon the nature and
enount of solvent.



Normally, ideal conditions are never achieved but if emall amounts of solute
are used the above equation is approximetely correct., The value for molecular
weight under idesal conditions can be obtained by plotting the apparent molecular
weight against the concentration of solute end extrepolating to infinite |

dilution,

The ebulliometer used was memufactured by Gellenkemp end Co., Iondon
and employe & thermistor sensing element in place of a Beckmann thermometer,
since o thermistor is of low thermal cepecity and responds more guickly to any
change in temperature (119). In this instrument, the chenge in temperature
on addition of solute produced a change in the resistance which measured by
means of a Wheatstone bridge, Tho molecular welght of the solute wag then
caloulated from the equation M = Kgg whore R 1s tho change in resigtance

produced by adding w gme of solute to the solvent,

The apparatus conaslsted of an electrical heating block, which heated
o modified Cotrell vepour 1lif't pump, surrounded by a dreught shield, The
ebulliometer body (figure 52) hed provision for the insertion of a thermistor
sensing element whicﬁ'was connacted to a Wheatstone bridge and a galvanometer

which indicated any changes in resistance.

When uged in its original form (figure 52) the apparatus was operated

in the following menner:

After washing with bengzene, and drying, exactly 10ml. of benzene at
20°0, were pipetted into the ebulliometer vessel. The control disl of the

heating block was set at a predetermined value after assembly of the epperatus
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and ensuring that there was o steady flow rate of condenser water. VWhen
equilibrium hed been reeched the Wheatstone bridge was balanced and the
resistence of boiling benzene noted. In order that solute be added to the
bengene the cold finger condenser had first to be removed. When sufficient
gsolute had beon added, either in pellet form if molid or from a weighed pipette
(figure 52) if liquid, the cold finger condenser was replaced. After
atabilisétion the new%resistance was noted and the process repested for
several solute additions and a constent calculsted for each concentration

using the formules

. R.M
L = “‘?V“&
where K = congtent depending upon the apparastus,

nature and quentity of solvent;
w = weight of solute added;
M = molecular weight of solute added;
R = vresistance chenge dependant. upon the
molecular weight and quentity of solute.
The value of K obviously depends upon the concentration of solute and hence
it is lmperative that no benzene is lost when the cold finger condenser isg
removed, Each time the condenser was removed the bengene vapour front rose
up the receiving axm of the condenser snd when it was replaced eome of this
bonzene is trepped between the two glags surfeces. This “hold up" reduced
the amount of benzene in the ebulliometer body end hence altered the actual
concentration of solute. “Hold up" of benzene in thls manner was not constant
and varied from addition to addition, snd resulted in a marked devistion of
values calculated for the constent and moleculer weight. lMerely sveraging
these values will ontall errors according to Mair (120). A constant “hold up®

was therefore reéuired to eliminate these errors.



This wes achieved by replacing the cold finger condenser with a
permanent condenger jacket round the exm of the ebulliometer vessel, To
facilitate the addition of eils to the benzeno in the ebulliometer the
new Loibig type condenser was fitted with a B,10 "Quickfit" socket and a
B.10 cone wag extended to form a pipette as shown in figure 52, The
rosults obtained using this modified obulliometer (figure 53) were much
more congistent, end extrapolation to infinite dilution was much more accurate

than before.

To corrget the ebullioscoplic constant for different atmospheric
pressures Ven Nes and Van Weston (28) gave the formula K = Ko + 0.24 (Pm~Po),

where Ko = ebullioscopic constant for the standard hydrocarbon at
infinite dilution;

Po = borometric pressure at which Ko is obteined in cm. Hgs

Pm = baremetric pressure during the molecular weight determination
of 0il sample.

Work cerried out by Beaton (88) to establish whether or not this equation
could be employed with this ebulliometer showed that there was no apparent
-relationship bebtwesn the ebulliometer constant and the atmospheric pressure,
Purther woxl was therefore carried out, the results of which sre cxpresged
graphically in figure 5, which showed that thore was some relationship but
that thore was still too great o spresd of resulis for the values calculated

from them to be sstisfactory.

Since groat core wes always token to add the ssme amount of benzene
at 20°C, it was concluded that the foctor ceusing these deviations was most
likely to be moisture. In order to ascertain just what offect meisture daiad
have on the caieulatidn of molecular weight, determinations were carried oud
using benzene semples which ranged from “dry" (re-distillation and sodium wire)

to water -~ seturated",
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The determination of water content was carried out by means of the
Kerl Fischer method which involves the reaction between iodine, sulphur

dioxide and small smounts of water. Eguation for the reaction:
Io 802 + 2Hp0 == 2HI + Hp SOI*’

The determination can be done by a potentiometric titration using platinum
electrodss, and when a gemple is directly titrated with the Kerxl Fischer
reagent a galvanometor inserted in the circult shows a deflection whenever

free iodine fivst appears - that is & “dead stop end=-point",

It was found that the presence of moisture had a congiderable effect
upon the molecular welghts caleulated by the method described earlier, The

effect iz well illustrated by figure Sh.

From thisg 1t was clear that the prosence of molsture in the solvent
caused on increese in the csloulated molecular welght and hence care must be
token to keep the solvent dry. This was done by re-distilling the solvent
and storing over godlum wire snd avoiding contact with the atwosphere ag much

a8 posaible.

The determination of the molecular welight of oils wes therefore
coarried ouﬁlduring this work using benzene which was carefully dried as
described sbove. Using this modified technique greater accuracy was obbtained
when calculating the ebulliometer constant, which now showed a definite linesr

reletionship with barometric pressure (figure 54).

V. REFRACTIVE INDEX
&n Abbe Refractometer, reading to the solium Deline, was used for

this purpose. Measurements were made at 20°¢, temperature control being



maintained by pumping water from a thermostatically controlled bath through
the refractomoter,  The accuracy of the instrument was frequently checked

with distilled water and l-bromonaphthalene.

vi. DIENSITY

This was measured using a U~tube pycnometer similar to that employed
by Ven Nes and Ven VWeston (28) end Lipkin et al (121), The pyonometers
descrived by these workers had open cups et the top of each limb to cope with
expansion of the liquid end £illing of tho pycnometer, but in the present
work these were omitted beceuse £illing took place at a 1little under zo°c,

and there was very little expansion.

No buoyency correction factor was epplied during calibration or
density determination, but an apparent volume was calculated and used to
determine the apperent dengity. The value obtained in this way differs only
vory slightly (in fourth decimal place) from the actuel density and by epply=
ing an equation, as did Lipkin et al, the true density in vacuo can be

calculeated,

The apperent volume of the pycnometer was found by filling it with
distilled water, at just below 20°C., by mesns of a vacuum pump, The filled
pycﬁometer was then placed in a thermostatically controlled bath at 20°¢. * 0,01°¢,
for approximately 20 minutes, the execess water being cerefully sosked up by
filter peper from the ground glass tops. On removal from the water beth the
pycnometer wos dried on outside, washed with acetone, dried sgein and weighed
accurately. Knowing the weight (im air) of distilled water contained in the
pycrometor at 20°C. and the density of water at 20°c, (0.99823g/ml. ) the

apparent volume can be calculated,
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Apparent densities of oil samples were determined in a smilar fashlon

and the true donsity in vacuo belng celoulated from the following equations:

C = 0,0012 (1-dp)
and dp = C+ dy
where C = correction factor,
dp = true density,

end dy = opparent density.

VII.  VISCOSIZY

The kinematic viscosities of the various oll somples wore measured
according to the prccaéure leid down by the Institute of Petroleun (I.P. 71)
for use of suspended level viscometers. The minieture version of this type
of viscometer was employed since very little oil sample wes required
(epproximately Sml).s Temperatura control vas achieved by means of a
thermostatically controlled water beth snd calibretion of the viscometers

corried out accoxding to British Stendard Speecificetions (B.S. 188 ).

VIII. ACIDITY

Acidity was determined as mge KOH/m. oil by the procedure described
in A.S5.T,M, D664 as a stendard pobtentiomotric method. A Pye "Dynacep® pH
motor wes usaed in the present work to determine the acidity of 3g. semples of
oil dissolved in a 50:50 mixbure of n~tutepol and toluene. This solvent was
employed bocause it wes found to be a better solvent for oxldised oils than a

50:50 mixture of ilso-propancl and bengzeha.

1X. CARBON RESIDUE

The carbon regidus of any oil sample was doetermined by means of the I.P.

1./45 test (Remgbottom), This method dotermines the smount of carbon residue
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left when an oil is evaporated by heating in a gless bulb at 550°C, for
20 mimates, The amount of residue is then expressed as a percentage by

weoight of the original oll semple.
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A STULY OP THE, OXTRATIVE, DETERTORATICN. OF

MIMIAL LUDRICATING OILS.

SUMMARY

APRIT, 1966



The offect of oll couponition on i%a behaviour wider oxldetive
conditionn, both tw alywbiowiog end dn en dntemal contueticon enging, s
tho modn pawpcss behind tids rosoawh progrannge  Fudddediy 4% wao némmfm;sf
B0 devloo tectniaquion fow tho scourate doternibation of solemulor waleht ond
ahlorefors dnoolublon, and o nod®ily verioun othor mothods of snolyels oo
fhat thay woro audtable for this partionlor wosit

S otdlioscopia teolmloue involving the weo of o thowoisder consing
lomnt wos ueed to deternino soleoular whicht, bud mathor pevore fuctustions
woro experdonesd In tho setor seadings. 0 an attonpd to reotify thio tho
cld Singor condonser was replaced by o pemanantly DNixed Idobig conlonpoy «
thug giv:}.ng.;; o oonoband yolune oF solvent in the ehullioneter, Bovevew, thic
wan not the oumplote cncswer to the fluctvations, thess bodng fnelly oldminnded
by the ugo of bonseno (es colvont) viloh had heon covefully ro-dlaotilied ond
duled owr coldivn wire, Appovently moiosbure s the pilnodoad feotor cousing
the fnnoouraoiod.

Bogrepabicn of that poyd of the 0id Inooluble slndee devdved from
aasdng wor ond blowhy porblcles oas oareied out by toling up the engine
dotoriorsted ofd in chloyofomn and Piltering off the cxtrogwons matoriole
Thio wne node pensible by 0 eane vith which the oid and tho siudge produnsd
hy oxidadion of the oid covdd be diecolved i thin pavticwlow oolvonte Yhe
aindmen omound of ellorefers yogndxed por gyame oF deteyloxated ol wun
oatoblichod, oo wan the most offiolent welthed of oolvent swmovnl, leee s0bogy
Llim ovepomndiones Thin Sxoobtnont of the used odl semple 414 nod effect the
gbruoture oy ounpondflion of elther fhe oaldiced O wamddised portiont.

In thio progyeome sovored ollc of differant conposliions were onddiesd

Ty alyetlowing ad 200 0 (o nedifisd T.P. oxidetion tond), ond by suoedng undey



steady conditions in an internal combustion engine for various periods of

tine. In general, the pattern of detexioration by oxidation was similex

in both systems, i.e. the oxidative deterioration followed the path ofs
hydwearbons —- yveains — 0il soluble sludge —oll insoluble sludge

The oils used in this programe all beheved in & similer fashion undér these

conditions, but differed fxom one snother in the amounts of various oxidation

produets produced,

The extent to which any one oil followed the path of oxidation
outlined shove was oppavently governed by the percentage of arcmatic materiel
contained in the orlginel oil. Some evidence wes obtained supporting the
theory of “optimum arometicity™ in the remge of 6-8% arcmatics. This effect
was very evident iu olls oxidised by sir-blowing but was less obvious when
the sane oils wore deteriorated in the engine.

In this work it was shown that o gimilor optimum effect existed when
tho rotio of orvomatlics : naphthenics was conaidexed, At aromatic concentrations
lower thot 7 or & insufficlent oxldation Jjuhibiting matemials, e.g. naphthols,
woxo foxmed to prevent the foxmation of coill zoluble aludge, exdl at this “optimum
exomoticity” enough inhibitor was foxmed to limit the oxidation to the production
off reging, Vhero the aromatic content wes high the pmount of inhibitor formed
was not even suffiolent to prevant the oxidation process to proveed yet anothex

step to oll inspluble sludge.

Conditions in the enging appeared to favour oil soluble sludge
formation but not the formation of oil insoluble sludge. It may have been that
the metols present countexected the effect the inhibitors fovmed, thus
allovdng soluble sludge, and that insufficlent time had been spent at engine
conditions for insoluble sludge to be produced.



S

In both methods of deterloration the sume hydxocexbon types
ware oxidised to give similar oxidation productss The materdsl which was
yemoved upon oxidation and treatment with fullex's carth was found to be
spread over the hydrooaybon types present in the ordginal ¢ll with a tendency
fox the hesviex aromatic metexiel to be prefeventially attecked. This

tand.éhcy was moys apparent in v'qhe oilg conteining most avomatics,

The tendenoy for hydrocarbons to be oxidised to resins, then to
35.1' gsoluble sludge, and finelly to oll inmsoluble slufge was made more spparent
/by the evidence found durdng this programue of woxk., A trensfer of materdal
apparently took place from resins, via soluble sludge, to insoluble sludge.
In addltion, 1t was found that the acldity of thae oil insoluble sludge was
related to ite insolubllity in the oil ~ thin mey have beon due to the
formation of hyfvoxy acids (by the oxidetion of oil soluble sludge) which are
Imown to be insoluble in mineral lubricating olls.



