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:Skisomerization) reactions, undergo cyclization reactions leading to formation of
cyclic ether products. A general reaction scheme for autoxidation of any systed
containing alkyl chains with carbon number greater than four is proposed,
Absolute rate constants for formation, isomerization, and cyclization of hydrod
peroxyalkyl radicals have been determined for the first time for liquid-phasd
autoxidation and the corresponding Airrhenius parameters have been derived,

Their values are in general agreement with those previously determined or estid

mated .ih gas phase combustion studies. Results of kinetic analysis of cleavagq
product formation are consistent with two modes of their formation in the entirg !
range of oxygen pressures studied. The first mode involves decomposition of :
ajyy-hydroperoxyketone species and the second reactions of alkoxy radicals

Determination of absolute rate constants required knowledge of the rate of
initiation, Rj, at each experimental condition. Three approaches were used for
that purpose: determination of Ry from the rate of formation of termination
products, from the length of the inhibition period caused by addition of an
antioxidant, and frem the initial rate of antioxidant consumption. Correlation g
of results obtained indicates that stoichiometric factors, n, for 2,6-di-tert- :
butyl-4-methylphenol, MPH, and 4,4'-methylene-bis(2,6-di-tert-butylphenol) af !
elevated temperatures are nuch lower than those determined at low temperatureg !
(1.0-1.2 and 2.0-2.6 vs. 2 and 4, respectively} while n for N-phenyl-a-
naphthylamine does not appear to change with temperature. Tn the case of MPH 3
this was confirmed by the independent kinetic and mechanistic investigations.

Kinetic and mechanistic studies of inhibition reactions of MPH, and reactiong
of various MPH derived intermediates under autoxidaticn conditions at elevated
temperatures revealed that the orasence nf hvaroneraxides affects inhibition
mechanisms. In the presence of excess hydropercxides, conditions typical fon
our stirred flow reactor experiments, the most important reaction of !1PH derived
phenoxy radicals is that with alkylperoxy radicals ficading to formation of the
corresponding 4-alkylperoxy-2,5-cyclohexadienone, GOOR. At low hydroperoxide
concentrations, conditions typical for inhibition in technological systems, the
disproportionation reaction of phenoxy radicals leading to regeneraticn of MPH
and formation of the corresponding quinonemethide also plays an important role.
In both cases, however, QOO0R is a major source of free radicals which effecn
tively reduces n for MPH at elevated temperatures. In order to assess this
reduction quantitatively, the decomposition reactions of a series of QO00R with
R = (CH3)3C-, tetralyl-, and i-,2-, and 5-CjzH33- have been investigated in the pre-
sence of MPH. «Kinetic analyses of the results yielded values of rate constant
for radical and non-radical decomposition of QOOR which were used to estimate n
for MPH as equal to 1.2 at 160°C,

b

A method for prediction of the effects of structure on the thermoxidative
stability of synthetic ester lubricants, pentaerythrityl tetraalkanoates, in ihe
presence of an antioxidant has been developed. Kinetic equations for the inhi-
bited oxidation of these lubricants have been derived using the above proposed
reaction scheme. .- Numerical solutions of these equations yielded the values of]
the relative inhibition periods as a function of antioxidant stoichiometric fac-
tor and relative reactivitics of peroxy radicals in intra- and intermolecular
hydrogen abstraction reactions with substrate and antioxidant. The inhibition
periods calculated by this method have been found to be in excellent agreement
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with the experimental values obtained for n-Cg through n-Cg pentaerythrityl
tetraalkanoates containing 1 weight percent N-phenyi-a-naphthylamine at
232°C.

Laboratory studies of wear behavior were carried out with penta-
erythrityl tetraheptanoate (PETH), n-hexadecane (HD), and a synthetic hydro-
carbon (SHC) 1in the presence and absence of oxidation products using a
Four-Ball Apparatus. In PETH, the presence of oxidation products increased
wear while in SHC a reduction in wear was observed. With PETH, higher wear
was observed on the rotating ball than on the three stationary balls above a
critical test speed. Hith SHC, the direction of this wear asymmetry was
reversed. With HD, wear kinetics and asymmetry were significantly affected
by the type and distribution of oxidation products. Results with model oxi-
dation products added intc HD suggest that carboxylic acids and difunctional
hydroperoxides are effective 1in reducing the stationary ball wear while
monohydroperoxides do not appear to affect it over the range of conditions
employed in these experiments,
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STATEMENT OF WORK

The contractor shall furnish scientific effort together with all
related services, facilities, supplies and materials, needed to

conduct the following research:

a. Determine the kinetics and mechanisms of the oxidative
and thermal reactions of the model 1ubricant,.£;hexadecane, and
the synthetic ester lubricant, pentaerythrityl tetraheptanoate,
in the presence and absence of antioxidant additives at tempera-

tures from 160 to 200°C, at oxygen pressures from 5 to 20 kPa,

and at reaction iimes from 20 to 103 seconds utilizing stirred

flow and batch reactor techniques.
b. Investigate the effects of the reaction products obtained
[ ]

under conditions specified in "a" on the wear behavior in systems

lubricated by the model hydrocarbon and synthetic ester lubricants,




3

INTRODUCTIOH

Basic information on lubricant deterioration and wear phenomena occurring

in lubricant systems exposed to oxidative environments at high temperatures had

not been available due to inherent limitations of conventional experimental
techniques. Application of stirred flow reactér methods in our previous studies
led to the elucidation of the kinetics and mechanisms of the autoxidation reac-
tions of the synthetic ester lubricant, pentaerythrityl tetraheptanocate, at 180
to 200°C and of a model hydrocarbon lubricant, n-hexadecane, at 120 to 180°C,
at an oxygen pressure of ~110 kPa, and to the discovery of increased wear
phenomena caused by low concentrations of the hydroperoxide and dicarboxylic

acid oxidation products of the ester,

The present research is an extension of that work to studies of the
deterioration reactions and wear behavior of model hydrocarbon and synthetic
ester jlubricants at reduced oxygen pressures including atmospheric conditions.
Since such oxygen pressure conditions exist in actual service applications of
lubricants, the results derived from these studies will not only yield basic
information on an important but unexplored area of free radical chemistry but
will also provide a technical basis for improvements in practical lubrication

systems operating under ambient oxygen pressures,
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PREFACE

This is the final report on the work carried out during the period May 1,
1980 to April 30, 1983 under the Air Force Office of Scientific Research/Fzrd
Motor Company Contract, F49620-80-C-0061, entitled "Time-Temperature Studies of
High Temperature Deterioration Phenomena in Lubricant Systems: Synthetic Ester

Lubricants".

Results of our investigations of the dinhibited autoxidation of pen-
taerythrityl tetraheptancate and other tetralkanoates are described in the paper
entitled "Effects of Structure on the Thermoxidative Stability of Synthetic
Ester Lubricants: Theory and Predictive Method Development". The paper was
presented at the Symposium on Synthetic and Petroleum-Based Lubricants, at the
183rd ACS Meeting in Las Vegas, Nevada, and pubiished in PREPRINTS of Divisicn

of Petroleoum Chemistry {Attachment 1).

Studies of wear behavior of pentaerythrityl tetraheptancate and a synthetic
hydrocarbon leading to discovery of wear asymmetry are described in the paper
entitled "Wear Asymmetry - A Comparison of the lear Volumes of the Rotating and
Stationary Balls in the Four-Ball Machine". This paver was presented at the
37th ASLE Annual Meeting in Cincinnati, Ohio, and published in ASLE Transactions
(Attachment 11),

Abstracts of other presentations describing work performed under this

contract are in Attechment IlI.

The unpublished research results are d2scribed in Parts I-VII of this

report. Studies of effects of reduced oxygen prassures on product formation

AP N 2ome EX S »




I in the liquid-phase autoxidation of n-hexadccane at 160 to 190°C are presented
in Part I. A kinetic analysis based on the above studies resulting in deter-
mination of the absolute rate constants and Arrhenius parameters for formation,
isomerization, and cyclization reactions of hydroperoxyalkyl radicals 1is in
Part 1II. Determination of a basic kinetic parameter, rate of initiation,
which is required for calculation of absolute rate constants for autoxidation
reactions at elevated temperatures, is discussed in Part 1II. Investigations of
inhibition rmechanisns of 2,6-di-tert-butyl-4-methylphenol at elevated tem-
peratures are presented in Part IV. These inhibition studies are extended into
kinetic investigations of the contribution of major inhibitor reaction inter-
mediates to the rate of initiation described in Part V. This work was presented

at the Symposium on "Inhibition of Liquid Phase Autoxidation Reactions," at the

184th  ACS leeting in Kansas City, flissouri. A novel LPLC procedure used for
analvsis of autoxidaticn preoducte throughout our studies s described in Fardl
VI and is being printed the Journal of Chromatographic Science. A study of the
effects of autoxidation products, formed in a model hydrocarbon lubricant at

lTow and high oxygen pressures, on wear behavior is the subject of Part VII.

It is anticipated that following the completion of a limited number of
additional experiments each Part will be prepared and submitted for publication
in technical journals. The respective authors of thesc papers are indicated at

the beginning of each Part.
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SYMBOLS

The following symbols are used throughout this report to designate

ma jor substrates and antioxidants:

HD = n-Hexadecane

PETH = Pentaerythrityl tetraheétanoate
MPH = 2,6 Di-teit-butyi-%-~iwe Ly iphenod
PAN = N-Penyl-a-naphthylamine

BPH = 4,4'-lethylene-bis(2,6-di-tert-butyiphenol)




PART 1

EFFECTS OF OXYGEN PRESSURE ON LIQUID PHASE AUTOXIDATIOM

of n-HEXADECANE AT 160 T0 190°C.

R. K. censen, S. Korcek, L. R, Mahoney and M. Zinbo




INTRODUCTION

Investigations of the liquid phase autoxidation of n-hexadecanc with pure
oxygen carried out in the stirred flow microreactor at 100 to 110 kPa and 120 to
180°C led to the discoveries of a,y and a,5 intramolecular hydrogen zbstracticn
reactions of alkylperoxy radicalsl and the cleavage reaction of a,y~hydroperoxy-
ketones.?Z The occurrence of intramolecular hydrogen abstraction reactions
explained the formation of difunctional oxidation products, namely a,vy and «,b
dihydroperoxides and hydroperoxy substituted ketones, which, together with mono-
hydroperoxides, are the major primary oxidation products at these reaction
conditions.! The cleavage reaction of a,v-hydroperoxyketones was found to be one
of the two independent processes of cleavage product formation.2 It accounted
for the formation of cleavage methyl ketones and 50-60% of alkanoic acids. The
formation of remaining cleavage products was explained by a complex sequence of

-~
H

reacticons which starts hy ?-scission and intramo ik

P P R P T (TP g
voviar Lyuruygen apsirac

reactions of alkoxy radicals.

In the present study we describe the results of our investigations of the
effects of oxygen pressure on kinetics and mechanisms of n-hexadecane autcxida-
tion at elevated temperatures. The range of oxygen pressures studied was 4~120

kPa which includes atmospheric conditions.
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EXPERINMENTAL
The reaction techniques, some of the analytical procedures and materials

used in this study were described previously.1'2'3

Stirred Flow Microreactor. The stirred flow microreactor system used for

the autoxidation of n-hexadecane was modified to allow the introduction of oxi-
dation gas mixtures of oxygen and argon at different oxygen pressures. The flow
rates of each gas were measured using mass flow meters (Matheson Models

8160-0452 and 8143).

Product Analysis. Primary Cyg oxidation products were determined by GLC

analyses of oxy fractions obtained from silica gel separation of sodium boro-
hydride and triphenylphosphine reduced oxidatesl using a packed Silar 10C column
and a bonded-phase fused silica capillary column (DB-5; 60m x 0,317 mm 1IDj.
Typical chromatogrars obtained with the packed Silar 10C column are shown in
Fiqure 1.
C16 cyclic ethers, —EHIZSEEZEH-, were detected by the above technique

only in the low oxygen pressure experiments., Their GLC peaks overlap those for
C12--Ci4 2-alkanols (from methyl ketones) and Cj; and Cjp l-alkanols (from
1-oxo and l-oxyalkanes)., Better separaticn of Cjg cyclic ether products and 1-
and 2-alkanols in NaBHs reduced samples was obtained using the capillary column.
This analysis was performed using a Perkin-Elmer Sigma 3 gas chromatograph with
a flame ionization detector, and an on-column dinjection system (J & Y
Scientific, Inc). A Perkin-Elmer Sigma 12 Data Station was used for recording
and fntegration. Onc microliter samples were injected at room temperature using

a timed, reduced inlet pressure technique.” The linear flow rate of hydrogen was

60 cm/s at 225 kPa, injection port temperature 75°C, and detector temperature
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Figure 1  Chromatograms of oxy fractions from NaBH4 reduced n~hexadecane

oxidates (180°C, runs 149 and 225) obtained using 3 packed Silar

e [ 10C column,
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185°C. The oven was programmed from 90 to 175°C with a post injection time of
15 minutes and heating rate of 2°C/min., Typical chromatograms obtained from
this analysis are in Figure 2. The only peaks which interfere with deter-
mination of Cjg cyclic ethers are those of l-tetradecanol and 2-pentadecanol
both of which are relatively minor. The sensitivity of this method is such that
Cie cyclic ethers can also be determined in the high oxygen pressure samples
(detection 1limit is 0.5 ng/mL). Identification of Cjg cyclic ethers was
accomplished by an ancillary gas chromatographic-CI mass spectrometric analysis
and by gas chromatography of synthesized standards. A chromatogram of an oxi-
dized n-hexadecane sample separated on silica gel to concentrate Cjg cyclic
ethers is in Figure 3, Peak assignments for Cig cyclic ethers are based on
retention times of 2-methyl-5-undecyloxolane and 2-ethyl-5-decyloxolane
which were synthesized by the method of Reynolds and Kenyon5 from 2,5- and

3,6-hexadecanedio1s.1

Hexadecanal and 2--8-hexadecanones, f1--8-R'C0-], were determined by HPLC
after derivatization using p-nitrobenzyloxyamine hydrochloride (PNBA).®  An ali-
quot (0.2-0.5 mL) of a triphenylphosphine reduced oxidate mixed with 10-15 mg
PNBA and 200 pl pyridine was heated at 60°C for 1 hour, The mixture was then
transferred to a separatory funnel with CHpCl, and washed with dilute HCY.
After washing, the CHpC1, layer was separated and evaporated, The derivatives
obtained were dissolved in a known volume of CHzC1p. HPLC was performed using a
Radial-PAX C18, 10p, 5 mm ID cartridge (Waters Assoc.), mobile phase of

H20:CH30H:ClHpC12:CHACN (7:8:25:60) at a flow rate of 0.6 mL/min, and detection

at 280 nm.
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Figure 2
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The carbon oxides were determined by a Fourier Transform Infrared method

which also allowed estimation of other trace gaseous products.7 Table I shows

typical results obtained from this analysis.

RESULTS AND DISCUSSION

Oxidation Products. Results of analyses of samples obtained from the

autoxidation of.ﬂfhexadecane in a stirred flow microreactor at 160 to 160°C and

4 to 120 kPa oxygen pressure are summarized in Tables II and I1I.

The Cy¢ primary oxidation products include i) isomeric hexadecylhydroper-
oxides, ROOH, determined in sodium borohydride reduced oxidates (subscript A) as
hexadecanols, (ROH)p, ii) isomeric hexadecanedihydroperoxides, R(00H)», and hydro-

.- T 3 s - - 2 . sy e -~ = [ X1 AN
peroxyhoxradecanones, HOOR-0, determined {ogether as hexadecansdicls, (DD},

DAV A,
and iii) isomeric Cyg dialkyl oxolanes, —éH(CHz)ZCH-. Termination products,
isomeric hexadecanones, R'CCR", were determined in triphenylpunosphine reduced

samples either directly or after derivatization.

The cleavage products include homologous scries of i) alkanoic acids,
R'COOH, determined after esterification, ii) methyl ketones, CH3COR', determined
as secondary alcohols, (CH3CH(OH)R')p, and iii) 1-oxo and/er l-oxy alkanes (aldehydes,
primary hydroperoxides, primary alcohols) deternined as primary alcohols,

(R'CH20H)p, and H,0,, CO and COy.

Reaction Scheme. A reaction scheme which accounts for the results of n-

hexadecane autoxidation at elevated teuperatures obtained ir this study and in

our previous workls2 {s 1in Figure 4,8 According to this schere, initiation of
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Table I. Results from FTIR analysis of

non-condensible gases (run 215).

Compound ppm
Carbon Dioxide 25.08
Carbon tloncxide 14,4
Formaldehyde 1
Ethylene 2
Ketene CHoCO 0.5
Aceigcne 12
Methylethylketone 10
Butanal CH3(CHy)oCHO ~ 8
Pentanal CH3(CHp)3CHO s 0.5
Other Hydrocarbon as Cg ~ 3

a
~ Blank sample contained 1.1 ppm carbon dioxide

el
Lot sy S
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Reaction Scheme, A reaction scheme which accounts for the results of n-

hexadecane autoxidation at elevated temperatures obtained in this study and in

our previous workl»2 s in Figure 4.8 According to this scheme, initiation of

autoxidation occurs via the homolytic decomposition of peroxidic products, reac-
tion 1. This reaction ultimately leads to formation of alkyl radicals, Re, ;
which react with oxygen to produce alkylperoxy radicals, ROe, reaction 2.

Alkylperoxy radicals either undergo irreversible intermolecular hydrogen

abstraction, reaction 3, producing monohydroperoxide products, ROOH, or rever-

sible intramolecular a,y (m=1) and a,5 (m=2) hydrogen abstraction, reactions 4,

leading to a,vy and «,5 hydroperoxy substituted carbon radicals, HOORe. These

carbon radicals, depending on oxygen pressure, can either isomerize, reaction

-4, or undergo intramolecular cyclization («,5 only), reaction 10, to produce

. —0— . . .
C16 cyclic ethers, -CH(CH»>)oCH-, and hydroxyl radicals, or irreversibly react

with oxygen to give hydroperoxy substituted peroxy radicals, HOOROpe®, reaction
2'. These hydroperoxyperoxy radicals, similarly as ROpe, can undergo inter-
molecular hydrogen abstraction, reaction 3', to form dihydroperoxides, R(OOH),,
and intramolecular abstraction of secondary hydrogen, similar to reaction 4,
which leads to trifunctional oxidation products. In addition to reactions 2'

and 4 HOOROz® undergo an intramolecular abstraction reaction of tertiary

hydrogen, reaction 4*, to form hydroperoxy substituted ketone products, HOOR=0,
and hydroxyl radical. The a,y-hydroperoxyketone products undergo molecular
decomposition to methyl ketones, CH3COR', and alkanoic acids, R'COOH, via reac-

tion 7.

o b a1 2 A AR A Ul A

Formation of Primary Cys Products, Results of our present kinetic investi-
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gations and those reporied previous‘ul’2 show that the rates of forration of

hvdroperoxides at a given hydroperoxide concentration decrease i) with decreasing

oxygen pressure {(Figure 5) and i1) with increasing temperature (e.g. at [-00H]
of 10 m’! the rates at 160, 180, and 190°C and & ¥Pa are equal to ca. £7, 46, and

36% of the corresponding 110 kPa values). These decreases are mostly due to the

decreased rates of forration of difunctional hydroperoxide products which are

more pronounced with thosc a,y substituted (Figure 6). The rates of formation

of monohydroperoxide products (Figure 7) are much less affected by reduced oxy-
gen pressures, From all products analyzed, only the rates of formation of Cjgq
dialkyloxolanes increase with decreasing oxygen pressure (Figure 8), Results

obtained at 160 and 190°C arc similar to those shown in Figures 5-8 for 180°C.

The above kinetic information suggests that concentration of HOORO2®
decreases with decreasing oxvaen nressure more than that of ROze, Such pre-
ferential decrcase wust be due to the occurrence of reactions ~4 and 10 which at
lower oxygen pressures effectively compete for HOORe with reaction 2'., ‘o such /

competitive reactions, besides termination, consume Re which react with oxygen

to give ROpe via reaction 2. Based on a Kkinetic analysis fecr the proposed

scheme (Figure 4), the ratio of [HOOROpe] amd [ROpe], ¢, is given by expressicn I

[a,y-H00R02%] + [a,5-HOOROzs]
[ROoe]

¢

k4'(l,Y 1 k4-a,6 1
= - + . (I‘
/

k3[R”] + k4*"a"Y k-4-a’Y k3[RH] + k4*-(!,6 k'd“'l(,& + klo_z's

1+ k2'10,] b kp 1021
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and the vratio of [a,5-HOORe] to [ROpe], O, by expression 1I:8

[a,5-HOORe] Ko, s
02 @ ——n = (II)
[ROZe] K-g-q,5 *+ k10-a,6 * k2'-q4,5002]

At high oxygen pressures, when ky'[02] >> k_g + kg, ¢ approaches its maximum
while 6 approaches its minimum. At oxygen pressures within our experimental
range (4-120 kPa) the values of ¢ and © will depend on the relative values ‘of
k2'[02] and k.4 + kjg. It is clear, however, that with decreasing oxygen
pressure & will decrease while @ will increase. This is consistent with the
decreased rate of formation of difunctional hydroperoxide products and increased
rate of formation of Cig dialkyloxolanes at lower oxygen pressures, sincé these

rates are proportional to [HOOROpe] and [«,5-HOORe], respectively.
The concentration of RO2® is given by expression III,

[RO2e] = (111)
(2xkg + 2kg) 2 (1 + o)

where Rpp,e is the rate of formation of R0Oze, which at high oxygen pressures is
equal to the rate of initiation, Rj. Expression III suggests that [ROpe]
approaches its minimum when kzv[oz] >> K-g + Kkig, i.e., at high oxyygon
pressures. If Rpp,e remains the same, [ROp8] should increase with decreasing
oxygen pressure. Under such conditions, the rate of formation of monofunctional
hydroperoxide products should also increase with decreasing oxygen pressure
since the rate is proportional to [R0Ope]. However, no such increase has been

observed, instead, no change at 160°C and some decreases at 180 and 190°C

ey :ﬁ el "’E“"“X'“Q‘k"fﬁ S - TR oo i e
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occurred. The lower the oxygen pressure, the lower [-00H] at which decreases
were observed. This finding suggests that at a given oxygen pressure there is a
certain limiting [-00H], i.e., limiting rate of initiation, at which the oxygen
supply and concentration become insufficient to transform all Re to ROze and
that under such conditions alkyl radicals also contribute to termination. In
such case RRQZQ at Tow oxygen pressures must be lower than RR02° at high oxygen
pressures and lower than Rj. This view is supported by results shown in Fiqure
9 where the rates of initiation, determined from the rates of formation of ter-
mination products,10 Rt(ROge)» are plotted against [-00H]. The lower values of
Rt(Rope) at lower oxygen pressures confirm reduced contribution of R0Op® and some

contribution of Re to termination.

The increased concentration of Re may also be a contributing factor leading
to the change of mcnchydroperoxide ifsomer distribution cxhibited by decreased
formation of primary l-hexadecylhydroperoxide at low oxygen pressures (Figure
10). This indicates 1lower concentration of primary ROp® at 1low oxygen
pressures. It can be explained by the lower concentration of non-selective o0H
radicals due to decreased rate of their formation from reaction 4* and/or by
higher concentration of secondary Re and ROpe, These higher concentrations
would result from higher reactivity of primary versus secondary Re in radical
transfer reaction with secondary hydrogens of RH. Consequently, the ratioc of
overall reactivity of primary versus secondary hydrogens in hydrogen abstraction
reactions by mixture of free radicals rresent in the autoxidized n-hexadecane at
high oxygen pressures is found to be 1:5 while at oxygen pressure of 5 kPa it

is 1:14.

1 ym»‘iv‘u—uu )




L I | l 1 I
0] 20 40 60

[-00H] /mM

Figure 9 Ratf of ]formation of peroxy radical termination products as function
of [-00H].
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Formation of Cleavage Products. A reaction scheme which depicts formation

ot

of cleavage products 1is 1in Figure 11.2 Methyl ketones, CH3COR", and
corresponding ecquimolar amounts of alkanoic acids, R'COOH, are formed from
c¢leavage of x,y-hydroperoxykectones, reaction 7. Excess alkanoic acids,
(R'COOH)exc,11 and all other cleavage products originate from reactions of alkoxy
radicals. Initial step in the latter sequence ic B-scission of alkoxy radicals
leading to the formation of an aldehyde and an alkyl radical, reaction 8, which is
followed by an abstraction of aldehydic hydrogen, reaction 11, decarbonylation
of intermediate acyl radicals, reaction 12, formation of alkanoic acids by reac-
tion sequence 13a-13c, decarboxylation of alkanoic peracids, reaction 13d, and
formation of lower molecular weight primary hydroperoxides, reaction 14, The
formation of hydrogen peroxide could be explained by «,86 intramolecular abstrac-
tion vivcactions of aikoxy radicals, reaction 9a, foiiowed by the series of

reactions 9b leading to aldehydes, acids, Hp07, and cthylene,

The rates of formation of major cleavage products, CH3COR' and R'COOH, at
Tow oxygen pressures are significantly lower than those at high oxygen pressures
and the same rate of initiation. The decreased rate of formation of CH3COR'
(Figure 12) reflects a decreased rate of formation of a,y-hydroperoxyketones,
while the decrcased rate of formation of (R'COOH)gxc (Figure 13) indicates the
decreased rates of formation of alkoxy radicals and/or of their subsequent reac-
tions. In the following sections the rates of formation of excess cleavage pro-

ducts ((R'COOH)exc and all other cleavage products cxcept CH3COR') are compared to

the rate of formation of ROe in terms of kinetic <chain Tlength,

ey
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Kinetic Chain lLenath for Alkoxy “adical Forrmation, In an autoxidizing

hydrocarbon al<zxy radicals are form:d in the horolysis of hydroperoxide pro-
ducts, reaction 1, and via nonterminating decomposzition of tetroxide, reazction
5a, 12,13 yhere (1 - _) is that fraction of alkoxy radicals which survive ter-

mination reacticn and diffuse from the solvent cage.

The kinetic chain length for the formation of alkoxy radicals, vige, 1S

(iD.J) X (g{.@q:z)
at 1 dt 5a (1v)

R

then given by eq. 1V:

VROe =

where Rt is the rate of termination which under steady state conditions is equal

to the rate of initiation, Ry. It follewe from the Vinotic analveic that
k1(-00H] (1-x)kg
VRos = —_ + —_ (V)
Ry xkg + kg

The maximun vpoe can be calculated from eq. V assuming the initiation via
reaction 1 and the termination via reaction 6 only. Under such conditions Ry is

equal to 2ky[-00H] and x is equal to zero. Then,

kg
(VRO®)pax = 0.5 + T (V1)

Utilizing values of ks/kg estimated from the data of Mill et al.12 for the sec-

butylperoxy system, (vpos)max is calculated to be 2.0 at 180°C.




35

The actual vppe, however, nust be smaller than (vppelpaxe At higher oxygen
pressures this is mainly due to the contribution of reaction 13d to initiation
and at low oxygen pressures due to the contribution of alkyl radicals to ter-
mination. Thus,

. ks Rt(ROye) ,

where vcg, is the kinetic chain length for the formation of COz via reaction

13d.

Kinetic Chain Length for (Cleavage Product Forrmation. The kinetic chain

length for the formation of any reaction product or intermediate, X, in stirred
flow reactor experiments can be calculated using expression VIII
[X]T/T

. vy = . (VIID)
(Rj)e

where (Rj). is the instantaneous rate of radical formation at residence time, .
The values of (Rj). used in these calculations were at higher oxygen pressures
(Po2 > 50 kPa) determined from the rates of formation of termination productslO
and at lower oxygen presures calculated from the hydroperoxide concentration in

the stirred flow reactor using k; 180°C = 12 x 10-5 §-1,10

Plots of vy for excess cleavage products versus oxygen pressure (Figures 14
and 15) show that yields of these products vary with oxygen pressure, This
observation is in keeping with results from our earlier work? which showed that

excess cleavage products are formed via a complex series of secondary reactions
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some of which involve oxygen addition as shown in Figure 11. The results
obtained for vgg are consistent with the formation of C0 via decarbonylation,
reaction 12, which is in competition with oxygen addition, reaction 13a, and

final formation of CO, and alkanoic acids.

If the excess cleavage products would be formed only via reaction sequence
8, 11, 12, and 13 and acids would originate only from oxidation of aldehydes,

then the values of the sum vp! + v + v should be approximately
(R'COOH) e xc Co2 co

equal to V(R'CHyOH)p. The values of the sum, however, are found to be much
larger than V(R'CH0H) p+ That suggests, that there must be routes leading to
formation of acids or aldehydes other than those via reactions 8 and 13, such as
reaction sequence 9 or reactions involving cleavage alkyl radicals R'es or pro-

ducts of their conversions,

Although the kinetic chain length for the formation of the sum of excess
cleavage products, vgcp, depends upon the subsequent reactions of alkoxy radi-
cals, its value, based on the scheme in Figure 11, can not be greater than two tines

the value for alkoxy radicals, i.e.,

VECP = V(R'COOH)exc * V(R'CH20H)y * vCO * vCOp € 2VRoe (1x)

The values of 2vpge and vgcp obtained from eqs VII and IX using experimen-
tally determined vy values for various cleavage products are plotted as func-
tions of oxygen pressure in Figure 16. These plots indeed show that vgcp fis
approximately equal to or smaller than 2vpge and thus support the idea that even at
reduced oxygen pressure excess cleavage products originate from alkoxy radicals.

" These results also suggest that alkoxy radicals almost entirely undergo reac-

tions 8 and 9, except at very low oxygen pressures.
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INTRODUCTICH

Our previous studies of kinetics and mechanisms of the 1iquid phase autoxi-
dation of n-hexadecane at elevated temperatures (160-190°C) included investiga-
tions of the effects of oxygen pressure in the range of 4 ,to 120 kPa.l These
investigations revealed that intermediate «a,vy- and «,5-hydroperoxyhexadecyl
radicals, HOORe, which are formed by intramolecular iydrogen abstraction reac-
tion 4, besides the addition of oxygen, reaction 2', undergo isomerization reac-
tion -4 and only in the case of «,5 isomers also cyclization reaction 10 (see
Figure 1 or for a detailed scheme Figure 4 in Ref. 1).2 Reactions -4 and 10
were previously documented by Benson.3-6 The latter reaction is generally accepted
as a source of cyclic ether products in the gas phase oxidation of n-alkanes of
carbon number 4 or greater in the temperature region of 300 to 480°C.7-14 1In
the liquid phase the formation of cyclic ethers was detected in the oxidation of
n-dodecane by air at 200°C15 and in the oxidation of substrates containing ter-

tiary hydrogens, such as 2-methyl-hexadecane'6 and 2,4-dimethyipentanc.t’

Kinetic information obtained in our previous studies! is now used to derive,
for the first time, the absolute rate constants and Arrhenius parameters for
reactions 4,-4 and 10 involving formation, isomerization, and cyclization of

secondary hydroperoxyalkyl radicals in the liquid phase.

EXPERIMENTAL SECTION

Measurement of Oxygen Solubility in n-Hexadecane. The method used was a

modffication of the standard Alsterberg procedure (ASTM D-888-81)18 of measuring

dissolved oxygen in water, The modifications involved using 40 mL of deoxyge-

nated water, 1 mL of manganous sulfate solution, 10 mL of n-hexadecane sample
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ducts in the autoxidation of n~hexadecane at elevated temperatures.
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and 1 mL of alkaline iodide-sedium azide solution along with vigorous mixinn
under an inert atrmosphere to ensure comnlete rcaction of oxygen dissolved in the
n-hexadecane sample with rcagents in the aquecus media., The total reaction mix-
ture was titrated with 0.01 M sodium thiosulfate. In the higher temperature
(>100°C) samples 1.8-3.6 mi !MPH was added to the N-hexadecane to inhibit

oxidation,

RESULTS AND DISCUSSIOn

Kinetic Analysis. A kinetic analysis for the proposed reaction scheme (see

Figure 1 and for detailed scheme Figure 4 in Ref. 1) leads to the following

expressions for the ratios of rates of product formation:19

d[ROOH] v
Tdt e k3[RHJ fR02°1
fAla,v- R(ﬁhﬁ\ Ars 5= gggg o = ¥ .
e k ) ky[RH] + k4_a’y Le,y~HOORO 0]
:
_ kalRH] . K_g-r (1
Tk ' [0 ]
b~a,y Kot oa Y 2
4IROOH]
at /¢ ky[RH] [RO,0]
ar'!,f)-RFO()'r.)z.. d[_n’v S=HGOR=0 k3[RH] + k;; [C[,&"HOORO .]
-, 8 2
at A di
T f
Kt [k t-as * K008} (1D
LY Kot eq,5t027

¥1
Ll
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d[-CH(CHZ)ZCH-]
dt k

- = 10""7;8 [a,’%—HOOR.]
(ﬂ[a,é-R(DOH)2?> +(d[a,&-HOUR=O?> k3[RH] . k:_a ) [a.é-HOOROZO]
f f

dt di
k
- 10-a,é (11I)
2'—a,6[ 2]

The ratios of rates can be obtained from the stirred flow reactor experiments as
the ratios of the corresponding concentrations in the reactor?0 or as the ratios
of the yields of corresponding products obtained from the HaBHg and Ph3P reduc-

tions of oxidates.21,23 Thus,

([ROHI,) ) ky[RH] 1+ Kog-a,y (1V)
(Lo, y=RUOR  dp ) o+ ALCHURRORIRT I 0 Ko,y 2" =,y 2
1T on; R/ } \
\LRuH]A)T - kLRI 11 + Kefmer,o kIO-a,5\ {v)
TEEROm, T ™ By | ka1 -a,8102]

r~——0—
([-CH(CH,) ,CH=T,) K10-a, 8

= (V1
m’é-R(OH)ZJA)T Ezl_a 5LC2J

Eqs. IV-VI can be used in determination of rate constants from the ratics
of product concentrations obtained from the stirred flow reactor experiments as
a function of oxygen concentration.

Oxygen Concentration. Oxygen concentrations calculated using the method

described by Prausnitz and Shair25 and measured for nh-hexadecane by Lin and

Parcher2® and for 2-methylhexadecane by Brown and Fishl6 differ significantly.
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Therefore, oxygen concentration was independently determined at temperatures
from 24 to 190°C (see Experimental Section). The results of these measurements
are in Figure 2. Although there is considerable scatter in the data points, the
results indicate essentially a linear decrease of oxygen concentration in n-
hexadecane with temperature at constant oxygen pressure of 100 kPa. From the
graph in Figure 2, Henry's constants for solubility of oxygen in n-hexadecane at
160, 180, and 190°C were 135, 146, and 154 MPa, These constants were used in
determination of oxygen concentrations from partial pressure of oxygen using

Henry's law.

Rate Constants. Plots of experimental data reported in Part I of this

report and in our previous work22,24 consistent with eqs. IV-VI are in Figures
3-7. The composite rate constants derived from the slopes and intercepts of
these plots, k3[RH]/kq, {k-g +k1g)/k2', and kjg/kzt, are in Table I. The indi-
vidual absolute rate constants calculated from the above composite rate
constants are also in Table I, Values of kg were obtained from ratios k3[RH]/kg
using values of k3 determined from rates of formation of monofunctional reaction
products as described in Introduction to Part III of this report.28 Vvalues of
k-4 and kjg were obtained assuming a diffusion controlled value of 109 M1ls-1
for ka'. The absolute rate constants on per hydrogen basis were calculated
using number of available active hydrogens in reactions 4-a,y, 4-a,5, =-4-a,v,

and -4-a,8 equal 3.18, 2.94, 1, and 1, respectively,29

Arrhenfus Parameters. Arrhenius plots for rate constants kq/H, k-g/H, and

kijo are in Figures 8 and 9 and Arrhenius parameters derived from these plots

are in Table 11,
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Figure 2 Concentration of dissolved oxygen vs. temperature for n-hexadecane
(our data and Lin and Parcher's) and 2-methylhexadecane (Brown and

Fish's data).
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Table I. Rate Constants N
Ternerature, °C
Rate Constant 160 100 T 120 150 150
a,y - a,b
b
k3[RH1/kq 2.30 1.98 1.84 5.41 4.96 4.42
2
(k3[RH/kg) (k=g + kyg) /K2 (m1)™ 1,82 2.56 3.27 0.44 0.87 1.13
(k-4 + k10)/k2* (nt1) 0.79 1.29 1.78 . 0.080 0.078 0.117
kg/s™1 ' 123 295 438 52,4 118 203
kg/H(s~1) 38.8 92.7 154 17.8 40.0 69.1
k-g/s"1 = k_g/ii(s™1) 7.31x16% 1,29x106 1.78x10%  G.7ix10%  1,40x10%  2.85xicS
kyg/k2* (mi1) - - - 0.015 0.035 0.051
kyo/s-1 - - - 1.51x10% 3.51x10%  5.06x104

-‘-Reference 27. B values reported here differ from those reported in Reference
24 where they were obtained from measurements at oxygen pressure of 110-120
kPa.
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Table II.

Arrhenjus Parameters

Rate constant

log A/H (s~1)

Ea/kcal mo1-1

Kg-q,y/M 10.7 18,0

Kg-q,8/H 10.1 17.6

Kegmq,y/M 11.2 10.5

K-4-a,5/H 12.3 14.7

k10-a,s/H 12,3 16.1
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Discussion of Results. Values of absolute rate constants and Arrhenius

parameters for reactions 4, -4, and 10 involving formation, isomerization and
cyclization of secondary hydroperoxyalkyl radicals and abstractions of secondary
hydrogens reported in this work represent the first experimentally determined values
of these constants obtained in Yiquid phase. They originate from the treatment
of series of heterogeneous data. Some data, such as those obtained at 180°C,
resulted from exhaustive experiments at various reaction conditions using the
most recent analytical techniques, while the others, such as the 190°C data,
were the result of single experiments at each reaction condition. In the case
of the 160°C data the values at high oxygen pressure resulted from our earlier
work in which the analytical techniques used were not perfected yet. Due to
time limitations and the time demanding complexity of these experiments they
have not as yet been repeated. Therefore, the results reported here should be
considered preliminary until the key experiments at 166° and 190°C can be

verified,

Overall, the values of Arrhenius parameters reported here for «,vy hydrogen
abstraction reaction 4 and -4 seem to be in general agreement with those esti-
mated by BenscnS for these types of reactions in gas phase. However, activation
energies for intramolecular hydrogen abstraction by peroxy radicals, reactions
4, estimated by Benson to be equal to those reported for intermolecular hydrogen
abstractions, are found to be greater by ca. 2 kcal/mcl. Also, preexponential
factors A are greater for reactions -4 than for 4. This gives negative values

0
of AS4 and an equilibrium constant for reaction 4-a,y, Kg-a,y» of 2.3 x 1074 az

180°C which is ca. 7 times smaller than that estimated from Benson's data
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(Kgoe,y = 1.7 x 1073),  This can be attributad to the difference in Kgen v
(1 x 103 s~1 vs. our value of 0.9 x 102 sl at 180°C on per hydrogen basis)
since values of k-g4-q y calculated from Bernson's data and obtained in our work
are in excellent agreement (1.2 x 109 s~ vs. our value of 1.3 x 106 s-! at

180°C on per hydrogen basis).

Relevant data were also reported by Baldwin et al.13 for intramolecu-
lar abstraction of secondary hydrogen by 2-pentyliperoxy («,y abstraction) and
n-pentylperoxy («,& abstraction) radicals in gas phase. They obtained Kfuo v /H
equal to 1.5 x 105 s™1 and kg-o,5/H equal to 3.3 x 105 s-1 at 480°C. oOur
corresponding values, extrapolated to 480°C (k4-o,y/H = 2.8 x 105 s! and
Kg-o,5/H = 1.0 x 105 s71) are in reasonable agreerent with their data, hosever,
our value for Kg-q,y/H involving a six-membered ring transition state is

greater than that for k4-a,5/H involving a seven-nembered ring.

.....

. - -~ - - : - - L)
duin et a1.123 (6.3 x 105 s~1 at 480°C)

The value of K-4-q,y Caiculated by Bal
is much smaller than our corresponding extrapolated value (1.4 x 108 s~1), This
difference seems to arise from the equilibrium coastant, Kg-n,ys which Baldwin et
al. used in calculation of k-g-q vy and assumed to be equal to 0.48 at 480°C. Fronm

Benson's data, K4-a,y at the same temperature should be equal to 0.06 and from our

results it is equal to 0.004.

There is no relevant information in the 1literature on k-g4-q 5. We would
expect, however, that activation energies for reactions -4-a,vy and -4-a,5 should

be similar, which is not what was ohserved. It should be pointed out again that

our current values of Arrhenius parameters for reactions -4 are subject to veri-




fication since they are significantly affected by the accuracy of our results at

160°C which, as discussed above, need to be upgraded.

Fish7,8 estimated activation energies for cyclization reactions of a«,y and
a,8-hydroperoxyalkyl radicals as 14 and 3 kcal/mol, respectively, assuming pre-
exponential factor A = 1011 -1, The value for «,6 cyclization seems to be
underestimated. Mi1130 reported for «,v cyclization of tertiary
2,4-dimethy1-2-hydroperoxy-4-pentyl radical A = 3.2 x 16!l and activation energy
14+2 kcal/mol. Our values for «,5 cyclization are A equal to 2 x 1012 s=1 ;pd
activation energy to 16 kcal/mol. The value of kjp-q,y derived from itill's data

for 180°C (5.6 x 104 s-1) is of the same order of magnitude as our kK10-a,6
which is equal to 3.5 x 104 s=1. As described in Part I of this report, we did

not detect oxirane products in n-hexadecane autoxidatien at our experimental
conditions. Considering the sensitivity of cur znalytical procedures, it means
that values of kjp-a,y must be at least four times smaller than those obtained

for k10-«,s5.
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Derived using the steady-state approximation for each radical at suf-
ficiently long kinetic chain length and assuming k3 to be equal to k3+ and
terminations via reactions of ROpe and HOOROpe,

In the stirred flow reactor, the instan:aneous rate of formation of any
reaction product is given by the expression

dlXx] d[x] dfx] (x1; - X,

e——— = m—— - P =

dt dt /f dt Jc T

where f designates formation and ¢ consumption, [X1; is the concentration
of the product in the reactor or in the effluent from the reactor under
steady-state conditions at the residence time t and [X]y is the con-
centration of this product in the entering fluid. If [X]y is equal to zero
and X does not undergo significant further reactions leading to its con-
sumption ((d[X]/dt)c = 0) then

{ arx1\ 0,
dt Jf ) T

and the ratic of rates of formation of any product is given by the ratio of
their concentrations in the reactor.

It was previously reported in Ref, 22 that at sufficiently long kinetic
chain length

[ROOH] = [ROH]p

[R(OCH)2] = [R(OH),]¢

[HOOR=0] = [R(OH)2]a - [R{OH)2]¢

[R(OOH)2] + [HOOR=0] = [R{0OH)21p

[CH3COR'] = [CH3CH{OH)R' I

where the subscript Jetter in concentration terms designates the reducing
agent used: A corresponds *to NafbHa and € to Ph3P.
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mnTropuCTION

Heck nisns of n-hoxadecane autoxidation at clevated tempersturcs have heen
establisted in cur studies carricd out using the stirred flow nmicroreactor at
120 to 192°C and 4 tu 120 kPz of cxygen prossure,152,3 A peaction schere which
accounts for the foriation of drirary and cleavage oridation products under the
above conditions was previously described.’ Kinetic analyses based on this
scheme revealed i) that the rcactivity ratics for intramolecutar and intei-
nolecular abstractieon reactions of hexadreylInercxy vazdicals can be calculated
from the ratios of yields of difunctional and morcofunctional primary oxidatien
products® (Table 1) and ii) that deternination of absolute rate constants for

these reactions and datermination of the kinetic chain length reguire knouledge

of the rate of racical formetion, i.e., the rate of initiation, Ry.

The absolute rate constonis far dintermoleculzr abstracticn reactiens of

peroxy radicale, k3,
0C» H ooH
I l ‘, ' 4
-CH- 4+  =Ci- 3, -CH- 4+  ~CH- (3)

*
and intramoiccular abstraction reactions kg and kg,

00 kg 00k

| | - e
~CH(CH,) _CH- > ~Ch(cH,) CH- (4,-4)
0ol oo . o oo
~Cil(Cilp) _Chi- ke ~C(Ch,) CH- + w0y (4%)

(where 1 is cqual tc 1 for a,v and 2 for o,5 abstracticns) can he oblained Frow the
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; Table I
}
RATIOS OF RATL (OHSTANTS FO? INTRA- ALD
INTERVMOLECULAR AGSTRACTICH PEACTIONS CF
HEXADCCYLPEROXY RADICALS
|
}
b !
% Temperature °c
: Hydrogen ' ?
| Ratio Abstraction 120 160 180
k .
4 “Y 0.21 0.29 0.29
k5 [RH)
«yé 0.19 0.21 0.24
& a,y 3.5 4.6 4.0
ko [RH]
L 1.1 1.2 1.1
[}
(kg/H) /M oy 5.8 7.6 7.5
(%574)
a,d 5.6 5.9 6.7
*
1
(ky/H) [y oy 300 390 330
(k3/H)
w,8 100 110 90

J. An. Chem. Soc.. 103, 1742 (1981)
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reactivity ratios in Table I if at Tecast one of the rate constants in these
ratios is independently determined. Tor this purpose, k3 can be obtained fror
the rate of formation of monohydroperovxides, ROQI!, using eq. I when peroxy radi-
cal termination rate constants kg and kg and Fy are known. 1In eq. T, [RH] is
concentration of n-hexadecane and 4 a complex rate censtant which can be calcu-

lated from the reactivity ratios since it is a function of only these ratios

(eg. II).
e k '~
dfrooH} 3 ~ IRl R}/‘ (1)
dt (2kg + 2xk5)“/2
, * *
o= f k4-a,y ’ k4—“35 ’ k4-”'9v s kl""”sv (11)
kBIRHI E3InﬂT Fgfﬁﬂ? E3Ihﬂl

Rate of Initiation., In low temperature studies of kinetics of liquid phase

hydrocarbon oxidation the rate of initiation, R;, is maintained at known and
constant value by the addition of initiators which thermally or photochemically

4 In contrast, the autoxida-

decompose with known rates of radical production.
tion of hydrocarvons at elevated teiperatures is very strongly autocatalytic.
The main source of free radicals under these conditions is homolytic decon-
position of hydroperexides, reaction 1.

k -CH, -~

1 free radicals 2 e

2000 00 et g0 o P ~ry
2 - i -

——
fo—y
~—

~0CH ~———

ROe, 1i0e,,,.
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Since hydroperoxides are the primary cxidation products, the rate of radical
production will vary with extent of autoxidation, To avoid the problem of
variable rate of radical formation at elevated temperatures, our kinatic
investigations have baen conducted in the stirred flow reactor. In this reac-
tor, under steady-state conditions, concentirations of all reactants, including
hydroperoxides, are constant throughout the entire reaction volume and do not
change with time. Thus, in this system, autoxidation studies are carried cut at

the constant rate of radical formation, (R4y)., which is given by eq. III. Under

(R;). = 2k [-OOH]T

ifa " (111)

steady-state conditions, the rate of radical formation must be identically equal
to the rate of radical termination, (R:), and therefore doterrinations of (%)

Vi
: v

can be based upon detcrminations of (R¢)..

Two general methods of determination of (Ry). have been used in this
study. The first method is based on deternmination of (Rt); from the rate of
of formation of terminatiqn products, the second, the inhibitor mathod, is based
either on measurement of inhibition periods caused by the addition of a known
amount of antioxidant or on determination of the initial rate of antioxidant

consumption,

Ternination Reactions, At sufficiently high partial pressures of oxygen

(sz > 75 kPa) the rates of formaticn of primary oxidation products in the g

-

hevadecare autoxidation are ind~uondent of oxycen pressure,  Thics ind

e lia s
CaTCS Thaat

under these cenditicns all free radicals terminate via reacticns 5h and 6.

, ——
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Oa
|
2 ~%=CH=Y + 0 {5a)
2
(1—_)5_)'\5
00e X X
| | | Xkg
2 =X~CH-Y = HCONDOCH - (5h)
J{ { . ) 0 ?H
6 if
\ "X"'C"Y + "X"‘CH-Y + 0 (6)
(R'CoR") 2

It is widely accepted that the first step in birolecular fermination rcac-
tions of peroxy radicals invoives the reversible fcrmation of dialkyltetroxide
intermcdiates,%s5 The nature of subscquent reacticns of thesc diatkyltevrox-
ides d¢ stronaly influonced by the structure of 3%y croups dod toopoeraiuve,  In
the temverature rangz of 25 to 75°C the privery and sscondavy tetroxides decon-
pose to yield alcohol, carbonyl compound, and oxygen in equimolar amounts pra-
sumably via the Russell cyclic terminaticn mechanisn, reaction 6.0 At top-
peratures over 100°C decomposition of tetroxides to alkoxy radicals and oxygen,
reaction 5, becomes increasingly 1mportant.7 Soir of these alkoxy radicals

recombine in the cage, reaction 5b, contribute to ternination, anc give tie same

products as Russell's cyclic mechanism.

An alternative mechanism for primary and secendary peroxy radical ter-
mination via Criegce zwitterion was recently proposcd by Benson and Hangia,S
This mechanism also leads to the formation of one molecule of ketone per -wo

peroxy radicals terminated,

ey




RESULTS AND DISCUSsI0ON

Rate of Initiation from Rate of Formatica of Termination Proeducts, Based

on the described terminaticn mechanisms, the rate of initiation in n-hexadecane
autoxidation must be ecqual to twice the rate of formation of hexadecanones,

R'COR", provided that there are no alternative modes of their formation and that

contribution of cleavage-derived peraxy radicals to termination is negligible.

Thus, in the stirred flow rcactor the rate of initiation is given by cq. IV

[R'COR™]
(R o\). = 2 et ()
, i(t)'= T
|
F !
where o 15 the residence (ime.  The analyTical procedures used 1n ihis work did

net allow determination of all R'COR"™ dsormers forued from terqination of
hexadecylperoxy and hydroperoxyhexadecylperoxy radicals, RQOpe + FHOOR0pe, but
enly 4--8-R'CCRY which originate from the corresponding 4--8-RCse, It can be

shown by kinetic analyses, however, that [R'COR"]; can be estirated fron

[4--8=R"COR"]; using eq. V

[ROOHI  + [R(OON), ] )
: v

[r'cor")_ = [4--3-R'COR". .
Y [4——8—&(;0%1

where [ROOW]. and [4--8-R00H]; are the concentrziions of hexadecylihydroperoxides

and 4--8 substituted hexadecylhydroperoxides and [R(00H)2]; is the concentratisn

AR B M, I WS RN S SRR &7 Y B, R e I

pr-rer




of all hexadecyldihydreopcroxides, Feo. ¥V owas dorivea astandng that the values of

k3, Kgy, and kg for a subgroup 4--7-"0p% arc ithe same 25 overall avorage valucy

of the correspeoncing rate constants for ali iscoeric honacdecylperexy and hydro-

croxyhexadecylperoxy raaicals,  Substituting [R'COR"I expressed Ly ea. V dinto
S i 2 [ 1

eq. IV yields ea. VI

—aon! 3y - ' s fn aHED)
[4--8-R'COR™I . [ROOND =+ [R(0OM},] (V1)

[4--8-R00H ],

(Ri(t))'r = 2 e T

which can be uscd for determination of rate of initiation in the stirred fiow
reactor under any reacticn conditions since ihe concentrations of all yproducte
needed for this calculation can be obtained fiea product analyses descrihed

previously.l

Combininag c¢qs. 111 and VI gives ey, VII

[4--8-R'COR"].  [ROOMI  + [R{0OH),]1 (VII)
; T = b 03]
T Ty 71 o
[4"—\) RCh]T

Eq.VII relates rate of formation of termination products to rate of initiation
and allows determination of ki which then can be usced Tor determination of

the rate of initiation at any concentration of hydropercrides from ¢, I11.

Plots consistent wvith eqg., YII based on previously reported cxnerimental
} | :

datal and values of ki derived from these plois are o Fiuvre Lo The pict of feu’

1906°C dato

data gives yood straignt-line corraiation,

however, the plot of
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deviates fromn linecarity at higher concentratinns of hydroperoxides,

The above deviation from lincarity sur-ents the accorrence of other kot ne
procucing reoctions under such conditions,  In fact, t©his should te anticinsizd
, : a1 , . .

from the results of othinr studie:.%+10 Ketcios may be preduced from a-attact of

. . s} . . . N
peroxy radicals on hydroperoxides,- reaction 1i, or from direct mleoiiar doce-

position of hydroperoxides to yiald ketone sad water, reaciion 12, "

ROse 4+ R'CH(OCH)R" ——== 2001 + R'COR" + »0H (11)

R'CH(COH)R" ~———= R'COR" 4 Ho0 (:2)

I

Based on results of Prown cnd #ish,ll heoover, no dotzctable aronnts of O.7

E— C e m € mon i m . 5 N M < o 3 vy oyt it Py Sy R BN i P N R
KeT0eS ware Torfed oo coeumposilton TN & nerd atmoc;oacre oF nyoriper LA L8

from autoxication of Z=-mathylher->cane at 154°C,

~

Another reaction which could lead to preoduction of ketones is direct reac-

tion of oxvgen with alkoxy radicals, reaction 13.42 1+ t'is reaction

o

R'CH(O)R" 4+ 0p == R'COR" +  10ye (133

e A TR 2T AR

was impectant in the formation of ketones, their rate of formation wvoutd
approach first order in oxygen conczntration, In our studies of n-hexadccare
autoxidation at reduced oxyssn pressures,3 it was ohserved that the rate of
ketone forimation decreases with pertial pressure of cxysan only when the nreconre

is lower than ca. 60 kPa, At such Tow pressures, hewever, alkyi vadicals il

o B

. X4 i 0 a
s 4-pq e e 4
-3 Sy Ly el
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also pariicipate ir termipaticn reactions and the ryeduced yields of ketoro:
3 »

should be ~nticipated., Accordiagly, it has hoeen cencluded that tie reection o

oxygen viith alkoxy radicals ig not an importont reacticn in our sysien,

Due to the possiliility of overestimating yields of R'COR" fren terminaticn
reactions, the valucs of (Ry(¢)); and kp obtained from eq. VIT ~ust be con-

sidered to e the maxirum values possible,

Pate of Initintinn by Trhibitor lethel, In apglication of tihe inhibitoer

J

]

nethod it has been assurad that the rate o initiation in a stirred Vicy react r
is the sare as thet in & batch reactor as long o3 the hydronercoxide con-
centraticns in both reactors are the same, CBased on this azssumptinn, the values

of ky derivad from bLatch reactor experiments rust be applicable in calculation

P

of the rate of injtiztica in the stirred iiow reacter (o, TI1).  The validiz
oF the abovp assurnticn g suwneorted by iir fosuglil 07 product @n0Eiysos i
samples of n-hexadecrre  autoxiaized te the same  {inad hydreperoxide con-
centratjon in both stivrad flow reactor end batch ysactor experiraznts,  Thes?
rosults shew that type and distribution of arivary hyvdronciroxide products foriad
in both reacticrs are very similar, This suzrasts in-o initiation processes and

trhe over-all rate coustant for dhcompocitic of these hydroperoxides, ki, undor

»

such conditions should be essentiz2lly the saisz,

{

The inhibitor mothod for drtermination of the rave of fnitiaticn is bascd
on measuremants of dinhibition Liv: o race of aptioxidint censunption in batekh

reactor autsxidation c:pavimente drnibited by o2 2aticd dant,

Upon the additior of an eoifficient anticxidani, »H, to eon oxidizi-g
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substrate the bimolecular terminztion reacticns of neraoxy radicals, reacticne T4
and 6, are replaced by reactions of peroxy radicels with AEH and 1ts reaziive

intermediates, INT, reaction 14,

n Rope  + 0 ——— THACTIVE PRODUCTS (17}

where n is the stoichicmetric factor ef antioxidant M which is cauel to the
total number of peroxy radicals consumed Ly a molecule of AH and corresponding
INT. Due to the high rates cof these reacticns the steady-ctate concentration
of peroxy radicals is dramatically decreased and chain oxidation reactions avre
strongly inhibited. This inhibition continues until the antioxidznt and i1s
reactive intermediates are corpletely conswod. If the rate of radical for-
mation durira inhibiticn, Ryfinx), is constant, then inbibition ii-»  teoe  run

be used for determination of Ry(ipn) since under steady-state conditions

Ri(inh) tiph = n [AHD, (VIIT)
and

n[AH]O

RiGinh) = %

inh

Determination of the rate of initiation frow the rate of antioxidani consunptiong

during inhibition requires kncwledge of the inhibition mechanisns for the

antioxidants used,
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Ve have utilizon in our studies the following aotioxidants:
2,8=di-tert-bruyd-demethyiphonol (0],

4,4  —rmthyYero-nis{2,6-di- tert-butylniencl) (BFH), and

Nepheny Y-a=nesthytapine (0000,

The drnhipition i 2cranism of MPH at  Tow  temperatures 15 iccurately
deccribed by reactions #1 and P2 (Scheme I).% In tiis sequence, the rate
controlling step for 70 consumntiosd s reactiuvn Pl ahd therefore inuiantonecus
rate of initistion at the time of AH additice is proportional to the instan-

!

tanecuas rate of antioxr :ant censuriution {eq. 7).

al A ,
R Y /:-. vy = n - ("';‘/"‘—] (>\ )

Based on thic mochanier, o for 1P at Jow ter-oritires is caoual wvo 2,

The inhicition rowrarisns of vl at Tew towperatures and in the presence of
nydroperoxiZos is sindlav to that tor UpHiI3, T8 0ad yeacts with RO to nroduce
an iyl radical which dn turn reacts witn aooiler ROy to give dnaciive prod-

ucts. Thus, 23, X is aicc applicante for delornination cf Ry(aH) Trom the raie

v

¢zeay cf ?AL, The noin this case s also coual to 2.

1

The inhibition rachanism of LPH at low toiperatures is more corplex than
that for 1P or PAN cuc io the mresence of tue nienolic groups in cach melecu’le
of #rd (Scaciz 110,15 nate controiling steps for BPH consusption n ihis caso

arc reacticns BP1 and 573, Based on the numier of phenolic hydrogens in BPH and

QOCRIH, kpry imst be cuual to 2knny if the roectivities of a1l phenolic hydro-

gens are the seme. It can be shoun from binetic anansele tnat for the

~
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SCHEME |

INHISITION MECHAMISM CF MPH AT LLOW TEIFERATURES

by N
, )
RO, - + U — s ROCH + ”‘@ Pl
CH3 CH3z
o o
-l
RO, * + @x —“—"Q’U P2
NS
CH3 CHz OOR
SCHEMT i
INHIBITION WMECHANISM OF &1 AT LOVW TEMPERATURES
On 0-
- l ‘T)
N N
ROp+ + CHp —————{"s RCOH + CHp BPI
A 3
N Jo
AUNTTA R T A
gri 0 OH
¥ L
4) (8}
ROz« + CHa ——®  CHp” NCOR BP2
g
¥ *
OH '
) OH @
&‘ Xi\j)(
l
RO, * + Cip SOOR  — i» ROCH + CiHz” ~O00OR BP3
e ]
@/.O o A
oA, I . L. ©
w4
U (]
RO, + CHa”SOOR —————{ COR BR4




SOONEACE DT CunsaCut iyt Carantii iy roactin s Ut = T e docay 1 oxprone !
by eq. XTI, Basad oo this comdsn tne o e=nzlie e DPH 9e eone) ty 4,
' (B
eoR) O\ 0.6 i
'
R = —tlen ot o= ut (X1)

If dnitietion occurs only vie fLoroiviic cocs ositicen of bydroperuxides, corm

biniug eqs. ¥, X, ard Y1 with eq. 111 yields coa, XTI-44Y

i
¥
3
2
I
il

R (REsTY, BPE, PAN) (Y11}

= kl[-ocnjo (N=UPHLRAN) (XI11)

,,
G

i
—
bt

-

viich can booused for determinaticon of kp usiay the iatibitor methed, In the:o

oz tions [~OC%]3V is the averace concentraticn of hydroperoxides during too
inbibition poricd aand [~301] 1s thoir conconiictieon at the time of antioxidan:®
addition, Vhen the antioxidant +oghanisns ara ﬁescvibcd by reaction segquencos
P1-°7 or (21-0P4, concentation or fwdroperoxides sreuld not chanos during inhi-
hiticn tinz and [-0001;y should be equal tu [-004H1, since decomposition of cne
reiesuwle  of  Bydroperoxide prodiuces  twoe  yocecxy rndicals which 2act  witn
antioxidant wicth forration of axrthor pelesate of Lrdreneroxide por two percny
La0a,  Thus, thera siortd net Lo oanye chance in hydroperexide con-

radicals tra

centration during inhibition,

e IR L UK A G G A ey e

e 1. s DR T .
s 5 Gt TN VORI .




In order to obtiin ky from eoqs. XiI-710, the croichicretric facrovs of
antioxidants, n, nust 5e known ant the vaives of [, /tian. (-cl71)/dt),, ana
a[8PH], rust be deteruinod as @ fusction of [~00H]y.  For that purpose a scvics
of batch reactor expcrizants was run in which ji-hexadecine, HD, was preoxidizad
to desired levels of [~0U'"], and al that peini varying ansunts of an anticxidant
vere added., Sanples of the rcaction mixtuer: were then withdrawn as a function

of time and analyzed for [-0Ci]y and [/Aily,

T

ypical results obtained from those
infibited autoxidaticn expariments with P are shown in Figqure 2. PResults
obtained with BPH in the form consistont with en, XI are in Figure 3, Values of

tinn, (=alanld/dt])y and « were obtainad fros these plots craphically.

Stoichin ~tric = orore of Articodfants,  The n-values for NPH, UPH, and PAL

L B e T

e Fom e T T I L - L 1 . . . Vi R 4 . - £ L ~
aye D2el previCUSTY ol hriinda av bur U0 oy STre s oo ohave beon found o oo

in agreemznl with the i echanisms described abave (Teble 11),17,13
however, no informatior on n-values nor on ro>chanisms of inhikition for those

o oy

antioxidants ot the elavaiaed temworaoures used 0 this work {160 and 100°C), Dzseod
on Timited dita avaiiacble in the literaturc for temperaiurcs up to 140°C,15-20
it should he expectcc thxt QOOR, CQ{20R)H, and 0{D0R)2 produicts forred during the
inhibition vith [PH and EPH would 'inder our conditions decorpose and contribute

to formation of free radicils. This wouid then Tlead to n-values Tower than

those obtainad at Tow terperatures.

In order to estimate the n-values for MPH and BPH, the resultis obtained by

the inhibition method (eqs. XIT-XIV) emnlayisg celectod intogral n-values huvas

boen compared to those obtainad from the terninaticn product saothed (Finares
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Table Il

STOICHICHITRIC FACTIORE OF ANTICXIDANTS

" Mnax "min
All 60°c  169%¢ 152%  160%¢ 180%¢
a

1.2¢ - 1.0¢ -

o3
o
Q.

BPH & -

NN
—y
I
‘
ro
o

prY ? 2.6 2.7 (Z-O)f (Q-O)f

Z { C . - . e. -
QRef. 17; ‘poe, 135 “From Fig. 4 “Frowm Fig. 5y ~From Mg,

£ .
~Reference value

—
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A-6),  This comparisen sugnests wore comploa fohibition vachaniswe for 1IPH and

BPH than those doescribed by reactinns P1-P2 and BEL-BP4,

If kg values (slopes in Figurss 4-6) obizxined frow the terminiiizg product
method are tic maximun values (sce aliove), thon n-valucs corresponcding o these
ki {slopes) nust be the maxirmun stoichicr»iric factors, npay. for a aiven
antioxidant, From plots in Figures 4~6, npgyx for 1PH at 1579°C is equal to ca. 1.2
and for BPH at 180°C to 2,0-2.6 (Table II), Sirdilar corcarisons for PAN, bascd
on single data points in Figures 4 and 5 give n.,y for PAl egnal to ca. 2.7. This
value theoretically shouid not be careater than 2.0 unlcoss seme of P21 inhibi-
tion intermediates or prcducts pocssess inhibiting activity at elevated tenm-
peratures, If this is not the case, then ki obtzined froa the terwination pro-
duct method is overestir~iod and sicpes of the Tines for AL in Figqures 4 and 5

ba Aaadtnts e o ) S Ee L Rl T T
i 2 TNTS LnLY o Vi

ool ST T R AN R R

{ein
tein

(506

BPH correspending  to tois minmiewn Ky (slope for Uhal)  are  ithen wininun
stoiciiometric factors, n. g, Frow oluts in Ficuvis d and § nagy for 21 2t 166°C
is eqral to 1.0 and for LPH at 180°C to 2.0 (Wuhle II). Thus, the rctual value

of the steichiometric facter must b somowhere Potween 1., and npjps .00, for

MPH at 160°C hotween 1,0 znd 1.2 and for BPH &t 100°C betuoen 2.0 and 2.0

In order to clarify innibition mechanisms and positively determine n-values
for hindered phenols wused in this ctudy at clevated tewperatursy, we have
elected to furtiher investigate MPH since the rmost extensive mechanisiic infor-
mation at low temperaturcs is available fer this antioxident. Resuits of thewe

investigations with MPH obtained to date arc discussed in Part IV of this

report,

A e g o, 30 o o T
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Estimation of n for BP4 zt 180°C from BPH consumption during
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Preliminary resulis obtained with PAY ciccribed above suggest that tic
inaibition mechanism of P4l is not advorsely zifocted hy clevated torccratures
and that the use of PAl “or <etermination of x1 end Ry s premisine and warrants

further investications,
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IRHIBITION OF THE AUTOXIDATIY
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Kinetic and mechanistic inferrrtion on inhihition of autozidation by MPH in
the temperature range of 160 to 180°C is not avzilable. Basecd on extensive lou
temperature information on rezactions of phenoyy radica]s,l on the Timited Titera-
ture data on inhibition products ot temperatires 120 to 149°C,275 and on the

results of our present studies, the inhibition mechanisms of MPH at elevated

ternperaturas imay be reprosented by the sequence of reacticns shown in Scheme 1.

B wprr———
e oot e S A L ST S Ts et SRS it SO AP

From this schenz it is cbvious that the stoichiometric factor for HPH will
; depend on the relative rates of reactions of PU> and on lhe fate and relative

rates of reactions of intermediatn spocies 3007, QOOH, O, etc. In this study

| 3
we investigazte reactions of MPH and selected MPH intermediates and products

c¢uring the ishibited autaaidation of D at 160 and 180°C and attes v to eluci-

dnta the dnhibition rochonian oFf Pl GE fhas s o asdie o
Mo b “it I IR I AR BRI R ') [T R Y 1 @ A e o Wil Jw W 'x"J*.OuuU\\\‘J.

-

EXPELINCHTAL SECTINN

The reaction techniques, scie of the enaiyiical procedures and materials

used in this study were described pravicusly.0,7,8

.

Hydropercxide Preparation. YHexadecylhydioveroxides used in the preparaticn
; Y prej

| ! of the corresponding Q0OR were synihesized Ly atkylatic: of hydrogon peroxide

! with hexadecylrethanesulfcnates using the rothned of Wawzonek, {Tiustra and
E ) Kallio.9 In order 1o prepare a 1--8-nexadecylhydioperoxide mixture, n-
i hexadecane wes autoxidized under 1o oxygen precsure to enhance the formatior of
- 1--8~hexadecylhydroperoxides, and a mixture of these hvdroperoxidecs was thon
|

LT
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Synthesiy,
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The syntnesis of

dienone, DO0OR(R=3-"1¢h
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procecure used

S-hexad-eylthvdroporexide (<0025 nmol) an! 57,6 ng {7
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was 5 ul.  Four difierent mobile phases wiore uscd {sccoratically in the

separations, which have been conismated setvont systorn 5y theough Sy

r tafy
o h

The first throeo -0 lhese solvent sysiums were uscd for the analysis ©
and its reactron procucts and clutian voicros for these comounds are given in
Table 1. Solvent systen Sy, HpliTHaOHII, 0o CHACH (5:5:30:60) was dnitially
used as fthe sole selvent systos to analyze 211 of the components, HMost of the
najer carnonents were separated adequately with this systen but in the region of
Q0H, HBA, and U2 the separation nonded to he improved., For this reason soivont
systen 5o, HpO0:Crg0iCilaClpiCiiale (7:8:25:60), was «drv2loped to differentiate
the more polar preduasts and auwantify w11 of  thie known prodiucts except

QOCH(R=Cygtizg). Quentitation of 1PN and (i, which are nct separated on the chro-

matogram, are possitic by a ducl UV detection at both 254 end 280 nm since
Lhose o ounds ansanh wvepy 41TTorentily A LOosa uaveiendginyg, PeUTAtin of

PR

adserbance at 254 no to that at 280 re o1 0015 For 0 oand 14.3 for O which

allows cazlculation of ftue concensiration of 2ach commenant hased on the moasirod
LN

pealr arcas @&t the o wavaleawils, Sulvant sysion Sa, CHA00:CHCT LKA

{10:30:60), was used For QOOR(R-Uygt23) analrsis,

A fourth solvent system, Sz, Hp0:Ciyui2:CH3CH (5:10:35), was applied for
HPLC analysis of PAL and its m2in reaction product using a duad UV detection at
280G and 330 nn.  Elution velurss under theso conditicens were 4.1 wi for PAN and

4. L for its wajor product.

HPLC Standards, Samples of QE, O, Q0OH, 0O0H, and CPD uscd in this study

?

viere syntiesized in our laborazory., QE uvas synthesizod by DDY oxidatien of vt




Table 9

HULC FLyTInn vormes, UE, PO OGNS

: i
, Velml)
~ P 4 2 3 S 34) 3
Lot Designatice I T o3

Unkrowm n 3.4 3.2

(o]
K
)(QY
-
(SR
W i
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[ &)
o

Unknown Uz 3.88 3.45

)
I Ses crn 4.0 2,25
& },/ ¥

P
e
(=2}
w
o
FaY

Uitknown Us &3

Unknown ua 4.4 4.8 3.51

1;o<:’ S

.

MK 4,64

o
(=]
w
At

Ie)

o
v

[»]
o
-3
i
o
(=]

o=

x

& =§:>cr-:> Q1 5.0

GO (R=tetralyt) 5.0

o
[oa
iy
e

~d
-3

onn

’ 0 air QOOR(R=t-hut:1} 7.
ity

r

4.65

QO0R(R=E, ¢tt,5-)

20- 24 ~45 11.5-12

' = H20:CH30H:CN2f73'THJCH(5:5:3O:(L)
i 52 = HZG:CH3GH:CH2£1::L”3CN(7:8:?5:GO)
= CH3OH:£F2c1£:643rn(\0:30:60)




accovding to the meth ot of Nechor 19 as saticinated, Srogave enqua) anounts of

Mhhoand 07 crhen dn osolaticon, OO0 was syathiesized Ly ooxidation of VPH undor

« N 1 . . . | 4t .
basic conditivng. ! G0N was repared Ly roduction of GOOH witn triphenyl-
phosphine., CPo was  syntnesiaol photernarmically  in the solid state frun

Q00D (R= 2

<
fod
ot
;J
~
b

RESULTS AND DIZCUSSION

vie s
i

MPH  1ovindedon Triddngts. Corplexity of inhibitien reactions of

reselting in the nwltitade of products presont ot very low concentrations imbes

idoentification and detcrnination of commouads formed Juring the inkibition pre-

.
1

1!

coss very difficult, In this werk, an ctternt has beon made tc solve
problem by epplication of HPLC muthoeds for direct analysis of products obtiined
(RN

frem the DWH oAnnibhited atneriddatton of NN dn the aosonce end absoence  of

pudranaroyide g
- ) T

Hh.o Ut ocecay and product fov-

D oautccioniion at ovaricus hvlre-

prroxide lovels at Lou®C avre che n dn Figures -6, Thoe products vivieh werd ana-
Tvzed incluedel J00R, Git, @, QCH = QGGH, Ciho, U1, U2 + HBA (U2 avsorbs strovgss

at 254 mnowhile HBA Al 226 an}, and U3 o+ US (U3 absorbs stronger at 254 amowhile

o

.,

U4 at 280 nny, where Ui-U4 are unidentificd corponents,

Formaticn of QUON was previocusly establizhed in lov iomperaturc studics of

. . . . .1 . e o B
inmbited autoxidation of tetralints and fornation oF UBA was dotected din-ine

>
-t

<

inhibited oxidation of a lubricating 0i1, 4 (00H wae tound to be a product

. . . . . [ - \ c .
phetooxidative transiormation of 1,15 vy of photceeacmical lransformation or
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Figure 5. Formation of U2 + HBA + CPD during MPH inhibited autoxidation
of preoxidized HD at 160°C.
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0001,1’ Q of theri:1 decoposition of d=-tert~Luivl subsiitvied analog of

-

. . r . o ) L. L
QOOR(R="crt~butyl),” and 0 of thorosl transforr iica of Qe 1o

ha 3,5,3' 58 =tosra=-tert-butylstil voneauinone, g, has [ooa detected under
our reaction conditions. 50 has been 7Teuni as a nuiny product in HPH iahilitec
autoxiation of a tronsforrer oil at 120°CH7 and in reaction of I'PH with tort-
butoxy rudicals at 122°C. 18 Tne source «f SQ has Loen reporticd Lo be diriciza-
tion of 219 which enly occurs at highors O conconurations, In the ahove
studies, 17518 npitial !iPH concontraticns and subscoucntly QY concontrations were
at least cne to two orders of raenituds hicher and the concerteaticons of hydre-

ercxides, which richt participste in altternative rcactions ith GH, were nuch
> - ]

Tower thcn those in tnis study.

7, whore avounts of Ubiopeacted, Dpnl -00rde) and yictos of

B -

Plots in Ficurs
COR, [US0RY:, are coopared, reveat that GLOR, produced vida reactions PLoand Fé,
is a major intervcdiate which undergeoes further fast decorpoesition reacticns.

Due to thase reacticss the relative yields of 0COR {7 of 'PH cunvirted) dhorcase

with tirz {Table 2). The nature of Q037 decomposition reactions sovai

-
=
w
3

2
3

since intal yields of all other ddentiflied compeonents, inciifing those which
could originate froo QOOR decormposition (20H, CPD, HEA, Q), zre low and do net
account for the difference beuvween (LNPHIZ=[MPHIt) and [QOORY: mafnly at higher
' i

NP conversiens (Teble 2).  Trese results suggest that sorwe of the major pro-

ducts were not analyred or recovered or that they are included in unidentitied
components. It is difficult to assess which of the nnidentifiecd componcats eri-

ginate from decomposition of QOCR and uhich are forwed via alternative reactions

of PO, reactions P6 and P7. Tt seens, however, toat U% + U1 originats from
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GGUZ sian o the rate of rerpaticon of Us o4 UG dncreases with [0000] (Fiquve o).

4} !

similar tecidd ds o oheorvod owitt ocroun 2 HBA 4 CPu o wlere coiroront U2 90 io-

vaitine o dor these oonditicr. {Fiqure §),

Froo: @11 proiesis en2iy/7. 0, only yicids o Modncrnngian

T-0CH7g a2t tie sam:x 0Bl (Fiewse 3).o dhis dndicetes that yresction 26 bocorie
more important at loder hydroperaxide covrentrations viaon the concentration of
paroxy radicals decrarscs,  In eddition, 070 exhibits increases rate of decay ot

hichest [-0Nil]y even though 70 concentraiticns are lovest in ihis case.

qests thaw QM omiche be covar sd by reactions with pvdroperoxides or porosy

<l

t

radicals.

ves net posili-
vely $donrified, sinoe under . oroanalytical condivicne 100H 15 olutled tooetioo

i T wone rvaoviangts voanavta s L0 A n A - NN e A
e » - s - o " "2 R L e e . . .

er tran NOOR ot therodas: SROH concontration could net beoa measvirs of

..,’
£
7
-

extaent of reaction P7 anyvay.

NP Takibited Sotoxidatiae of Pure . Inhibitic experironts with puco

carvied ¢t 2t 180°C ohowed {(Fi-ure 8) that durinc ih2 first Lalf of inbibitinm

+

time Q1 9s forned n o dncreascd yields corveospone ¢ tooahout 157 of BN cca-
suned ant that during the second half it undergocs further voactions,  Thoae
reactions pretably imodve hydroocroxidas whiich in thir time shzo cre foriod ¢
increased retes as fudicated by he dncreoescd vate ol U dceay. (00K, in thoesce

experinzuts at 180°C, was detects only in trace amennts, I geome to decosoue

as Soon as b 1S dorend. Forration of Us o+ Ué o ein ocan o orelated to ih
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decrrpecition of QOOR since it coircides Wity inore  od feruation of lLydro-

poroxi des v ingreased censumption of JVIPH and it ceascs at the ond of dinhibi-

ticn time vt 1Y PO Lyo oconsui oot

} Reactions of Mpy & Do seastent of rodotive dnncoriince of

~oa

variocus PO reactians roceirves steiios »f reuotica hehavior of Q000, %0, and
a2 under nutoexidation conditicns. For bz purpose, these compnsunds wore

added dinto autoxidizine B0 at 12070 and forvstion of pioducts undor these con-
ditiens was coicorad te et fron thormal docooousiticn under Are Tho list of

caparinents carvied ouc GiUh these <orrounds is in Tabie 2.

Repcticne oFf 67 ant (Y, The phenoxy diver, 9, has beon shows ©o decoipose

v o 4 @ e i s e ¢ -_—

i

Phoyvie Jicproporticnition b tanoxy yoe s, T

Jith formatrcn of Qi

5 » . . . .
teperatures, <Y Thus, in our ernceoivonts, U Los heen usco as a3 sovrce of ()

8

ithen 00 was added in pure Y0 undor Ar {(Trbte 3, eun 157) 4 Mialc tore
nztion of "7 and Q1 aend ng anveocisbie fciy of Lhoue produsin oith i

fducing 609 ) were cbsarved,  Undor cutexiziicn condiitions in the wogsence o

—~

fydroperoxides frun 156; Fioure 93, !

Vo houevar, 0 d ocayed vory fast oans U0H decav )
at tire same rate as if iU had been adled sepavaialy.  ihe 0O decav onvoars te b

an overall rosult of fasi O dniaoractions wivh pydronceroarxiZas and of clower 04
fornztion from MEY derived PO, AU the end ol dnducticn tima, whine 11 MPH s
consumed, also all Q1 s converi o, A reda produet o this 00 convarsion

dappedrs 1o be unidentified componiat U3 (peeviling in vl o+ uh o under those




Table 3

AOTOXIDATION 40 TRERM G DDIOUROSTTIGH
CXPLRIMENTs WITE ADDCD M LIIBITIA
BRODUCTS I r-hHEXALECI T AT 16090

Compound Added, 4 y A4 . \
A 7 Pun # 19 [A]o/L 19 [—OO!]QKJ

_Hotes

QE 156 22.21 424
QE 157 8.52 0 Under Ar
Q 153 39.14 424
QOOH 163 38.87 n 30
Q004 164 36.50 0 Under Ar
QoCH 165 43.03 350
QOOR!R=t-butyl) 159 30.0 o
QOCR{R=t-butyl) 160 32.6 0 Uncer @
QOOR{R=t-butyl) 161 26.8 v 30

CcPD 158 9.05% 0 Under Ar
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of QL into prooxidized HD at 1900C (run 540),




t

conrlivions) idch is unstalle or undescaes furthor reactions,  This product wes

also feund to he unstable Aduring otte-uied senaration on silica gel,  Further

investigationy are peeded 1o identify U3,

Fron plets in Nigure @, fTormation of Q appears to be nore a result of decom-
pasitinn of QOO (tormed {row NMPH derived PO?) than a product of reacticns of U3
+ Ut or QM since it continues to be formed when all Qi1 is consumed and stops
being formed whon U3 + U dis still prosent. This 1s mislcading, however,
becatse U3, which is a major component in U3 + U4 in early stages of the experi-
ment, 1is a Tesser componcnt at the tire when iorrmation of Q diminishes. In
addition, Q also underqgocs further vcactions as cxhibited by retarded antoxida-

tion observed after inhibition time {Figure 10} wiich could be attributed to Q

(sce lolou). fn such case, § sti11 could he Fermed when jts cnncrntration
-~ It -~ ~ -~ ~ L M- B N B AR va Pl . s 3 . .. e
appoars o bz constant, Vhids, besed on tiese feod 1 Lsy, Q COuiy ur tyitiooe foou (i

via U2, This i3 &i30 supported by an ohscervation that abeout +en times less of Q
is forred during iahibition with MPH where anounis of Q0PN produccd are com-
parablie to those in the QF added oxperimant but vory little QM and U3 + U4 are

forrad,

Tho group of preducis U2 + EOA + CPD (in this experiwent CPD i3 a minor
cormponont wivich cculd not be separated from U? + 1iBA) and Ul seem to L2 final
procncts of QI conversions.  In reality, howev:r, in earlv staces of rcaction
HEA is 2 wmajor cormponent vhich later decays vhive total yields of U2 + LBk +

CPD rermain the sume due to increascd forration of U,

Despite nuch higher concentraticns of QT in the exporisents witio 0F than
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with JIPH, no S has benon sdetected wader these ceaditions suqgesting that dimzei-

zation of Qi is slower than othor roactioss.

Reacticns ~f 0, The retavding ability of 0 menticned above was confirizd

in a separate autoxidation experivont with 0§ z2dd2d (Fisur2 10).  This behavior
contrasts with that of Q in autoxidiziun ictralin at 120°C where it wuas

reported that O does not affect oxygen absorption.?

Reactices of QO04. In the same study as above,? CQCOH was reported to have

reterding activity which wos attributed to NPH, one of the two (00H therrajd

decomposition products (HPH and Q0H).

In our experiments (Table 3, runs 163-1GR), the fast decomposition of (07
(Ficure 11} ond formation of MPH (Viqure 12) was also obsorved, howevaer, only minar
discunied 01 G, wWhicn s sTabie under condiTians o fnis experieni, wore
detected, Instead, fTorration of substantia] amounts of M (Figur? 13) were
observad, Gocomposition of 300K vas cccelerated and formation of NPE and QY wa
significantly affected by the prosence of excess aydroperoxides. In the absearc
of hydroperoxides {or at their lcu concentracions), !PH was formed in the amoun<
carresponding to half of QO0H decsimosed, while 117 the praosence of excess hydro-
peroxides in Lhe amduni corresyonding to oaiy oze sixih ¢f that (based on the
inhibition period correspending to a complele decay of MHPH). A very siwilar
trend was exhibited by OF which, however, as in experivents with QFE, underucol
further rcaciions, the cxtent ov which was again depcndent on the presence oif
hydroperoxides. Yields of QM were highest when QOOH was decomposed under Ar anrd

negligible when excess hydropero<ides were present.  fLorraspondingly, hichoest

e e e R R cl
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112

(Figave 33) wore obeorved i nroosidize !

"l
-da
o
-
=%
v
oz
[
_‘.

U {Figure 14) rod O
In cerparison to QU exvorivonts, however, significantly oncrecocd yields of V0«
SA+ 0D end UL (Ficure 14 wore observed upon adlition of Q00U i the
o excoss hydroperuxides,  This suagasts that thess products do not oricigsts
from QY but from othur dnteracticns speailic feor these conditiens, Thona
interactions couvld irclude fasi decormositica of CGO0N which, for that reazos,

was detected anly in trace anmounts,  The ducornositizn of 200D weweld zlsc

e,
oy

Ak AR NI et iiars A T AN

pert increased formation of CPD and NOH (Ficure 18) under thesc conditions.

Based on results obtained, it is likely that Q000 decomposes vith formotisa

_ it
— eems eme o oE G T OB

of POs and 2004,  Vhen oxygen, hydroperoxides, and B0, are abisent 0 underce

F]

dispropertionation reactions leading to (01 and iPH, reaction PG, wiile in oo

Ao

prosence  of  hvdregorerides under autcoxidotian conditiens PO i s Htien <o

renction PO orcact

tn

54 v Lranw ANAS [N -~ ~oa o oL
itk }’)_(’\2*. o Tora QO20, voaccion DI UG O Tl CClut et

L SR

of reaction D2 reaction PG is supuressed and so s the formation of IPH and O

e B

Reactin=s ¢f 000D (f=tert-imvij,  Rewulis obtafaod with GITN0TU) shmuol
1 that this cerpound undergoes fast docomposition (Miaura L0) which 13 fastar thm

{ thet of 0QUOH but it does not nroduce any appreciable arcunts of 07 an? "FH A< i
f dit in the case of Q00H, In the absence of hydroporoxides this Jocoipositio:
1 leads to fornation of QR and arn unkinown comporent, U5, These results coulsd he
expiained by the presence of tuo modes of &oconpositon: one loading to PO =mnn

1
: toutpe and the other to Q02 oud t3ud®,  Abstraction of hydrogen fron bir by

tiudpe and t3ule produces Re which reacts with POe te form QR.  Rocombination of
ihubne with 0o Jeads to origin:’ NOOR(tBu) and combin=xtion of tUute yith PO

D

gh(tbBu).  Thus, component US prebably is Q07(tBu). This assigiv ont seers to be

G s e e

PR - e veam ves an
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I

clevated tooeraturces roouires gocure e doiriiinaticn of the vate of dniticiicn

as a funciion of hydroncroxide concontraticon.  0ne pethed of measuring the ratz

—te

of dinitiction ds iho inhibiter o octhod wvhich s cononly used ot low too-

v

peratures, In o this wmithed, the rate of dnitiation c¢xn be derivia from either

tion pericd providing that the mechanisn ¢f adical terminztion with  the
antioxidant is knoun, 2,6-Di-t-ouyl-d-ncthyliphencl, P4, which is comronly

used for this purposc at Tow torweratures, functions by the mechanisn sheour ir
Ficure 1. In this case each moloctie of anvicxidant terninates ¢ radicals ard
the final prodoct 1s a peroxveyelehexadiencon, C00P,  Ac¢ elcvaicd lermeraturvcs

peroxycyclchoradiencnes are unse:hle and their decomposition lcad to formation of

free radicals,

Mthen B2 s added dnto eo auinnidizing substrate et hicioy iirseraturss

N Y

{(Figure 2} it ¢ti17 inhitits tho avtoxication ranciions as measwred by the hydio-

peroxide concentration viich remsins constent wniil thz UPh ods cornletely con-
suicd and ooty then the qutexidation resumzs.,  The concentraticen of CLOR during

the inhibitinn neriad increases but the yizids of Q00L &re Tower than the con-

sunption of I (Figure 3). The shape of thz curve for accumylation of QO00R 4n

o

the systar cceciis to be consiseont with Q0070 formaticon frem 1PH and its first
nrder decorrosition,  Also, the incrcasing rete of 0PH consumption coitld be due

to formaticy of radicals from GO0 decompesiticn,

Concunivetions of FPH end QU0 shewn in Figure 3 wvore reasuyod by reversad-
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phase VT Whds sy sds o shieoed that beLivos D00 @t Teast ion ofhior inhhie

tion procus are being foreed aader our conditions (Ficure 4). Froo these vre-

ducts wo ooz dderticiad six, uvhich along woiih Q007 account for ealy abgusn %
H] o K

PN

of Ml rcacted, Even with this dancorpisto product vecovery the dinformotion

e 4+

ottained cordined with ithe ¢uon from e Mitorature allows thel a reaction

verey

scheme for the mechanism of inwitition by '*¥ ol increased terderziures con e
preposced (Figure £). The first two reacticng are the sar> as thosc for low ten-
poratures, houvever, roaction 2 i raversable s we will see Jater, Reactions 3
and & are the molecnlar =nid radice? deconasition reaciiers of 007 which in o

latter casz eVfectively reduce the numbor of

radicals terminetod.,  Two otler
reactions which could be irportent rainly a2t low percsy radical and higher pho-
nexy radicet concerntrations are bimoleculer reaction of phenoxy radicals an!
reaction of nhenoyy oo licals with oryoen. T tnhoe caso of bivoloanior vocction @
fotecute T DRI ds vecerzrrwed and e onel effect Ts go reduction inothe moee

of peroxy radicals fluruinated, Reaction oith oxvaen would, houover, Tower 1ic

munber of radicals tersinzted, In order to assess tic importance cof ench of

o

thesae recctians ve cvteined or syntinesized the identificd interucdicins and pro-
ducts of Wi dnhibivicon end cocucied a sovios of
behavior in cur reaction asystom under ouidative and theorml degrodation con-

ditions.

He have {ound that under one conditicns QCH and CPOY arc stable ang do not

.

affect thc inhibition. Q, as was reported previously,l sfMightly retards oxido-

tion but cnly a smaii fraction is reacted 2t the end of the fahivition perice

-
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Introduction

Primary reaction products forued in the autoxidation of n-alkanes at ele-
vated temperatures (127-120°C) include i) series of isomeric hydroperoxides,
hydroperoxyketones, and dihydroperoxides, which are major products and origi-
nate from inter- and intramolecular hydroyen abstraction reactions of peroxy
radicals, and ii) isomeric ketones and alcohols, which originate from ter-
mination reactions of peroxy radicals and are formed in minor amounts (1).
Analysis of these primary products requires a complex sequence of analytical
procedures (1,2). Due to the thermal instehi ity of the hydroperoxidic pro-
ducts, these procedures involve selective ductions prior to gas chroma-
tographic analysis of the corresponding reduction products., Also, at low
conversions, enrichment of the reaction products is needed prior to analysis
(1).

High perfornance 1i

guid chromategraphy (HPLC) can be used “or direct anaiy-

(3]

sis of thermally unstable products without sample pretreatment. Recgntly, this
technique has been applied to analysis of low molecular weight peroxides (3)
and alkylhydroperoxides (4) using UV detection at 220-225 nm, of tert-
butylhydroperoxide using amperometric detection (5), and of hydroperoxides of
fatty acids (6-8) with UV detection based on the conjugated double bond absorp-
tion at 235 nm,

This paper describes procedures for direct determination of isomeric hexa-
decylhydroperoxides, hydropercxyhexadecanones, and hexadecanedihydroperoxides

derived from the autoxidation of n-hexadecane at 120-180°C using normal and

reverse-phase HPLC with UV detection at 254 nm,

JOP T
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Experimental
Reagents and Standards

A1 of the standards used were commercial products except the 1-, 2-, and
5-hexadecylhydroperoxides which were synthesized as described previously (1).
Solvents used for HPLC were distilled-in-glass grade from Burdick and Jackson
Laboratories. Autoxidized n-hexadecane was prepared at conversions of 0.1-2.3

percent using a stirred-flow microreactor (1),
Apparatus

A Waters HPLC system consisting of Model 6000 solvent delivery pump, U6K
septumless injector, R401 refractive index detector, and 440 UV-VIS detector was
used for all of the analyses. Peak areas were determined using two
Hewlett-Packard Model 3380A integrators and a cut and weigh procedure where
necessary., In all HPLC analyses Waters Radial-PAX C12 or Si cartridges {5 and

10p, 8mm x 10 cm) were used.
Methods

HPLC analyses were carried out using the following procedures: 1) isocratic
normal-phase HPLC with Radial-PAK Si cartridges and a binary mobile phase consisting
of methanol and hexane (0.3:99.7), Procedure 1; 2) isocratic reverse-phase HPLC
with Radial-PAK C18 cartridges and a ternary mobile phase consisting of water,
methylene chloride, and acetonitrile (5:10:85), Procedure 2; and 3) isocratic
reverse-phase HPLC similar to Procedure 2 but with 2 binary mobile phase con-

sisting of water and acetonitrile (15:85), Procedure 3.

In each of the above procedures the effluent flow was 1 ml/min and UV

detection was performed at 254 nm., Sample volumes injected were 10 to 25 ul

depending on the concentration of oxidation products,
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The procedure for fractionation of autoxidized n-hexadecane invalved

placing 5 nL of autoxidized n-hexadecane on a SEP-PAK silica cartridge and eluting
with two 10 mL portions of hexane (Fractions 1 and 2) followed by seven 5 mL

portions of 1% methanol in hexane (Fractions 3 through 9).

Gas chromatographic (GC) analysis of triphenylphosphine reduced hydro-
peroxidic products from n-hexadecane autoxidation has been described previously
(1). In this analysis isomeric hexadecylhydroperoxides are determined as
corresponding hexadecanols, hexadecanedihydroperoxides as corresponding diols,

and hydroperoxyhexadecanones as dehydration products of the corresponding

hydroxyhexadecanones,

Triphenylphosphine reductions and measurement of total hydroperoxide con-

centrations ([-00H]) were carried out by procedures described previously (1).
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Results .and Discussion

Freliminary analyses were performed using a Waters pBondapak C18 stainless
steel column (3.9 mm x 30 cm). In these studies, the maximum injection volume
was limited to 5 pL of oxidized n-hexadecane since with larger injection volumes
severe peak broadening occurred, Thus, only samples containing higher hydro-
peroxide concentrations could be analyzed or preconcentration of hydroperoxides
in the samples by silica column chromatography was needed. With the Radial-PAK
cartridges samples of up to 25 pbL could be injected without appreciable peak
broadening. This larger capacity is probably due to the larger internal

diameter of the cartridges and possibly the difference in packing materials.

A typical chromatogram.of autoxidized n-hexadecane obtained using normal-
phase HPLC, Procedure 1, is in Figure 1. Under these HPLC conditions, the iso-
meric hexadecylhydroperoxides as well as the series of 2-alkanones (major
cleavage products) can be separated and the former can be quantitatively deter-
mined. The hydroperoxyhexadecanones and hexadecanedihydroperoxide$, however,

are not eluted under these conditions.

In order to elute the hydroperoxyhexadecanones and hexadecanedihydro-
peroxides reverse-phase HPLC, Procedure 2, was utilized. The ternary solvent
system used in this procedure was selected to satisfy the diverse needs of
separation of the hydroperoxy compounds and elution of unreacted n-hexadecane in
a reasonable time (less than 45 minutes). Under these HPLC conditions quan-
titative analysis of the isomeric hexadecylhydroperoxides as well as semi-
quantitative analysis of isomeric hydroperoxyhexadecanones and
hexadecanedihydroperoxides can be accomplished. A typical chromatogram from

this analysis is in Figure 2,
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The assigniments of peaks for 1-, 2-, and 5H-hexadecylhydroperoxid=s and

2-alkanones in Figures 1 and 2 are hased on the reteantion volumes of standards,
Confirmation of the peak assignments for 1-, 2-, and 5-hexadecylhydroperoxides
was made by mixing each standard with an oxidized n-hexadecene sample and then
analyzing the mixtures by Procedures 1 and 2. Peak assignments for the other
isomeric hexadecylhydroperoxides are made by analogy. Assignments of the groups
of peaks for isomeric hydroperoxyhexadecanones and hexadecanedihydroperoxides in
Figure 2 are based on the results of GC analyses of reduced chromatographic

fractions of autoxidized n-hexadecane as described below,

The relative hexadecylhydroperoxide (ROOH) isomer distribution obtained
from semi-quantitative HPLC analyses of the autoxidized n-hexadecane has
been found to be similar to that obtained from GC analyses of corresponding

alcohols (ROH) after reduction (Table I).

Calibration for quantitative determination of Jeomeric hexadecylhydro-
peroxides by HPLC was based on the results of GC analyses since hexadecylhydro-
peroxide standards were not available in sufficient purity to permit their use
for this purpose. Results of this comparétive calibration for determination cf
total hexadecylhydroperoxides are shown in Figure 3 where the sum of hydro-
peroxide peak areas divided by injection volume, Aypic, of an autoxidized sample
are plotted versus the known total concentration of hydroperoxides, [ROOH],
determined by the GC method (1). Regression analysis of this data gives a

linear relationship with a coefficient of correlation of 0,998,

Analytical standards for determination of isomeric hydroperoxyhexadecanones

and hexadecanedihydroperoxides are not davailable. In order to identify the

peaks corresponding to these compounds a series of samples containing different
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TABLE 1. Isomer Distribution of Hexadecylhydroperoxides by GC and HPLC.

ISOMER % of ROH by GC % of ROOH by HPLC
1- 4.4 4.1

2- 19.7 18.5

3- 17.0 )

G- 75.9 12.9 ‘ 77.5
5--8- 47.6
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Figure 3 Calibration plot for isomeric hexadecylhydroperoxides {ROOH): rela-
tive integrated HPLC (Procedure 2) pesk area per uL of sample volume,

AupLc, versus {ROOH]ge determined by GC.
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relative amounts of idsomrric hydroperaxyhexadecanones and hexadecanedihydro-
peroxides were prepared hy fractionation of autoxidized n-hexadecane using a
silica SEP-PAX cartridge. These samples were analyzed by HPLC Procedure 2 and
after uriphenylphosphine reduction also by GC. Peak positions for the groups of
a, y- and a, &-substituted hydroperoxyhexadecanones and hexadecanedinydroneroxi-
des were assigned based on a comparison of the HPLC and GC analyses of these
samples. The HPLC traces of two of these samples (Fractions 7 and 8) are shown
in Figures 4 and 5. Positive identification of individual isomers and quan-
titative calihration in the absence of standards is not possible at the present

time.

Conclusions

HPLC procedures have been developed for direct analysis of isomeric hydro-
peroxidic products formed in the autoxidation of n-hexadecane at elevated tem-
peratures. Procedures 1 and 2 allow quantitative determination of individual
and total isomeric hexadecylhydroperoxides and Procedures 2 and 3 allow semi-
quantiative estimation of isomeric hydroperoxyhexadecanones and hexadecanedi-
hydroperoxides. Although Procedure 2 does not provide separations equal to

either Procedures 1 or 3 it allows detection and reasonable separations of all

three of the above types of compounds in 15 minutes.
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INTRODUCTION

In our earlier studies of effects of oxidation products on wearl carried
out with oxidized PETH and with PETH containing model oxidation products
(alkanoic acids, dibasic acids, diacid monoesters, and t-butyl hydroperoxide),
it was concluded that the wear rates are independent of the concentration of
hydroperoxides at concentrations above ca, 100 x 10~4 M and that they are greatly
accelerated by dibasic acids and dibasic acid esters. Based on our investiga-
tions of the kinetics and mechanisms of autoxidation of n-hexadecane, in this
substrate dibasic acids and diacid monoesters are not formed and major oxidation
products incliude monohydroperoxides, dihydroperoxides, hydroperoxyketones, and
alkanoic acids. The relative ratios of these products were found to depend on
oxidation conditions. At lower oxygen pressures the oxidation products consist
mainly of monohycéropercexides and contain smaiier amounts of difunctional and

acid products than at high oxygen pressures.

Since autoxidation of PETH and n-hexadecane model lubricants produces such
widely differing product distributions, an dinvestigation of the effects of
autoxidation on wear in a system lubricated with n-hexadecane should provide
additional insight into the relationships between 1lubricant degradation and

wear,
EXPERIMENTAL

Wear HMecasurements. {ear experiments were carried out under a dry air

atmosphere using a Roxana Four-Ball apparatus. Initial experiments were con-

ducted at 100°C and 10 Hz (600 rpm) to allow a more direct comparison with the

2 sranctn oo
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earlier PETH results.! However, large irrecular wear scars were obtained with

fresh n-hexadecane at even the lowest practical loads. Further work was accor-

dingly conducted at 40°C.

The initial siezure 1load (ISL) was determined by a series of 2 minute
experiments., Fresh n-hexadecane gave an ISL of 10-12 kg. The oxidized samples

gave values above 30 kg.

From these results, the following conditions were selected for the first
series of experiments conducted at constant load and variable test times: 40°C,
10 Hz and 4 Kg. A second series of experiments was carried out with variable

Toads at 40°C and 10 Hz for a constant time of 4 or 6 hours,

Hydroperoxide Determination. It was found that soluble iron in the wear

test samples interfered with iodometric dotemination of . hydroperoxides.
Attempts to remove soluble iron by extraction, and with complexing agents and
ion exchange resins were either unsuccessful or resulted in the loss of hydroperox-
ides. Accordingly, the extent of interference was determined by preparing solu-
tions of ferric octanoate and t-butyl hydroperoxide in a synthetic hydrocarbon
solvent. Plots of titration value vs. hydroperoxide concentration were obtained
for soluble iron concentrations of 0.36 x 1074 M, 2.1 x 1074 M and 42 x 1074 1.
These plots were checked by adding ferric octanocate to known solutions of oxi-
dized synthetic hydrocarbon and determining the effect of the added iron on the

titration value.

Hydroperoxide concentrations in wear test samples were then determined by

diluting the samples to one of the soluble iron concentrations given above and
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taking a correction factor from the master plot to compc: :te for the inter-

ference effect.

Soluble Iron Determination. Soluble diron was determined spectrophoto-

metrically after formation of a colored complex. A solvent mixture consisting of 3
parts by volume each of n-propanol and n-butanol and 1 part CHC13 was prepared. A
solution of 0.2 g 1,10-phenanthroline in 50 ml of the solvent was made, A

solution of 1 g hydroquinone in 10 ml solvent was made up shortly before use.

An aliquot of 0.5 ml of the lubricant sample was added to a 5 ml volumetric
flask. Addition of 0.5 ml of the hydroquinone solution was followed by suf-

ficient amount of 1,10-phenanthroline solution to make a total volume of 5 ml.

1 s TR A T HE

After allowing at least 30 minutes for full color development, the solution was {
placed in a 1 cm quartz cell and the absorbance maximum at 5200 A was determined
against a blank. The absorbance ai 6500 A was taken as zero. The coior
remained stable for several hours. Concentrations were determined by comparing

the absorbance versus concentration obtained with a set of ferric octanoate

LT Y Lo 3 e g ML A 4 AW 7 oF v #1

standard solutions.

Materials. Fresh n-hexadecane was purified by percolation through silica

gel.

Autoxidized samples varying in the concentrations of different products
were prepared by changing conditions in the stirred flow micro-reactor? (Table
1). Samples SFR-232, 240 and 268 were prepared at 115 kPa oxygen pressure and contain
ca. 30-45 x 104 M acid products, [-COOH], and ca. 240-27G x 10~% M of total

hydroperoxides, [~-00H]p, of which ca. 125-150 x 10~4 M are monchydroperoxides,
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Table 1. - Analyses of n-Hexadecane Samples Autoxidized
in the Stirred Flow Reactor at 180°C

Oxidation Products*

SFR Conditions 2{R{00H) 2]
- Po, T [-00H)g  [HOOH] [ROOH]  + [HOOR=0]  [-COOH]

Sample #  (kPa) (s) M /10%

SFR-232 115 114 237 | 13.5 [125] 112
SFR-240 115 116 265 - 115
SFR-268 115 116 270 - 130 140 -
SFR-233 9.5 197 243 5.6 178 65 17
SFR-234 9.6 154 164 4.4 115 49 10
SFR-235 9.4 304 454 9.9 373 81
SFR-239 9.5 304 430 - 350 80

*Concentrations given at room temperature
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[ROOH], and the rest are dihydroperoxides and hydroperoxy ketones, i.e,,
2[R(O0H)2] + [HOOR=0]. Samples SFR-233, 234, 235, and 239 were prepared at
reduced oxygen pressure of ca., 10 kPa and different residence times to match
different products in SFR-232, Sample SFR-233 was prepared to match the total
peroxide concentration, SFR-234 the monohydroperoxide concentration, and SFR-235

and 239 the acid concentration.

A sample of concentrated'monohydroperoxides was prepared by autoxidizing
n-hexadecane for 340 s at 9.3 kPa 02. The autoxidized sample was adsorbed on a
silica gel column and washed with hexane to remove most of the unreacted n-
hexadecane, Monohydroperoxides were then eluted with CHoClp. The sample was

characterized by HPLC3 and found to consist essentially of monohydroperoxides.

Heptanoic acid was obtained coumuwercially as rcagent grade material.

RESULTS AND DISCUSSION

Wear with Pure and Autoxidized n-Hexadecane.

Preliminary Experiments. We have previously reported preliminary results

illustrating the influence of autoxidation on wear in a system lubricated with
g;hexadecane.4 Additional experiments were conducted shortly therecafter aimed
at defining the chemical bases for the observed effects. The results of more
recent experiments, however, were found to differ in magnitude from the origi-
nal data, apparently due to an error in measuring the applied Toad in the

earlier work. Accordingly, we have elected to re-run the more important experi-
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ments even though this will delay completion of this work. Since the earlier
experimental results are self-consistent and showed the same trends as the

recent work, we shall refer to them as appropriate in this report.

Effects of Load. Experiments at 4 kg load gave reproducible results for

pure n-hexadecane (Fig. 1) and for SFR-239 (Fig., 2)., Similar data for SFR
240/268 showed scatter (Fig. 3)., By varying the test load at 4 h test time, the
cause .of this scatter was found to be an abrupt wear transition at 4-5 kg load
(Fig. 4). At a lower load (3 kg), wear was a Tinear function of time for both
stationary and rotating balls (Fig. 5). At a higher load (8 kg), an apparently
linear wear rate region was preceded by a period of higher wear for the sta-
tionary balls. No abrupt wear transition was observed with n-hexadecane (Fig.
6). The data obtained to date with SFR-239 as a function of load are not incon-
sistent with a similar transition (Fig. 7). However, scatter was not evident in
the wear vs time data (Fig. 2). This suggests a less abrupt change in wear rate

for SFR-239 as compared to SFR 240/268.

Vlear Asymmetry. In earlier work we have found that the distribution of

wear between the rotating and stationary balls of the Four Ball machine is, in
general, asymmetric.® Wear on the rotating ball may be greater or less than wear
on the three stationary balls, depending in part on lubricant chemical com-
posftion, In the present study we have observed markedly asymmetric wear with

pure and autoxidized n-hexadecane,

With pure n-hexadecane, most of the wear took place on the stationary balls

with the wear rate being constant during the entire test time (Fig. 1), After
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an initial break-in period {~ 4 h) the wears rate for the rotatince ball decrcascd

to nearly zero and recained at that value even at 16 h.

This asymmetric wear featurc was reversad for sarnples autoxidized under 115
kPa 0o (SFR-240 and 262). At 3 kg Toad tie wear rate for the stationary balls
was much lower than that for the rotating L2311 {Fig. 5). At § kg load, similar

behavior was observed after an initial period (~ 4 h) of symmetric wear,

Hear with Modcl Oxidation Products. lodel experiments were initiated to

shed light on the results obtained with the autoxidized materials. S+ince only
prelirinary results are availaable at prescnt no firm conclusions can be dravn.

The results do, however, suggest areas for further investigation.

annak Y nnwﬁHTC Vs
Ronony UL osunpaiadt LU
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the total hydroperoxide concentraticns of the autoxidized sanzles had Tittle
affect cn wear for cither the stationarv or the rotating balls under the test

conditions ermployed,

In contrast, heptanoic acid had a substantial impact on wecar. In pure n-
hexadecane (Fig. 8), an acid concentration of € x 1074 1l decrcased stationary
ball wear by a factoir of 6, Mear rémaincd at the sare levél up to an acid con-
centration of 56 x 1074 i, The rotating hall was little affected. In a 400 x
1074 1 monohydroperoside solutior (Fig. 9}, 12 x 107% 11 acid reduced staticnary
ball wear by one half, Mear remzined at tac same level up to &5 x 1074 1t acid.

Rotating ball wear wont through a minimum &5 the acid cencentration was increased.

At the highest level tested, rotating ball wear had incroased by ca. 30%.
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Chemical Changes During Wear

Change in Hydroperoxide Titer. SFR-239, SFR-240 and a

monohydroperoxide/n-hexadecane admixture all showed significant decreases in
hydroperoxide titer after the test (Fig. 10). Hodel system results suggest that
a decrease 1in monohydroperoxide concentration during the course of a wear
experiment might not affect the wear rate, but not enough data have been

generated to firmly support that hypothesis.

Effects of Hydroperoxide Composition. Samples from the earlier series of

experiments with SFR-232 through 235 were analyzed after the test nore
thoroughly than were samples from the more recent series of experiments {(Table
2). The data show that the loss of hydroperoxide titer from difunctional pro-
ducts, A(2[R(00H)21 + [HOOR=0]) = A[~00H]p ~ A[ROOH], was proportionately larger
an  the loss of hydroperoxide titer from wmonofunciional hydroperoxides,
A[ROOH], for SFR-232. The results for SFR~233 and 235 show the opposite and for
SFR-234 the Tlosses are about equal. These differences seem to be reflected in
the wear test resuits. The data suggest an inverse relationship between loss of
hydroperoxide titer from difunctionals and wear of the stationary balls (Fig.
11). Since a,y difunctional intermediates are one of two major sources of acids
in autoxidizing systems,6 it is tempting to speculate that loss of difunctionals
is connected with production of acids in the wear zone, The model systen

results suggest that this would reduce stationary ball wear,
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O SFR-239

A MONOHYDROPEROXIDES IN
n- HEXADECANE

O SFR-240

| 2 3 9 S 6
TEST TIME, h

Fig. 10 - Hydroperoxide titer during wear tests. Test conditions: 4 kg load,

40°C, 10 Hz,
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Fig. 11 - Stationary ball wear vs consumption of difunctional! hydroperoxides
in tests with autoxidized n-hexadecane (SFR-232-215),

40°C, 10 Hz, 4 kg, 6 h.
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CONCLUSIONS

The experimental results presented in this report indicate that changing
the chemical composition of n-hexadecane either through autoxidation or by
adding model autoxidation products affects the wear of the stationary and the
rotating balls in the 4-ball wear test machine differently. A composition
change can simultaneously increase wear on one surface and decrease wear on the
counter surface. Such effects may be ultimately explicable in terms of the dif-
ferent tribological environments of the counter surfaces. The different tri-
bological environments may well affect the nature of the surface reaction

layers.

It appears at present that carboxylic acids and perhaps difunctional
hydroperoxides are effective in reducing stationary ball wear. Data at present
indicatie thag the effect of monofunctional hydropercaides 1s iess pronounced,
The effects of autoxidation on wear in systems lubricated with g;hexgdecane are
complex. Results obtained at this time indicate that additional studies of wear

as a function of test load and time will be required to resolve the outstanding

issues,
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INTRODUCTION

The establishment of structure - reactivity relationships is of considerable scientific and
technologica! imiortrace. In this work, we descrite the thec retical hasis and development of the
method for precicti ¢ the effects of structure changes on the therinoxidative stability of svrthetic
ester lubricants

Craoand(ownrkers(hyhave recert!y reportes the results of a systematic ~tudy of the ef-
fects of structural chas les in the aikanovioxy grous on the rhwvsica! and chemical properties of syn-
thetic polyvol ester Luhricants, The relative thermnoxidativ e stabulities of the nuterals were deter~
mined by measuren ents of the lengths of inhihiticn reriads in the presence of the 2an.e amonat of
an amiue antiox.dant, N-phenyvi-n-nariithyiamine «PAN. Although the ichibiti n nericds 0 homelo-
gous seri StonLealiv with mereasing notber of resctive hy -
drogens in the ali toxy groun, the «ff (s were nit sadtive. 1 Pigure 1 ars shown the resalts
of their measater ¢ tor the pentanoate, 6-C-, throuon sctarsate, n-( . totraesters of ¢
thrite! vers ctivity parameter. Ny (R, P dtes reacuvity oara:
nur.ber of
won Penctict 2ocr Deire 2y Thas, the veaain
geus avadavie {ur ntermoltecuiar ahstraction react:
fuch non-additive effects on the ~tatulity of these {iHmicants must £
creasing importance of 6.7 and a, B it vieca! noabstracticn reas
of -CHa~unit- in the athanoyloxy group increa~es (2, 3, Thc cecarrence of 1bier leci ar reae-
tions leads (2 increased rates of fornudion of nyar ., ernx prodects, This resuils inincreased
autocatalytic charans of the oxidation pracess and, taus, in a decrease of thermoxidative ~tavitity
of nigher members of a hemoelogeus series,

Pased unon these coasiderations, we now develop a hinetic-mathe uatic model relating
the length of experime: tal inhibition perind, t,,, with these structural effects and compare the
predicted values of tinh derived frem the model with the resuits of Chao et al (1).

taery-

aeter, Natioaver
o s the molecude ol sunsarate, LH, avadanie tor foternoiesuiat a

ix Tnamend o U e cpa o et s L] PRRCDY

e Ltoar of the @ hate ty
purt Jae to the in-
s as the "o

DERIVATION OF KINETIC EQUATIONS

The autoxidation of pentaeryvthrityl tetraheptarnate, PETH, at 150 to 220°C is described
by the Reaction zcheme 1-7 shown in Figure 2 (31, This reaction scheme can be generally applied
to other polyel ester lubricants, Upon the additics of an efiicicat antinxidant, AH, Reactien 6 is
replaced by the [ieactions 5 and 9. By efficient sntivaicdant, we nmean that for these species Reaction
8 is not reversinle under the conditions of the inhiidtion pericd nieasurement. By this efinition,
hindered phenols and N-pheryl-o-naphthylamine, PAN, are efficient antioxidants.

on' +AH —>3> XOCH +A- 8

(:3-1)}\'02- + A —3 non racieal prodacts 3)

where n is equal to the number of peroxy radicals consumed by reaction with a molecule of AH.
Under these conditions,

L1 sdam
(%0,°) WY b

* Deceased.




snd

_ =n d(AH,
Zkl(-oom = & . 15}

At elevated temperatures, 5. y~hvdruperoxyketone product: rapidly decomagre via Reacs
tion T:ty .u ey is equal to I s at 1w'Cand 2.5 s at 232°C compared oty o0y ey oal W 4337 5 at
120-C and ~7 5 &t 232°C (3). Kased upcen the assumption that o, ¥ -hydreperoxtielone suecies do not
significartly contribute to the total hvdroperuside concentration, the rates of formation of tetal hv=
droperoxide groups are then guwven by,

d(~-O0H) k
3. 1 nf-diath .
Y ={[1.A‘B(H Na(RH)lcu-.-\]xi(AH):] ks(.-\H) 2 a -

where A and B represent composite rate coastants for intra and intermolecular abstraction reac- i
tions, see Appendix !. When intramolecular reactions do ot occur A = B = 0. Noting that the time
derivative may be eliminated from Equation I11,

d(-OOH)t = G [n‘,b‘,ks,’(ka'ﬂ),.\'j.(RH).n.\AH)I d( ) v)

The values ol a;, b; and N; are constants calculaled fron: the structure of the reacting
molecule and kinetic data (cf. Appendix Y. The valies of ka (k, H) and o are nuw adjustavle para-
meters but thevy may also be obtained from experimeutal data (f avaiiable. The absolute vaives of t
kg are normally much less sensitive to the structure of the reacting peroxy radica! tha- are the f
values of kq H (4).

CUpon integration

(AH)
t
(-00H), - f G'a bk (k THLN (RHY.0 AR dAHD
- +
(AH)
v

= « Ak /H). N
G[al,b‘,k‘3 (ka H).-\j.(RH).n-(AH)t.(-’\H)ol V)

Combining 11 and V

_n_ dAH) | I
“21;1 e G[a‘.bl.ks/(k:;,h)..\j.(R.‘l).n.(AH)!.(AH)O] i)

Rearranging and integration results in

(AH),
. 2 d(AH)
o '21 G[l‘,bl,ks/(ks’H)..\j,(RH),n.(AH)'.(AH)OI

(AH)
¢
1 vin

The Inhibition period for a system equals

times the value of the integral as

(AH)tl —> (AH),




(AR) —>» 0.
)

|
Unfortunately, the integral is undefined at l

(AH‘l = (AM)

and the integral siowly diverges as

(Au)tl —> (AH)

However, the ratio of integrals for a svstern [ where A=0, B=0 and a svstem 1l where A#9, B0 can
be calcalated usiny numerical procedures described 1o Avpendix 2. Thus. the ratio of the inhibi-
tion periods of systems | and Il can be obtained trom the equation,

-

dfAH) i
a afly A Gk kL H).N L (RH).0, AR L AH) ] '
1 fian A ARGk (kg WX (RED. 0, (AF) (AU
1L I o !
S TR
drAH) , -

!

i

11 |

Lk : |

‘AH)I.’ (AH\DG [ai'bi'l\i (nBH).A\j..(RH).n.(AH)l.(AH)Ol VI !
%

Equation V1I is utilized for the calculation of the ratios of

tl ,’i“
inh” “inh

for a variety of polyol ester systems. The ratios are ther coinpared with literature values. Svs-
tem I isa C5 or lower member of a scries since intrumolecular abstractions in such structures are
not possible.
n-Cs--n-Cs ESTERS OF PENTAERYTHRITOL !
In Figure 3 are plots of the inhibition periods at 232°C for the n-C.--0~C_ tetraesters of
pentaerythritol reported by Chao et al, (1) versus corresponding values caiculated from Equation
VIII as a function of the values of kg tkg-H). The value of

‘!
iah

was set at 35% min. and n:2. The stoichiometric factor a for N-phenyl-4-naphthylamine was found
to be approximate.y equal to 2 in styrene at 65°C (5) aad also in PETH at 200°C (6). A value of
ks/(k:i ‘H) equal to 2.3 x 107 results in 9 poor correlation. The correlation improves as the value
is decreased until there anpears to be little effect as the value is decreased from 2.5 x 103 to 1 x
102, A value in the range of 3 x 103 would be predicted for kg (k, H) from the limited xinetic data
on N-phenyl-r-naphithy lamire. We estimate from the temperature dependence of the autoxidation of
pure PETH that k3 H will equal 23 M-lg at 232:¢ 3.

The largest differences between experimenta! and calculated valves of ¢y oceur for the
n-Cg ester. It is likely that, due t steric effects, there will, in fact, be a slight increase in the
value of ky H as one ircreases the leagth of the ester chain. (tilizinga value of kg (kg Hy egual to

1.6 x 109 for n-C. ester and 2.5 x 103 for n-Cy results in a precise agreement of calculated and
experimental values.

GEM-DIMETHYL SUBSTITUTED ESTERS OF PENTAERYTHRITOL

By a suitable clvive of the values of k3 '(ks ‘Hj, it is possiblie to generate agrecment Se-
tween experimental ard calculated vaiues of tinh for other ester systems. In Figure 4 is the result
352
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of such an exercise fur some gem-dimethy! substituted pentaervthrityl alkanoates.
In these pem-dimetnyv! systems, the values of ‘a\‘, Hoanclude s.gmificant contribution of
primary peroxy radicals produced from reactions of iniiatic.. derived radicals, 1 e,

XOOH > XO- «-OH .

X0 | ' XOH !
} P CHyC-CHy  ~» oy ¢ Ol CeCHy

HO-

| i
Clla-(l?-(‘llz- 002 - CHS-(:,‘-CHz-OO ;

primary peroxy radical

For systems other than the 3.3-<ﬁmelhyl-(:3 ester, these radical species can undergo in~
tramolecular reactions,

] |
CHa-Cl-CHz-OO- — Cl!a-(,‘-CHZ-OOH

H -CH
f 2 1 !

]
The occurrence of these reactions would lead to increased values of k3. H and, thus, the lower val- :
ues of k:‘s/(ks i) necessary to obtain the fit shown in Figure 4. .
in the case of 3,3-dimethyl-Cy ester, the only reactive hydrogen is on a tertiary carhon. '
Due to the extreme steric cffects invoived 1n its abstraction, the value of kg H may be lower than
that observed for a secondary C-H abstraction and lead to the higher value of kg (kg H) shown in
Figure 4.

CONCLUSIONS
A method was developed for predicting the effects of structure on oxidation properties of

polyol ester lubricants in the presence of an efficient anticxidant. The method requires knowled,ze
ant and the riatiie reaetivities of Vihpicartaderived

cf the StoIcitnmenr e Sy o 2 the antin
peroxy radicals in intra- and intermelecular hydrogen abstraction reactions irom the iubricant and
antioxidant. The model developed has been found to accurately cescribe oxtdauion propettics (in=-
duction periods) for 0-Cs through n-C« pentaerythrityl tetraheptanoates containing 1 wt § N-phervi-
a-naphthylamine at 232°C and to give promising results for sem- ubstituted esters of pentaerythri-
tol under the same conaitions. In the latter case, however, riire precise determination of ratio
ks/'ks(RH) is required to obltain complete agreement with ex-eriment. It is concluded that a simi‘ar
general approach can be used in the development of structure-reactivity refationships for the exida-
tion of other lubricant systems providing that the relative reactivitics of peroxy radicals in hvdro-
gen abstraction reactions and antioxidant stoichiometric tactors for these systems are available.

1

|

!

!

ACKNOWLEDGMENT I
This work was supported by the Air Force Office of Scientific Research under Contracts J
F44620~76-C~0097 and F43620-30-C~0061. i

LITERATURE CITED ;
-

) (8) Chao, T. S., Kjonaas, M. and Dejovine, J.. PREPRINTS, Div. of Petrol. Chem.,
ACS, 24, No. 3, 336 (1979): (b) Chao, T. S., Kicnaas, M. and Hoffman, W, D.., U, S.
Patent 3,441,600 (1969) and U. S, Patent 3,523.0%4 (1970); in'Synthetic Lubricants”,
M. W. Ranney, ed., Noyes Data Corporation, Park Ridge, NJ, p, 7 (1972).

(2) Jensen, R. K., Korcek, S., Mahuney, L. R. and Zinbo, M., J. Amer. Chem. Soc. .
101, 7574 (1979): 103, 1742 (1931).

&) Hamilton, E. J., Jr., Korcek, 8., Mahoney, L. R. and Zinbo, M., Int. J. Chem.
Kinet., 12, 577 (1950},

(1) Mahoney, L. R. and DaRooge., M. A., J. Amer. Chem. Soc., 92, 4061 (1970)

(5) Brownlie, I. T. and Ingold, K. U., Can. J. Chen: , 45, 2419 (1967).

(6) Jensen, R. K. and Korceh, 5., unpublished data.

(4] DCADRE Routine. IMSL Library = July, 1977, Int’l. Mathematical and Statistical Libra-
rles, 7500 Rellaire Rivd.. Houstor, Texas,

® deBoor, C.. 'CADRE: An Algorithm for Numberical Quadrature”, Mathematical Soft-
ware, New York, Academic Press, Chapter 7 (1971).

353




APPENDIX 1
DERIVATION OF XINETIC EXPRESSIONS
The composite rate coastants A and B ia

Ursatien [ were deraved fron ninetic analyses
of the reactivn scheme (Figure 2) in which Reaciton 6 was reqdaced by Reactions = and i

S
T by« oA 1 -
A -
1 G .
1+ l)G + (AR 1 bn < c(AHK AD
i e
1-b_ s oAlh
B= . D ——
G n
YT Am T b, -G
G c(AH) D [ Al

The'reaction scheme used does act i-clude a reaction sequence starting w.th HOORO,-
and analogous to Reactions 4, 2' and 3°.

Sseh 2 seyuience would ead to formation of trilhvdroperoy-
ide and dihvdroveroxy ketnne products.

In the cases Where these reactions could occur, i e,
esters containiag C, and Cy sglhunoviexy gros -, this svnphfication was fousd to intr duce an errar
? S A &
of less than 17, Expression All was derived a = that all metastable o Y-HOi @ O species
roduced during inducticn period decompose .~ ¢ Latelvand do uot contribute to [-O0H].
&£ ;
In expressions Al and All, a;, a4, Yy and 0p recresent ratios of rate constants for in-
tra- and interm olecular abstraction reactions, Ko ha R, K,y Rt RH) B hat 81 and
- M-y f3 e R Ohy ER 4
lq_a & Kq(RH1, respectively, and ¢ the ratio h_ v WHy In these ratios, all rate »ons
,& "3 £ o
be expressed by the products of correspond:
average numnber of available hydrogen atoms

N may
rstants on per hvdrepen atom basis and of
for Corresponding anstractior reactin. \.'} T

<oratec -

.. k‘_‘ ) l"‘ ~‘H-atona .\;; b \-u
=5 Tk M- N i N o
i l\isH) Ls H-atom NS(RH) i 3IRH) AllD)
N
4+
b, = (b, H
i i l\a(ml) AlV)
and
- kg 1
kafu-atom Ns(RH) AV)

where | represents G or D.

The values of aj and b; may be calculated frem Fquation AlLl and AIV assuming that the
ratios of rate constants expressed on per hydrocen atom basts, a; W and by H, for sirilar ester
systems are the same. The values of a; and b; listed in Table A1-1 were obtained usinZ the values
of ratios “G’l"-"‘r/ H,bgH and bD N oeyral to 28,5, 4.3, 1033 and 329, respectively, These val-
ues were derived from the study of PETH autadation at 130°C assuming that e ratios do pot

change with tlemparature significantly. The average rwnbers of hydrogen atoms tor abstraction re-

actions (N; in Table Al-l) were estinated from the strusture of ester systems and availabiiity of

hydrogens assuming ti:at the concentrations of abstracting isomeric peroxy raaicals of given type
are equal,

Substituting 8, b. and ¢ into Equation I1] gives G'-function in Equation IV

G’ !al'bl'ks/(ks'/")'NJ

g y Y
J(RH), 0 AH)] = o1 ol | 9 tiC@H) 2 [pallp]

T c(AH)  a + bo(AH) ¢ of (AHY
AVD)




5 (tebpy(a+bgapy
F=al2+by ebga,
l=b-1~bGaD‘bD(aG~bG)

b=u4bG»bD&2

and ¢ is defined by Equation AV.
TABLE Al-l

AVERAGE NUMBER OF AVAITABLE HYDROGEN ATOMS AND COMPOSITE RATE CONSTANTS
FOR TETRAESTERS OF PENTAERYTHRITOL

Alkanoyloxy (RH)y3, - X N NJ N v o a i a 5 bl 5
Substituent on 3 46 aD 46 4D G D G b
o-C_ 1.80 16 0 0 0 0 0 0 0 0
nC, 1.58 24 133 0 1 0 0.92 o 27.3 0
n-C, 1.40 2 2 1 1 1 1.18 0.59 231 7.3
n-C 1.27 40 2.4 1.6 i 1 1.24 0.83 20.4 6.5
3.3-diCH,-C 1.4v » 0 o 0 0 0 0 0 0
5,5-diCH Lo 1.2 16 0 ] 0 -0 ] 0 .0 0
4.4-diCH - 1.27 16 2 g 1 g 258 0 50.9 0
3.3-diCH -C, 1.80 £ o 0 0 0 0 0 0 0

Alkanoyloxy (RH)232

Substituent ™) 8, b _o B 5

a-C_ 1 2 0 0 0 0

8-Cg 29.2 30.2 0.92 0.92 1.8  -0.892

u-C, 224 34.2 177 127 30.0 -1.20

u-C, 18 31.0 2.07 143 34.6 -1.29

3.3-diCH3-C5 1 2 0 0 0 0

{';.S-dK.‘H:’-C‘s 1 2 0 [] 0 0

4,4-diCH -C, 54.5 55.5 2.59 2,59 5.19  -2.55

"s'd'c“a'ca 1 2 0 0 (4 0

a. Tertiary hydrogens

Upon Integration of Fquation [V, we obtain G-function in Equation V.

Al i nn cre et ae




—

5 4 . o - . AS T 3‘..]['- 'y ]_
"l‘i'bl'ks “\3 H)..\j.H(H).n.(A\.ht,(Am‘;, [- 1 ,.AH)! (_\H)()]

2 2
(Am‘ a bcmml < T AR,

1 1
T oAn = - =] un T
e, e 2 be(AH) +cTARS
« o
< ' 2
i AR (3 - Le(Alh - ¢ (A )
a "’ g 2 2
L A - A
(AH)o {a *bcl\mt [ ln! ]
[2c(AH) + b ~q] (2c(AH) - b - ]
8in -
[2(‘€.-\H)t -b-q) [.!(fAH)O +b-qj AVID
where
q-= b2 - 4a

3
r- oL
2 bia a]

8- -2
q

The values ef all enmoosite constants used in FEguation AVT! far all ester systems dis-
cussed in this studv are in Table Al-5.

In the abxence of wutramoiceular abstraction reactions, the composite rate constants r.,
B and § are all cqual t» zers.  For such systems (svsten.s 1 in this worky Feaustinn AVI] becomes

1
KK, y
G g ey M) N RHY, 0L (AR (AR T

(Al

o Al - 1 3
[2 ]L”A"" (AH)O!J Py &
[e]

APPENDIX 2

AV

NUMERICAL FVALUATION OF THE RATIO OF iNTECRALS IN PQUATION T

The values for the ratio of integrals 1n Equataa VI were olbtamed numerieally vsio i the
CADRE numerical quadrature algorithin in the IMSL Liorary 7). The cateulations were done an
gingle precision using a DEC=10 computer system.

As mentioned above, each irtegral equation ixed to obtain an individual tohibiticn ceried
Equation VI slowly diverges as (AH) approaches (tAHY,, vhere at tAH)Y - (AN the integral iz not
defined. To avoid this sinzularity each integration was done from a value (AHy = € (AHY, for a val~
ue £ near but not equal to 1, To shcw how sensitive the intecrals and their ratio ave to values of €
the results of a '3 vicai cawunlation for two systems, 1 3nd 11, are civen in Table A2-1.  Notice that
the values of individual intecrals increase as § approaches 1. However, the ratio of intesrals,
1111, converges to a constant value (column 4, Table ZA-D).

The results in Table 2A-[ demonstrate an (nleresting dichctomy, The values obtawned for
the individual integrals depend on what value is chosen {»r £, If one defines a eritical concentra-
tion (AH), = (A}, - £ (Allh,, it is seea from Table A2-1 that as (Al charaes from 1 x 103 o1 x
1070 the integrals for beth svstem increace by a facter of 3 or more.  The limits of integration, s
given by Equation VIi. correspond to a system having an intinte ithihition time. One must intro-
duce some value of £ nther than ) or enange the form nf the kinetics te obtain a finite value for the
inhibition perind. Thus, one can specalate what, 1t ary, physcal sigmificance can Le placed on &
and (s it the same for al! systems, as was as«umed here. This should he contrasted to the fact *hat
the ratio of integrals SonverRes 1o a constant value as & ayprvaches i, Tins implies that & guation
VI s simply & function of I and 110 which is determined primarily bv the value at (AMy,. Thus,
the ratio should be aple to be obtained without doiny the integration.
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Figure 1. A plot of inhibition periods from the PAN inhibited autexidation of straight-chain
pentaerythrityl alkanoates at 232°C (1) vs, a reactivity parameter, 1/ N3(RH).
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Figure 3. Plots of experimental inhibition periods from the PAN inhibited autoxidation
L of straight-chain pentaeryihrityl alkanoaies at 232°C (1) vs, corresponding
| values calculated from Eq. VI as a funcdon of kg/(k3/H),

359




» oma ¢

2,400

T

2,300

800

700
600 -

500

4001

3001 4.4-diCH3-Ce 1716102

ny\)zbmo3 |
n-Cy 5x103

200+

100""Ce =

3,3- diCH,-Cy 7]
—
. -
05 o2 55103
5.5-diCH3-Cs "1 1 6x103

3,3-diCH;-C;
n=2 .
£1xi0?

- 2.'!'03

2.

1.6x10%

Y

Yuered, &

atiem fay by

RS DA N B ! | _
00 200 300 400 500 600 700 80O 2,300 2,400
Stiobleotemin

LTS T T ST UL DOV

Pha ol er erine 1t
R P N
. A Arnigtenie

360

T, Lot e Natiiee, . -



TABLLE 2A2-]

CALCULATEDR VAT VLS OF INDIVIDUA L INTEGRALS [N FQUATION VIT FOR YYSTEMSE T AYD Ilxi
AND OF BPATIC OF THESE INTEGRALS 1N LQUATION VIII FOR VARIOOS VALUES OF £

.
£ a0
.50 12. 4 4.13 3.0¢
0 37.2 11.9 2.12
.90 o8, 2 1~.4 3.i6 *
.99 132 4..1 3.21
L9999 283 7.3 3.24
L9004y 35 110 3.25
L 99uY9Y 434 134 3.25

2. System ] was n-C5 and system 11 n-C~
ester;n 2. (AH) - 3.2 x 1077,
ka'(kg/H) = 2.5 x 107

For this paper, we have chosen to obtain the ratio rumerically, using & = . 9999, Jlow -
ever, the possibility of obtaining the same result from 1} and i directly is being explr red.
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Wear Asymmetry—A Comparison of the Wear Volumes of
the Rotating and Stationary Balls in the Four-Ball Machine

P. A, WILLERMET (Member, ASLE) and S. k. KANDAH
Ford Motor Company
Dearborn, Michigan 48121

The wear behavior of two lubricant base stocks, a pentaerythrityl
ester and a synthetic hydrocarbon, was investigated uath the Four-
Ball machine. Wear volumes of the stationary balls were evaluated
from the wear scar diameter and by surface profilomenry. Surface
profilometry was also used to determine wear volumes for the ro-
tating ball.

The two methods for evaluating stationary ball wear were in
good agreement. Significant differences were found between wear
of the rotating ball and wear of the three stationary balls. These
differences were related to the lubricant and to the test conditions.

INTRODUCTION

In experiments emploving the Four-Ball machine, wear
is generally determined by measuring the average wear scar
diameter. Similar approaches are used with other tribol-
ogical devices. Two assumptions underlie this approach: (1)
that the wear volume for the stationary balls is directly re-
lated to the wear scar diameter, and (2) that either the same
is true for the wear volume of the rotating ball, or the wear
of the rotating ball is negligible.

Feng (1) derived equations to relate the wear scar di-
ameter to the wear volume and to the depth of the wear
scars on the stationary balls. He found that his calculated
values for the wear scar depth were in generally good agree-
ment with measurements made by Vinogradov and Mo-
rozova (2). However, the accuracy of Feng's equation for
wear volume does not appear to have been widely tested.

Since the asperity contact area for the rotating ball must
be equal to the sum of the asperity contact areas for the
stationary balls, it is reasonable to expect that the wear vol-
ume for the rotating ball would be equal to the sum of the
wear volumes for the three stationary balls. However, it has
been pointed out that the surfaces are. in faci, exposed to
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different tribological conditions (3). In contrast to the sta-
tionary balls, a point on the wear track of the rotating ball
experiences cvclic variations in stress and temperature and
is periodicallv exposed to the bulk lubricant. Such factors
might lead to assmmetric wear of the contacting surtaces.
Wear asymmetry would pose difficulties for the interpre-
tation of wear test data and for the extrapolation ot such
data to practical devices.

These issues would appear to e important both for data
analvsis and for improved understanding of the wear pro-
cess. Accordingly. we have addressed them us part of a
systematic study of the wear behavior of two synthetic base
stocks, a pentaervihritn] ester (PETH) and a synthetic hy-
drocarbon (SHC) carnied out with the Four-Ball machine.

EXPERIMENTAL

Materials

The synthetic hydrocarbon (SHC) was a commercial ma-
terial, predominantly a saturated wrimer of decene-1. It was
purified by percolation first through a bed of silica gel then
through a bed of alumina. After purification. the bae oil
was passed through a (143 uM Rleer to eliminate particles.

Pentaerythrinv] tetraheptanoate (PETH) was obtained by
purification of a technical grade material as described in
detail elsewhere (4). The material used in this study was
designated PDP in Ref. (4).

APPARATUS AND PROCEDURES

Wear Experiments

Wear experiments were conducted using a Four-Ball ap-
paratus (Brown. G.E. modification). The wear specimiens
were Hoover A1S1 32100 steel balls. grade 25. Before each
test, the bails, top ball vhuck. and sample container were
thoroughly washed with Stoddard solvent followed be re-
agent grade toluene. acetone. and pentane. The halls. <am-
ple container. and 10p ball chuck were assembled. dried at
100°C, then cooied to Toom temperature in a desiceaior,
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I'he spindle and drawbar were tinsed with pentane tw re-
move any contaminants from the previous run. Svringes
used tor adding or withdrawing samples were cleaned and
dried in the same way.

Lubricants were purged with dry air before use. At the
beginning of each run, 9 m{ of the lubricant were added 10
the sample container and the apparatus was then assembled.
The liquid seal emploved to maintain a conrrolled atmo-
sphere was hilled with the test lubricant. Load was applied
and purging with dry air was begun. The sample was then
brought to temperature and the test was begun. After ter-
mination of the experiment. a sample of used fluid was
withdrawn and the wear scar diameter was measured in the
usual manner.

Wear Measurements

The measured average wear scar diameters were con-
rverted to calculated wear volumes and depths via the equa-
tons (J):

4.65 x 1073 - 321 x 107> Wd

-
]

and

H

1.97 x 107%d° - 2.73 x 107> Wid

where 1" equals wear volume in mm® for 3 balis, d is equal
to the wear scar diameter in mns. W equals load in kg, and
H equals wear scar depth in mm.

Surface profilometer measurements were carried out with
a swvlus instrument having a 1.3 x 107 mm diameter tip.
The meastrements were made without a skid. The balls
were positioned in a holder which rotated them under the
stvlus at @2 x 107 mis. The stilus load was 0.3 g. Rotating
balls were positioned so that the stvlus traversed the wear
track at two points 180° apart. Stationary balls were carefully
positioned so that the stvlus tip was resting on the deepest
point of the wear scar. The stslus was passed over the wear
scar, then the ball was turned 99° and the process was re-
peated.

The profilometer output was displaved on a strip chart
recorder. For the rotating balls. the vertical magnification
was 1.73 x 10 and the horizontal magnification was 91.74.
For the stationary balls. the vertical magnification was 1.73
x 10*. Typical recorder traces are displased in Fig. 1. The
cross-sectional areas of the rotating ball scars were deter-
mined by tracing the profiles on paper of known and uni-
form densitv, then weighing the cut-out scar profiles. Mul-
tiplication by the wear halo* circumference gave the wear
scar volume. In order to establish repeatability, this mea-
surement was carried out six times for one of the smallest
wear scars. The results showed a mean standard deviation
of two percent for the wear volume. Although more modern
equipment would be preferable in terms of experimental
convenience and would be able to show small scale surface
features in better detail, the repeatability of the technique
was more than adequate to support the conclusions made

*The wear halo diameter is defined as the average diameter of the two circies
which form the inner and outer perigheries of the scar.

_L STATIONARY BALL
— - WEAR SCAR

§ T PROFILE

R

N 1.54 x 16% inch

S _L ROTATING BALL
J T WEAR SCAR
b PROFILE

T “—1.54 X 10° inch
0.0109 inch
Fig. 1—Typical wear scar profile traces for a rotating and a stationary
ball. Test conditions: SHC lubricant, 40-kg load, 100°C, 15 Hz (900 rpm).

Sliding distance: 840 M.
Note the ditference in vertical scale.

in this paper. The wear volumes of the stationary balls were
determined as follows: the wear scale profiles as displayed
on the strip chart were divided into @25 equally spaced
segments along the vertical axis. The average diameter of
each segment was carefully measured and the volume of
the segment was calculated as a ¢vlinder. The sum of the
cvlinder volumes was taken as the wear volume. Replicate
measurements of the traces established that the repeatability
of this procedure wis better than one percent. Wear vol-
umes were determined for the two traces made of each scar
and averaged. It was generally found that the wear scar
diameter as determined by profilometry was less than that
measure opticallv. probablyv because the deepest point of
the wear scar did not correspond to the exact center. A
correction factor was applied by muliiplving the volume by
the square of the ratio of the optically measured wear scar
diameter to the wear scar diameter as determined by pro-
filometry.

Replicate experiments conducted with PETH and with
SHC under conditions giving low wear indicated that the
calculated wear volumes were reproducible within + 5 per-
cent. Wear data as a tunction of time with SHC and PETH
suggest comparable reproducibility for wear volumes de-
termined by surface profilometry. However, data for SHC
at sliding speeds for which wear was a strong function of
speed showed a large degree of scatter.

The dimensionless wear coefficient. K, was calculated from
the equation (),

K = VH/L

where V is the wear volume, d is the sliding distance, H is
the hardness (725 kg/mm2), and L is the load.

RESULTS

Calculated Wear Volumes and Surface Profilometry for
the Stationary Balls

Because of the care required in propetly aligning the
profilometer stylus, measurements on the stationary balls
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TABLE 1 —WEAR Dara Owrasen wiint PETH and SHC, S1a1108ARY Ball Wear VoLuMe
DETERMINED By PROFILOME LRY. SLIDING Distance = 840 M
FROM SCAR DiaMETER FROM PROFILOMETRY
WEAR SCAR | WEAR VOLUME FOR WEAR VOLLME TOR RoTATING BALL
SeeeD, | Loap, | TeMe, | DIAMETER, | THREE SUaT1ioNARY | SCAR Depin, | THREE STATIONARY | SCAR DEPTH, | WEAR VOLUME,
Futm | ca's | kg °C cmi10? Bawts, am® 107 cm/10* BaiLs, em¥10° cm/10* cm>10°
PETH 39 10 100 6.53 7.6 15.1 7.1 14.8 18.6
5.8 6.91 9.7 17.2 9.1 174 11.9
1.7 6.46 7.3 14.7 7.5 15.6 108
15.5 6.68 8.4 15.8 9.5 19.6 99
233 6.05 53 12.8 6.0 152 16.3
35.0 6.16 5.9 13.2 59 14.2 12.6
SHC 39 8.54 23.6 27.5 29.7 334 33.4
58 7.69 15.3 218 17.1 243 29.1
7.8 7.38 128 9.2 129 209 38.2
15.5 7.10 11.0 16.5 139 23.1 8.3
35.5 747 13.5 20.3 139 21.1 8.2
proved to be time consuming. For this reason. only a limited .
number of specimens were evaluated. Good agreement was 35 \ 2
found between the measured and calculated wear scar vol- a \ - 18
umes and depths (Table 1). B} e - \‘ \\ 2 ::':::’:‘B'L " 4.6
€ \ - 14
L 25+ \
Wear Asymmetry g \ \‘ 12
A comparison of wear volume data for the rotating ball -?, 20 I~ \‘ 10 og
and three stationary balls, based on surface profilometer z | \ \ g X
measurements, revealed differences in the wear factors for e S Af—\—-‘\——- — —— i x
the two surfaces (Figs. 2 and 3 and Table 1). This wear i 10+ \\_. €
asymmetry was a function of the sliding speed. Different ‘o I
results were obtained depending on whether PETH or SHC 5 q2
was emploved as the fubricant. For PETH. more wear was
found on the rotating ball than on the three stationart halls sliding Speed,cm/s
JTURNN WD WS U T T S T S Y M U S S

{Fig. 2). For SHC (Fig. 3), this relationship was reversed
sliding speeds above about 15 cnvs. At lower shding speeds,

—J 20
a e
@ Rotat.ag Ball = 18
©O Stationary Balls
. B — e
s -J 14
~
e B[
g — 2 .
2 O —{10 2
§ \ . x
g I8 — \ ” —s *
X »~
.2 10 — N - oy BN
s °
-2
4" SJMGM ggod.cm/l F
I U W T | # L4 0 1 ' 1

Rotating Speed, Hz

#ig. 2~Wear volume from profilometer data vs sliding speed with PETH,
40-hg ioad, 100°C, sliding distance: 840 M,

0 5 10 15
Rototing Speed, Hz

Fig. 3—Waear volume from profilometer data vs sliding speed with SHC.

40-kg 10ad, 100 C, sliding distance: 840 M.

wear was much greater, with more wear being found on
the rotating ball than on the three stationary balls.

For experiments conducted under other test conditions.
the stationary ball wear volumes were evaluated by calcu-
fation onlv. The results of these experiments, however, agree
qualitatively with those cited above (Table 2).

DISCUSSION
The Significance of Wear Asymmetry for Wear Testing

The practice of characterizinging wear in the Four-Ball ma-
chine bv measuring the wear scar diameter rests on the
assumption that. for a given load. the wear volume of the
stationary balls is uniquely determined by the wear scar
diameter. The experimental data presented here are. in-
deed. consistent with that view.

However, the rotating ball wear does not appear to he
uniquels related ro wear of the stationary balls. Since the
wear of evdlically stressed components may be of critical
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TasLk 3—WEAR Duiyv Ostaned witti PETH axD SHOL NTAT10NRY Ball WEAR VOLUME
CALCULATED ONLY. SLIDING Distasn(E = 840M
i Fros SCAR DivMETER FROM PROHITLOMETRY
WEAR SCAR WEAR VOLUME FOR WEAR VOLUME FOR
SPEED, Loap, Tewmp., DIAMETER, THREE STATIONARY ROTATING BALL,
FLUID s kg °C cn/10* Bavts, cm¥10° cm*10°
PETH 39 40 100 6.18 6.0 25.3
7.8 40 6.83 9.2 14.0
SHC 23.3 40 60 6.60 8.0 129
7.8 70 7.28 12.1 13.1
1.7 80 7.12 11.0 10.6
1.7 80 7.37 12.8 19.7
15.5 80 7.07 10.7 26.3
15.5 80 7.16 11.3 16.3
233 80 6.83 9.2 10.6
7.8 100 7.42 13.1 27.1
11.7 7.38 ‘12.8 22.5
15.5 7.25 119 83
23.3 7.26 12.0 10.6
11.7 110 7.33 12.5 203
23.3 7.33 12.5 11.2
29.2 7.21° 11.6 6.6
39 120 7.58 14.4 148
39 120 7.51 13.8 129
39 120 7.54 14.1 16.8
7.8 120 7.61 14.6 323
7.8 120 8.05 18.5 159
117 120 7.51 13.8 154
15.5 120 7.10 11.0 9.]
7.8 33 80 7.35 12.6 249
15.5 33 80 6.60 8.0 109
23.3 33 100 6.65 8.2 10.3
importance in practical devices, it mav, therefore, be of Ll LN T T

value, depending on the end use of the data, to include
evaluation of rotating ball wear along with wear scar di-
ameter measurements.

Factors Underlying Wear Asymmetry

Two factors which might reasonably be expected to be
related to wear asymmetrv are fatigue wear and lubricant
chemical effects. Although fatigue processes may occur, fa-
tigue wear cannot account for all the experimental obser-
vations. In order to establish whether the phenomenon is
related to lubricant chemistry, an additional series of ex-
periments will be required.

Fatigue Wear

Fatigue wear should result in higher wear on the cyclically
stressed rotating ball. This is not consistent with the exper-
imental results for SHC at sliding speeds above 15 em/s. By
analogy with rolling contact fatigue, fatigue wear in sliding
contacts would be expected to be highly dependent on the
maximum Hertz stress. Wear data for PETH and for SHC
as a function of test time show that the wear rates remained
constant despite substantial reductions in the maximum Heruz
stress (Figs. 4, 5, and 6). Fatigue wear in the very early stages
of the wear tests with PETH cannot, however, be ruled out

70—

O Total Wear
o Stationary Bolls

10%x WEAR VOLUME/cm®

[} L) 10 5 20

10"k TEST TIMEA
Fig. 4—Wear vs test time with SHC under conditions producing high
wear. 40-kg load, 100°C, sliding speed; 1.67 Hz (3.9 cvs). Initiel
maximum Hertz stress = 3400 MPa, final maximum Mertz stress
= 710 MPa.

on this basis since the initial wear rate was clearly higher
(Fig. 5).

The increase in wear found for SHC at low sliding speeds
suggests a transition to fatigue wear as a result of the lower
strain rate. Such a transition would be expected to be re-
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i i 1
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Fig. S—Wear vs test time with PETH, 40-kg load, 100°C, sliding speed =
10 Hz (23.3 cvs). Initiat maximum Herz stress: 3400 MPa, final
maximum Mertz stress = 850 MPa.
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Fig. 6—~Wear vs test time with SHC under conditions producing low wear.
40-kg load, 100°C sliding speed 10 Hz (23.3 cm s). Initial maximum
Mortz stress = 3400 MPg, final maximum Hertz stress = 650 MPa.

flected in the surface morphology. Examination of the sur-
face profiles produced at different sliding speeds do not
support this idea (Fig. 7). In addition, no pits or spalls could
be found in the wear tracks under optical microscopv at a
magnification of 200x for either SHC or PETH.

Lubricant Chemistry

We have previously reported that autoxidation of PETH
produces diacid monoesters which lead to increased wear
(6). By contrast, preliminary experiments indicate that the
autoxidation products of the synthetic hydrocarbon have
relatively fittfe influence on wear, and even decrease wear
under some conditions.

This divergence in the effects of autoxidation on wear
behavior parallels the divergence observed in wear asym-
metry between PETH and SHC. This observation suggests
the hypothesis that lubricant oxidation in the wear zone
may be a cause of wear asymmetry. Preliminary data pub-
lished in Ref. (6) are, indeed, consistent with the idea that
lubricant oxidation products influence wear assmmetry.
Factors such as differences in surface temperature and cyvclic
exposure of the rotating ball to the bulk lubiicant together
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Fig. 7—Waear scar profiles for stationary balis with SHC va sliding speed.
100° C, sliding distance = 840 tA.

with the different effects of the oxidation products could.
perhaps. account for the observed effects. Further work
will be required to test this hypothesis.

CONCLUSIONS

A systematic comparison of wear on the stationarv and
rotating balls of the Four-Ball machine, using two lubri-
cants, led 10 the following observations:

1. The wear volume of the rotating ball is not, in general.
equivalent to the wear of the three stationary balls.

2. The distribution of wear between the contacting sur-
faces was a function of test conditions and was different
for PETH and for SHC.

3. The wear asymmetry observed in these experiments
appears to be related to lubricant chemistry. Further
work is required to elucidate this possibility.
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DISCUSSION

STEPHEN M. HSU (Member, ASLE)
National Bureau of Standards
Washington, DC 20234

The authors are to be commended for undertaking a
careful study on the very important but often neglected
aspect of wear measurement in the 4-ball machine.

The idea of better meusuring wear volume or the total
amount of wear has been attempted by mam. E. E. Klaus
at the Pennsvlvania State University had conducted many
such investigations on mineral oil systems. and concluded
that wear scar or wear volume determined bv Feng's equa-
tion generaily correlated very well with the total amount of
wear debris collected. In this paper, the authors used a
surface profilometer to meusure wear volume directly, We
have been pursuing along the same line, and wish to point
out that to measure the wear scar surface profile on a %-in
bull with a 0.353-mm wear scar is not an easy task. The
authors mentioned that they positioned their stvlus tip on
the deepest point of the wear scar and then the stvlus was
passed over the wear scar. How did the authors determine
the deepest point? And, how was the calibration conducted?
Basically, by rotating the ball under the sty lus, one is taking
the spherical curvature out i.e., the surface of the ball would
be a straight horizonal line. However, the wear volume is
a concave spherical segment on a convex spherical segment.
What is the effect of linearizing one on the dimension of
the other> The authors found wear scar diameter deter-
mined by profilometry was less than that measured optically.
Could this be the reason?

We generally agree with the authors’ assessment on wear
asvmmetry i.¢., the cause of the observed difference in wear
between the rotating ball and the stationarv balls probably
lies in the chemistry of the fluids. What are the viscosities
of the two fluids and their viscosity temperature relation-
ship? Looking at Figs. 3 and 4, one sees the increasing
influence of elastohydrodynamic component as the speed
is increased. i.e.. lower wear at increasing speed. We have
observed this trend in many purified mineral fluids. Even-
tually, at high speeds, the wear increases again as illustrated
by the rotating ball wear for PETH in Fig. 3.

Looking from this perspective, all four wear curves in
Fig. 3and Fig. 4 should behave alike. Figure 1 data illustrate
this point. It has been suggesied that this behavior could be
related to the transition temperatures of the lubricating film

ssteny Then what has been observed by the authors mav
be related 1o ditferent surface temperatures at the rotatng
ball und the statonary balls surfaces. The idea of the lu-
bricunt decompuosition products preferentialhy attacking more
on one surtace and not equally on the other surface remains
to be proven as suggested by the authors.

Again, the authors should be commended for an inter-
esting work on a very basic and important aspect of wear
measurement.

AUTHORS' CLOSURE

We thank Stephen Hsu for a perceptive discussion of the
experimental results. As he points out, these measurements
are not easv to make, which, in part, explains why they are
so seldom reported.

The deepest points on the wear scars of the stationary
balls were determined as follows: The stvlus tip was placed
near the center of the scar. The minimum profile (race was
found while rotating the ball through small arcs parallel
and perpendicular to the stylus sliding direction. After the
profiles were made, the intersection of the two marks made
by the atvlus was located under a microscope. By focusing
on this intersection, it was determined that the decpest part
of the wear scars had been located.

Wear scar profiles were independently determined op-
ticallv ton several stationary balls. The ball was moved across
the stage of a 1500 power microscope. The vertical dis-
placement required 10 focus the microscope at each of sev-
eral points across the wear scar was used to generate a wear
scar profile.

Since the depths of the wear scars were very much less
than the ball radius, the effect of linearizing the ball surface
was negligible.

As indicated in the paper, the differences between the
scar diameters as Jdetermined bv profilometry and those
measured optically were attributable to the deepest point
of the wear scars being off-center. This could be clearly
seen under the microscope.

The shapes of the wear versus sliding speed curves do
appear to be qualitatively similar, but displaced on the co-
ordinate axis as indicated by the discusser. We prefer, at
present. to consider this effect as being due to changes in
surface reaction rates engendered by changes in surface
temperature and residence time rather than auributing it
to efastohvdrodynamic effects.
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l Autoxidation of n-Alkanes: Isomerization and Cyclization
{ Reactions of Hydroperoxyalkyl Radicals, by S. Korcek,
LI L. R. Mahoney, R. K. Jensen, and M, Zinbo, presented at

3rd International Symposium on Organic Free Radicals,
Freiburg, West Germany, August 31-September 4, 1981,
Abstracts, No. M3.

AUTOXIDATION OF n-ALKANES )
S. Korcek, L. R. Méhoney. R. K. Jensen, and M. Zinbo '

Research Staff, Ford Motor Company, P.G. Box 2053, Dearborm, Michigan, .
48121, U.S.A.

Kinetics and mechanism of liquid phase autoxidation of n-hexadecane
have been studied at 120-180°C usirg the stirred flow reactor. A |3
reaction scheme consistent with the analytical results obtained

includes, in addition to prevously observed reactions, intramolecular
a,y and a,é hydrogen abstraction reactions of peroxy radicals and an 1

a,y-cleavage reaction involving decompasition of di- and trifunctional §

a,y-hydroperoxyketone species. The latter reaction leads to the forma-
tin» of methyi ketones and carboxylic acids. From the results of
studies at oxyger pressures from 5 to 110 kPa the a,y and a,8 intra-
molecular reactions have teen found to be reversitle. Evidence for

the formation of cyclic ether species al lower oxygen pressures studied
was obtained. The rates of initiation for this system were measured
and absolute rate constants for the above reactions have been deter-

mined.

Rate of Initiation in the Autoxidation of n-Hexadecane at
Elevated Terperatures, by S. Korcek, R. K. Jensen,

L. R. Mahoney, and it. Zinbo, presented at Symposium on
Free Radicals at the 65th CIC Conference, Toronto, Canada,
May 30-June 2, 1982, Abstracts, No. 0R5-6.
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3 RATE OF INITIATION IN THE AUTCXITATION OF n-HEXADECANE AT ELEVATED TEM3EPA-
OR3- TURES. S. Xorcek,* R. K. Jensen, L. R. Mahoney, and ¥, Zinto. Ford vator ¢
Company - Research, SRL - Rm. 3198. P.0. Box 20%3, Dearborn, Ml &3121* . ‘

Kinetic and mechanistic studies of the autoxidation of n-hexalecane at elevated
temperatures, carried out in our latgratory using a stir-ed flow rezctor :eztnic;?.
yfelded values of tne ratios of rate constanis for intravolecular an§ ‘htertgzeCu;!r
hydrogen abstraction reactions of hexadecyiseroxy radicals at 120, 161, ara 1:29C (3. An.
Chem. Soc., 16i, 7573 (1979): 103, 1732 {1833)). Absolute rate constants for trese
reactions. howsver, can only he obtained i¥ tre rate of initiatior. Py, unler tre
conditions utilized in the above studies 1S argwn. In lcw temperature autoxigaticns
Rg s mafntatned 3t krown and constant rate oy the adzition of iniziators, syt 3t elevated
temperatures Rj variss cepending rot only on reaction conditions oot alsa_cn Jagree o€

: conversion since initiation processes nccur mainly due to reactions of rrirary cxidation

. products. In tris work, we describe and discuss varigJds anprodcres used ‘i setes~inalion

' of R{ at elevated te-peratures. These approaches incluie determirztions of Ay frin the
rate of formation of termination prcducts, from the iergth of the inhibiticn perisd )

- caused by addition of antioxidant, and from the inttial rate of antioxidant cans.=ution,

T *eThis work was supsorted fn part by the Alr Force Office of Scientific Research uncer
P Contract F45620-80-C-0061
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Liquid Phase Autoxidation of Organic Compounds at Elevated
Temperatures, by S, Korcek, R. K. Jensen, L. R. Mahoney, and
M. Zinbo, presented at Symposium on Inhibition of Liquid-
Phase Autoxidation Reactions, ACS leeting, Kansas City,
September 12-17, 1982, Abstracts, lo. ORGH 27.

27. LIQUID PHASE AUTOXICATION OF ORGARKIC CCMPUUMDS AT ELEVATED TEMPERATURES®. S. Yorcek,
R. K. Jensen, L. 2. aroney, and M, Zinza, ford Motor Company, Research, Rm. 37163~
SRL, P.0. Box 2C53, Ceardorn, Ml 48121.

Results of kiretic and mechanistic stucies of the autcxidation of n-hexadecane i
and pentaerytrrityitetraheztincate at 120 to 22397 will bte reviewed. Kinetic inforration
on tntermolecular 2rd 2,v and a,° intramglecular hydrogen abstraction reactions of peroxy
radicals, on tre cioavage reaction of a,y-hycroseroxyketones, and on fsomerization and
cycltization rezciizns of nydrcseroxyalkyl razicels will be presented. The implications
of the occurrenz2 cf these reactions with regara to the mechanisms of autoxidation of
organic co=po.nas ani to the inhibition of autcxidation in the 1iquid phase at elevated
temperatures will be discussed. .

*This work was scopsrted in part by the Air Fsrce Office of Scientific Research under
Contracts F&3622-76-C-0057 and F49620-80-C-0061.

, " Reactions of Alkylperoxycyclohexadienonas during Autoxidation
Inhibited by Hindered Phenols at Elevated Temperatures, by

R. K. Jensen, S. Kercek, L, R, Mahoney, and 1. Zinbo, presented
at Symposium on Inhibition of Liquid Phase Autoxidation Reactions
Sggnnggting, Kansas City, September 12-17, 1982, Abstracts, 'o.

28. REACTIONS GF ALXYLPEXOXYCYCLOMEXADIENINES DURING AUTOXIDATION INHIBITED BY HINCERED
PHENOLS AT ELEVATED TE¥SIRATURES.® R. “. Jensen, S. korcek, L. R. Mahoney, and M.
1 Iinbo, Ford Motor Company, SEL - Pm. 3198, P.G. Sox 2053, Dearborn, MI 4812),

S e o ot I T

The alkylperoxscyclohexadiensne products of the interaction af hindered prenols with
peroxy radicals are unstadle at elevated te—cerat.res and underjo both non-radical and
radical deccrpisiticrn reacticns. The iatter re2ction contridutes to initiaticn and gov-
erns the efficienzy of the pnencl as an antigsidint. In order to assess this contridu-
tion in the irrizitisn of n-hexacecane autcrization by 2,6-di-tert-butyl-4-rethyiprenol,
we have investizatad the decorposition reactions of & saries of J-alkylperoxy-i-rethyl-2,
6-di-tert-dutyicy:icrexadienones (Q00P; R= (C43)~C-, tetralyl-, 1-,2-, and 5-CygH33-) in
the presenze of tre parent c-onol at 160 and 1170, Kinetic analyses of the results
yielded values o7 rate constants for both deca-cosition reactions which allow tre deter-
mingtion of rate of initfation in autoxidizir; n-hexadecane at elevated temperatures vusing
the inhibitor retnod.

*This work was susported by the Air Forze 0ffice of Scientific Research Under Contract
F49620-80-C-C251,
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