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iso-erization) reactions, undergo cyclization reactions leading to formtion o
cyclic ether products. A general reaction scheme for autoxidation of any systel
containing alkyl chains with carbon number greater than four is proposed,
Absolute rate constants for formation, isomerization, and cyclizatlon of hydro
peroxyalkyl radicals have been determined for the first time for liquid-phas(
autoxidation and the corresponding Arrhenius parameters have been derived,
Their values are in general agreement with those previously determined or esti-
mated iii gas phase combustion studies. Results of kinetic analysis of cleavage
product formation are consistent with two modes of their formation in the entirE
range of oxygen pressures studied. The first mode involves decomposition of
a,y-hydroperoxyketone species and the second reactions of alkoxy radicals

Determination of absolute rate constants required knowledge of the rate of
initiation, Ri, at each experimental condition. Three approaches were used for
that purpose: determination of Ri from the rate of formation of terminatior
products, from the length of the inhibition period caused by addition of ar
antioxidant, and from the initial rate of antioxidant consumption. Correlatior
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 -tt-butylphenol) a!
elevated temperatures are much lower than those determined at low temperatures
(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 IMP
this was confirmed by the independent kinetic and rechanistic investigations.

Kinetic and mechanistic studies of inhibition reactions of MPH, and reaction
of various MPH derived intermediates under autoxidation conditions at elevate
temperatures revealed that the prsenrp nf hyr.rno rnxities affec inhibitio,.

mechanisms. In the presence of excess hydropercxides, conditions typical for
our stirred flow reactor experiments, the most important reaction of 11PH derive(
phenoxy radicals is that with alkylperoxy radicals leading to formation of thE
corresponding 4-alkylperoxy-2,5-cyclohexadienone, QOOR. At low hydroperoxidE
concentrations, conditions typical for inhibition in technological systems, th(
disproportionation reaction of phenoxy radicals leading to regeneration of ?. P,
and formation of the corresponding quinonemethide also plays an important role.
In both cases, however, QOOR is a major source of free radicals which effec-
tively reduces n for MPH at elevated temperatures. In order to assess this
reduction quantiTatively, the decomposition reactions of a series of QOOR with

R = (CH3 ) 3C-, tetralyl-, and i-,2-, and 5-C16 H3 3- have been investigated in the pre-
sence of MPH. Kinetic analyses of the results yielded values of rate constants
for radical and non-radical decomposition of QOOR which were used to estimate n
for MPH as equal to 1.2 at 160°C.

A method for prediction of the effects of structure on the thermoxidative
stability of synthetic ester lubricants, pentaerythrityl tetraalkanoates, in the
presence of an antioxidant ha! been developed. Kinetic equations for the inhi-
bited oxidation of these lubricants have been derived using the above propose(
reaction scheme. Nurerical solutions of these equations yielded the values of
the relative inhibition periods as a function of antioxidant stoichiometric fac-
tor and relative reactivitics of pcrvxy 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-C5 through n-C8 pentaerythrityl
tetraalkanoates containing 1 weight percent N-phenyl-c-naphthylanine at
2320C.

Laboratory studies of wear behavior were carried out with penta-
erythrityl tetraheptanoate (PETH), n-hexadecane (HD), and a synthetic hydro-
carbon (SHC) in 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. With SHC, the direction of this wear asymm~etry 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 into HD suggest that carboxylic acids and difunctional
hydroperoxides are effective in 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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j STATEMENT OF W'ORK

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 lubricant, n-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 reactioij Lii;is from 20 to i03 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.

I

1
!
I

_ • . _
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INTRODUCT I ON

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 reactor 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 tetraheptanoate, at 180

to 200C and of a model hydrocarbon lubricant, n-hexadecane, at 120 to 1800C,

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 lubricants 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.

L ..
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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 tile Air Force Office of Scientific Research/Fcrd

Motor Company Contract, F49620-SO-C-0061, entitled "Time-Temperature Studies of

High Temperature Deterioration Phenomena in Lubricant Systems: Synthetic Ester

Lubricants".

Results of our investigations of the inhibited autoxidation of pen-

taerythrityl tetraheptanoate and other tetralkanoates are described in the paper

entitled "Effects of Structure on the Thermoxidative Stability of Synthetic

Ester Lubricants: Theory and Predictive Method Developnent". The paper was

presented at the Symposium on Synthetic and Petroleum-Based Lubricants, at the

183rd ACS Meeting in Las Vegas, Nevada, and published in PREPRINTS of Division

of Petroleum Chcmistry (Attachment I).

Studies of wear behavior of pentaerythrityl tetraheptanoate and a synthetic

hydrocarbon leading to discovery of wear asymnmetry are described in the paper

entitled "Wear Asymmetry - A Comparison of the Wear Volumes of the Rotating and

Stationary Balls in the Four-Ball Machine". This paper was presented at the

37th ASLE Annual Meeting in Cincinnati, Ohio, and published in ASLE Transactions

(Attachment I1).

Abstracts of other presentations describing work performed under this

contract are in Attachment III.

The unpublished research results are described in Darts I-VII of this

report. Studies of effects of reduced oxygen pressures on product formation
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in the liquid-phase autoxidation of n-hexadecane 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 is in

Part II. 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 III. Investigations of

inhibition rechanisrs 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 Neeting in Kansas City, Iissouri. A novel HPLC procedure used for
....lysis of .utoxidation products throug.out our studies Is des irCe ie rdrL

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

low 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 synbols are used throughout this report to designate

major substrates and antioxidants:

HO = n-Hexadecane

PETH = Pentaerythrityl tetraheptanoate

t'.P OH = 9_vL , U 6 i- tei t--'u'--'-4-.,E Lhvylpieriui

PAN = N-Penyl-a-naphthylamine

BPH = 4,4'-t-lethylene-bis(2,6-di-ter-t-butylphenol)
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PART I

EFFECTS OF OXYGEN PRESSURE ON LIQUID PHASE AUTOXIDATIONi

of n-HEXAPECAMIE AT 160 TO 190°C.I
R. K. ue, sen, S. Korcek, L. R. Mahoney and Mi. Zinbo

I

i
I

I
I
I
I
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INTRODUCTION

Investigations of the liquid phase autoxidation of n-hexadecano 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,6 intramolecular hydrogen abstraction

reactions of alkylperoxy radicals' and the cleavage reaction of a,y-hydroperoxy-

ketones.2 The occurrence of intramolecular hydrogen abstraction reactions

explained the formation of difunctional oxidation products, namely a,y and a,6

dihydroperoxides and hydroperoxy substituted ketones, which, together with mono-

hydroperoxides, are the major primary oxidation products at these reaction

conditions.1 The cleavage reaction of a,y-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

reaction4, which starts hy q-scissicn and intra-,lcuia- hyd-1 tio,

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 autoxida-

tion at elevated temperatures. The range of oxygen pressures studied was 4-120

kPa which includes atmospheric conditions.
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EXPERIIMENTAL

The reaction techniques, some of the analytical procedures and materials

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

Stirred Flow licroreactor. The stirred flow nmicroreactor 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 (Iatheson Models

8160-0452 and 8143).

Product Analysis. Primary C16 oxidation products were determined by GLC

analyses of oxy fractions obtained from silica gel separation of sodium boro-

hydride and triphenylphosphine reduced oxidates I using a packed Silar 10C column

and a bonded-phase fused silica capillary column (DB-5; 60m x 0.317 mm ID).

Typical chromatogrars obtained with the packed Silar 10C column are shown in

Figure 1!

C16 cyclic ethers, -CH(CH 2 )2CH-, were detected by the above technique

only in the low oxygen pressure experiments. Their GLC peaks overlap those for

C1 2--C14  2-alkanols (from methyl ketones) and C11 and C12 1-alkanols (from

1-oxo and 1-oxyalkanes). Better separaticn of C16 cyclic ether products and l-

and 2-alkanols in N3BH 4 reduced samples was obtained using the capillary column.

This analysis was performed using a Perkin-Elner Sigma 3 gas chromatograph with

a flame ionization detector, and an on-column injection system W & I.

Scientific, Inc). A Perkin-Elmer Sigma 1 Data Station was used for recording

and integration. One microliter samples wvare injected at room temperature usirg

a timed, reduced inlet pressure technique. 4 The linear flow rate of hydrogen was

60 cm/s at 225 kPa, injection port temiperature 75°C, and detector temperature
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CH3 CH(OH)R'SI I -T I I I O~~
Ce Clo Cll Cl2 C13 C14 C15

ii R'CH2 OH

C7 C8  CO C11I C12 C13
C16 PRODUCTS

w

U)
w

o--

CH(CH 2 )in c H
-

0 8 16 24 2 40

TIME/min
Figure 1 Chronatograms of oxy fractions from NaBH 4 reduced n-hexadecane

oxidates (180C, runs 149 and 225) obtained using 7 packed Silar
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 C16 cyclic ethers are those of 1-tetradecanol and 2-pentadecanol

both of which are relatively minor. The sensitivity of this method is such that

C16  cyclic ethers can also be determined in the high oxygen pressure samples

(detection limit is 0.5 ng/mL). Identification of C1 6 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 C16 cyclic

ethers is in Figure 3. Peak assignments for C16 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 Kenyon 5 from 2,5- and

3,6-hexadecanedi ol s.1

Hexadecanal and 2--8-hexadecanones, Fl--8-R'CO-1, were determined by HPLC

after derivatization using _-nitrobenzyloxyaniine hydrochloride (PNBA).6 An ali-

quot (0.2-0.5 mL) of a triphenylphosphine reduced oxidate mixed with 10-15 mg

PNBA and 200 ±L pyridine was heated at 60C for I hour. The mixture was then

transferred to a separatory funnel with CH2CI2 and washed with dilute HCI.

After washing, the CH2CI2 layer was separated and evaporated. The derivatives

obtained were dissolved in a known volume of CH2Cl2 . HPLC was performed using a

Radial-PAK C18, 101, 5 mm ID cartridge (Waters Assoc.), mobile phase of

H2 0:CH3 OF1:CH2 Cl2 :CH3 CN (7:8:25:60) at a flow rate of 0.6 mL/min, and detection

at 280 nm.
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CH3 CH(OH) R' 110 kPa
I II I I I I I

CBC 9 CIO CI1  C12  C13  ,14 C15
R'CH 20H

I I I I I I I~

C8 C9  CIO Cll C12  C,3  C14  C16
PRODUCTS

LJ

z
0

Lii

LLLw

8 16 24 32 40 48

TIM E/min
Figure 2 Chromatogram~s of oxy fractions from NaBH-1 reduced n-hexadecane

oxidates (180*C, rtins 151 and 260) obtained using 7 bonded phase
fused silica capillary column.

O- - - -
. . . . . . . . . . ..Z
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-i " ' '1 i I .1 .I 1 I " i'

CH3(CH2) CH(CH2). CH (CH2 ) CH3
I 10-n

(n=O-4) c

Ur)Z I d

0 8 16 24 32 40 4L

TIME/min

Figure 3 Chromatogram of an oxy fraction from NaBH 4 reduced n-hexadecane
oxidate which has been concentrated in C16  dTalkyloxolanes by
silica gel chromatography. Peak assignments (cis and trans isomers)
are: 2-methyl-5-undecyloxolane, h and i; 2-ethyl-5-decyloxolane,
f and g; 2-propyl-5-nonyloxolane, c and e; 2-butyl-5-octyloxolane,
b and d; 2-pentyl-5-heptyloxolane, a and c; and 2,5-di-hexyloxolane,
a and c.
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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 n-hexadecane in a stirred flow microreactor at 160 to 190°C and

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

The C16 primary oxidation products include i) isomeric hexadecylhydroper-

oxides, ROOH, determined in sodium borohydride reduced oxidates (subscript A) as

hexadecanols,(ROII)A, ii) isomeric hexadecanedihydroperoxides, R(OOH) 2 , and hydro-

o , o .... no PO...... ., -Ic erml !-- .. . . . ",I 4-kher'

and iii) isomeric C16 dialkyl oxolanes, -CH(C112)2C1-. Terination products,

isomeric hexadecanones, R'COR", were determined in triphenylprtosphine reduced

samples either directly or after derivatization.

The cleavage products include homologous series of i) alkanoic acids,

R'COOH, determined after esterification, ii) methyl ketones, CH3COR', determined

as secondary alcohols, (CH3CH(OH)R')A, and iii) 1-oxo and/or 1-oxy alkanes (aldehydes,

primary hydroperoxides, primary alcohols) determined as primary alcohols,

(R'CH2OH)A, and 11202, CO and CO2.

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

hexadecane autoxidation at elevated tewperatures oUbtdirfed if' this study and in

our previous workl, 2 is in Figure 4.8 According to this scher, initiation of



Table 1. Results from FTIR analysis of

non-condensible gases (run 215).

CompoundPM

Carbon Dioxide 25.0.a

Carbon Mlonoxide 14.4

Formaldehyde 1

Ethylene 2

Ketene CH2CO 0.5

Ace Lone 12

Methylethylketone 10

Butanal C'13(CH2)2CHO 8

Pentanal CH3(CH2)3CHiO 0.5

Other Hydrocarbon as C8  3

a
Blank sample contained 1.1 ppm carbon dioxide
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TALE IiI. An3l]-:Sis c, Cof -_-v:.,-,- Pr -iucts {rc, -i the iuto:tidC t ion OF
n_-ex.d-c _ .in thE_ Stirredc Flo,.j r r ts . -

Temp P 7" Run R 'CcC,,H] -k [CH3CH,'HP ']. " '- . [H.2.... c. -c ECC23

(0c) (kF'a) (s)(rM)

160 4.66 340 245 0.086 0.046 0.06
4.60 664 244 0.428 0.233 0.17
8.96 337 249 0.135 0.057
8.81 653 248 0.784 0.337 0.46

15.95 378 250 0.232 .OE01 0.14
15.86 655 251 1.45 0.57 0.79

180 5.0 93 224 0.038 0.026 0.037
5.0 178 223 0.213 0.149 0.15 0.13
4.68 186 21"D 0.22 0.27
7.34 186 253 0.47 0.40
2.6 78 2!9 ;..1 1 4 17 4..0-' 0.14

12.2 135' 213 ..A5
11.4 154 216 0.76(7) 0.54 0.35 0.31 0.043 0. 035
12.1 181 217 1.30 0.85 0.55 0.49
11.3 198 215 1.14(2)2 0 .64 (8 )a 0.65(6)2 0.39 0.083 0.042,
20.2 140 225 1.33 0.46 0.52
19.25 167 260 1.40 0.67 0.60
33.7 200 153 7.69 4.08 1.17 0.23 0. :86
56.6 197 152 9.69 5.37 1.44 0.25 1.22
110 78 150 1.13 0.49 0.6 0.008 0.0:.
110 148 149 6.18 2.97 0.72 2.5 0.075 0.65

110 202 151 15.4 8.98(25)2 2.58(12) 5.8 0.25 1.77

190 4.99 69.3 262 0.073 0.101
7.71 68.7 265 0.153 0.174 0.05
10.20 69.6 266 0.22 0.21 0.11
15.45 69.2 263 0.40 0.26 0.20
20.36 6. 8 267 0.65 0.39 0.28

1-17 66.2 264 3.41 1.56 1.41

_ See ' in Table Ii. - B potertiomet-ic zcid-bas titration. See
Ref. 2. - Calcu1.ted as in FeF. 2. B.j ic ,doitric titration. See
Ref. 1. B- B FTIR. S See . in Table II.
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Reaction Schere. 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 is 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, RO,

which react with oxygen to produce alkylperoxy radicals, R020, reaction 2.

Alkylperoxy radicals either undergo irreversible intermolecular hydrogen

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

sible intramolecular ay (m=l) and a,5 (m=2) hydrogen abstraction, reactions 4,

leading to ay and a,6 hydroperoxy substituted carbon radicals, HOORO. These

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

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

C16 cyclic ethers, -CH(CH 2 )2CH-, and hydroxyl radicals, or irreversibly react

with oxygen to give hydroperoxy substituted peroxy radicals, HOOR02O, reaction

2'. These hydroperoxyperoxy radicals, similarly as R02e, can undergo inter-

molecular hydrogen abstraction, reaction 3', to form dihydroperoxides, R(OOH)2,

and intramolecular abstraction of secondary hydrogen, similar to reaction 4,

which leads to trifunctional oxidation products. In addition to reactions 2'

and 4 HOORO20 undergo an intramolecular abstraction reaction of tertiary

hydrogen, reaction 4*, to form hydroperoxy substituted ketone products, HOOR=O,

and hydroxyl radical. The ac,y-hydroperoxyketone products undergo molecular

decomposition to methyl ketones, CH3COR', and alkanoic acids, R'COOH, via reac-

tion 7.

Formation of Primary C16 Products. Results of our present kinetic investi-

r- ;g
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gations atid those reported previously1 ,2 show that the rates of formation of

hydroperoxides at a given hydroperoxide concentration decrease i) with decreasin.g

oxyge2n pressure (Figure 5) and ii) with increasing temperature (e.g. at [-OOHI

of 10 m'I the rates at 160, 180, and 1900C and 5 ka are equal to ca. 7, 46, and

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

decreased rates of forr.ation of difunctional hydroperoxide products which are

more pronounced with those o,y substitUted (Figure 6). The rates of formation I.
of ronohydr'operoxide products (Figure 7) are much less affected by reduced oxy-

gen pressures. From all products analyzed, only the rates of formation of C16

dialkyloxolanes increase with decreasing oxygen pressure (Figure 8). Results

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

The above kinetic information stignests that concuntration of H30R02

decreases with decreasing nxvnpn pnr e re more than that of RS2 u. ,ch prc-

ferential decrease nust be due to the occurrence of reactions -4 and 10 ohich at

lower oxygen pressures effectively compete for V, 00Ro with reaction 2'. Nao such

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

to giv.. R02 * via reaction 2. Based on a kinetic analysis for the proposed

schem-ne (Figure 4), the ratio of [HOOR0 2O] amd [R020], , is given by expression I

[a,y-I!30R0 2 *] + [,,5-HOORO2*]

[R0 2*]

k4-,1 k4-a,6 1

+ (i_

k3 [RII] + k4*-ay k-4-a,y k3[RH] + k*-a8 + + kio-7'

+ 2

k21L21 K-L02
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and the ratio of [a,8-H00R*] to [R0 2*], 0, by expression 11:8

[a , 6-HI00 R*e k4-a, 5

[R020] k-4-a,5 + k1o-a,6 + k2 ,_a,5[O 2]

At high oxygen pressures, when k2 ,[0 2] >> k- 4 + k1 o, approaches its maximum

while 0 approaches its minimum. At oxygen pressures within our experimental

range (4-120 kPa) the values of and 9 will depend on the relative values'of

k2 ,[0 2] and k.4 + k1o. It is clear, however, that with decreasing oxygen

pressure & will decrease while 0 will increase. This is consistent with the

decreased rate of formation of difunctional hydroperoxide products and increased

rate of formation of C16 dialkyloxolanes at lower oxygen pressures, since these

rates are proportional to [HOORfl2e] and [a,6-HOORo], respectively.

The concentration of R020 is given by expression III,

(RR020)/2 1

[R02 0] = (2xk 5 + 2k6 )
1/2 (I + )

where RR02S is the rate of formation of R02*, which at high oxygen pressures is

equal to the rate of initiation, Ri. Expression III suggests that [R02*]

approaches its minimum when k2'[02] >> k.4 + k10 , i.e., at high oxyq'n

pressures. If RRO 20 remains the same, [RO 2*] 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 [R020]. However, no such increase has been

observed, instead, no change at 160°C and some decreases at 180 and 190C
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occurred. The lower the oxygen pressure, the lower [-OOH] at which decreases

were observed. This finding suggests that at a given oxygen pressure there is a

certain limiting [-OOH], i.e., limiting rate of initiation, at which the oxygen

supply and concentration become insufficient to transform all Re to R02e and

that under such conditions alkyl radicals also contribute to termination. In

such case RRO 2
e at low oxygen pressures must be lower than RRO 2* at high oxygen

pressures and lower than Ri. This view is supported by results shown in Figure

9 where the rates of initiation, determined from the rates of formation of ter-

mination products, 10 Rt(RO 2e), are plotted against [-OOH]. The lower values of

Rt(R02e) at lower oxygen pressures confirm reduced contribution of R02e and some

contribution of Re to termination.

The increased concentration of Re may also be a contributing factor leading

to the change of mcnohydroperoxide isonmcr dis cxhibited by decreased

formation of primary 1-hexadecylhydroperoxide at low oxygen pressures (Figure

10). This indicates lower concentration of primary R02e at low oxygen

pressures. It can be explained by the lower concentration of non-selective OOH

radicals due to decreased rate of their formation from reaction 4* and/or by

higher concentration of secondary Re and R02 0. These higher concentrations

would result from higher reactivity of primary versus secondary Re in radical

transfer reaction with secondary hydrogens of RH. Consequently, the ratio of

overall reactivity of primary versus secondary hydrogens in hydrogen abstraction

reactions by mixture of free radicals present 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.

ih



28

I I
P02 IkPa
0 51.6 7

® 11-13
~ 19-20

0 110-120

-r 1.2-"

X: 0.8--

o.4

0

-4-

0 20 40 60

[-ooH]/mM
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Formation of Cleavace Products. A reaction scheme which depicts formation

of cleavage products is in Figure 11. 2  Methyl ketones, CH3 CO11', and

corresponding equimolar amounts of alkanoic acids, R'COOH, are forrk>d from

cleavage of 7,y-hydroperoxyketones, reaction 7. Excess alkanoic acids,

(R'COO1)exc,1 1 and all other cleavage products originate from reactions of alkoxy

radicals. Initial step in the latter sequence is ,-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 a,8 intramolecular abstrac-

tior reactions o[ alku;.y , redctiotl 9d, followed by the series of

reactions 9b leading to aldehydes, acids, H2 02 , and ethylene.

The rates of formation of major cleavage products, CH3 COR' and R'COOH, at

low oxygen pressures are significantly lower than those at high oxygen pressures

and the same rate of initiation. The decreased rate of formation of CH3 COR'

(Figure 12) reflects a decreased rate of formation of a,y-hydroperoxyketones,

while the decreased rate of formation of (R'COOI)exc (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 except CH3COR') are compared to

the rate of formation of ROO in terms of kinetic chain length.

.l II.II.I.I..- IIII.I
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Kinetic ChIi n Lennth for Alko.< %Iical Forrw tion. In an autoxidizin'

hydrocarbon al-,cyx radicals are for, (d in the ho::olysis of hydroperoxirle pro-

ducts, reaction 1, and via nonterminatinn decornposition of tetroxide, reaction

5a, 12,13 where (I - x) is that fraction of alkoxy radicals which survive ter-

mination reaction and diffuse from the solvent cage.

The kinetic chain length for the formation of alkoxy radicals, vRCo, is

then given by eq. IV:

Sdt 1 + dtj5a (IV)
VRe

Rt

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

to the rire of iitiation, P. It fnI I w e fren the ;i, etic nont i..'n I s th. t

kl[-OOH] (l-x)k 5

VRO* + (V)
Ri xk5 + k6

The maximum %'R0O can be calculated from eq. V assuming the initiation via

reaction 1 and the termination via reaction 6 only. Under such conditions Ri is

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

k5
(VR0O)max = 0.5 + IT (vI)

Utilizing values of ks/k 6 estimated from the data of Hill et al. 1 2 for thp sec-

butylperoxy system, (vR0O)ma< is calculated to be 2.0 at 1800C.
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The actual vROO, however, must be smaller than (VROO)max. 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,

k5  Rt(R020)
VROO = 0.5 +

where vCO2 is the kinetic chain length for the formation of CO2 via reaction

13d.

Kinetic Chain Length for Cleavage Product Formation. 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] Ir

_VX (VIII)
(Ri)-r

where (Ri), is the instantaneous rate of radical formation at residence time, C.

The values of (Ri), used in these calculations were at higher oxygen pressures

(P02 > 50 kPa) determined from the rates of formation of termination products10

and at lower oxygen presures calculated from the hydroperoxide concentration in

the stirred flow reactor using kI 180°C = 12 x 10- 5 s-1 .10

Plots of vX 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 work2 which showed that

excess cleavage products are formed via a complex series of secondary reactions
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Figure 15 Kinetic chain lengths for the formation of 1-oxo and 1-oxy-alkanes,
(R'CH2OH)A , C02 , and CO vs. oxygen pressure at 180°C.
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some of which involve oxygen addition as shown in Figure 11. The results

obtained for vCO are consistent with the formation of CO via decarbonylation,

reaction 12, which is in competition with oxygen addition, reaction 13a, and

final formation of CO2 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 V(RCOOH)exc + vCO2 + vCO should be approximately

equal to V(RCH20H)A. The values of the sum, however, are found to be much

larger than v(RCH2OH)A. 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'* or pro-

ducts of their conversions.

Although the kinetic chain length for the formation of the sum of excess

cleavage products, vECP, depends upon the subsequent reactions of alkoxy radi-

cals, its value, based on the scheme in Figure 11, can not be greater than two tires

the value for alkoxy radicals, i.e.,

VECP = V(R'COOH)exc + v(RCH2OH)A + vCO + vC02 4 2vROC (IX)

The values of 2vR0o and vECP obtained from eqs VII and IX using experimen-

tally determined vx values for various cleavage products are plotted as func-

tions of oxygen pressure in Figure 16. These plots indeed show that vECP is

approximately equal to or smaller than 2 vRO 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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I NTRODUCT I ON

Our previous studies of kinetics and mechanisms of the liquid 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. 1  These

investigations revealed that intermediate ,x,y- and a,6-hydroperoxyhexadecyl

radicals, HOORO, which are formed by intramolecular hydrogen abstraction reac-

tion 4, besides the addition of oxygen, reaction 2', undergo isomerization reac-

tion -4 and only in the case of a,8 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 4800C. 7 - 14  In

the liquid phase the formation of cyclic ethers was detected in the oxidation of

n-dodecane by air at 200°C1 5 and in the oxidation of substrates containing ter-
tiary hydrogens, such as 2-..th -h1 ad.... and2,4-u,,,5,,y7pentae.-

Kinetic information obtained in our previous studies1 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

modification 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, I mL of manganous sulfate solution, 10 mL of n-hexadecane sample

I.
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OOH OOHI I

OOH -CH-(CH 2 ),,2 -CH- + R-
I ( R (OOH)2

INITIATION -CH- + ReO0.( RH(ROOH) (3)RH

I 00. RHI
* (2)

-CH- ' -CH- OOH 00.
2 (ROj)II

-CH-(CH 2 )1 ,2 -CH-

(2') + (4 1

OOH 0 OOHI ii
-CH-(CH),- - - (CH ,CH- +*OH2)1,2-%.,n - --C -- 1,2

(HOOR.) (HOOR a0)

/0\ia~ (7) a,Y

-CH CH- R'COOH +CH 3COR'

I I +*OH
CHF-CH2

C-CH (CH2 )2 CH-)

Figure I Simplified reaction scheme for the formation of primary oxidation pro-
ducts in the autoxidation of n-hexadecane at elevated temperatures.
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and I mL of alkaline iodide-sodium azide solution along with vigorous mixin_,

under an inert atmosphere to ensure complete reaction of oxygen dissolved in the

n-hexadecane sample with reagents in the aqueous media. The total reaction mix-

ture was titrated with 0.01 11 sodium thiosulfate. In the higher temperature

(>100°C) samples 1.8-3.6 mt1 iPH was added to the n-hexadecane to inhibit

oxi dati on.

RESULTS ANlD DISCUSSI01

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

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

expressions for the ratios of rates of product formation:19

d -?, k.[RHi] roo
-r " "T7F+T k 3 [RH] + k 4- Lry [y-HOOR0 2.]

k 3[RH] I k_-4-cr'y (

(d[ROOH]'\
dt k3 [RH] [RO02o]

2' V RH] + k4 ~ Cu,6-H00RO 0]

k3 rRH] [ I k-4-ab + kI0-t,6) (11)
- + t2'-,6 20a,

i
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d[-Ct I(CH2 ) 2CH-]\( dt k[aYIIOORG I
2 Id _x,,-kLW\=0 k !RH + - [a,6-IIOORO 0]

dt ~ dt f -7,

k10u (III)
k 10-a,6,

FF--

The ratios of rates can be obtained from the stirred flow reactor experiments as

the ratios of the corresponding concentrations in the reactor 20 or as the ratios

of the yields of corresponding products obtained from the tHaBH 4 and Ph3P reduc-

tions of oxidates. 2 1 , 2 3  Thus,

([ROH] A) k k3[RH] k_4 - (iv
aY-R(OH) 2JA).+ ( + p_-_ M,) ,lO_ . 2

([ROHI ) +\

A~~ ~ + kL\~

T 46~-R(OH) 2 A, 1 k 1  LOi )
([-CH(CH 2 )2CH-]A) _ kI O-a, (VI)

27 -F2 5

Eqs. IV-VI can be used in determination of rate constants from the ratios

of product concentrations obtained from the stirred flow reactor experiments as

a function of oxygen concentration.

Oxen Concentration. Oxygen concentrations calculated using the method

described by Prausnitz and Shair 2 5 and measured for n-hexadecane by Lin and

Parcher 26 and for 2-methylhexadecane by Brown and Fish16 differ significantly.
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Therefore, oxygen concentration was independently determined at temperatures

from 24 to 190C (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 tPa. 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 work 22 ,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]/k 4 , (k-4 +klo)ik 2 ,, and k10 /k 2 ,, are in Table I. The indi-

vidual absolute rate constants calculated from the above composite rate

constants are also in Table I. Values of k4 were obtained from ratios k3[RH]/k 4

using values of k3 determined from rates of formation of monofunctional reaction

products as described in Introduction to Part III of this report.28  Values of

k-4  and klo were obtained assuming a diffusion controlled value of 109 1-1s -1

for k2,. The absolute rate constants on per hydrogen basis were calculated

using number of available active hydrogens in reactions 4-a,y, 4-a,6, -4-ay,

and -4-a,6 equal 3.18, 2.94, 1, and 1, respectively. 29

Arrhenius Parameters. Arrhenlus plots for rate constants k4/H, k_4/H, and

k10  are in Figures 8 and 9 and Arrhenius parameters derived from these plots

are in Table II.

_________
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Figure 2 Concentration of dissolved oxygen vs. temperature for n-hexadecane
(our data and Lin and Parcher's) and 2-methyihexadecane (Brown and
Fish's data).
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Figure 3 Ratio of rates of formation of monofuncttonal and ,y-difunctional
products vs. [02] "1 (Eq. IV).
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Figure 4 Ratio of rates of formation of monofunctional and c,8-difunctional
products vs. [02)-1 (Eq. V).
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8 I I I,
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4A

6 190 C

1.0

00

L J 180C

3+4
160

2 A
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Figure 5 Ratio of rates of formation of monofunctional and c,y-difunctional
products times (02) vs. [02) (Eq. IV).
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Figure 6 Ratio of rates of formation of nonofunctional and rx,-difunctional
products times [02) vs. £02) (Eq. V).
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Figure 7 Ratio of rates of formation of 2,5-dialkyloxolanes and
a,b-difunctional products vs. 1021 1 (Eq. VI).
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Table I. Rate Constants

Ternera t,:ro, °C

Rate Constant 160 ]tLO Ku _ 0 10 190

a,b

k3 [RH)/k 4  2.30 1.98 1.84 5.41 4.96 4.42

a
(k3[RH)/k4 )(k_ 4 + k10)/k2'(m .) 1.82 2.56 3.27 0.44 0.87 1.13

(k.4 + k10)/k2'(mnI) 0.79 1.29 1.78 0.080 0.078 0.117

k41S- 1  123 295 488 52.4 118 203

k4 /H(s-
1) 38.8 92.7 154 17.3 40.0 69.1

k-4/s 1  k_4!H(s-1) 7.91x105  1.29x106  4.70-406 G.7Ix104  1.40xi0 5  2.05x!05

klo/k2 ,(ml-1) - - - 0.015 0.035 0.051

k S- . . 1.51x104  3.51x10 4  5.06x10 4

!-Reference 27. j 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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Figure 8 Arrhenius plots'for k4,,, and k4-a,6.
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Figure 9 Arrhenius plots for k..4.a,y, k--a6 and kl-aA
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Table II. Arrhenius Parameters

Rate constant log A/H (s-1) Ea/kcal mol- 1

k4-g, y/H 10.7 18.*0

k4-a,6/H 10.1 17.6

k-4-a,y/H 11.2 10.*5

k4a8H12.3 14.7

klo-a 6,/H 12.3 16.*1



58

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 liquid phase. They originate from the treatment

of series of heterogeneous data. Some data, suich 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 0C 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 prcliminary until the key experirents at 160 and 190C can be

verified.

Overall, the values of Arrhenius parameters reported here for c,y hydrogen

abstraction reaction 4 and -4 seen to be in general agreement with those esti-

mated by Benson5 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/mol. 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, K4_,,y, of 2.3 x 10- at

1800C which is ca. 7 times smaller than that estimated from Benson's data

... . . . . . . . .. .. . ... . •... . ...- L .. . .. ... . . . . .. . .. .. . .... . . " -L ; i ', ,". a
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(K4-(t,y : 1.7 x 10-3). This can be attributed to the difference in k4-, y

(1 x 103 s - I vs. our value of 0.9 x 102 s - 1 at 180 0 C on per hydrogen basis)

since values of k_4-ay calculated from Benson's data and obtained in our work

are in excellent agreement (1.2 x 106 s- 1 vs. our value of 1.3 x 106 s- I at

180C on per hydrogen basis).

Relevant data were also reported by Baldwin et al. 1 3 for intramolecu-

lar abstraction of secondary hydrogen by 2-pentylperoxy (a,y abstraction) and

n-pentylperoxy (a,5 abstraction) radicals in gas phase. They obtained k4_ay/li

equal to 1.5 x 105 s - ! and k4 -,, 6 /H equal to 3.3 x 105 s - I at 480°C. Our

corresponding values, extrapolated to 4800C (k4-,y/H = 2.8 x 105 s- 1 and

k4-a,6/H = 1.0 x 105 s - 1) are in reasonable agreenent with their data, hoi.-ever,

our value for k4.a,y/H involving a six-membered ring transition state is

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

The value of k-4- , y calculated by BaIdwil, eL dl. ! l (6.3 x 105 s- I at 480^C)

is much smaller than our corresponding extrapolated value (1.4 x 108 s-1). This

difference seems to arise from the equilibrium constant, K4_ ,y, which Baldwin et

al. used in calculation of k-4-a,y and assumed to be equal to 0.48 at 480 0C. From

Benson's data, K4_,,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 literature on k-4-a,8. We would

expect, however, that activation energies for reactions -4-a,y and -4-a,6 should

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

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

.. .- . . . -- - . .... ' ° ": .... , :- - . . .
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fication since they are significantly affected ty 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,b-hydroperoxyalkyl radicals as 14 and 3 kcal/mol, respectively, assuming pre-

exponential factor A = 1011 s- 1. The value for a,b cyclization seems to be

underestimated. Mill30  reported for c,y cyclization of tertiary

2,4-dimethyl-2-hydroperoxy-4-pentyl radical A = 3.2 x 1011 and activation energy

14±2 kcal/mol. Our values for a,b cyclization are A equal to 2 x 1012 s-1 and

activation energy to 16 kcal/mol. The value of k1O,y derived from I lill's data

for 180C (5.6 x 104 s- 1 ) is of the same order of magnitude as our k10.a,5

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 autoxidation at our experimental

conditions, Considering the sensitivity of our anal'tcal procedures, it ears

that values of k1oa,y must be at least four times smaller than those obtained

for k10-,6.
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[C1I3COR') = [CH3CH(OH)R']A

where the subscript letter in concentration terms designates the reducing
agent used: A corresponds to NaE, Hd and C to Ph3P.



3 63

I
(22) R. K. Jensen, S. Korce, I.. R. Ilahoney, and . Zinoo, J. Am. Cherm. C.

101, 7574 (1979).

(23) [CH3 CH(OH)R']A represents that oortion of (r,y- hOCR=0 which was decct,,posed
via reaction 7 to gi ve CH3 COR' .24

(24) R. K. Jensen, S. Korcek, L. R. Mahoney, and I. Zinbo, J. tm. Cher. Soc.
103, 1742 (1981).

(25) J. 11. Prausnitz and F. H. Shair, J. Am. Inst. Cheom. Eno., 7, 682 (1961).

(26) P. j. Lin and J. F. Parcher, J. Chroratoar. Sci. 20, 33 (1982).

(27) Comp;osite rate constants at 160 and 180°C ,.ere calculated frc .w average
values of slopes and intercepts obtained fron Figures 3-6. At 190°C,
however, these constants ;,ere calculated fror' values obtained fror' FiGures
3 and 4 only since values from Ficures 5 an 6 are st'ongly influenced by
single data points available at high oxygen concentrations.

(28) R. K. Jensen, S. Korcek, L. R. Mahoney, and 11. Zinbe, Unpublished Data.
Values of k3 used in calculation of 1"4 fro F3 [RI ]/k 4 w;ere 95, 201, Frid 312
at 160, 180, and 190C, respectively. These values give the following
Arrhenius paraneters for k3 /H(2-s-): log A equal S.4 and E equal 15.5
kcal/no'e.

(30) T. Mi ;l, 13th Int. Combustion Syrp., The Cor;bustion Institute, Pittsburgh,
Pa., 1971, p. 237.

K.



p T II I

I C

- ,.



I ,TP0 0P.% T 1 O'l

Ile(e isms of :,-hcxadec:nir a-toxida-ion at clcevted terper~tur-s have h,<en

establi (, in Cur studies carried out using the stirred fle',' microreactcr at

120 to a92C and 4 to 120 kPa of oxygen 2russure,1,2,3 A reaction schere v!,ch

accounts for the fcrr2tion of prirary ani cleavage owidation products unler the
above conditicns v:ds previously dascribcd. 'iietic analyses based on this

scherme revealed i) that the reactivity ratios for intramolecular and inter-

violecular abstraction reaction, of hexrd;cylperc>; radicals can be calculated

fron the rauios of yields of difunctional and monofunctional primary oxidation

products (Table I) and ii) that determina.tion of absolute rate constans tor

these reactions and determination of the kinetic chain length recuire ncdg

of the ra.e of radical formation, i.e., the rate of initiation, Ri .

The absolute r:;te const:.,s fnr irtr, roolcc.l--.r ebstraction reactiens of

r, "o'

000 It 0011I I3 I <
-dH- + -_3. -CH- + ..PH- (3)

and intramolccular abstraction reactions 14 and K4,

00e It k4 00h
I I I- 1 0

-CH(C2)CH -Ct( ! 2 )CH- (4,-4)

0011 00a 0 OOH
I I kII I

-CI (C.l2)mCI:- e . ........ -C W .C ii- + 00O (4*)
(tr ,

(,..here is i s equal to I for a, y a nd 2 f or o ~abstracti ens can h-: obtai tied I tom; flhe
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Table I

RATIOS OF RATE CrSTANT F02. iNTDA- AND

INTERM OLCULAR Ai'STRACTIO*; 2E_;,CTIONS OF

HEXADECYLPEROXY LADICALS

Hydrogen lemperaturc:, °C

Ratio Abstraction 120 160 180

k4  U,, 0.21 0.29 0.29
k3[RH]

k H 0.19 0.21 0.24

,- 3.5 4.6 4.0

1.k 1 1.? 1 .1

(k 4 /H) y 5.8 7.6 7.53/ 3/5.6 5.9 6.7

(k4/H) M 300 380 330

1 100 110 90

J. Am. Chem. Soc., 103, 1742 (1931)
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reactivity ratios in Table I if at least one of the rate constants in these

ratios is independently determined. For this purpose, 13 can be obtained fror

the rate of formation of monohydroperoxides, RO;I, using eq. I when peroxy radi-

cal termination rate constants k5 and k6 and Pi are known. In eq. 1, [RH] is

concertration of n-hexadecano and (1 a complex rate constant which can be calcu-

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

(eq. II).

d[ROOH] k3= [Rill 6 R.'  1
1/2 I1

dt (2k6 + 2xk 5 )

f k4_a, Y  k4-aF k 4-, k4 -r,,y

Rate of Initiation. In low temperature stuJies of kinetics of liquid phase

hydrocarbon oxidation the rate of initiation, Ri , is maintained at know..n and

constant value by the addition of initiators which thermally or photochemically

decompose with known rates of radical productio. 4  In contrast, the autoxida-

tion of hydrocarbons at elevated teiperatures is very strongly autocatalytic.

The tain source of free radicals under these conditions is honolytic decorl-

position of hydroperoxides, reaction 1.

kl I free radicals\ "CH2

-OH 00. 0 ,... ""2 - CII- (1)

| ._

L
Q.
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Since hydroperoxides are the primary ox(idation products, the rate of radical

production will vary with extent of autoxidation. To avoid the problem of

variable rate of radical f orma ti on at elevated teinperatures, our kin,?tic

investigations have been conducted in the stirred flow reactor. In this reac-

tor, under steady-state conditions, concentrations of all reactants, including

hydroperoxides, are constant throughout the entire reaction volumne and do not

change with time. Thus, in this system, autoxidation stuidies are carried cut at

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

(R i) 2 k [L-OH1P III

steady-state conditions, the rate of radical formation must be identically e-ciue1

to the rite of radical termination, (R-., nd thprpfo~e etermPrir-n of C.

can be based upon determinations of (Rt)r.

Two general nethods of determination of (!Ri)-, have been used in this

study. The first method is basEd on determination of (Rt)., from the rate of

of formiation of termination products, the second, the inhibitor method, is based

either on measurement of inhibition periods caused by the addition of a know.,n

amount of antioxidant or on determination o[ the initial rate of antioxidant

consumption.

Tertnnation Reactions. At SUfficiently high partial pres5NTrS of oxygen

(P02  > 75 kPa) the rates of forrmaticn of primary oxidation prodl.!cts in t1he n-

hedcn unia 4 ware irA-"-onrn c.f oygen prec.31re. this ind Ict t- n -

undcr these Ccnditiciis a,!l free rzdicails tcrminatc via reacticns 5:) and 6.

-Z-1 j-
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O0

2 -X-CHW-Y + 0 (5a)
2

2 0I x k

-X-CI-Y - HCOOCh (5b)"- I I 0 Oil

Y Y k V I
--c-'- + -X-CH-Y + 0 (6)
(R'CC)R") 2

It is widely accepted that the first step in biF.colecular termination reac-

tions of peroxy radicals involves the reversible formation of diaIkyltetroxide

intermediates. 4 , 5  The nature of subsequent reactions of those diaiyltcrrex-

the tei:'rature rang_- of 25 to 75C th lo prii..ary an,; s. odarv tetroxide dcori-

pose to yield alco!ol, carbonyl compound, and oxygen in equimlar amounts pro-

sumably via the Russell cyclic termination mecha' isn, reaction 6.6 Al t;I-

peratures over 100°C decomposition of tetroxides to alkoxy radicals and oxygen,

reaction 5, becomes increasingly important. 7  So;:e of these alkoxy radicals

recombine in the cage, reaction 5b, contribute to terr*ination, and give the salle

products as Russell's cyclic mechanism.

An alternative mechanism for primary and secondary peroxy radi:,:al ter-

mination via Criege zwitterion was reccntly proposed by Benson and !ani,. 8

This mechanism also leads to the formation of one molcCle of ketone pCr -,o

peroxy radicals terminated.

Sr -A
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RESULTS A11 D ISCJ YXC

Rate of ini tiationi fr,-n Rate of Formation of Ter::i n.,tion Prodlct.s. Das d

on the described termi naticn inochani sinis, the I-ate of initiation in n-hcxadecane

autoxidation must be oquial to tw..ice the ra to of formation of hexacdecanoncis,

R'COR", provided that there are no alternativ;o nodes of their formation and that

contribution of cleavanc-derived peroxy radicails to termination is negligible.

Thus, in the stirred flow reactor the rate of in-itiation is given by eq. IV

[R' COR']
(R. i ) 2 (IV)

*i rus iuu;; c._ Thc! anlyticni procedul'eS uIs00 ir tL-1 s work* d id

noct allow deLe rmi na t ion of all R'CO R" is c)r.rs f ori~. d from termination of

hexadecylperoxy and hydroperoxyhexadecylperoxy tadicals, R02* + F10,OR0 20, but

only 48-'C"which originate from the ccrrosponding 4--8-RO2 . It can be

*shown by kinetic analyses, however, that [,-)'COR"]., can be estirated from-

* ['--3-R'COR"]-, Using eq. V

[ROOHJ, + [1,011i)2 1
[R'COR"] 1. = [4--3-R'COR"3T MV

where [ROOHI., and 4--OOXare the concentrat.ions of hexadecyihydroperoxides

and 4-8 substituted hcxadecylhydropei-oxides and [ER(OH 2i1. is the concentrationr
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of all hexadotvldi hylro;croxi des. [. V ,o c'2rivn*: as'r that th(i V-tlLICl, 01

k3 , k5b), and k6, for a suhop( - ~ ar ~ oe ovrl vr~ valu

ofI th ,e co rre s Io n U>' n r,1te c on sta n for- alIl i :~ri c h:;e!r I porc F. nod hy dr o-

poQ,-u'-yhexadecy lp-croxy raui cols. Su'."stituting H 'COR2 expressed !'Y Co. V i ntn,

eq. IV yields eq. VI

iNt) - __ -PRI -

which can be Used for, derrination of ratc oll initiat"!on in the sti rred flo;:.

reactor under any reaction condi ti-ins since the conccn!-'otie)ns of & 1 ;producft-

neded for this calculation can ho obtaine-d fro;1 proruct analyses doscrihel

pr vi ou s1y*1

Coribinino -.qs. III and VI giv'; eq. Vli

[4--P-R'C0R"1 [OH +L(OY1(VII

Eq.VII relates rate of cormation of tc-riination prOdUct'. to rate (o) iitiation

and allows determination of k wic then can be used fnir doterrination of

the rate of itiation at any corc;enirotioi o' hydropero:;ides fro! (,,I. III.

Plots consistent wi Lh eq. YI I based on previ ously reported c, ,leriment~.

dta a nd va i.u u of k den r ve d f ron t hEs e plIo t,- a~ f v .i I. i 'r 1 10 Oh t'L.Ih K

da ta gives gjood straignt-line corrolation, howeave r, h plot of 1&b(-c IIII-*)
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deviates iror lineari icY at higher concentritons of hyd-peroxides.

The iihovo dovi-iti or fr-om li n,">,i ty su'ut h ~;rneof other o

pro)..ici nq t. C, tion O u). 'ir!,or Such c ;i Ci )ns 111 fac t, ti I-' s shoulId ;r ant-i c i

from-. the results of otlln- studi.-,',1 f~J cto-S .-,Iy 1ho j,"rouced fruo r -Itlt C f)

peroxy radicals on iiydrropcroxi des, rc1c-1~i, or fro!, ('irect rl ~ r or-

position cof hIydropcro.,J :.Ls to !xld~tonrii d :ter, rt.-,tion 12.

1)10,)( + R 'C H ( 0CfL)R -bR ~0H 4 R' COP" + ~0 H(

R'C11,CO)R t' - R' CD': -I 112() (12)

Based on results of ! 2rown n sI 1~ \C ,ro dn- toe-tahie n' ts

,e .o les ;;,rr? Fc~rr,'iec t i ncrL a t~o:- ce I 0 f :;C)

f u i a LIt0,1, 16,ion of e ?-mtyh~ '. n% a t UhC.

Another reaction which could lead to PIodUILCtion of kctories its direct r:

tion of oxygcn -.,ith elkoxy radicals, r.eacticer 13 .i2 It tiis rcaction

P+UOR 02 --- K'' + (j R

w as i mp c,-tint i n t h e f orP a t ionr o t k e t o t;.s, their riite of formcitirin :

approach first order -in oxygen czC-: C:ntrati or. In oLW StUdieS oil-xdc:r

aUtoxidatioi at redolled OXy;"I S on P~sre S , i t was o'-so-,.ed that th,- r'-'(, :o

ke tone forl.-ztion decreases with pairtial precssure of ox yioo only whor 1dlio-~w

is lower than ca. 6n kPa. At sich lowi presues, rA, r aihl ir cl
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also participate in ter;Jrnaticr;- r,<Ictions ated the rodced yielris of Lt~

should "be woticiwpatcd. -cod c i 1t hns h-cn conc1: Jc- that ti.0 r- acti c'

oxygen with alkoxy rc'fli c ,Is isc not.a -ipcI reacti,,; -in our sys/5 ':.

Due to the poss i iii ty of ov-2restimati n. yields (J R' COR" fjrcntenino!

reactions, the valuc.-s nf Pli(t)),T and 1,1 ubta-ired from eq. VII -'ast te cc>-

sidared to be the riaxi;vum value. poso ible.

Pa to cf in itiot. :vT1h:to eth I 1. In a p D Ii jat ion of tc-,e i nhibi tr

mcethiod it lha-' been af s!.;d that the rate (-,f irnitiatio) -in a stirred fl-i react;r

i s the sac> , as thzu ~in a Vat.Jh )-eactu as long osthe hydronorcxi ce cc-

centrations in toth r,!;ctf~rs are Ithe sara. Psed on this assumtic' , the val!1as

of kj deriv~d from tatch) reactor exper-Imcrts ri..st L rn al nclua c

of the rata of initi. ai!n in Vi c ,_-tirred V!reactce I T). T 1e v aIi:

samples of n-hcxadcc' cc;_ auto ;i%-;i od tc oh same h hyr c'i d e ca

centration in both bti! ro-d flea reactor aic: batch reactoar expori 'a-rts. 1h'.s

rnsults shc,i that tYpo- a nA di sIXri bnLi en of pl s yhv-( xo rcu cts fr

in both rea.,-bcr-s are very sirn.i icr,. This sw:-_ ts LW- initiation aroccssos

tfe over-all rate moo:t.snt for JVopiitcn ftese iroie k nc

such conditions shouldi ho ossenti-lly the s~~

The inhibitor 'thdfor dit'rint;c-F the oc of i ci ti'tic:! is isc

on maasurcra n ts of L hi ion c 02 r'a c aii 00l coswipe l i tn h c

reactor autcj)xidation. c r,'iant,,i ii~ ;c vi~ m

Upon thre a d d t c' of a r c f ic i c t an tiei c n 1:, i to on. oxi di -i-,
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substrata ti-e bimolecular termis-.tion reactins oF prxy radicals, reactI;:,,.

and 6, aro replaced by reactions of peroxy radicals with AH and its rc

interrpcdiAIcs, IINT, reaction 14,

n {2T(----- INACT I VE P - UCT S I,,n 020 + I tA~~fpr ,

where n is the stoichioretric factor of antioxidant N1 which is equal L o te

total nu.r of peroxy radicals consumed by a molecule of AH and correspondinqj

I NT. Due to the high rates cf these reactions tie steady-state concentratio,

of peroxy radicals is dramatically decreased and chain oxidation reactions are

strongly inhibited. This inhibition continues until the antioxid-nt and i0,s

reactive intermediates are coi,pletely co:s ed. If the rate of radical fcr-

lation d:ri rc inhibiticn. , is COnnlmt.t t,, . ;m -. ' 1,....

be used fei' determinatinn of Ri(inh) since nn'ir steauiy- 2tate condit,,s

Ri1(inh )  tinh  = n [Ahlco  f VTII;

and

n[AH3~ 0(1X)

i(inh) - nI

Determination of the rate of initiation fro, the rate of antioxid-nt consu:ti '

during inhibition requires kirwledqe of the inhibition mechanis s +or t e

antioxidants used.



I icv& u ti ".i C i n C10 Y S to di S the fol Ioviing L i oxi (JnL;

4 4 -2 1'iylc (2, G--d-i- t!-rt-hbuty:L1 0t3P and

The i r i tti o n - ii sm c I H a t 1-m te; p era t ires s ic .tjr a t e Iy

-~sribed cy hecin e- an 2 Shme I). In this seoucnlnc2, the rate?

controllinc, step for i-r! cconsoet fwi -Is recactiun P1 and tf-ero-fore n an e ,is

rate of ni ti~tion at the time of 11-11 addi tiG,, is proportional to tlhe instan-

tanemc;.s rate zof anio. cnu ~i(eq. )

flaso . on t- .chani s-, f fOr 1 I low tor 'c t-I I 1reS is S~a C"' ?.i

The- i nh-i ti on a.. t. I,, of *Y at 1 oI Y, CrS 1 n i n tV :yrescnce? o

hydrcop!erox*K :- is s'U to Lhat our Y: 2 r'cs t C'oroi

F11- r o~ilv: hi I nto r reict s w ith . e r Rlw' to 9i.' ia IKLV wi -

ucts. Thus, vn is arplic 10(a for de n1,,-Hti on P i (Ali) th2 r,! Q

6'c C Th, n -;n this case is also ton (2

The irh i hi tion . .i s of !"H'U at low V',-,Cra torus is more cermjcx than

tit f -)r 7) Ci' PA " i o the ptev score of t: phena lic fircups in rxchmlecu o

o hl(cca1.5 ')at c co n t r p~ s tcp.; f or BP H c o rs mt icn i ths C a s

a re r-o ct i c!,- P I a nd >3. Ba sed on'L h , nrt cor of r;henoui i c hydroyc as i n DPH ao'i

Q(CrPR)H,, kpi1inst bp co!u11 to 2kPyj if the reocti vi ties of all pf'onoli c hydro-

g ,ns are tese. It can 10c s ha rifrc;- jijjE:ti c anlssO tnn- for the



SCHE11E I
IN1IiI3EITION X "tCHANISM CF Vl/P-H AT LOW TE.. EATURES

OH 0.

r + >ROCH + Pi

CH3  3

0.

R02 + P2

CH3  CH3 OOR

INHIBITION 'l-TECHANISM OF bi-ii AT LOV! TEMPER~ATURES

R* O ,H 2  0.~O +>H

PGtl OHBP

R0 2* + C~H 2  -- {' H CH2 8P

OH OH

R0 2 ' + B12cl- P4

CH 0R

ROO Cd2
2

0. 9 1,,. -'~ **.



Ix i

if i ni tia~t in oc cuLrs vm y i E, i i, ic A ... '~ti n of hydroperoxi, des, ccm-

bini!IC. e-qs.. Y! r ~wTh q I'll 5iid c. X IV

- 1- nr.,uV IA

n

'ich can nen c- Kc.t2r 1i oat ic.; s e1  i Icc o n r tc In these:

C'W nif. s cd v is -e a ve rn CLcentn tl h' y f :'ropi,,raxid-s duringjt>

ei i ti on r i I. afnd (-Irt ' -1 s< Vi- I tCIC-11'' i ti~i timre (J anti oxi :

a, ddi t i on. ~n te d n t Cx ai rt S :I Crs e,; :s ri do 1) reaCt~ ".On s C ( L Cnc C s

-'1- '12 or [2.-:4,concent,, L ion (y Hiopr .ido -cAJ rot chanpo J,, -i og n:i

hi t i on ti j 17 aniid L'-0 0  s hould 0: oqoal to s iCe ince decom pos5itLiOil of c ne

r, e C)1 or y rrrl upc rL,n Jo p ro o s to.~ Y, -!-- 1 2:d w h ich r 2ic t w i ",,1

ant xi d a n z fa.: o i oo 1f airti r(c> n: ff 'ico 1 0 xi d i v! o p Croxc

r~ci als ~'o~o. ThIIS , tho r, ".1 ~i ot o ncan~ce in hydropcr-xi de CO-I~

zeontratioii c!'trln g i nbi hition.

ALA_ 
- A.. 

. 0 .



In order to obt 'n k1 fri-i Xr I. Xl- ,the c c cetr c Ctr)' of

attioxi dants , in, rmust Y-- known aiv the 'a c oFi- A-~~1J),) an

rust be deteri7ncd as a fuIctiCor: Of 'L-O2!I] . Fur that aLtOS &scrn ca

* of batch rea ctor expari as 1% 11n1 in ;Pi ;-hoxa,, dc ,iiD , as j neexi dix 'a"d

to desired levels of [-W~oU' and a L- ta t pniw it varyi n, i' ;a'nts of enanici:r

*were added. Sar.,plcs of the reactiDn rix-. 'or the-n -.1 thdravin aS a funic'-Ion

of time and analyzed for ['-C01lit cand ['];t, Typi cal rtesnits obtainred fron thcs-e

i n:ibi ted wAtox-fdaai a-n iX-), jion .cs .;n th Y"i are shuonn in Fri ure 2. Res o ts

obtained with PPH in tIiO, form con.3;,ztrr.t wihor. UI are in Fioure 3. V'alues of

tj oh, (-d[A2]/dt] o and c( tcre oti2dfrco; th ase plots (nraphi cal ly.

Stoi ch i~ .- tri c' (i. f Ar t.- ai ntts Tie n-val1 no,; for MPH, * Nl, and! P"

1"' ..., - 1'2 <i o uf.. . . .4

in m, aremn L '2' t h t he eCciani s!is dr;crilhod aro(Tahle J1 1 Tee

however, no i nforma ti Or: (,i n-va 1liies nor (,, r---chatiisms or inh ihici on for t!ac

a nti oxi da rts 1,t t;;e cL Ir.a 'L.ed tempcra- cures u. i ri thI s wcitlrk 160 ar: n~O) Jaed

on lini ted data avai IO> o in the literature. for teiwpuor::turcos Lip to 1,110 C,P -

it should >e( expectced that;t QOOR, QNqOP)H11, and "'I:CP)2 prcdots foriw, d duel nq Vic

iiilhibi ti e;i :" PH arnd E.P9 would 'ider our conoi Lions decormpose and contri b.itc

to formatin of free radicils. T~,is would then lead to in-values lca,.'er tLhacn

tho7af obtaimed at low tem-peratures.

In ordcr to estircite the n-values for NINI and BPH, the results o!htainedc( hv

the inhibition riethor' (em's. XII-X!V) emnlnw'inn Pprptod! interi r-yush

boen compared to those obtained frcx', the termination prodluct reho Fi'.:,Cs
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4-6) . This comilari scn s,;trics ts vr..e ceri c, i b iri cai j u bj n

BPHI thAan those drescribed by reactiris P1-P2 ari4I B:I-EP4.

If kj valuies (slopies in Figui!,s 4-6) oK:dfrom te terninw,'i -i product

muthod are tlic raximui valu.es (sucFov) ti::,-- n-vaiiis correspoK("n 'c o these

ki (slopes) -ust be the maxir,iitihc >Lic factors, nr~ x fo r I qnvcn

antioxidant. Fromi plots in Figures 4-6, nrpax lfur :',Pl at -~cis eqU9l to ca. 1.2

and for BPH at 190 0C to '2.0-2.6 (Ta!ble2 11). Sirilar co;,-arisnns for PAN.ha s c

on single data poi nts in i ures 4 and 5 give n,,Y for PA ' equial to ca. 2.7. This

value theoretically shcun d not ho r.eecter tiln 2.0 uni oss some of P.UJ i nhibi -

tion intermediates or prcdocts possess inhibitling acti'.'ty at elevated tern-

peratUres. If this is rot the case, then 'K1 I~ nc fi c ) the tern iution pro-

duct ipcthod is overestiru1 ted and slopres of tv iics for P"[! in Ii aee n ad 5

BPH corresnpu(i g to +~ ri nirmum 1, 1 c !c F or ) atre ,ec in i itwu~i

s toi c;'i onetri c factors, n. .Fro;:, pl uts in K .rs4 and ".-,in for ;''! at 1600OC

is e0Lual to 1.0 and for 2>at 1 0% t-o 2.0 ('u11). ' ui, the cu tuial valoc

of the stoich ,o-.ctric fuctor must: !c sorw fe hrs' 1-twcen -,and n.in i.e., for

MP11 at 160%C 'btween 1.0 and 1.2 2 o P 1  ~ 0  c~e .0 'n, 2.C.

In order to clarify irhbi ti on mcochani s,-s inod nosi ti vly 'e torm~i lim n-values

for hindered p'henols used in this Study 1-t elcvated tc-:Jera tur-: , %.., havo

el.cted to further invesItigate 11PV ic the rus xtensive! rrechanis :ic infor-

mation at low teniperatrs is availableo fee this anitioxidoant,. ReSUItS; Of tV1010

investigations with J.IPfl obtained to date are di s,'ussod in Part 1V of this

report.
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IPre; I i n ry re s u nt: nd viith P/2, scri bed am sug,;o t that ti''

i n;ibito mcchaiism of 2 is not ,ccd by Q-lva ted t'i~ue

and that the use of PPA2 -or clennao of K-n Ri~ is promisinn and aarrants

1furltiher investi-hations.

No "
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Kinetic edrecha i sti c i nfor ti on On i rY h~ti on cC utoxi di ,t on by MPH in

the teriperattnor. range of' 160 to 1PO,,)C -is no- avtni lable. Blased on Oxttcnsive 1c...

tepeatr ifot or jnreto~;a hn r-idicals,1  on the liii te:d litera-

tUre data on inhibition products at tuprre.120 to 1.floC, 2 -S and on the

results Of our present studies, the i nhibi tim oiechani.srs of r1.1Pi at elevated

t1e-P era tu r;s be repr-son ted Oy the seque nCe of reacti c~ns shovi'r in Scheme I.

From this ch:ait is obvious that the qtoichionetric factor for '1PH will

depend on the rrelative rates of reactions of P0% and on, the fate :nirelativ-2

rates of reactions of in'ormediato, spe cies ' 1dM9, QGOH, Q~,etc. In this studly

v.e investigate reactions of 11TH anid selected "Pli inter!mediates ,.nd products

du gthe inh-ited au>I-to !!!ID at irri) -n,1PD nd Lna.:t elur.!--

The roact~i rtcchnfique S, cn'Of the iln.2YtfCal prIOCedures and.ra terip is

used iii this stud'Ly were described pr Vi cusIl. 6 7,

Hyrojpercxide Preivraition. Hiexodecylhlydi o!-ero-xi des used in the proparatic.!,

of the corre,!ondinci QNWK w:ere syn~he!sized Oyalklt of hydrogc.tr! peCox1 c'.

w it.h hexadecln.ethanesuilfconat.es us Ing t hertc of d ,a\:zonek,:iura&.

Kallio.9 In order to p re Pa re, a 1--! h xa~ecyl hydi- o:;oroxi do nmi xt'ire,

hexadecane was autoxidizced uinder lou oxygen prcer.!re to erhance tho flormatior ol

1--8-hexadecyi 1hydroperoxi des, and a mnixture of thesc: hyd'rneroxi 'cs was tha:n
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scpara,, on siiic;t c) n I u on f ei t . t o cut> i Ii zd n -h- oc a re

p 11Cc c 2 .5 X ?~ c' s;iS ic C. 1on C a : d elIU to C, f yjj rj 1 o f I Qx a n~

iL net!s :;, ch lcri, r."n 1 . v,2'har, -h -- rcvCYa yiu~rx

were e 1t 9wit t9fist ' of " c f<- ch oI d c. T h i (I ;r o;) crv uY.

conce nt t 2was tho, n w-,2 foct te 1; rep fQ..~1-

Sy, n t!, e 7 QOO,'( cc;>cunmds Pbceincw t.-butyl and n-,2-,S-, and

1--8-hek;2cy1 were ptar' 'rithe rX.t nbeLr~ PH ant' hyiropcnox-; :is

The syrithesis of -5-eacvprx)-4ety-, -it-t -25-yioxa

dinoe 6iw(R33) ~ -), i-h dcscriw$ ais a r,' rta~. of the emr

procedure used i n syiLhe s zi ng t;12"C Co.-. l A s a: A of

5 - h xad- aY I hdropJr 16. ( 57 1 rrol ) 6] mg Cn re.1 dl ) S. 1

i n 6 rL of 'Imc2th an. Over a '. in. po .? rL cf 3 125 9 ~ l t'or ;f i

mixturo %.'; stir! K a n <~~ na . ti r~ J *,i

v, vi hchxane aiw~ a~ vif r ri t ri 1*. it

eva pora tion of tVo 1),-,:ne I rgav" J, _. de S i :Ac t I c~e ~

2-i s o--,.

11P IC A n a Iyses. ive ra t IPL C a ma 13, i cal1 p rocc ia: ;2wre oc x. c) rpe 0n ord

t o s e p -r 2 d i f f o r, I co rip on c; 5, 1, th! 1,-. a i on I-i x !.Isi-0AS I of 1hese naC 1V

tical prcccdurls in. oveV ~:reps K us i: P\adi al- iCS

cartrid ,<s (5 and 2.),a f2o.'; rato ol' I mri/mi n, itid [Wv' dett*Cc ion at 25 , 0

and 34+0 w,, depenolw; ii i- he Ci;youis 2 irqnaI'>. Sanplic nrjeccioon vol mne



wacs 5 ul Four d- i~'ront nc. , p hasen m' uscii .crat all in thc PP! C

separatiwer;;, w.hi ch h o;wben c. c:!te . '; t systi:-3. ~ithrcnuqh Sf,

The i lrs( L hr-,; thcsc 7 1 ''nt sv ; . ,:ere t:s'i, for the, anr:Wly is of -.1!

and its rc~t on pruW)!, ' and Z l( 'fic-i' ,n v fo tls coI.)oUds arc gi yen i n

Tatble 1. .Olvecnt sy1ti vi c :Hl (5:D:O iriitiniYj"

used as the Sole sol vcnt Syst". to~ Pnaly._, ,.Il of thle components. I-ost of tie

riajor coi-Ponenlts were, sciaratnd '-jua tily with this s:,'stem tut in the region of

QOM, MBA, and U2 the-: separation neddto I-r. irproveij. For this reason solven-it

systonr ' 2 O:i':Pl:K . :a loped t.,, differentJitf

the mc-re polar p r,_ n.t ts a nd cnnt i f y 11l of thc knocw.,n prodiiCts e xcep t

QOCf(R=C I3 Q Qu ::i t 1ation of2i and Q, which are nut separetc1 onm t4 chro-

coato~jrarn, are possih i !)%y a (!i,- UV detection at 1)otin 254 anci 21-10 nm since

6scrbarco at 254 tin toj that 4- 2W) nim i4 ' 9.)6~ for ~2;and 34"*33 for Q wvi c7h

(Illov!s calchulati on co ln tcncr; Vo of eahcr ~ ase.d ron the *'~~

peal, arueas at th c ; t- , 1, c) Y, .v!2 t1s v: 't SY! tmV SQ, C1!. :12:

10.: 301:6[1) , v'aCs used 'or QOO!1 a nr>3 ee 1 'Si s

A fx:).t;i solventr systcm, S) , H20:Ci?i' 2 :CH 3 C*" (51935), llars aPi ed f'

IIPC aalsis of PAN ardJ its nem 0 reaction produlCt USinqC a du ,a, UV detection &t

226 arid 3103 ni. Eno vclu..c: Unker there condi tiers w,.ere 4.1 i:IL for PAN and

4.5 teL foi- its mrajor pro-duct.

HPLC SVnars Samples of ()E, W-1, QC Oh, 00H, 31), CPU LIsed in this StudY

viciro syntiirsized in o!nr labora-ary. Q~E kucs synthesiacLi by UP(Q oxi dation of".ll
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Tabl 1

VE~rL

Con£. ,,. _D r~s i ti, . . ._S _ _ S -S

i, o wm 3.4 3.2

Q01CH 3.6

0--\/ 3.74 3.66

HIM3.74 3 .5 8

Unknown U? 3.88 3.45

S..}.' &.'., 4 .o 4.25

U, krjon UF 4.3 4.6 3

Unknowjn U4 4.4 4.8 3.,'

1O - [PH 4 r, 5.0 3.9

0 )=0 0 4 .5 5.0

0-p 0.2 Q. 5.0 5.45

O P(R= tet ,, I 5 .9 7.4

0 =  
O R R t b t, 7.2 4 .6 .,

_ _ _ _ ~ ~ ~ 6 3 _ _ _ _ _ _ _

S1  H2 0:C(13 OA :C:," .?A ,55: :30 C-)

• $3 = CH3CiI:Cl' 2C1 :Crv:(0:30:6O)

[.



a CcC o "t I 1 1 t I et': ~ 2leor t A:K i ac, qe eqi'r amoun -s of

a n~ d ~n :o*4 Lic. o .~ -- Ills t s i zed ~''o:J dat on Cf 2PH un,',r

'. COC 0 it. 9:1d~~'U[ dO iJ i ti U1 t; I j~~ 'ur tri pher- I

ph Ai no. Ci3:'t y It io s J 1, c- ca l1y i thIie sol i I s ta te f

R E SULT S A U1 D 1) 1C c'S S 1011

!%~~''tn r" ft Cc p 1 ex-*ty of F i + iton rea ctio n5 of

re s L ti ng in t ,o riu 1t tW o f p i -. c ts 1)ro cn~ F. ,t ve ry I cw conce ntrnt i on s m C s

don2t1 -i fi c L i C'", itnd & K. r - i-, c, F. rcoro;' .lorcw' o d '& in r the nhII, i;)i ti Oil p ro-

ce2ss very di fficult. i tVi s orh 1, an ctt;'this 0 made! to solve this

problom by co)l i cati on of ':PLC r.- L'ies for c!i I-ect al/is of products obtci ncod

frrthe inhi!h o' o:riH on o f I, d ai tK) Soic "n aen~ r

I P U To:ted : ' 1 r", ro x1:: a'I crY product -

in a n dtw!i rU i i t i -L 2 s o~ i 0 o i t i 0:1 1 at.: U 'L or, a v c s ck,

p ,~ oxi do I vcl I at 1.U~ are n i I i (IL n 0 -6. T!-, Irod! )'1tS 'ic'o

I'zo y n'i' QC C U 0 C Q C Ii QO%, H; C ,CP0 U1,IK (L12 zi~isorbs str~;

at "'4 n- -)- i Jc THSA al 8; ' in), -,td 1A +- tU' N 3 absor..-s stron ger at 2 5,1 n;I vh i l

U 4 at 280 m-,), w'here IJIi-1U' arc tisidentlfi 2Cl.Ol0L

F orm it en of fQO a \s p rev i -u e ~S ta!. I hed i n 10' c to nper ur aIwCS w d i Cs

i h i te d auo x i d at i on o f te t r n ae -i d f Ot r:O t i o n 1,11,.4 was 'A: Lc'cted drii -1-.

inhihited oxi(! tion of a lubricating oil. Q UOOH w&,, lotnd to be a prodtictk of

plhxtooxi dative trinsfni im-etion of ?P,1 0 F p' 110 phtcc :)1Cal tirans1 f cnnati On, o
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Figure 1 MPH decay during inhibited ciutoxidaLion of preoxidizL6 i I,
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Figure 2). Formation of QOOR during IAPH inhibited autoxidat-lon of nreoxidizL'd
HiD at 1601)r.
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~Figure 5. Formation of U2 + HBA + CPO during M.PH inhibited auto.,ioation

of preoxidized HD at 1600C.
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GOOh 1 P of -~I dec. 'jo i t i on -t.or- c r sn j i k,3d ar I :c

QOUR( u trt-bu tyl I and ("C,; thcr< tdofrr i , of(h

to ,5,' ' -~'1n-ertKi~~si 1'i'~~ n ua 21,, has f o detecti-f Lirdor

our redot ion con..i t s SO hcbeer, I0 as a v..j-r prodo. -1r ::PH iY a

auto>:i ' ti on of a tU .cfo~erii-_r cil at IPC 7 and 4, ;'oactiron of :T4 -v.i th tcrt-

butoxy m- di eals at i22rc.1 rinc sourc : (4 S0 has 1Le, ; roportol t o hsed rz-

ti on of" T'119 w:hj; o !, 1 y c)c cuiir I-, at t co c: t1' at i In tlho a;:O\

studies, 17,18 iitial :!.PH corcfintruti c:W n subscrw,,c utly Q, '7Cftt wrtL ,O

at leas' one to t,.:o orders of rci nni tud_ h rier a;-id to Ioc <ct cn of lyrC-

p ro'cs , w ic t p ar t ic ip e i n af tc rn at iv ( rocct io ns Q~ Qi, wr ro:Ch

lower thon", tho0se if, this study.

PitsinF n:<7,''b ')(nt!z OFV cot H~~E9 and, -4i

is a :,a jor i nterr01dI ate which Lndergcras furticr fa:; t- deco:- o~ ti on'ro aLirrs

Due to th_,e reacti r. s the reanLive yieldCs of OCOh V of ",PH cwiv~rted)

with tir cc (Tabl? ?). The natiira' Of QOG''- (hcilp. :a )ct nnai os

since ta lyields o;" all oBha r i dent. fi cd conpona'nt. s ?o i og thos t

could or iinate frc.. QOOR dccomposition (0,CPPj, HihA. Q0' a_*_ low and do not

account for the di fferenco ho(t.aceen L[ ]0 [PHt) and [QOORI-1 !mci nly at hi, 'br

"*Pil convorsions (T- Yio 2). Ti ese restits sugyas t tla L soio of al te wao pr*

dUCts wo-re not ansi rcdi or 'eciovered or t*hatL the',' ov, intclujdpd in uni dfarti tied

componients. It is difficult to assess .'hich of tic in !de n tii 1 2U Co frp o n tLS n-

gi nate from decomposi ti on of 00011 and whilch are for,.id via al t,.rnati ye rea-ctions

of PO's, reactiotis P6 and P7. Tt soerc-. however, coat hl~ + ul4 frqn o rom
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Il s ip ,,!c rt: of~r: . , tC ~r %',i~L

ai lr i)n Is c), m Ij Wit *WP 'IL, . + CPD C.r c c <n t U i

Fro, £I1 pro zvi on onily y i c s of ( uccreFczni'it i Inc I, '

-00210 k SaT! sA) ( . i inci ca: that r,- cti :,- PIS

I- .,r e i mpc uant at I prh~ d 2'mrt p ~nthe co;:centrao -. i

p -2r oxy radi I , dcc s In <'J on, I - oxhibi incrkca o" r:a t ? nf dewc :t

hi rhost !F-O(Vi,1 0 ev:'n though c'lncentr-ti cms are lcctin -LK s case. T 1 s

~ st~t:~ ~;~ L ciiUby !.,a&, -:ions w Hdrp:cx or .- a >

r adi Cal s.

Foruti~iof .'Ivhich \u.O e inclic,- ivc of r-,ction P-,, ' na:ct j-osi.i-

vely iaavfed si umler inollyt-l'al d i. 22 ~rlie~l'

t as tcr t7.a r QOUR c, rK,11H co;:.. n tra ti c);) v4; i t *~a rasi

e;.2 ten of Pccio 7 ., \a y .

rI*Pi Tnohhited! tidai C F PU'~.t lih icxci::i~i

ccrriec! citt .,t ISC0C% "'( -ic3 t!;:i Suir +:Iis Q fi~t

tir Q!' iS fc)rme I n n --r a s 0.1 ( ''led ~s n.) 0! ; 1 t about I 1cC cc I -

an tatdl.:"no The ' ccavi half it uneco L-0rhr cos* TA 0

roacti onls p'al \c . dc c;O~4 in t'L ri e s., j: Cc fr.,

i tic roased ra!t. cs a s i di ted" i rc~s, ia ta o u : 'cc3y . OC in UK:

exor m Vat ] 80*C, c U ct:Only il tACe ct I Om odc c

as SOitl d!) I t. is Vi") i(1r>:tier) or li.5 + U4~ III call Ucc cc0 0tzd c
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d~crrit iflof QoOid 'si !I itc CG ie: Vi i nr Ic. ~ of e,! - j -

perxi es :i umpir~ J ~fle~di Lceui' c at the ceri o;' inhi!,-

tie' ti .~ I! PC:- :ro COisul

P.~~~~ct~'ir;~ n !p ?' S.K:L ac' ut o f r*> tivc i r.;) cr 0 of

virics o rltls rci&Ss i~~ eAc ea~rof' QM', ande

QV0J under txidi niti - For 2.-1 po rp)OS , these co<~ swore

a cI into etiidz 1.at, 1'_Y, ; or..;> o f S' UU W-1 in ICeSe C C 0

diteswas o 'i otf fro-, -)rwl ::, .9i 'in udr Ar. Telist of

r- 4.? i,,wn ts cu rr -1c o uc ~ thesec,' 17,~:l i Tabi, 3.

Pectier.- f( zi 2 7. Th~e pcoydiir>, QIF, hos Ke shov,- t orc'o

c-,, tro trc-c2 Thujs, i ii our e; in is, 1,,s heon asc s i 'c;

lihoriC w:ns added -in pure '7 00 r r (7'e3, 1:57) i t c'

ftjO:, of aT nd Q'I i , a:';~h c c -,y of t~oprodw-i.. ~ t~

(4iu'ine CU'~ were oLIe'.- UrI Z. to xi 1V:ccio inl tY: ':ic

Fit tiie sane ra~te ?s 'if it haI becn :1,i y~cOVn I I-,, n:,, dcca\ ?'As to h

ar. c''er all reSult Of fcst 'l nVroi !i ~ .hdr~ n s anc ; nlw

fome,, tion frciN'n W deri %--d PU'-'. 0' 11 nd iI I LIC IL,41 ~i 1, , %;.: 11 ~ S

c.!,.S tw 2d. al.'so all I2 s convey !. A 0-e 01!dcI C this I .cvri

dillwars t0 bc_ uni delli L.,ti ("i G 03 (;e:oin I n r. U; + tu t ''-



[ ]1

Table 3IATOXID;,T, r. A.: L.EC~i 1' ?".osIiO

I . L

Comp'ound Added, 4 -
10 JI /M' IC [-Ti

A in00 it .

QE 156 22.21 .L424

QE 157 8.52 0 Undf.r Ar

Q 153 39.14 -.424

QOOH 163 38.87 '. 30

Q00:1 164 36.50 0 Under /r

QOOU 165 43. 09 ,3'O

QoU.R- 30. u

QOO.R t.-buityl ) 160 32.6 0 U' !.r

QO0ik( =t-butyi ) 161 26.8 ' 30

CPO 158 9.05 0 Unde, r

[
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con,!h ions .S ch i st urstftut or n r' f u r 1.further re act io n s This 111-tAuct

also fouind to hc untinethlc l urinrgc. e sn!' .ra t-on en -cI i ca g(2 1. Furthier

1 nve ti qation,, are, neodcrl Lo ident-ify 3

Frori plots in Figur,- 9, rorratirr- of Q aprpo.-rs to be ;r a resu"L Of decomt-

posi tion of QOCJF ( fari~ad I ro;,i 'IP!f l driv.cd PO')) then a pralnOict of rcac ti 'os of U3

+ U1, or QMI since it continucs to be formed when all Q;' is consumed arnd stops

bei ng forned ;~> 3 + ',!! is stil I rsent. Tiiis is misleading, howeve r,

because (13, wlhich is a major comnpontent. in UJ3 + U4r in e-arly stages of teexperi-

me nt, is a lrsscr computiont at thc? ti::, Wien -,or'r-ation of Q diminrisilos. I n

addition, Q also uni-'rqocs further react-ions ais xlibi ted by retarded antoxida-

tico observcd alftcn inhibI tion timc (Fi cure NJ, ,Iich could I)e a tt r i 1,,) 0d to Q

(Sce o') in riich co 5 Q still r'auld h'' Fnre 'i'0 n itscc:c<~~e)

v i i U1 This iS Z-1O SLFI''A2Gd by an oh, survatioui thIat abcu-i ~e Ime ss of Q

*is forrvad dur inn inhbi tiono with ! H- v.,here av anets of Q~r producoc! a-r corn-

*parob lc to thoso in the QE added Oxpc-ritr~nt bu~t very little Q~i and U3 + L14 are

f or r e ~.

Th2 group ol prcd'dct. U2 + Pfilr + ('PD (in this expeari 'u' nt ('P1 is a Minor

Co p'a:~ntwhich co-uld not be separated from Uit -;- ;J)A) and UI seemn to 'b, final

prc !cts of Q,-- conversions. In reulli ~y, howev~r, in early stases o-f reaction

I{[IA is a major component which later deczays ~ii -ie total yields of IJZ + UV~l. +

CF)r(:rn '. th iart due to i ;creascd~ f cruati on of IJZ

P)CSpit-'- IIOCi higher cencentrati ott;~r of Q:* in the experia:vntsc v'tii CE than
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wt :1PH, no F0has ht':n c-toctcd ;,ier the cciditions sugqesti n,3 that dinrri

zation of Qil is slooe- than oth'r r>cii;

1Reacti :.,, fQ The rotarcin-j ailify of Q rienticned above was confi1r,.,2"
I a separata autoxi n' ,ion expcrii.,irt .. ith Q af'11,d (Fitiur- 10). This behavioar

contrasts w Ith that of Q in eUtoxi di z i~i 4 trjliri zit 120%C where i t wias

repor'ted th..t Q does riot afect oxylon ab sorption. 4

Reactic,_.s_ o'- 001. In tile ,a::_ study as A&oe, C QkCOi was reportcd to ha-i2

retarding activity which wos attributed to FHone of the two QOCH thcrr;ai

decoriposition products (i!Pli and QO01).

In out, exp eriments (Table 3, runs 163-] ) , the fast decomposition of QYC2

j7 cure 11) c.n~forw-voi o f '1P11Viar 12) .ZI usa1 os x, hraevc ,r, only nr

* det-c ted. instLead, Fritonof. subs tant & 1 a; ciunrts oF, ON (F i cur; 13) ~cr

observeCd. th).oo-pOsiti or ()' Q00H iusQccelcritLu!l --n;d fcr!-iti on of 2Pand Q11 \O:s

signifi cantly affecte.,' I," tlie prc'sc-nc:' of e;c~ !'i'drqP.--oxi des. In tK -,, IY.

of hydroperoxi d.s (or at their 1 ci :mncen4tr,,,Jcns)I, 11Pfi was formed in thlearun

- corresp onding ',( half of 00011 decJtse,~ i ic *C the p r-e nce of ex)(ce2ss h)-C'ro--

-. peroxi des in tUhe an corresi-odi rq to oili, ocie six1-.! of that (1basod on tiK'

inhibition period co, erponc,,in- to a conpletc docay of 2r11). A very si:-iJ~r

-trend was exhilbited by Q2whi ch, hoe, as in exoc ri -i-nts with OE, undec: n1

jfurther reactions, the exte-nt o.- whichi was a~lai n depende2nt on thle presence of

Ihydroperoxides, Yields of QM vie,-( hiqhest When Q001 V;,nS dOceinposcei Under Ar ilrd

Inegligible when excess hydroperoxi des wicrc tpresent. h.orrcespondi n~ly. hir;-,stL
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* + CPP ovc! U1Fic-: 14- ,ro~ ulbsorvr.- ujo a tn of OUOH 41't~

0' exc,.ss hydiroperuxi dcs. Th i s suc -Ses ts -Ihot tnels*: prociuc ts do10 t

f from Q,' hotI f rom i Cth,; r i n tc ract i C, ns s1 Sp i i c f or thi . cor i;It" _i ns hc s

i n tr!rac t ions co ul1d i r c 1ii de f as t 'e co-i!po s i t i on of wL Iwhi c is, for that rcan ,,

w ~ as dotoctod only in trace am-uonts. Be hic? ~ s i of rQOCP wrct11-Ic, ise z;-

port i ncrea-,sod f orma ti on of CP1L and QOH ( Fi (re 15) 1 E r~ these ccn(di ti ons.

Eased onl results o!)Itained, it is lieythat QOS).; Cevposec.; ;thfrv.i

Iof P0. anid Uhl hen oxygen, h\'dro::ceroxi d'n;, and >'are abso ft ;,P, undlo tr

di sproporti ociati on rctios1ni to 02* and Ph , rcnction P6. i.1l in a

prt-snc fhdcricou les tinde r autcx4 c. + in Cn".*~ n

of reacti ot 32 reacti or; P6 is5 si:jHros sod bird So is t!ha Ff-rdtcn o'f Pn:A2

Rlea Ct '-S cf PC)2. rt> ). te II Ls o ti -,d ':ith ;S7i) s'i)

tooat thils co:-&-eond u nlcr,3os fas t ":_'Jc o ition (Fw~a ( hicl is 2L't

t!i t of QOCY ut it dloes not rcdLCoc any api< roci able acnntts of r, an "I ,s i'

di.I inl the c se of Q2~ Inr h ahsence of hydrsoe :,i !oes th c ienv-siic

leads to foni:> tion of QP, and an u:nknrovn co rp o re nt, U 5. These t,(, il ts co.AlIb

e .;) Ia i ned0 by tbie prc s c ii:e of tie ;cdoa of (:;,conposi ton: one 1c. Ir to >-

tU 2 s and2 the other to QOO ,id t"WO2. Abstraction of hydroge! foe i).'

t',Al)-e an,! t,3u00 prosicecs 'Ro whi at rea cts i-1h Poo to f orc QP.Ranie :c

w i t! I TO, leads to or i i na QOufR tn ) ra,. (I c omb i )7 ti on of IVo~ bP

ct' : ( tB u ). Ti[us, co!y one rmt 15 1) v ha h 1y is Q0!( tBI). THtiS ASSi~ii !.t Se-e:'S t', I)
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OF HYDROPEROXIDIC PRODUCTS FORMIED IN THE AUTOXIDATION

OF n-HfXAULCAUe A[ ELEVA'(EU T'.PERATURES
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Introduction

Primary reaction products for::,wd in the autoxidation of n-alkanes at ele-

vated temperatures (12:')-1 0 C) include i) series of isomeric hydroperoxides,

hydroperoxyketones, and dihydroperoxides, which are major products and origi-

nate from inter- and intramolecular hydrogen 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 instah' 4 ty 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).

-digh pe rfo,,-. li,.,,'id I cror.,aL: phy (HPLC) cdn be used or di rec analy-

sis of thermally unstable products without sample pretreatment. Recently, 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, hydroperoxyhexadecanones, and hexadecanedihydroperoxides

derived from the autoxidation of n-hexadecane at 120-1800 C using normal and

reverse-phase HPLC with UV detection at 254 nm.
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Experimental

Reagents and Standards

All 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-VlS 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-PAK C18 or Si cartridges (E and

10g, 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 cnnsisting

of methanol and hexane (0.3:99.7), Procedure 1; 2) isocratic reverse-phase 4PLC

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 a 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 LL

depending on the concentration of oxidation products.

.............................
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The procedure for fractionation of autoxidized n-hexadecane involved

placing 5 riL of autoxidized n-hrxadecane or 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, hexadecanedi hydroperoxi des as corresponding diols,

and hydroperoxyhexadecanones as dehydration products of the corresponding

hydroxyhexadecanones.

Triphenylphosphine reductions and measurement of total hydroperoxide con-

centrations ([-OOH]) were carried out by procedures described previously (1).

......... . .
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Results and Discussion

Preliminary 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 vnlumes

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 OL 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) carn be separated and the former can be quantitatively deter-

mined. The hydroperoxyhexadecanones and hexadecanedihydroperoxideS, 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 assignments of peaks for 1-, 2-, and )-hexadecyl hydroperoxi d-, and

2-alkanones in Figures I and 2 are hased on the retention volumes of standards.

Confirmation of the peak assignments for 1-, 2-, and 5-hexadecylhydroperoxides

was made by mixing each standard with an oxidized n-hexadecane 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 1).

Calibration for quantitative determination of isonm ric, h^xa..cy..yo-

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 comparative calibration for determination of

total hexadecyIhydroperoxides are shown in Figure 3 where the sum of hydro-

peroxide peak areas divided by injection volume, AHPLC, 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 dvailable. In order to identify the

peaks corresponding to these compounds a series of samples containing different

1
A-

[
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TABLE 1. Isomer Distribution of Hexadecyihydroperoxides by GC and HPLC.

ISOMER % of RON by GC 3% of ROOH by HPLC

1- 4.4 4.1

2- 19.7 18.5

3- 17.0

4- 75.9 12.9 77.5

5--B- 47.6
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Figure 3 Calibration plot for isomneric hexadecylhydroperoxidc-s (ROOH): rela-

tive integrated HPLC (Procedure 2) peak area per uL of sample volume,

AHPLC. versus CROOHJGC determined by GC.
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Figure 4 HPLC separation of chromatographic fractions 7 and 8 using Procedure

M(ONH hexadecylhydroperoxides; 1100R=O hydropeoxyhexadecanones;

R(OOH) 2 -hexadecanedihydroperoxides).
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Figure 5 IHPLC separation of chromatographic fractions 7 and 8 using Procedure 3

(HOOR-0 - hydroreroxyhexadecanones; R(0OH)2 -

hexadecanedihydroperoxides).
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relative amounts of iso wri c hydron;,ryhex,'Th, nones and hexadeca,*-ihydro-

peroxides were prepared hy fractiration of autoxidized n-hexalecai:- using a

silica SEP-PAK cartridge. These samples were analyzed by HPLC Proced,,':re 3 and

after Lriphenylphosphine reduction also by GC. Peak positions for the groups of

a, y- and a, 6-suhstituted hydroperoxyhexadecanones and hexadecanelinydrpeoroxi-

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 R) are sho,.In

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 hexadecyIhydroperoxides and Procedures 2 and 3 allow semi-

quantiative estimation of isomeric hydroperoxyhexadecanones and hexadecanedi-

hydroperoxides. Although Procedure 2 does not provide separations equal toI.
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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I NTRODUCT I ONJ

In our earlier studies of effects of oxidation products on wear 1 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 1 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 nonoesters are not formed and major oxidation

products include 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 -.ef monohydroperuxidet, and contdin smaller amounts of difuictional and

acid products than at high oxygen pressures.

Since autoxidation of PETH and n-hexadecane model lubricants produces such

widely differing product distributions, an investigation of the effects of

autoxidation on wear in a system lubricated with n-hexadecane should provide

additional insight into the relationships between lubricant degradation and

wear.

EXPERIMENTAL

Wear Measurements. Wear experients were carried out under a dry air

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

ducted at 1000C and 10 Hz (600 rpm) to allow a more direct comparison with the

1.

Iii
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earlier PETIH results.1 However, large irregular 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 load (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

loads 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

teqt samples interfered ,ith iodometric dctcmination 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 10- 4 M, 2.1 x 10- 4 M and 42 x 10- 4 Ii.

These plots were checked by adding ferric octanoate 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 iron 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 CHC1 3 was prepared. A

solution of 0.2 g 1,10-phenanthroline in 50 ml of the solvent was made. A

solution of I 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.

After allowing at least 30 minutes for full color development, the solution was

placed in a I cm quartz cell and the absorbance naximum at 5200 A was determined

against a blank. The absorbance dL 6500 A was taken as zero. The color

remained stable for several hours. Concentrations were determined by comparing

the absorbance versus concentration obtained with a set of ferric octanoate

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 2 (Table

1). Samples SFR-232, 240 and 268 were prepared at 115 kPa oxygen pressure and contain

ca. 30-45 x 10-4 M acid products, [-COOH], and ca. 240-276 x 10-4 M of total

hydroperoxides, [-OOH]R, of which ca. 125-150 x 10-4 M are monohydroperoxides,

Ii
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Table 1. -Analyses of n-Hexadecane Samples Autoxidized
in the Stirred Flow Reactor at 1800C

Oxidation Products*
SFR Conditions 2LR((0Ii)2]

P02  t -OO1IR [HOOH] [ROOH] + £HOOR=01 [-COOH]

Sample # (kPa) (s) M~ 10o4 __________

SFR-232 115 114 r237 13.5 125J 112 3

SFR-240 115 116 25- 50115 4

SFR-268 115 116 12II- F ol140

SFR-233 9.5 197 235.6 178 65 17

SFR-234 9.6 154 164 4.4 EllJ 49 10

SFR-235 9.4 304 454 9.9 373 81 30

SFR-239 9.5 304 430 - 350 80r3-

*Concentrations given at room temperature



171

[ROO11], and the rest are dihydroperoxides and hydroperoxy ketones, i.e.,

2[R(OOH)2] + [HOOR=O]. 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 CU2 CI2 . The sample was

characterized by HPLC3 and found to consist essentially of monohydroperoxides.

Ic-pt.tnoic acid was obtained CO::i;;M idily a reagent 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

n-hexadecane. 4  Additional experiments were conducted shortly thereafter 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 load in the

edrlier 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 linear 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.

Wear 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.5 Wear on the rotating ball may be greater or less than wear

on the three stationary balls, depending in part on lubricant chemical com-

position. 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

I

-. - * *. -
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an ini ti.i break-in p(eriod - 4 h) the .ea, pate for t-e rotatinc" ball decre ased

to nearly zero and re-mn.ined at that value even at 16 h.

This asymmetric wear feature was reversed for sai ,es autoxidized under 115

kPa 02 (SF2.-240 and 262). At 3 kg load ti;e wiear rate for the stationary balls

was much lower than that for the rotatinq ),all (Fig. 5). At ' kg load, si:milar

behavior was observed after an initial per i od (- 4 h) of symmetric wear.

Wear with Modcl Oxidation Products. :odel experiments were initiatcd to

shed light on the results obtained with t1e autoxidized materials. Snnce only

preliminary results are availaable at present no firm conclusion;s can be drawn.

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

eh* ",dreroorcxi Jar ddad tO n-h ... .. " ........ or...- o""-" -i Lu

the total hydiropernixide concentraticns of the autoxi dized s.les had little

effect on wear for either the stationary or the rotating balls Under the test

conditions employed.

In contrast, hpt.noic acid had a substantial impact on wear. In pure n-

hexadecane (Fig. 8), an acid concentration of S x 10- 4 M decreased stationary

ball wear by a factor of 6. Ilear remained at the sar.e level up to an acid con-

centration of 56 x i)-4 iM. The rotating bail was little affected. In a AO x

10- 4 14 monohydroperoxide solutior; (Fig. 9), 12 x 10- 4 ', acid reduced staticnary

ball wear by one half. 1!ear rei-liried at tlc same levC up to 5,6 X !0-4 i. acid.

Rotating ball wear viont through a minimum as tie acid concentration was increased.

At the highest level tested, rotating ball \,,ear had increased by ca. 30'.
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Chemical Changes DuringWear

Change in Hydroperoxi de Titer. SFR-239, SFR-240 and a

monohydroperoxide/n-hexadecane admixture all showed significant decreases in

hydroperoxide titer after the test (Fig. 10). Model system results suggest that

a decrease in 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 more

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(OOH)2] + [1HOOR=0]) - A[-OOH]R - A[ROOH], was proportionately larger

t1,h, taIe loss of hydroperoxi de titer frum motiofunctional hydroperoxides,

A[ROOH], for SFR-232. The results for SFR-233 and 235 show the opposite and for

SFR-234 the losses are about equal. These differences seem to be reflected in

the wear test results. 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 system

results suggest that this would reduce stationary ball wear.

.U

III _ _______ I I I



184

% 300

0

200

0 0
0

0 SFR -239 I
100 A MONOHYDROPEROXIDES IN

n- HEXADECANE j
0 SFR-240

11111I

I 2 3 4 5 6 1
TEST TIME, h iI

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). Test conditions:
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

iidicd Lc that the effect of monofunctional hydroperoxicies is less pronounced,.

The effects of autoxidation on wear in systems lubricated with n-hexadecane 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.

[
U



188

REFERENCES

(1) P. A. Willervmet, L. R. Mahoney and S. K. Kandah, ASLE Trans. 2' , 4, pp.
441-448 (1981).

(2) R. K. Jensen, S. Korcek, L. R. Miahoney and 11I. Zinbo, J. Am. Chem. Soc. 101.
pp 7574-7584 (1979).

(3) R. K. Jensen, II. Zinbo and S. Korcek, J. Chromat. Sci 21, 394 (1983).

(4) S. Korcek, L. R. Mahoney, R. K. Jensen, M. Zinbo, P. A. Willermet and S. K.
Kandah, Annual Report to the Air Force Office of Scientific Research,
Directorate of Chemical and Atm~ospheric Sciences for May 1, 1981 - April
30, 1982, under contract F49620-80-C-0061.

(5) P. A. Willermet and S. K. Kandah, ASLE Trans. 26, 2, pp 173-178 (1983).

(6) R. K. Jensen, S. Korcek, L. R. Mahoney and ri. Zinbo, 0. Am. Chem. Soc. 103,
pp 1742-1749 (1981).



CUMULATIVE LIST OF PUBLICATIOJS AjD PRESEIJTATIONS

PUBL ICATIOIS

(1) L. R. Mahoney, S. Korcek, J. I.I. Norbeck, and R. K. Jensen, "Effects of
Structure on the Ther;.oxidativo Stability -of Synthetic Ester Lubricants:
Theory and Predictive Method Development," Preprints, Div. Petrol. Chem.,
ACS, 27, lo. 2, 350 (1982).

(2) P. A. Willermet and S. K. Kandah, "Wear Asymmetry - A Comparison of the
Wear Volumes of the Rotating and Stationary Balls in the Four-Ball
Machine," ASLE Transactions, 26, 2, 173 (1983).

(3) R. K. Jense.n, M. Zinbo, and S. Korcek, "11PLC Determination of Hydroperoxi-
dic Products Formed in the Autoxidation of n-Hexadecane at Elevated
Temperatures," J. Chromat. Sci. 21, 394 (1983). -

(4) S. Korcek, R. K. Jensen, L. R. Mahoney, and M. Zinbo, "Oxidation and
Inhibition of Pentaerythritol Esters," Proc. 4th Int. Collorqium on
Synthetic Lubricants and Operational Fluids TF_-s"ilng,
1. Germany-,J. 194..

(5) R. K. Jensen, S. Korcek, L. R. Mahoney, and H1. Zinbo, "Effects of Oxygen
Pressure on Liquid Phase Autoxida Lin of r:-Hexadecane at 160 to 190"C,"
manuscript iM preparaLion fur publication in J. Am. Che. Soc.

(6) R. K. Jensen, S. Korcek, L. R. Mahoney, and M. Zinbo, "Fornatioti, Iso-
merization, and Cyclization Reactions of 'iydroperoxyalkyl Radicals in
n-Hexadecane Autoxidation at 160 to 190 0 C," manuscript in preparation for
"ublication in J. Am. Chem. Soc.

(7) R. K. Jensen, S. Korcek, L. R. Ilahoney, and I. Zinbo, "Liquid Phase
Autoxidation of Organic Compounds at Elevated Temperatures. 3. Rate of
Radical Formation in n-Hexadecane Autoxidation at 120 to 180 0C," manuscript
in preparation for put-lication in J. Am. Chem. Soc.

(8) R. K. Jensen, S. Korcek, L. R. Mahoney, and I.I. Zinbo, "Inhibition of the
Autoxidation of r,-Hexadecane by 2,6-di -tert-butyl-4-methyl phenol at Elevated
Temperatures," i'anuscript in preparation For publication in Oxid. Commun.

(9) R. K. Jensen, S. Korcek, L. R. Mahoney, and M.. Zinbo, "Reactions of
Alkylperoxycyclohexadienones during Autoxidation Inhibited by Hindered
Phenols at Elevated Temperatures," manuscript in preparation for publica-
tion in Int. J. Chem. Kinet.

(10) P. A. W1illermet, S. Kandah, and R. K. Jensen, "The Effects of Autoxidation
on Wear in a System Lubricated with n-Hexadecanc," manuscript in prepara-
tion for publication in ASLE rransactThns.Iii

Iii



190

PRESENTATI ONS

(1) L. R. NIahoney, S. Korcek, R. K. Jensen, I. Zinbo, and E. J. Hamilton Jr.,
"Liquid Phase Autoxidation of Organic Compounds at Elevated Terperatures,"
Symposium on the Oxidation of Organic M1aterials, Northeast Region ACS
Meeting, Potsdam, New York, June 30-July 3, 1980 (supported in part).

(2) S. Korcek, L. R. Mahoney, R. K. Jensen, and M. Zinbo, "Liquid Phase
Autoxidation at Elevated Temperatures," Symposium on Radicals in Solution,
National Research Council of Canada, Ottawa, July 23-24, 1980 (supported in
part).

(3) P. A. Willermet, L. R. Mahoney, and S. K. Kandah, "Lubricant Degradation
and Wear IV. The Effect of Oxidation on Wear Behavior of Pentaerythrityl
Tetrahieptanoate," ASiE/ASLE Lubrication Conference, San Francisco, CA,
August 18-21, 1980.

(4) S. Korcek, "Autoxidation of n-Alkanes at Elevated Temperatures," Organic
Chemistry Seminar, Department of Chemistry, State University of New York at
Stony Brook, April 30, 1981 (supported in part).

(5) S. Korcek, L. R. Mlahoney, R. K. Jensen, and M. Zinbo, "Autoxidation of
n-Alkanes - Isomerization and Cyclization Reactions of HydroperoxyalKyl
radicals," 3rd International Symposium, on Organic Free Radicals, Freiburg,
West Germany, August 31-Septemnber 4, 1981.

r) S n and iSms of Autoxidation of Model Luuricait , c.L

Elevated Temperatures," R. K. Jensen, "Rate of Initiation of Autoxidation
at Elevated Temperatures," I. D. Johnson, "Antioxidant Ractions in
Engines", and P. A. Willermet "Effects of Autoxidation on Wear Behavior.
Wear Asymmetry in Four-Ball Wear Test," Air Force Wright Aeronautical
Laboratories, Wright-Patterson Air Force Base, Ohio, January 12, 1982.

(7) L. R. Mahoney, S. Korcek, J. H. Norbeck, and R. K. Jensen, "Effects of
Structure on the Thermoxidative Stability of Synthetic Ester Lubricants:
Theory and Predictive Method Development," Sym.iposium on Synthetic and
Petroleum-Based Lubricants, Div. of Petroleum Chemistry, Inc., ACS Meeting,
Las Vegas, March 28-April 2, 1982.

(8) P. A. Willermet and S. K. Kandah, "Wear Asymmetry - A Comparison of the
Wear Volumes of the Rotating and Stationary Balls in the Four-Ball itlachine,"
ASLE Annual Meeting, Cincinnati, Ohio, May 3-6, 1982.

(9) S. Korcek, R. K. Jensen, L. R. M1ahoney, and M. Zinbo, "Rate of Initiation
in the Autoxidation of n-Hexadecane at Elevated Tenmperatures," Symposium
on Free Radicals at the 95th CIC Conference, Toronto, Canada, May 30-June
2, 1982 (supported in part).

(10) S. Korcek, R. K. Jensen, L. R. Mahoney, and M. Zinbo, "Liquid Phase
Autoxidation of Organic Compounds at Elevated Temperatures," Symposium on

. " , - . . .. "



3 191

Inhibition of Linuid-Phase Autoxidation Reactions, ACS M.eeting, Kansas
City, September 12-17, 1982 (supported in part).

1 (11) R. K. Jensen, S. Korcek, L. R. I[ahoney, and !i. Zinbo, "Reactions of
Alkylperoxycyclohexadienones duri ng Autoxi dation Inhibited by it ndered
Phenols at Elevated Temperatures," Symposium on Inhibition of Liquid-Phase
Autoxidation Reactions, ACS fleeting, Kansas City, September 12-17, 1982.

(12) S. Korcek, "Liquid-Phase Autoxidation Reactions at Elevated Temperatures,"
University of Toledo, Dept. of Chemistry, Toledo, Ohio, October 11, 1982.

(13) S. Korcek, "Theoretical and Practical Aspects of Lubricant Oxidation,"
ASLE-Detroit Section, Detroit, N1I, February 15, 1983 (supported in part).

(14) S. Korcek, R. K. Jensen, L. R. Iahoney, and L. Zinbo, "Oxidation and
Inhibition of Pentaerythritol. Ester's," 4th Int. Colloquium on Synthetic
Lubricants and Operational Fluids, Technische Akademie Esslingen, ?.
Germany, Jan. 10-12, 1984.

4

I
I

I



I
I
I
I
1
I

ATTACHflE!~T I

I
*1

I
I
I

- ~

"9, .' ,flw-, 2'



AD-A135 464 TIME-TEMPERATURE STUDIES OF HIGH TEMPERATURE-
DETERIORATION PHENOM(ENA IN L..(U) FORD MOTOR CO
DEARBORN MICH RESEARCH STAF S KORCEK ET AL SEP 83

UNCLASSIFIED AFOSR-TR-83-0987 49620-60-C-06 ADA / NI L

mmmohhmhmmus

I "ID



' IW- 112.2

MICROCOPY RESOLUTION T EST CHART
NAT ONAT HURI A0 01 INLAp A



11 ,(IN V!:>i'I I"C ANP Pf WI lt Jt M-tiASlD AfrdAT

fir 1) 11FFOM 1W I~ 1,lI41N ')r - iC/ii j!jJ7II2ITC.t
.AhMiR !. ('HL:C2CA!. *r'CILTFY

I AS VEGAS '- P IT; i '.A!C(P -'--A T11L .1 -

YFFFCI'S OF s'lRUCTIlF: ONl 1 fill THFPM0%l:)A11NVE sTABil: Y (F

SYNTrTIC Iz' I SI IIICANTS: THEOR~Y A\t) PRED~ICTIVE MM O rii 1 AA FLP lot: N'

By

L.R. Mahote-. S. Korcek. J. NI. Sor',eok and It. K. Jetreen
Ford Mtotor Cunipany, Rlesearch Staff. P3. 0. Ikso 2 13. Dvarforn, %'tchigan 4,121

INTROM'C'TION -

The estatlihment cf structure racttit% relationships Is of cor-sicerahle sciet*r and
techinologmca! io rr;e In thiA %cri. '.e ti-ctcr0 e the tin- retical 1I.ii 2:.d dekelopment of ti~e

mnethod for precicta the effects of structure cnia.zei (,:i the thet-nioxidative stability oif Synthetic

Co aid Q9.r:kersII aterec-t~rer')rt-t z:t- re 'Its of a sss tevratic -tuiy ,f the ef-
fects of striictiat cha' zes tn the ai~anov~cx% rrucor, tne i-'i3!ica: and chervcin pzr;o 4er!r -
titeti c pot% (A ete r I oarts. rhe relat ive ther:r: x i 0 eIt.Abtolit teS -f the ril imr as we re dte r-
mined by measure ni ets of thme lengths cf rinhbti- ri er;,.ds in tht. presence ,f 0". iar.e an, s'xt 'f

an amie a~t:r..i~.~ht nyl-r-nal ith irmine ' i P 'cAtlhou.zi thv tr-hibin e-ou v h root--
gous series ct c'tc - scrv f(.:d t., det rc't- *e-In. '0 ith tt micasnr-rm f.ci rt;scti'. e .-
drogenA ini to alk.. ioror the I - !sf Lt % -e r. e. 1,; o c I at . hm n r' i -1it '
of their erro t, 1 -r the Pnrtan-ite, ;-C-. i t 0 u nt aate. n-(e ,rnnsterS Lf : tn-ery-
th-itc! vert .' a r,- rioi pnzar rtcr. N3  -. rc,! .'mtmct. %;j t; aicrooc'
nour. 'r "f td:- ttioi , x, the 4~~i; it mii iH a% iiti ~ Cr ;, tti:.. ieo~a .,tt.Ira,-

ti:L ti i.re 21. rC-.Ci',.~ i, t. . enimv*~~-;
geiis at aIlaute f r inter moit-cu itr a irakttorin r a' t~ r-- !-.,r I, rl' t.

,uch ror-.-zioidtiie effects on the t .~it e ie I.-atsn~~t (c -:,rt die t. toe in-
creasini irn:I,nce f c. 'r d on, 8 i: I rt: cc _!ir Ht so mhttatoti : r, :,!uri -1 a-e t!. r-.er

of- i xaA-,anerloxv inroup it re;t-v; i_. 3-o. ie X IC( -irl't ,fl iti.Iri~ reac-
tions lead; t:, i-ot-ivm il rat.e, cl, f~rjrumti-,n 01 nCyjt - er-Nxc 't ,i-:~ ii ~u.,ntt c-l

autocata!htic tharirc- cf the oxiiattoit pricess arid. lbs. tit a dmccrenr-e of therrioxidative '-taiity
of higher t (~u~r a' hC-WtiLt~iS serte,.

FEasedj ti-yr tise considcrati, ni. we nu%, develop a kinetic-trrthe itatin' model relating

the length of ext-erinie: tal Sehibition period inh "t' these structural effects a:,d compare the
predicted '.~sof tin derivcd from the model with the results of Chan et al (II.

DERIVATION OF KINETIC EQUATIONS

The acitoxie.atiom of pentacrvthritvl tetrahoptarite. P1KTH. at I S0 to 220'C Is described
by thelReaction uchenre 1-7, ihows. in Fire 2 1. T'is reaction schemre can be generally applied
to other polyci ester lubricants. Upon the additi-r ef an CfilCiCiL antinxidant. AH. Rieaction 6 is
replaced by the l.actiurs 5and 9. B% efficiont. rnti-xidant. we nwean that for these spe-cies iieaction
8 Is not revel sivmte Under the ctonditionc of the irihi-itior. pert, o treasurement. By this defiition.
hindered phenols and N-pheryi-o-naphthylamtne. P'AN, are efficient antiox~canLs.

X02' H 4 -.. XOOH .

(ii-l)X02 . -A, - non racical prodicts 9

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

(XO,-) = dA

D Ieceased.



and

2k(Olt -n d(Ail.

At elevated te-rI'erajturt; . Y-iyjrperoxyk,tone pr!'.AtE ralpidly difl*<,oc' %-:a Feac-
tion 7 t1 i' is equal to I-1,, at !' and '-. a at 23aC tomp te') Ii , t ! :a" Zo 4330 a
1Q*eC .and %' a at 232'C (3) Biased tipco- the' ~i ption that ,, -r-ydrcproxm L-. soeriv, do not
significantly contribute to the tojtaI h~dr ,eriuaidce ocentration, the rates idfur:'..ti'n rof total h%-
drorerr)xide &rcmip3 are then g.ven ob.

d Iff) t (rA-j 3  N n1Hj[-l (Alll
CI f N3 (HI1 a (AllI k (A H) 2 :dt in)

where A and B represe-u composite rite .constatt fi)r intra and intermiolecular abstraf tion reac-
tions. see Appendix 1. When intraniolecular reactior.i do niot occur A B =0. Noting that the time
derivative may be eliminated front Equation It1.

d(-OOH)t 0 G Iai.b1 , 'Sk ll. N i.(RH).n.,AH)j d(91) IV

The valueg o; a1 . bi and N, are constants calculated Iton, the structure of tlho readting
molecule and kinetic data (Cf. Appendixll. Ibe val'icsof k (k3 M)and narenow adiunt,le para-
meters but they may also be obtain,'d from, experimnrital data if available. The ahsolute Naiues of

keare normally much less sensitive to the structure of the reacting peroxy radleal tha-. are the
vatues of k3 Hf (4).

Upon integration

(AH)1
(-MlHIf / " (tab (I- 'H)..N .MH.n.AI AH

(AHIu

=Gja1 .b I k 6 (k 3 /H)NJl (RH),n,(AH) 1 (All) 3 V)

Combining 11 and V

n AL--1 Gtai*bl.kt /(k /If).\. (RHI),n,(AH~t(H.
2 k I C12 a leA,) VI)

Rlearranging and integration result~q in

2k I (AH) t 2d(A M
= f 2t1 Gfa1.b1 .k /(k3 H).N '(RI),n.(AH) .(AH) )

(AH~tVII)

The inhibition period for a system equals

-n

times the value of the Integral as

(A H)1  - (All)0
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and

(A A) t- 0.

Unfortunately, the lntegral is undefined at

(Ai (A)o

and the integral slowl. dierges as

(AH) t 1- (Al)°1 0

However, the ratio of integrals for a svtern I where A -0, B=0 and a system 1I where Aso, ,;,0 can
be calculatcd sinznumerical prrcedures described V;:ALendix 2. Thu-. the ratio of the inhibi-
tion periods of systems I and It can be obtained lrr,m the equation.

dIAH)

fl I I (k '(k 3 ' H ) . N  (P1).a,(AH )  (All) 0n kI  in h  (A li)t " 1 A H )oG [ '3
I (oh t t 1 3

1 inh /
dWA H)

(AH) - (AIDo G I [a, bk i (k3 H) N (R1H).n.(AHIt (AH)oJ VIII)

Equation VIII is utilized for the calculation of the ratios of

I /,I1
ish' 'inh

for a variety of polyol ester systems. The ratios are ther coinpared with literature values. Svs-
tern I is a C5 or lower member of a series since intramolecular abstractions in such structure. are
not possible.

n-C5--n-C S ESTERS OF PENTAER17r1RITOL

InFigure 3 are plots of the inhibition periods at 232'C for the n-C---n-C tetraesters of
pentaerythritol reported by Chao Ct al. (1) versus corresponding values calculated from Equation
VIII as a function of the valuc- of k, 4 k3 . l). The value of

I.t
lah

was set at 355 min. and n 2. The stoichiometric factor a for N-phenyl-r-naphthylamine was found
to be approxiriate;y equal to 2 in styrene at G'C (5) aid also in PErIl at 20uC (61. A value of
ks/(k 3 H) equal to 2.5 x 114 results in a peor correlation. The correlation improves as the value
Is decreased until there apears to be little effect as the value is decreased from 2.5 x 16:3 to 1 x
102. A value in the rance of 3 x 10

3 
would be predicted for k (k3 Hi ftom the limited ntuc data

on N-phenyl-,-naphth. lannre. We estimate from the temperature dependence of the autoxidation of
pure PETII that k3 I ai il equal 23 M-Is at 232'C (Sl.

The largest differenres between experimental and calculated vat es of t inh occur fc,r the
n-C8 ester. It is likely that, due t, steric effects, there will, in fact, be a slight increase in the
value of k3 H as one it creases the ,-nith of the ester chain. .'tilizinZa value of k (k3 HI equal to
1. 6 x 103 for n-CQ ester and 2.5 x 103 for n-C5 results In a precise agreement of calculated and
experimental valaes.

GEM-DINIETHYL SUBSTITUTED ESTERS OF PE.TAEPYTHRITOL

By a suitable -..h,- .e uf tie %alues of k;, '(k 3 H. it is possible to generate agrecmc,t be-
tween experimental ard calculated values of tinh for other ester systems. In Figure 4 is the result
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of such an exerce fir some gem-dimethy! substitutedl petawruthritl alkanciateUS.

In these gem-dimetnvI ssteins, tile values if k 3 it to-ide .. nifivant contribution of
primary peroxy radicals prduced from re'actions of itoat,, , derived radical,, i e,

XOOH -9 X1- CAI1

SC 3 -- Clit3  o " -C'CH
H.11011 2 3

CIH -C-C -l 0 - CU -C-CU2-00

primary peroxy radical

For systems other than the 3.3-dirnethvl-C3 ester, these radical species can undergo in-
tramolecular reactions,

I IClit -CCU -00" -# C113-C-Cil2-00K

Cf -CH

The occurrence of these reactions would lead to increased values of k3 . H and, thus, the lower val-
ues of ks/(k3 I) necessary to obtain the fit shown in Figure 4.

In the case of 3,3-dinmethyl-C 3 ester, the only reactive hydrogen is on a tertiary carb-n.
Due to the extreme steric effects involved in its abstra.tior, the. value of k3 It may be lower than
that observed for a secondary C-i abstraction and lead to the higher value of k, (k 3 HI shcwn in
Figure 4.

CONCLUSIONS

A method was developed for predicting the effects of structure on oxilation properties of
polyol ester luh:i.antv- the prevenr-c f an efficient antixicdant. "he nitiht reqtiii-e knonlude
of the stQchu,,i, ' L , , 1 if f: th. .,,. ,, t y. the - o' ,e. . - .iv f I :hr - ,tfir,ir
peroxy radicals in intra- and intermolecular hydrogen alivtiat ti reactions ironn the ubricait zc.!
antioxidant. The model developed has been founa to accuratev cescrte oxitiain proiieiLic- ti-
duction periods) for n_-Cs through n-C - pentaerythrit' " tetrahep)taoLates containing I wLt "' N-phcivi-
a-naphthytantine at 23- C a:nd to give pr,)mising results for zem-,ubstaute'd esters if pentaerythri-
tol under the same conttions. In the latter ca e, ho'%ever. :' ire precise (dttermination of ratio
k 8 /k 3 (RH) is required to obtain complete agreement % ith e-eriment. It iv cricluiled thtt a silnitar
general approach can be u-ed in the development of structure-reactivit" relationships for the oxida-
tion of other lubricant systems providing that the relative reactivitics of peroxy rauicals in h'dro-
gen abstraction reactions and antioxidant stoichiometric tactrs for these systems are available.
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AI'PPNDI.\ I

DERIVATION 'AF TI\I7r EYl'i{:- S>ONS

The compiliItc rat c coi- ant, A x-1 in 4O;'ati V. I I I IVV e -let .s cii fr', i.:' cIit a nali ses
of the react i,, st hene F Itgiire 2i) it i loh NtI, lvn ', ,as r(,! 'ace<! 1,.% liv,:t tv a rid

a a.

I C- ,dAl) I' bf)-i cIAR, Al)

a D b

I -b .ClAlIF
B= D a

G r)___________

lI b G cA) I' 1 6 Ali) All)

The'reaction scheme used does ar~t i 1-,e a reas tin ::tlustCe startiniz %k.th lltO~t'.
and analogous to I~eactions 4, 2' and 3' na -,m ;,:,e would icad to forn Otis of trih~dro;pcrs-
file and dihvdronerexy ket-te prdicts In the (-ie, i' nre thce ruactins cold ,,, Lor,. e. . in
eaters corntaioioLg C., and C, 4lJ.anovlexv Lr0. -. th L r.,iiiI~cftti'an %a f,v'~d to intr duce an, error
of less tima 10. Exprc'slon All %as iomed iz.

1 
: : z that Al niotatab~lc, V-Il) it 0 (3 pcies

produced du ring inductlt prerid ujec iose -c *.Aand do ,ot clintri lte t - -(a iij,1!
In) expiressitns Al and All. 

11
G, a, 'iad o rt c-oct ratios oi rate c.' tants f~r in-

tra- and intern','levular albst ractic-n ret in. o li3*0lll. k.1-r ;_41041~~ . .,til and
kl08 kl.ili~. res[,ectivek . and c the ratio 11 .1!,. In thoec ratis. .111 1tt- '' StuntS r13

beepr ieJ!% thc prod!ucts cfcorre-:u-nd s:, rntc c mnta~ 'i s h c r< .cn at~.lin biis am 4i
average nimber of available h5 dregen ltO.o- ;1 r L''cin~~ aontractior react-i, . k:jT

It k Il.'H-atoni N.,
4-1 .1-i ,.41

a1  k 3 (Rvi) k3 '11-atort N (ftill) I N. (Rif) AIII)

(b. t1I N 4R-l I1

and

k

C T3/li-ato. N 'RH) A'
3 3')

where I represents G or D.
The values of a1 and bimay be calculated fr-rnr Equation All! and AI\* assvuring that the

ratios of rate constants expressed on per hs'dron n znln, basis, aj li and b, It, for sirilar estvr
Systems are the slae. Th,, values of ai and b, listed ,- Table Al-I were obtained usin.: the values

f ratios aG/ll ar H~b(-3>Il and b.It ,e1eal to 20 . .3. 3. 103.3 and 329, res,iectisely. These %al-
ues were derived fromi the study oif I'ETI autou.datir at 1liYC assumn lnt t'.c ratwls d, rot
change w ith teripsrature significanly. Th-e rnvuei...n-ibera of hydroigen atons Ir sbstration re-
actions (\j in Table Al-Il were estitmated from thv- strocture of ester s *v~tems anO availabilitv of

hydrogens assuming ti~at the concentratioans of ahstracting isomleric peroxy radcals of given ty pe
reeu.Subatituting a&,. bi and c into Equation Inl gives G-unctlon in Equation IV

G' la 1, vrti /(kt 3'/ I)NjRH,, j 2 c(AH) a bc(Ali) c C Atir
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where
aG 'D

, (! b bD ) (a b bG alI),

a'= a( 2 
+ bD) -b G aD

a=b- +bG aD bD (aG

b= 0 *bG.bD+2

and c is defined by Equation AV.

TABLE Al-I

AVERAGE NUMBER OF AVAITLABLE HYDROGEN ATOMIS AND COMPOSITE RATE CONSTANTS
FOR TETRAESTERS OF PENTAERYTHItITOL

RI N a I b
Alkanoyloxy RH)2 3 2  N D aN b|
Substituent N3 N4G 4 D N4 G 4"D aG aD G D

0-C 5  1.80 16 0 0 0 0 0 0 0 0

n-C 6  1.58 24 1.33 0 1 0 0.92 0 27.3 0

n-C 7  1.40 32 2 1 1 1 1.18 0.59 23.1 7.3

n-Ce 1.27 40 2.4 1.6 1 1 1.24 0.93 20.4 6.5

3,3-I3-C 1.40 s 0 0 0 0 0 0 0 0

5,5-WLCH3-. 6  1.17 16 0 0 0 - 0 0 0 .0 0

4,4-diCH 3-C6  1.27 16 2 0 1 0 2.59 0 50.9 0

3,3-diCd3-C 3  1.80 4 a 0 0 0 0 0 0 0 0

Alkanoyioxy (RH)23 2

Substituent (, a b r r F "

n-C 5  1 2 0 0 0 0

n-C 6  29.2 30.2 0.92 0.92 1.85 -0. 692

n-C 7  224 34.2 1.77 127 30.0 -1.20

n-C 8  18 31.0 2.07 143 34.6 -1.29

3.3-diCH 3-C 5  1 2 0 0 0 0

5.5-diCH3 -C 6  1 2 0 0 0 0

4,4-diCl3-c 6 54.5 55.5 2.59 2.59 5.19 -2.55

3,3-dICH 3-C 3  1 2 0 0 0 0

a. Tertiary hydrogens

Upon Integration of Equation IV. we obtain G-function in Equation V.

355

fial v



II

I

G (ai *b1 ,k (k 3 lll.N:.(l~ll.n.(AM 1 (Aki) 11(A

A H b - . , b A f 1) ] . :
Il(i~ a Ali 2

c A ~oa btc(.\ll" c -tAl'J-

, o j

n t Le(A h q tAll) ~-I ~l
2

[2c(AH~t b - c] f2e(Alf °  b - L1
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The value of a:l c,:n,-'ite constant, used in lq,:a.ion AIlI far all eter hystems di;-
cussed in this studv are in lahle Al-i.

In tle "Ibs.nz~ce cf uatraw i eular al-tra'ti,-n ret.tion,. t-.e c'mpo.,ite rate constantr..

13 and $ are all equal t., zcr . For ouch r,5stems (svtens I in this wot, 'ml"' A\'!I be.-r,e
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- {( t1)t -(A o' I (Al
p 

-It"- o

APPENDIX 2

NUMEFRICA, I VAL'A TI-0N OF TI E RATIO 0F i "fECRA 1l IN 'A'ATION VI I I

The values for the ratio of integrals in Equat, IlM were ola,n'd ru:,rticallv ',i. L: t n
CADRE numerical quadrature algorithm in the iit. h"ar% ,7 The. calculations %%ere done in

single precision using a DEC-I o con.,uter system.
As mentioned aboive. each integral equattn . sed to obta;n an individual lnt'Ihition !~e, i,d

Equation III slowly diverge. as fA
t
Ilt approaches tAtio, %.here ,it iAHt - AlIt the integr:l is not

defined. To aoid this sinxlar~tv each integration % a- done fr,n; a %alue jAHt CIAIIt, to. a Nal-
ue f near but not ejoal to 1. To shiw how ensitic the intersls and their ratio are to values t,fc

the results of a t ai c datl rlin for o vSiletms. ard I!. are civen in Table A.2-l. Notie ltat

the values of individsal inte;rals incre'tce as afpra iches I. However, the ratio of intelzrals.

111. converges to a von'tant salue (column 4, Table .A-it.
The result, in Table 2A-1 dnionstrate an i:vrectirg dichotomy. The value ; obtained f,r

the Individual Integral. de;end on wnt value is chosen fr F. If one? defines a critical concenira-

tlon6(AlI), (AIl) o - .sAi,. it is scoti from Table A2-1 that as (AIie cars froin I x 10
-

1 to I x
10-

6 
the Integrals for Lbth svstern incren,e hy a factor of 3 or rn-'o. The limits of integration. :.s

given by Equation VI. correspond to a systemt having an inte inhihition time. One must entro-

duce some value of 6 ,ther than I or enanme the form Ml the h.inctics t" okf[tit a finite value for the

Inhibition period. Thus, one can specolate shat. it are, phi) 'teal signafcance can be placed on

and is It the same for all s% stems, as was asumed here. I his should he contract-d to the fact 'hat

the ratio cf integrrls ,,;rgCS to a coi.la;,ta sahe As . i.rat,,s -. Tits inmplies that k quattion

VIII Is simply a function of 11 and I
II 

rwhich is determined trtn:arilv by the ,value at AlIho . Thus.

the ratio should be able to be obtained without doing th'e integration.

356



400

(AH). 3.8z x0-2 M n-C5

300-

On-C 6

p200-

0 n-C.,

* n-C8

0 1 2 3 4
102/N3CRH), M-'

Figure 1. A plot of inhibitiont periods from the PAN inhibited autexidation of straight-chain
pentaerythrityl alkanoates at 232-C (1) vsa. a reacti% ity parameter. 1/N%3(iUI.
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Figure 3. Plots of experimental inhibition periods from the PAN inhibited autoxidation
of straight-chain pentaxry' hr i l alkanoates at 232"C (l1 vs. corresponding
values calculated from Eq. Vill as a function of kg/(k 3/U).
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CAI.CUIATI' VA I !'I.S (T INm).I N zI\ I', FQ"'AI N VII 1 OR YYSIKIS 1 A 'D Ila
AND) WF RATI(. OF I IL!N rkGCILAI.5 .N LQ1 Ai (ON VIII IORl VA IdI(I; OP1~sG

f II It H 1 II

.10 12.4 4.13 3.00
37. 2 11.9 312

.90 54. 2 l-.4 3. i6

.99 132 4-1 3.21

.9999 2S3 ~3 3.24
Kf9 0. 3 5s II1o 3. 25

. 991.4!)99 434 134 3.25

a. System I was n-C 5 and ystcr) 11 n-CT
ester; n 2. (All}o - 3 .25 x -

For this paper, ne hav-e chosen to obitain t'%c, ratio rnjmcricallv. using IF .9999. H~ow-
ever, the possibility Of obtaining the same reut fr~w. 1; and Ili directly is being e~pIl red.
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I
Wear Asymmetry-A Comparison of the Wear Volumes of
the Rotating and Stationary Balls in the Four-Ball Machine

I P. A. WILLERMET (Nenber, ASLE) and S. K. KANDAH
Ford Motor Company

I Dearborn, Michigan 48121

The wear behavior of two lubricant base stocks, a pentaerythrityl different tribological conditions (3). In contrast to the sta-

ester and a synthetic hydrocarbon, was investigated with the Four- tionarv balls, a point on the %ear track of the rotatinz ball

Ball machine. Wear volumes of the stationary balls were evaluated experiences csclic 'ariations in stress and tempexature and

from the wear scar diameter and by surface profilometirv. Surface is periodicall, expoed to the bulk lubricant. Such factors

profilometry was also sed to determine wear volumes for the ro- might lead to as rn rinc %%ear of he contactingi surfaces.

tating ball. Wear asymmetry ould pose difficulties for the interpre-

Thne two methodis for ez aluaing stationary ball wear were in tation of wear test data and for the extrapolation of such
g wod ement. Signforiatifernces a on b eween wer data to practical des ices.

good agreement. Significant differences werefound between wear These issues would appear to be important both for data
of the rotating ball and wear of the three stationan balls. These analysis and for iriproed understanding of the wear pro-

differences were related to the lubricant and to the test conditions. cess. Accordingl'. ie hase addressed them as part of a

systematic stud% of the 'sear behaior of two synthetic base
stocks, a pentaerthrit'l ester PETH) and a s ntheic lix-

INTRODUCTION drocarbon (SHCt carried out with the Four-Ball machine.

In experiments emplosing the Four-Ball machine, wear
is generally determined b, measuring the aerage wear scar EXPERIMENTAL
diameter. Similar approaches are used with other tribol- Materials
ogical devices. Two assumptions underlie this approach: (1)
that the wear volume for the stationary balls is directly re- The synthetic hdrocaibon tSHC) was a commercial ma-

lated to the wear scar diameter, and (2) that either the same terial. predominanth a saturated trimer of decene- 1. It %,as

is true for the wear volume of the rotating ball, or the wear purified by percolation frt through a bed of silica gel then

of the rotating ball is negligible, through a bed of alumina. After purification. the bae oil

Feng (1) derived equations to relate the wear scar di- was passed through a 0.45 g.%M filter to elitninate particles.

ameter to the wear volume and to the depth of the wear Pentaervthritl tetraheptanoate iPETH) was obtained by

scars on the stationary balls. He found that his calculated purification of a technical grade material as described in

values for the wear scar depth were in generally good agree- detail elseuihere 4. The material used in this stud. 'as

ment with measurements made by Vinogradov and Mo- designated PDP in Ref. j4).

rozova (2). However, the accuracy of Feng's equation forI wear volume does not appear to have been "widely tested. APPARATUS AND PROCEDURES
Since the asperity contact area for the rotating ball must

be equal to the sum of the asperity contact areas for the Wear Experiments
' stationary balls, it is reasonable to expect that the wear vol- Wear experiments %ere conducted using a Four-Ball ap-

ume for the rotating ball would be equal to the sum of the paratus (Brown. G.E. niodification. The wear specitnens
wear volumes for the three stationary balls. However, it has were Hoover A IS 1 521 11) steel balls, grade 25. Before each
been pointed out that the surfaces are. in fa(4., exposed to test, tie balls, top ball ,huck. and sample container %%ere

thorough uashed %,;tsh Stoddard m-hent folloued b, re-

Ptsan to at the 37th Annual Meeting agent grade toltuene. a etone, and pentane. The ball'. 'am-

In Cincinnati, Ohio, pie container, and tp hAl thuck %% ere assembled. drivti at
My 10-13, 11 1(0(1 (., t 'Wl cteind t, ttuon temperature in a deslc..:,,,.
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[he spindle. and drabai %,,t, ,itied ,,ilt pemae it) re-
nto e an, contaminants t-,. tiht pretio,, run. Svringes - ..." . STATIONARY BALL
used for adding or sithdta%,inv ainplcs %eie cleaned and"- -- " WEAR SCAR
dried in the same wa.. & T PROFILE

Lubricants were purged uith dr', air belore use. At the - 4
beginning of each run, 9 nl of the lubricant %,ere added to 1.54 X10 Inch

the sample container and the apparatus sas then assembled. 0.0109 inch
lhe liquid seal emploied to maintain a controlled atmo-

sphere was filled with the test lubricant. Load uas applied "AL
and purging with dry air %,a% begun. The sample was then _ROTATING
brought to temperature and the test was begun. After ter- WEAR SCAR
mination of the experiment, a sample of tsed fluid was PROFILE
w ithdrawn and the wear scar diameter was measured in the 1 5
usual manner. I 1.54x 1 inch

Wear Measurements 0.0109 inch

The measured average tear scar diameters were con- Fig. 1-Typical wear scar profile traces for a rotating and a stationary
ball. Test conditions: SHC lubricant, 40-kg load, 100C, 15 Hz (900 rpm).

sertedl to calculated wear solumes and depths via the equa- Sliding distance: 840 M.
lions (1): Note the difference In vertical scale.

= 4.65 x 10- 2d4 
- 3.21 1 - Wd in this paper. The wear -olunes of the stationar' balls were

determined as follo%%s: the wear scale profiles as displayed

and on the strip chart iee diiided into P 25 equallI spaced
segments along the vertical axis. The average diameter of

H = 1.97 x 10-d - 2.73 x 10 '5 i7d each segment was carefuly measured and the volume of
the segment %as calculated as a cylinder. The sum of the

where 1' equals wear volune in mm5 for 3 balls, d is equal cylinder volumes was taken as the wear volune. Replicate

to the wear scar diameter in mnm. W equals load in kg. atd measurements ofthe traces established that the repeatabilityH equals wear scar depth in rmm. of this procedure wits better than one percent. Wear vol-H eqals%%-ar car ept inmm.umes u~ere determined for the two traces made of each scar
Surface profilometer measurements were carried out with
si-tis instrument having a 1.3 × 10 -2 mm diameter tip. and averaged. It isas generally found that the wear scar

The lneast'rements were made Without a skid. The balls diameter as determined by profiloinetrv was less than that

vsere positioned in a holder which rotated them under the measure optically. probably because the deepest point of
lns at @2 x 1f - ins. [he sti tis load uai i.3 g. Rotating the wear scar did not correspond to the exact center. A

st~correction factor was ap~plied hy i tiltiplving the volume by
balls were positioned so that the stylus tra et sed the wear o f

track at two points 180°apart. Stationary balls were carefully the square of the ratio of the optically measured wear scar
positioned so that the stvhs tip %as resting on the deepest diameter to the wear scar diameter as determined by pro-

point of the wear scar. The st% lus was passed over the wear filometry.

scar, then the ball was turned 90" and the process was re- Replicate experiments conducted with PETH and with

peated. SHC under conditions giving low wear indkated that the

The profilometer output was displayed on a strip chart calculated wear volumes were reproducible within ± 5 per-

recorder. For the rotating balls, the vertical magnification cent. Wear data as a tunction of time with SHC and PETH

was 1.73 X 105 and the horizontal magnification was 91.74. suggest comparable reproducibility for wear volumes de-

For the stationary balls, the %ertical magnification was 1.73 termined by surface profilometr.. However, data for SHC

x 104 . Typical recorder traces are displa% ed in Fig. 1. The at sliding speeds for which wear was a strong function of

cross-sectional areas of the rotating ball scars were deter- speed showed a large degree of scatter.

mined by tracing the profiles on paper of known and uni- The dimensionless wear coefficient. K, was calculated from

form density, then weighing the cut-out scar profiles. Mul- the equation (5),

tiplication by the wear halo* circumference gave the wear
scar volume. In order to establish repeatability, this mea- K = VHdL

surement was carried out six times for one of the smallest
wear scars. The results showed a mean standard deviation where V is the wear volume, d is the sliding distance, H is

of two percent for the wear volume. Although more modern the hardness (725 kgimm2), and L is the load.

equipment would be preferable in terms of experimental RESULTS
convenience and would be able to show small scale surface
features in better detail, the repeatability of the technique Calculated Wear Volumes and Surface Profllometry for
was more than adequate to support the conclusions made the Stationary Bulls

OThe wear halo diameter is defined as the average diameter of the twocircles Because of the care required in properly aligning the
which form the inner and outer pertiheries of the scar. profilometer stylus. measurements on the stationary balls
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TABLE l-VLAR DAA Oiu Wt D I I I I PEli AsL) S I1C. S I 1IONARY BALL. WLAR VOLL'ME

Dit. IIRAMINU BI PR01 oI lit IY. SLIDIMN D t IA ti - 840 M

Fmoi S .t Di.Aii it FRot PROLtIVIrEIRY

WEAR SCAR WFAR VOlt M1 IOR Lii WL.AR VOLL %IF It(R Rli TI.Ns B U.I
SPEED, LOAD. TuIP., DIA\IE-IIR. tRit S, i oi it'\gxN S(AR DiptII. rIRE SIAIIONARY SCAR DEFnI, WEAR VOL.I. I:.FLtI cm!s kg °C cm10 2  Bt.LLS til4, 10'; cm/1O' B SILs. cm3/l(" cm/10 4  cmrs/lO

PETHl 3.9 40 100 6.53 7.6 15.1 7.1 14.8 18.6
5.8 6.91 9.7 17.2 9.1 17.4 11.9

11.7 6.46 7.3 14.7 7.5 15.6 10.8
15.5 6.68 8.4 15.8 9.5 19.6 9.9
23.3 6.05 5.3 12.8 6.0 15.2 16.3
35.0 G.16 5.9 13.2 5.9 14.2 12.6

SHC 3.9 8.54 23.6 27.5 29.7 33.4 33.1
5.8 7.69 15.3 21.8 17.1 24.3 29.1
7.8 7.38 12.8 19.2 12.9 20.9 38.2

15.5 7.10 11.0 16.5 13.9 23.1 8.3
33.3 7.47 13.5 20.3 13.9 21.1 8.2

proved to be time consuming. For this reason. only a limited
number of specimens were evaluated. Good agreement was 35 20
found between the measured and calculated wear scar %ol- A 18

A Rotating Ballumes and depths (Table 1). 30 " A A Stationary Bals - 16

E - 14

Wear Asymmetry ,25 12- - 1

A comparison of wear volume data for the rotating ball -= 20 10 O
and three stationary balls, based on surface profilometer 8 x
measurements, revealed differences in the wear tactors for 15 A 8 X

the two surfaces (Figs. 2 and 3 and Table 1). This wear 0 6

asymmetry was a function of the sliding speed. Different 100 "O 4

results were obtained depending on sshether PE ri or SHC 5 2
was employed as the lubricant. For PH 1H. more wUar "sI 0 5 I
found on the rotating ball than on the three stationar% balls Sliding Saderrm/s
(Fig. 2). For SHC (Fig. 3). this relationship was res ersed .at I _,
sliding speeds above about 15 cm/s. .t lower sliding speeds. 0 5 10 15

Rototing Speed, Hz

Fig. 3-Wear volume from profllometer data vIs liding speed with SHC.
20 40-kg load, 100 C, sliding distance: 840 M.

5 Roft.tag Boll - 18 wear was much greater. with more wear being found on

30 - Stationary Balls - is the rotating ball than on the three stationary balls.
For experiments conducted under other test conditions.

- 14 the stationary ball wear volumes were evaluated by calcu-
2£

- 12 lation only. The results of these experiments, however, agree
10 qualitativelh with those cited above (Table 2).20 _ -10 2

15 - 8 X
o _- --' DISCUSSION

-10 - The Significance of Wear Asymmetry for Wear Testing
0 o The practice of characterizinging wear in the Four-Ball ma-

i 2 chine by measuring the wear scar diameter rests on the
assumption that. for a given load, the wear volume of the

Idng Speed. cm/ stationarv ball, is uniquely determined by the wear scat

__l_ diameter. The experimental data presented here are. in-
5 10 deed. coniistent with that view.

Rotating Speed, Hi Huoeser. li rotating ball tstar does not appear to be

g. .- W evolumefromlp Wiometerdattselidnspeed wlth PITH. uniltih telated o uear of the lalionarv balls. Since theI 404,~teed, 0IWC, eding distance: 840 M. wear of cidicals stressed components may be of critical
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T xILM 2-\I R DIi % Ii PL-II \ .%\ Sit. I klu0\%N B.Lt. WLAR VOLUME

C(AI LAI 1) O\1 N S1 IDI,; DII v.,E - 840N

FR(m\I S( .\R Di \ME IER FROM PROI It OMETRV

.VLAR SCAR WEAR VOLLME fOR WEAR VaO ME FOR

SPEE, LOAD. TEMP., DIAMETER, THREE S'rA IIONARN Ro'rAl' I\(- BALL.
FLUID cml kg °C cm/I 0

2  BALLS, cmS/10
6  cm3.'!0

6

PETH 3.9 1 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 12.9
7.8 70 7.28 12.1 13.1
1.7 80 7.12 11.0 10.6
11.7 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
23.3 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 11.9 8.3
23.3 7.26 12.0 10.6
11.7 110 7.33 12.5 20.3
23.3 7.33 12.5 11.2
29.2 7.21 11.6 6.6

3.9 120 7.58 14.4 14.8
3.9 120 7.51 13.8 12.9
3.9 120 7.54 14.1 16.8
7.8 120 7.61 14.6 32.3
7.8 120 8.05 18.5 15.9
1.7 120 7.51 13.8 15.4

15.5 120 7.10 1.0 9.1
7.8 33 80 7.35 12.6 24.9

15.5 33 80 6.60 8.0 10.9
23.3 33 100 6.65 8.2 10.3

importance in practical devices, it may, therefore, be of I
value, depending on the end use of the data, to include 70- o Total Wear
evaluation of rotating ball %ear along with wear scar di- o Stationary Bails

ameter measurements. 60-

Factors Underlying Wear Asymmetry 1 so-

Two factors which might reasonably be expected to be 40,
related to wear asymmetry are fatigue wear and lubricant 1
chemical effects. Although fatigue processes may occur, fa- 30- BALL WEAR
tigue wear cannot account for al! the experimental obser-
vations. In order to establish whether the phenomenon is * 2 -\
related to lubricant chemistry, an additional series of ex-
periments will be required. 0 o STATIONARY S&L WEAR

Fatigue Wow 0

Fatigue wear should result in higher wear on the cyclically I"ITrEST TIMEA
stressed rotating ball. This is not consistent with the exper- Fig. 4-Wear vs test tim with SHC under cordliom s producling Mg

wear. 40-kg load, 100'C, eliding speed; 1.67 Hz (&9 cava). nlitialimental results for SHC at sliding speeds above 15 cm/s. By maximum Hertz atmes a 3400 MPa, final malmum Helx seM
analogy with rolling contact fatigue, fatigue wear in sliding = 710 114.
contacts would be expected to be highly dependent on the

maximum Hertz stress. Wear data for PETH and for SHC on this basis since the initial wear rate was clearly higher

as a function of test time show that the wear rates remained (Fig. 5).

constant despite substantial reductions in the maximum Hertz The increase in wear found for SHC at low sliding speeds
stress (Figs. 4. 5, and 6). Fatigue wear in the very early stages suggests a transition to fatigue wear as a result of the lower

of the wear tests with PETH cannot, however, be ruled out strain rate. Such a transition would be expected to be re-
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*25 0 Stationary Balls 36 3

Wa0 - 2Scales For T
* % 28Wear Scar

28 Dissensiose
15 - -1

I 0 ROTATIN BALL WEAR 24 -e

0

/ STATIONARY ALL WEAPs/ 16

IOFx TEST TIME/$ ItI~

Fig. S-Weari vs feet time with PETHt, 4049c load. 100'C. sliding speed
10 hz (23.3 cmi). Initial maximum tHeru stress. 3.400 MPa, final1111
amintum Mertu stress = 850 UPS. L

0 5 10 15 20 25 30 35
Speed, cm/ee

35 - 0 Total Wear Fig. 7-Wear scar profiles for stationary balls with SI4C vaseliding speed.
0 stationary Balls 100' C, sliding distance - 640 Us.

*30

25
3 ROTATINGo AL with the different effects of the oxidation products could.:,20 -

*1EAcc AIDperhaps. account for the observed effects. Further work
Ii will be required to test this hypothesis.

go ,~ /SATIONjARY BALL IhEAR

// / //, /CONCLUSIONS

0 I A systematic comparison of wear on the stationary; and

0O 1 TES TI 3 rotatin g balls of the Four-Ball machine, using two lubri-

Fig. 6-Wear vs tettm with SHC under conditions producing low wear. cat.ldothflownobevins
40-D1ti bd, 100"C sliding speed 10Hz (23.3cm 5). initial maximum
Nuertzetree - 300 UP, final maximum teru tress = 660 Mpa. I . The wear volume of the rotating ball is nol, in general.

equivalent to the wear of the three stationary balls.
flected in the surface morphology. Examination of the sur- 2. The distribution of wear between the contacting sur-
face profiles produced at different sliding speeds do not faces was a function of test conditions and was different
support this idea (Fig. 7). In addition, no pits or spalls could for PETH and for SHC.
be found in the wear tracks under optical microscopy at a 3. The wear asymmetry observed in these experiments
magnification of 200 x for either SHC or PETIA. appears to be related to lubricant chemistry. Further

work is require ' to elucidate this possibility.

Lufblrit Chemistry
We have previously reported that autoxidation of PETH REFERENCES

produces diacid monoiesters which lead to increased wear (4) Feng. 1-Sling. "A New Approach in interpreting the Four-Ball Wear
(6). By contrast, preliminary experiments indicate that the ftaults.- Wit'. 5. pp 273-2884 (1962).
autoxidlation products of the synthetic hydrocarbon have 42) 'ssnogradlov. (. V. and Moruzova. 0. E.. A Study or the Wear of Steel

Under Hess-s toads .~ith Lubricanui Containing Sulfur-Based Addi-relatively little influence on wear, and even decrease wear fie. Wfir 3, pp 29-0 0%1
under some conditions. (1) G13oldblatt. 1. L.. dincussion of the paper bv Willrmetw. P. A. %tahonev.

This divergence in the effects of autoxidlation on wear L. R.. and Bishop. C. MI.. "Lubricant Degradation and Wear 111. An-
behaiorparalel th divrgece osered n uer avm- tiotdant Reactions and Wear Behavior of a Zinc Dmall, idithioiphosphate
behavor prallls th divrgene obervedin sear s~m- in a Fulls Formulated DLulricant,' .4511 trepu.. 23,. pp.123-23 I ii9Sfl.

metry between PETH and SH1C. This observation suggests 14) Hamsilton. E.j..Ji., Korcek. S.. Nlah,,nes. L. R.. and zinbu. MI.. "Kinetics
the hypothesis that lubricant oxidation in the %ear zone and Mfthanism of the Autoxidlation ol Prntaeythrntl Teiralieptanoate

mybe a cause of wear asymmetry. Preliminar\ data pub- 15 atIt2(C.IrIJ ~m rer, 2.pp 377-60l3 (1950,
may Ros~e. C. X.. "Lubricated Wear." It ar CotrolftadboA. ASSIE. Iysieu

lished in Ref. (6) are, indeed, consistent with the idea that Engineering Center. NA . pp 143- 1A41t 1980).
lubricant oxidation products itufluence wear as\ mmeitr%. fs)t %%i~ers. P A5. MSloule%~c. L.. R. and Kandah. S. K. "Lubriani Deg-

Factrs uchas iffrenes n sufac tepertur an c~lic rartvvon anti Wear IV. The Effect of Ox~idation on the Wer hehior
Factrs uch s dffernce insurfce empeatue an cylic of PcniAerslhimtl Tetraheptanumte.- A.SIX Dtem.. 24, 4. pp 441-448

exposure of the rotating ball to the bulk lubt icant together (19.1,
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DISCUSSION ', ',t ,. 11+ c I ijhal has been observed I)h the .authbors 1a
be eJtrt:l to differett sm face temperatures at the rotatingSTEPHEN M. HSU (Member, ABLE) halt u, Ith stattiliarx 1)all sut fat es. Tie Mca ,,f the lu-

National Bureau of Standards b ll 'I tilstioalN t alls attile mor

Washington, DC 20234 twi mr
W h t onDt NiC surface and not eqtuaIly on tile other surface remains

The authors are to be conmended for undertaking a to be prloen as suggested bv the authors.
careful st:dy on the very important but often neglected Again. tile authors should be commended for al inter-

aspect of wear measurement in the 4-ball machine. esting %%ork on a ver% basic and important aspect of wear
The idea of better measuring wear %olume or tile total measurement.

amount of wear has been attempted b% man\. E. E. Klaus
at the Pennsylvania State University had conducted many AUTHORS' CLOSURE
such investigations on mineral oil systems. and concluded
that wear scar or wear volume determined b% Feng's equa- We thank Stephen Hsu for a perceptive discussion of the

tion generaily correlated er well with the total amount of experimental results. As he points on1t, these neasutements

wear debris collected. In this paper, the authors used a are not eas% to make, which, in part, explains why they are
surface profilotneter to meastre w ktl oluie directly. We so seldom reported.

have been pursuing along the same line, and wish to point The deepest points on the wear scars of the stationary

out that to measure the wear scar surface profile on a /-in balls uere determined as follows: The stylus tip was placed
ball with a 0.55-mm wear scar is not an eas% task. The near the center of the scar. The tuinimum profile trace was

authors mentioned that the. positioned their stYlus tip on found %%hile totaling the hall through small arcs parallel

the deepest point of the wear scar and then the stylus was and perpendicular to tihe st% lus sliding direction. After the
passed over the wear scar. How did the authors determine profiles %,ere made. the intersection of tile two marks made
the deepest point- And, how was the calibiation (otltducted- b% the st his %%as located under a mitiost ope. B, focusing
Basically, by rotating the ball under the st% Ilts. one is taking on this intersection. it was determined that the deepest part

the spherical curvature out i.e., the surface of tihe ball would of tile % ear scars had been located.
he a straight horizontal line. However, the wear volume is Wear scar profiles were independently determined op-
a concave spherical segment on a convex spherical segment. ticall t, It several stationary balls. The ball was moved across

What is the effect of linearizing one on tile dimension of the stage of a 1500 power microscope. The vertical dis-
the other'- The authors found wear scar diameter deter- pila(ement reqtiretd to focus tile microscope at each of sev-

mined by profilometry was less than that measured optically. eral points across tile wear scar was used to generate a wear
Could this be the reason? scar profile.

We generally agree with the authors assessment on wear Since the depths of the wear scars were very much less
asymnmetrv i.e., the catse of the observed difference in wear than the ball radius. the effect of linearizing the ball surface

between the rotating ball and the stationary balls probably was negligible.
lies in the chemistry of the fluids. What are the viscosities As indicated in the paper, the differences between the
of the two fluids and their viscosity temperature relation- scar diameters as determined by profilometry and those
ship? Looking at Figs. 3 and 4, one sees tile increasing measured optically were attributable to the deepest point

influence of elastohydrodynamic component as the speed of the %%ear scars being off-center. This could be clearly
is increased. i.e.. lower wear at increasing speed. We have seen under tile tnicroscope.

observed this trend in many purified mineral fluids. Even- The shapes of the wear verstis sliding speed curves do
tually, at high speeds, the wear increases again as illustrated appear to be qualitatively similar, but displaced otn the co-

by the rotating ball wear for PETH in Fig. 3. ordinate axis as indicated by tile discusser. We prefer. at
Looking from this perspective, all four wear curves in present. to consider this effect as being due to changes in

Fig. 3 and Fig. 4 should behave alike. Figure 4 data illustrate surface reaction rates engendered by changes in surface
this point. It has been suggested fhat this behavior could be temperature and residence time rather than attributing it
related to the transition temperatures of the lubricating film to elastohydrodynamic effects.

t4
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Autoxidation of n-Alkanes: Isornerization and Cyclization
Reactions of Hydroperoxyalkyl Radicals, by S. Korcek,
L. R. Mahoney, R. K. Jensen, and I.I. Zinbo, presented at
3rd International Symposium on Organic Free Radicals,
Freiburg, West Gernany, August 31-September 4, 1981,
Abstracts, lo. fM3.

AUTOXIDATION OF n-ALKANES

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

Research Staff. Ford Motor Company, P.O. Box 2053. Dearborn. Michigan.

48121. U.S.A.

Kinetics and mechanism of liquid phase autoxidatlon of n-hexadecane

have been studied at 120-JSOOC using the stirred flow reactor. A

reaction scheme consistent with the analytical results obtained

Includes, in addition to prevously observed reactions, intramolecular

a.y and a,6 hydrogen abstraction reactions of peroxy radicals and an

a.y-cleavage reaction involving decomposition of di- and trifunctional

a.y-hydroperoxyketone species. The latter reaction leads to the forra-

tin- of methyl ketones and carboxylic acids. From the results of

studies at oxygen pressures from 5 to 110 kPa the 2,y and a.6 Intra-

molecular reactions have been found to be reversible. 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 Temperatures, by S. Korcek, R. K. Jensen,
L. R. Mahoney, and I.I. Zinbo, presented at Symposium on
Free Radicals at the 65th CIC Conference, Toronto, Canada,
May 30-June 2, 1982, Abstracts, No. 0R5-6.

ORS-6 RATE OF INITIATION IN THE AUTOXICATIO.I OF n-HEXAOECA[;E AT ELEV'EO T"E"?.A-
TURES. S. Korcek,* R. K. Jensen, L. R. Mahoney, and .. Zinbo. Ford .3tor

Company - Research. SRL - ;Lm. 3198. P.O. Box 2053, Dearborn, MI 4il2l*

Kinetic and mechanistic studies of the autoxidation of n-hexadecane at elevated
temperatures, carried out in our latcratory using a stlired flow reactor te:-ii:.e,
yielded values of tne ratios of rate constants for intra-olecular and i-ter-olecuar
hydrogen abstraction reactions of hexadecItlzeroxy radlicals at 120, 16Z, ar3 U':DC 'J. Am.

Ckai. Soc., 101, 7574 (1979); 103. 17-2 ( ). Absolute rate constants for tese
reactions. ho.ever, can only beobtained if t~e rate of initiatior. Pi. under tre
conditions utilized in the above studies 1% krown. In low temoerature au:oxiiaticns
Ri is maintained it knowr and constant rate oy the addition of initiators, ,ut at elevated

temperatures Rj varies cepondinn rot only on reaction conditions 0t also c' j_--,ee ol
conversion since initiation processes occur -ainly d.e to reactions of rriir cxilatlon
products. In this w. rk. we describe an* dOs'JSS varioJS approac¢.es used I- ete--fnation
o- R at elevated te-peratures. Tese approaches incluse determinations o' ' fr.n tre

rate of forratlon of termination orcducts, frol the liength of the inibit'W' period
caused by addition of antioxidant, and from the initial rate of antioxidart cons.Ation.

*This work was sopoorted in part by the Air Force Office of Scientific Research 
under

Contract F4620.S0-C-061
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Liquid Phase Autoxidation of Organic Compounds at Elevated
Temperatures, by S. Korcek, R. K. Jensen, L. R. rahoney, and
M. Zinbo, presented at Symposium on Inhibition of Liquid-
Phase Autoxidation Reactions, ACS 1"eeting, Kansas City,
September 12-17, 1982, Abstracts, NJo. ORG11 27.

27. LIQUID PHASE AUTOXIDATIOS OF ORGAN;IC CCMOU':TS AT ELEVATED TEMPERATURES-. S. Korcek
R. K. Jensen, L. R. :'ahoney, ar M. Zin:,; Ford *!-tor Company. Research, R.---3T-

--

SRL, P.O. Box 2053, Dearborn, MI 48121.

Results of kinetic and -echanistic studies of the autcxidation of n-hexadecane
and pentaerytrityltetrahe~t- noate at 120 to 2Z oC will be reviewed. Kinetic inforration
on Intermolec-1ar and 2,-f ar. j,: intranolecular hydrogen abstraction reactions of peroxy
radicals, on tte cleavage reaction of a.y-hycro;e-oxyketones, and on isomerization and
cyclization reacticns of hydroeroxyalkyl razicals will be presented. The irplications
of the occurren~e 0f these rea:tior with re;tri to the mechanisms of autoxidation of
organic co-'po~r:s an. to the inhibition of autoxidation in the liquid phase at elevated
temperatures will be discussed. -
*This work was s.:psrted in part by the Air Force Office of Scientific Research under

Contracts F4462- 75-C-DOS7 and F49620-80-C-0061.

Reactions of Alkylperoxycyclohexadienones during Autoxidation
Inhibited by Hindered Phenols at Elevated Temperatures, by
R. K. Jensen, S. Korcek, L. R. Mahoney, and M. Zinbo, presented
at Symposium on Inhibition of Liquid Phase Autoxidation Reactions
ACS Meeting, Kansas City, September 12-17, 1982, Abstracts, N(o.
ORGN 28.

28. REACTION.S OF ALKYLPE OXVCYCLONEXADIE?;';ES DURING AUTDXI)ATICO INHIBITED BY HINDERED
PHEN;OLS ,T ELEVATED E':ERATURES.* R. . 'ensen, S. Korcek, L. R. Mahoney, and M.

Zinbo, Ford Motor Co-pany, SRL - Rm. 3198. P.7. ox 2053. Dearborn, MI 48121.

The alkylperox/cyclohexadienine products of the interaction of hindered phenols with
peroxy radicals a-e unstaole at elevated te7-:eratjres and undergo both non-radical and
radical decc-p;sition reactiois. The latter reaction contributts to initiation and gov-
erns the efficien:y of the penol as an antloidnt. in order to assess this contribu-
tion in the in-i:itin of n-rexadecane auto)i:ation by 2.6-di-tert-butyl-4-rethi, tenol.
we have investiated the dicotposition reactit-s of a series oFT-alkylperoxy-l-rethyl-2,
6-di-tert-butylcy: c:exadeones (QOOP; R-t l-)-C-R tetralyl-, I-,2-, and 5-C416H-) in
the p esenze of tne ;arent c- eol at 163 anj IZ. Kinetic analyses of the resilts
yielded valies of rate Constants for both decz':osltion reactions which allow tre deter-
infnation of ra:e of initiation in autoxidizir; j-hexadecane at elevated temperatures using
the Inhibitor -etnod.
This work was supported by the Air For:e Office of Scientific Research Under Contract
F49620-80-C-0361.
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