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ABSTRACT

This  s tudy examined the e ffec t  o f  r ad ica l  i n i t i a t o r s  on fuel  

i ns t ab i l i t y .  A so lu t ion  o f  t e t r a l i n  in dodecane  (1 /10 ,  V/V)  was 

used  as model  fuel  for  this  s tudy.  The behav ior  o f  th i s  model  was 

co mp a red  to a conven t iona l  Jet  A fuel .  This  s t udy i nc luded  1) 

l iquid  phase  k inet ic  s t ud i es  for  the  au tox i da t i o n  o f  t e t r a l i n ,  and 

fo rm a t io n  o f  t e t r a l one ,  t e t r a l o l ,  and i nso lub le  depos i t ,  and 2) 

s t r u c tu r a l  examina t i on  o f  the  model  fuel  depos i t .

The model  fuel  was deve loped  to permi t  s t udy  o f  a sys tem 

much less complex  than  real  fuels .  Howeve r ,  this  s imple  model  

fuel  p ro d u ce s  a very  complex  mix tur e  o f  p r o d u c t s  which  makes  

ana lys i s  very  di f f icul t .

The model  fuel  was  s t re s sed  for  8 days at 127±2°  C in a 

sea l ed  vial  to p rov ide  a l imi ted amount  o f  oxygen.  Add i t i on  o f  

benzoy l  pe rox ide  or  a zo b i s i s obu ty ron i t r i l e  was s tud ied  to t e s t  the 

hy po th e s i s  t ha t  wi th l imi ted oxygen the ra t e  o f  a u to x i d a t i o n  o f  

t e t r a l i n  and the ra te  o f  f o rma t ion  o f  the  i n t e rm e d ia t e  p r o d u c t s  

( t e t r a l o n e  and t e t r a l o l )  could be i nc r eased  and the  r a t e  o f  forming  

d e p o s i t s  decr ea sed .  Howeve r ,  depos i t i on  was  also found  to 

a cce l e r a t e .  It  was  found t ha t  depos i t  p ro d uc e d  ear ly  in the 

p r o c e s s  has high pe rox ide  con ten t .  La t e r  in the  p roce s s ,  the 

dep os i t  has no pe rox ide  conten t .  Ini t ia l  and final  Je t  A de po s i t s
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were  found  to conta in  no pe rox ide s .  Ini t ia l  depos i t  t ha t  forms 

up on  s t r e s s i ng  the  model  fuel  sys tem was  found to cons i s t  o f  a 

m ix tu r e  o f  a romat ic  compounds  t ha t  con ta in  hydroxyl ,  c arbonyl  

and pe rox id e  func t iona l  g roups .  Final  depos i t  cons i s t s  o f  a 

m ix tu r e  o f  a roma t i c  compounds  t ha t  con ta in  hyd roxyl ,  c arbonyl  

and e the r  f unc t i ona l  g roups ,  but  no perox ide .  Bo th  i n i t i a t o r s  

i nc r ea se  the  amount  o f  depos i t  formed in both  model  and Jet  A 

fuels .
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1. INTRODUCTION

The energy  s t o red  in pe t ro leum is put  to use  by combining  

pe t r o l e um  p r od u c t s  wi th oxygen.  This energy can be used  for  i n­

dus t r i a l  or domes t i c  pu rpose s  in forms such as ga so l ine ,  diesel  fuel  

and he a t i ng  oils (Nixon,  1962).

I t  is t r ue  t ha t  oxygen is essent ia l  to co mbus t  pe t ro l eu m  

p ro d u c t s ,  but  on the  o ther  hand,  oxygen can p r od u ce  unde s i r ed  r e ­

ac t i ons  when  it is p r esen t  in pe t ro l eum p r o d u c t s  dur ing  sh o r t - t e rm  

h i g h - t e m p e ra t u r e  s t ress  or dur ing l ong- te rm s to r a ge  . Oxygen can 

act  as an enemy because  it can reac t  wi th pe t ro l eu m  c om pon en t s  

and even tua l l y  form,  a f t er  a sequence  o f  r e a c t i o ns ,  nonvo l a t i l e  

ma t e r i a l s  cal led gums.  The po r t i on  which is so lub l e  in fuel  is 

ca l led  d i s so lved  or po ten t i a l  gum and the  i nso lub le  mat e r i a l  is 

ca l led  de pos i t e d  gum (Br inkman,  1979).

Fuel  s t ab i l i ty  can be divided into two major  t ypes :  s t o r a ge  

s t ab i l i ty  and t he rmal  s tabi l i ty .  S to r age  i ns t ab i l i t y  is a t e rm used 

to de sc r i be  the  t endency  for  chemical  de g ra da t i o n  o f  a g iven  fuel  

whi le  it is in s t o r age  fac i l i t ies .  Thermal  i ns tab i l i t y  is a t e rm used  

to  de sc r i be  the  t endency  for  chemical  d e g ra da t i o n  o f  fuel  at high 

t e m p e r a t u r e  in an a i rc r a f t ' s  fuel  sys tem pr io r  to co mbus t i on .  Fue l s  

wh ich  have  poo r  s tabi l i ty  can p roduce  depos i t ed  gum by a ser ies  o f  

r e a c t i o n s  t ha t  lead to the fo rma t ion  o f  inso lub le  mat er ia ls .
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Sign i f ic an t  main t enance  cos t s  ar i se  when t hese  depos i t s  p lug i n j e c ­

t o r s  and dec r ea se  ef f ic iency o f  heat  exchange rs  in the  engine .  The 

t e rm  fuel  s t ab i l i ty  is used for  gasol ine ,  j e t  fuels ,  d iesel  fuel s  and 

hea t i ng  oils.

Gaso l i ne  is a complex  mixture  o f  hyd roca rb ons  wi th  a boi l ing 

r ange  f rom 100 to 400 F° (ASTM D - 4 8 14-92) .  When ga so l i ne  is 

s t o r e d  a depos i t  (or  gum) is formed on the t ank  wal ls .  In s t o r age  

fac i l i t i e s ,  p ipes  and valves  can be p lugged  by depos i t  f o rmat ion .  

In c a r b u ra t e d  engines ,  only 0.01 % gum in gaso l ine  can p lug  the  

c a r b u r e t o r  caus ing  valve mal func t i on  and p rod uc in g  p i s t on  and 

c r a n kc a se  foul ing.  In fuel  i n jec t ion  sys tems,  de pos i t s  can clog 

i n j ec t i on  nozzl es  (Nixon,  1962).

Many s t ud i es  o f  the s to r age  s tabi l i ty  o f  gaso l ine  we re  c o n ­

du c t e d  in the  ear ly  1920's .  These  s tudies  i nd i ca ted  t ha t  gum is 

p r e s en t  in ga so l ine  as i n te rmed ia te  soluble  p rodu c t s .  These  i n t e r ­

med i a t e  p ro d u c t s  are conver t ed  to depos i t s  by e v a p o r a t i o n  o f  the  

ga so l i ne  (Mard l e s  et al. ,  1929: Nor r i s  et al. ,  1929;  W agn e r  et al. ,  

1929) .  B r o o k s  (1926)  conc luded  t ha t  t hese  i n t e rme d i a t e  p r o d u c t s  

are  o rgan i c  pe rox ide s  . This conc lus ion  has been con f i rmed  by 

many i n v es t i g a t o r s  (Mar t i n  et al. ,  1933;  Mor r e l l  et a l . , 19 3 4 a ,b; 

D ry e r  at  al . ,  1934).

Mor r e l l  (1934  a,b)  r epo r t e d  tha t  as the  c o n c e n t r a t i o n  of  

p e ro x i d e s  i nc rease s ,  the amount  o f  gum fo r ma t ion  i ncr eases .  

L a t e r ,  many i nves t i ga to r s  i dent i f i ed  the  im p or t an t  o rgan i c
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p e ro x id e s  as hyd rop e ro x id e s  (e .g.  Farmer  et al . ,  1942) .  F lood  

(193 3 )  conc luded  t ha t  decr ea ses  in oc tane  number  dur ing  s t o r age  

may be a t t r i bu t e d  to the fo rmat ion  o f  oxyge na t e d  compounds  

dur ing  gum format ion .

Mor re l l  (1934  a,b)  and Drye r  ( 1934)  co nc luded  t ha t  change  

in t he  co lor  o f  ga so l ine  is caused  by the p r e sence  o f  p e rox id e s  and 

as t he  c o nc e n t r a t i o n  o f  pe rox ides  is i nc reased ,  the  co lo r  o f  the 

ga so l i ne  becomes  darke r ,  gum fo rmat ion  i nc r ease s  and an t i knock  

va lue  dec rease s .  Also,  they i dent i f i ed  pe rox ide s ,  a ldehydes ,  and 

ac ids  as poss ib l e  p r od uc t s  o f  gaso l ine  decom po s i t i on ,  but  they  did 

no t  de t e rmine  a lcohol s  and ke tones .  They co nc luded  t ha t  the  ra te  

o f  de pos i t  f o rma t ion  is p ropo r t i ona l  to the  pe ro x i de  c on t en t  and 

i nd ep e n d en t  o f  the  a ldehyde  and acid co nc e n t r a t i o n s .  Any e f fec t  

o f  a l coho l s  or ke tones  was not  ment ioned .  They also sug ges t ed  

t ha t  t he se  o rgan ic  pe rox ide s  are only i n t e rme d ia t e s  which  d e c o m ­

pose  and po lymer ize  dur ing ev apo ra t i on  to form de p os i t e d  gum by 

u n k n o w n  reac t i ons .

F lood  (1933 )  conc luded  t ha t  a l iphat ic  d io le f ins ,  cycl ic  d i o l e ­

f ins,  and mo no- o r  diolef ins  a t t a ched  to a benzene  r ing are r e s p o n ­

sible  for  gum fo rmat ion  and form the g r ea t e s t  amoun t  o f  depos i t .  

Yule  ( 1931)  sugges t ed  tha t  the  ra t e  o f  gum fo r ma t ion  is p r o p o r ­

t i ona l  to the  o rgan ic  pe rox ide  co nc en t r a t i o n  and conc l ude d  t ha t  

o r gan i c  pe rox id e s  are i n t e rmed ia t e s  tha t  form d e po s i t e d  gum by
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un kn o wn  r eac t i ons .  This conc lus ion  has been con f i rmed  by Morre l l  

( 1934  a,b) .

S chw ar t z  et al. ( 1964,  1972)  conc luded  t ha t  n i t r oge n  and 

su l fur  compo und s  i ncr ease  the ra te  o f  depos i t  f o rmat ion .  In a d d i ­

t ion ,  t hey  de te rmined  t ha t  the  conce n t r a t i o n  o f  n i t r og en  in the 

de p os i t s  is g r ea t e r  than t ha t  p r esen t  in the or ig inal  fuel .

Je t  and Diese l  fuels  fall wi thin  the d i s t i l l a t i on  r ange  cal led 

middl e  di s t i l l a t e .  Diesel  fuel  is used in high speed  engines  in 

t r u c k s  and buses .  It  has a boi l ing range  o f  3 60 to 600 °F (ASTM 

D - 5 7 9 - 9 2 ) .  Jet  fuel  is used in a i rc ra f t  engines .  It  has a boi l ing 

r ange  o f  350 F° to 550 F° (ASTM D-1 655 -92 ) .

The mechani sm o f  s t o r age  deposi t  f o rma t ion  in Diese l  fuel  is 

no t  wel l  u n de r s t o od ,  but  many i n ves t i ga to r s  have  po i n t e d  ou t  t ha t  

de po s i t  f o rm a t ion  can be a t t r i bu t ed  to the  a u to x id a t i o n  o f  the  hy ­

d r o c a r b o n s  p r e sen t  in the  fuel  (Robe r t s on  et al . ,  1948;  Mush ru sh  

et  al . ,  1985) .  Genera l ly ,  the  depos i t  f o rmat ion  mechan i sm is b e ­

l ieved  to involve  a ser ies  o f  r eac t i ons  l eading to so lub l e  ox ida t i on  

p ro d u c t s  and eventua l ly  to depos i t s .  One such mechan ism is p r e ­

s en t ed  in F igure  1 (Beave r ,  1991).



T - 4 4 7 0 5

Fuel
reactive paraffins and
naphthenes
alkyl aromatics
alkyl polycyclic aromatics
trace hetroatom compounds

Hydroperoxides

Acids
Carbonyl compounds

Coupling*
products

Alcohols

Innocuous
Products

Sediment Storage
conditions

Nucléation
or

Agglomeration

Moleucles whose molecular weight has increased due to chemical reactions 
such as estérification or electrophilic aromatic substitution

F igu re  1: Diese l  fuel  de compos i t i on  dur ing  am ­
bient  s t o r age  (Beaver ,  1991).
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Cl inkenbeard  (1959)  sugges t ed  tha t  depos i t  f o rm a t ion  in 

Diese l  fuel  is due to the au tox ida t i on  o f  hy d ro ca r bon s  p r e sen t  in 

t he  fuel  and then  r eac t i on  wi th oxygen,  sul fur ,  and n i t r o ge n  c om ­

pounds .  E lmqu i s t  ( 1959)  sugges ted  that  de pos i t ed  gum fo rma t ion  

in Diese l  fuel  is due to the pr esence  o f  readi ly  ox id i zab l e  a roma t i c  

t h io l s ,  hyd roca rb ons ,  and oxygen.

Of fenhaue r  (1957)  r epo r t e d  t ha t  s t o rage  s tab i l i ty  o f  c a t a ly t i -  

cal ly c r acked  d is t i l l a t e  is i nc r eased  by r emoving  a roma t i c  th io l s ,  1- 

na ph tho l  or  pyr ro le  type  compounds  from the fuel  and is decr ea sed  

when  r e tu rn in g  them to the fuel .  Also,  a l i pha t ic  t h io l s  and 

d i a ry ld isu l f ide s  do not  i ncr ease  depos i t  f o rma t ion .  Thompson  

(19 49 )  found  t ha t  pyr ro l es  cause  the l a rges t  r a t e  o f  depos i t  

f o r m a t io n  and pyr id ines  are also harmful  to fuel  s t ab i l i ty ,  but  to a 

l e s s e r  ex ten t ,  and t ha t  both deg rade  color .  He also found  t ha t  i n­

do l es  i ncr ease  the  i nsoluble  gum and co lor  becomes  darke r .  C o m ­

merc ia l  j e t  fuel  spec i f i c a t ions  are given in Table  1:
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Table  1: De ta i l ed  spec i f i ca t i ons  o f  av ia t i on
tu rb ine  fuels  (ASTM D 1655).

Ql D 1655

TABLE 1 Detailed Requirements of Aviation Turbine Fuels4
Property Jet A or Jet A1 Jet 8 ASTM Test Method0

Acidity, total max. mg KOH/g 0.1 D 974 or D 3242
Aromatics, max. vd  x 20c 20c 01319
Sulfur, mercaptan.0 max, weight X 0.003 0.003 D 3227
Sulfur, total max. weight X 
Distillation temperature. °C:

0.3 0.3 D 1266 or 0  1552 or 0  2622 or D 4294

10 X recovered, max. temp 205 0 8 6
20 X recovered, max, temp 145
50 X recovered, max, temp report 190
90 X recovered, max, temp report 245
Final bolBng point, max. temp 300

Distillation residue, max, X 1.5 1.5
Distillation loss, max, X 1.5 1.5
Flash point, min, "C 38 D 56 or D 3828-'
Density at 15*C, kg/m3 775 to 840 751 to 802 0  1298 or D 4052
Vapor pressure. 38eC, max. kPa 21 D323
Freezing point, max, *C -4 0  Jet A£ 

-4 7  Jet A-1f
- s o 0 D 2386

Viscosity -2 0 °C , max, mn^/s*- 8.0 D445
Net heat of combustion, min. MJ/kg 
Combustion properties: one of the following require­

ments shall be met:

42.8° 42.8° D 4529. D 2382, D 3338. or D 4809

(7 ) Luminometer number, min, or 45 45 D 1740
(2) Smoke point, min, mm. or 25 25 01322
(3) Smoke point min, mm. and 2 0 ' 2 0 ' 01322

Naphthalenes, max. vol. X 3 3 D 1840
Corrosion, copper strip, 2 h at 100eC. max 
Thermal stability:

No. 1 No. 1 D 130

Filter pressure drop, max, mm Hg 25* 25* D 3241H
Tube deposit less than C ode3 Code 3

Existent gum, max. mg/100 mL 
Water reaction:

7 7 0  381

Interface rating, max 1b 1b D 1094
Additives See 5.2 See 5.2
Electrical conductivity, pS/m ' ' 0  2624 or D 4308

A  The requirements herein are absolute and are not subject to correction for tolerance of the test methods. If multiple determinations are made, average results shall be 
used.

0 The test methods indicated in this table are referred to in Section 10.
c  Fuels with an aromatic content over 20 volume X but not exceeding 25 volume X are permitted provided the suppfer (sefler) notifies the purchaser of the volume, 

distribution and aromatic content within 90 days of date of shipment unless other reporting conditions are agreed to by both parties.
°  The mercaptan sulfur determination may be waived if the fuel is considered sweet by the doctor test described in 4.2 of Specification 0  235.
e  Other freezing points may be agreed upon between supplier and purchaser.
F Fuels having a smoke point less than 20 but not less than 18 and a maximum of 3 volume X of naphthalenes are permitted provided the supplier (seller) notifies the 

purchaser of the volume, distribution and smoke point and naphthalenes content within 90 days of date of shipment unless other reporting conditions are agreed to by both 
parties.

°  For all grades use either Eq 1 or Table 1 in Test Method D 4529 or Eq 2 in Test Method D 3338. Test Methods D 2382 or D 4809 may be used as alternatives. In case 
of dispute. Test Method D 2382 shall be used.

H Thermal stability test (JFTOT) shall be conducted for 2.5 h at a  control temperature of 260oC, but if the requirements of Table 1 are not met, the test may be 
conducted at 245°C. Results at both temperatures shall be reported in this case. Tube deposits shall always be reported by the Visual Method: a rating by the Tube 
Deposit Rating (TDR) optical density method is desirable but not mandatory. If the deposit includes peacock (rainbow) colors, rate these as code P (*P* for peacock). It 
some part of the deposit does match the Color Standards, it sha8 also be rated. Record and report the rating of the maximum color which matches the Color Standards plu; 
*P*. or *P* only if the tube contains peacock deposits only. Fuels that give Test Method D 3241 tubes with peacock colors fail to meet thermal stability requirements.

'  A limit of 50 to 450 conductivity units (pS/m) applies only when an electrical conductivity additive is used and under the condition at point of use.
1 pS/m = 1 x  lO-12 Q-1 m-1

J  Results obtained by Test Methods D 3828 may be up to 2°C lower than those obtained by Test Method D 56 which is the preferred method. In case of dispute. Test 
Method O 56 w i apply.

* Preferred Si units are 3.3 kPa. max.
L 1 m n f/s  = 1 cSt.
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Re cen t  s tudies  have shown that  the  high cos t  o f  domes t i c  

c rude  oil has r esu l t ed  in the use o f  lower  qua l i ty  c rude  oi ls and 

shale  oi ls which conta in  r e l a t i ve ly  higher  c o n c e n t r a t i o n s  o f  h e t ­

e ro a t om s ,  a roma t i c s ,  metals ,  and a spha l t enes  (Ce rnansky ,  1984) .  

Oil r e f i ne rs  were  fo r ced  to i ncr ease  the use o f  c a t a ly t i c  c rack ing  

to con ve r t  the  b ranched  hyd roca rbons  to middle  d i s t i l l a t e  fuel  and 

to b lend it wi th  s t r a i gh t  run middle  dis t i l l a te  to meet  the  i nc rease  

in demand  for  middle  d i s t i l l a t e  af ter  World  War  II  (Beave r ,  1991) .  

The s tab i l i ty  o f  middle  d i s t i l l a t e  depends  on the re f i n ing  p roce ss .  

S t r a ig h t - r u n  middle  d i s t i l l a t e  is more  s table  t han  ca t a ly t i c  middle  

d i s t i l l a t e ,  and the  leas t  s table  is t hermal  middle  d i s t i l l a t e  ( Johnson ,  

1954) .  L o we r  qua l i ty  c rude  oil p roduces  l ower  qua l i t y  middle  

d i s t i l l a t e .  The re fo r e  c racked  component s  in d i s t i l l a t e s  p r odu ce  

bo t h  l ower  s t o r age  and t hermal  s tabi l i ty  (Beaver ,  1991;  C e r n a n ­

sky,  1984) .

Con t a c t  o f  copper  sur face s  wi th j e t  fuel  i nc r ea se s  the  r a t e  o f  

dep os i t  f o rma t ion  but  steel  does  not  (Wa l te rs  et a l . , 1949) .  Dahl in  

et  a l . , ( 1981 )  s t ud i ed  the  e f fec t s  o f  va r i ous  n i t r o ge n  compo un ds  

(py r id ine s ,  qu ino l i nes ,  i ndoles  and pyr ro les )  on J e t -A  s tab i l i ty  and 

co n c l ud ed  t ha t  t he i r  ef fect  on depos i t ion  r a t e s  is r e l a t ed  to the 

ba s i c i ty  o f  t he se  n i t r ogen  compounds .  The r e l a t i ve  o r de r  o f  e f fec t  

o f  t he s e  compou nd s  on r a t es  o f  depos i t ion  is genera l l y  pyr id ine s  > 

qu ino l i ne s  >> indoles  > pyr ro l es .  The ra t e  o f  de pos i t  f o rm a t ion  

can be i ncr ea sed  by add i t i on  o f  polysul f ides ,  a l i pha t i c  m e rcap t ans ,
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and t h io ph en o l s  to JP-3 fuel  ( Johnson ,  1954) .  Also he conc luded  

t ha t  t he r e  are no l arge  e f fec t s  o f  n i t r o ge n -c on t a in in g  c o m pou nd s  

on the  s t o r a ge  s tabi l i ty  o f  j e t  fuel .

D e po s i t  f o rmat ion  can be inc r eased  by add ing  metal  ion 

complexes  to fuel .  When metal  ions such as t hose  o f  coba l t ,  m an ­

ganese ,  cop pe r  and i ron are added to fuel ,  the  h y d ro pe r ox i de  

de co m p o s i t i o n  is c a t a lyzed  as shown in the  fo l lowing  r eac t i o n  

(Rahha l  et.  al . ,  1988;  Wal te rs  et al. ,  1949):

Mn+ + R 02H -> M("+1)++ RO + OH"

M(n+1)+ + R 02H -» M(")+ + R 02 + H+

In j e t  a i r c r af t ,  fuel  is used to cool  t u rb ine  l ub r i c an t s  in i t ' s  

pa th  to the  combus t i on  chamber .  Hea t i ng  fuel  in the  p r e s en c e  o f  

oxygen  can acce l e r a t e  the ra te  o f  depos i t ed  gum fo rm a t ion  which 

i ndeed  can dec r ea se  the  ef f ic iency o f  heat  exchange r s  and p lug  the 

fuel  man i fo lds ,  com bus to r  spray nozz l es  and f i l t e r s  which  lead to 

engine  o pe ra t i n g  di f f icul t i es .  Depos i t  f o rma t ion  (or  t he rmal  i n ­

s t ab i l i ty  o f  j e t  fuel )  in a i r cr af t  engines  can lead to high m a i n t e ­

nance  expense s  for  m anu fac tu r e r s  and use r s  o f  fuel  (Nixon ,  1962) .
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Thermal  s tabi l i ty  is a very  impor tan t  subj ec t  and many s t u d ­

ies have  been appl ied  to improve  j e t  fuel s t abi l i ty .  Tay lor  (1969)  

s t ud i ed  the  depos i t  f o rmat ion  o f  a ser ies  o f  pa ra f f ins  and found 

t ha t  depos i t  f o rma t ion  at a given t em pe ra tu r e  is i nc r ea sed  as the 

mo le cu l a r  we igh t  o f  the  paraf f in  is decr ea sed .  Also,  b r anched  

pa r a f f in s  form depos i t s  more  rapidly.

Bu sh u ev a  (1971)  conc luded  tha t  sed iment  f o r ma t ion  in j e t  

fue l s  is mainly due to the  ox ida t i on  o f  a romat ic  h y d r oc a r bo n s  and 

a ro m a t i c s  wi th  b ranched  side chains  p roduce  the  maximum amoun t  

o f  depos i t .  Depos i t  f o rmat ion  is inc r eased  as the  l ength  o f  side-  

cha ins  o f  naph then i c  hydroca rbons  i ncreases .  Also he conc luded  

t ha t  t he rmal  s tabi l i ty  can be i ncr eased  by r emov ing  po lycyc l i c  

naph the n i c  or a roma t i c  hydrocarbons .

Tay lor  ( 1969)  i nves t i ga t ed  the effect  o f  pure  su l fur  c o m ­

pou nd s  such as sul f ides ,  di sul f ides ,  th iols ,  and conden se d  th io-  

phenes  on depos i t  f o rma t ion  f rom hyd roca rbons .  He conc luded  

t h a t  d iphenyl su l f ide  and be nzo th iophene  have only small  e f fec t s  

and the  o t he r  sul fur  compounds  increase  the r a t e  o f  de pos i t  f o r m a ­

t ion .

Fue l s  are very  complex  and conta in  a l a rge  number  o f  p o t e n ­

t ia l  r e a c t a n t s  for  ox ida t i on  r eac t i ons .  The re fo r e ,  a l arge  number  

o f  r e a c t i o n s  may occu r  p roducing  a t r em end ou s  number  o f  p r o d ­

uc ts .  This  makes  mechan is t ic  s tudies  o f  j e t  fuel  i ns tab i l i t y  very 

cha l l eng ing  (Reddy et al, .  1992).
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As a r esul t ,  one basic  approach  is to s tudy one or two fuel  

c o m p o ne n t s  to simpli fy i n t e rp r e t a t i on  o f  depos i t  f o r ma t ion  m e c h a ­

nisms.  A model  fuel  has been deve loped  by Danie l  and his g roup  

(Wors t e l l ,  1980)  which mimics s tabi l i ty  behav ior  o f  j e t  fuel s  but  

con t a in s  only two component s .  Since a l i pha t ic  h y d r o ca r bo n s  are 

the  major  co ns t i t ue n t s  in j e t  fuel ,  dodecane ,  which has a boi l ing  

po in t  in the  j e t  fuel  d i s t i l l a t e  range,  was s e lec ted  as one c o m p o ­

nent  o f  the  model  fuel  .

Te t r a l i n  was  s e l ec ted  as the second co mponen t  o f  the  model  

fuel  for  the  fo l lowing  reason:

1. Je t  fuel  spec i f i ca t i ons  r equ i r e  t ha t  a roma t i c  c om po n e n t s  

amount  to less than 20 volume per  cent  (ASTM D - 165 5 -  

81).

2. Schwar t z  (1972)  has shown tha t  depos i t s  are  enr iched  

in a roma t i cs .

3. Te t r a l i n  is a naph thene  which r eadi ly  oxid izes  to the 

hyd rope rox ide .
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1.1. DEPOSIT FORMATION IN THE MODEL FUEL

A u to x id a t i o n  o f  t e t r a l i n  has been s t ud i ed  by many wo rk e r s  

and they  conc lude  t ha t  t e t r a l i n  au tox ida t i on  is a f i rs t  o rde r  r e a c ­

t i on  (Geo rge ,  1946 a; George ,  1946 b; George ,  1946 c; Bo l land  

and Gee , 1946a;  Bol land  and Gee , 1946b;  Bol land  and Gee , 

1946c;  Nixon ,  1962;  Nixon,  1962;  Woodward ,  1953;  Ro b e r t so n ,  

1948 a; R o be r t s on ,  1948 b; Robe r t son ,  1948 c).  Wors t e l l  1980 

s tud i ed  the  au to x id a t i on  o f  t e t r a l i n  in dodecane  and he found  it to 

be f i r s t  o r de r  in t e t r a l i n  concen t r a t i on .  He p r op o se d  t ha t  depos i t  

f o rm a t io n  in the  model  fuel  can be divided into four  pa r t s  (1) 

f o rm a t io n  o f  t e t r a l i n  hyd r ope rox ide  (2) de co m p os i t i on  o f  t e t r a l i n  

hy d r o p e r o x i d e  (3)  f u r t he r  ox ida t i on  o f  the de co m p os i t i on  p r od u c t s  

(4)  c o nd en sa t i o n  o f  ox ida t i on  p roduc t s .

1.1.1. FORMATION OF HYDROPEROXIDE

The fo rm a t ion  o f  the hyd rope rox ide  in au to x i d a t i o n  o f  pure  

t e t r a l i n  has been  s t ud i ed  by severa l  worke r s  and is wel l  u n d e r s t o o d  

( G e o r g e ,  1946 a; Geo rge ,  1946 b; Geo rge ,  1946 c; Bo l l and  and
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Gee , 1946;  Bo l land  and Gee , 1946 b; Bo l land  and Gee , 1946 c; 

N ixon ,  1962;  Nixon ,  1962;  Woodward ,  1953;  R o b e r t s o n ,  1948 a; 

R o b e r t s o n ,  1948 b; Rob e r t son ,  1948 c). A u t ox id a t i on  o f  t e t r a l i n  is 

a t yp i ca l  f ree  radica l  p roces s  involving:  i n i t i a t ion ,  p r o p a g a t i o n

and t e rm in a t i o n  steps.  Te t ra l in  r eac t s  wi th an i n i t i a t o r  ( In)  to 

ge n e r a t e  a t e t r a l i n  f ree radical  as in r e ac t i on  (1)  which  i n i t i a t es  

t he  a u to x i da t i on  chain:

rS
+ InH (1)

P r o p a g a t i o n  can be r ep r e s en t ed  by r eac t i o ns  (2)  and (3) 

Te t r a l i n  r ad i ca l  r e ac t s  wi th oxygen to p roduce  t e t r a l i n  h y d r o p e r o x ­

ide r ad i ca l  .

0 - 0

(2)
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At suf f ic ient ly  high oxygen co nce n t r a t i ons  r e ac t i o n  (3)  is 

u sua l l y  the  r a t e  con t ro l l i ng  step (Beaver ,  1991).  Te t r a l i n  h y d r o ­

pe rox id e  radica l  r eac t s  wi th ano the r  t e t r a l i n  to p ro d u ce  t e t r a l i n  

hy d r o p e r o x i d e  and ano the r  t e t ra l in  radical :

H
tL , 0 - 0 IL ,H tL , 0 - 0

(3)

Re ac t i o n  (4) ,  (5) ,  and ( 6) are poss ib l e  t e r mina t i on  r eac t i ons :
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1.1.2. HYDROPEROXIDE DECOMPOSITION

D e co m po s i t i o n  o f  t e t r a l i n  hyd r ope rox ide  has been  inves t i  

ga t ed  by R o b e r t s o n  (1948) .  He sugges t ed  the  fo l lowing  as poss i  

ble r eac t i ons .  Te t ra l i n  hy d rope rox ide  can un de rgo  a s low unimole  

cu la r  homolys i s  r e ac t i on  (7) and then rapid r ea c t i ons  o f  the  fre 

r ad i ca l  thus  p r odu ced  ( 8) (Robe r t son ,  1948).

The more  rapid  second s tep mainly p rod uce s  t e t r a l o n e  and y 

o -h y d r o x y  phenyl  but  a ldehyde  as in r eac t i on  ( 8) ( R o b e r t s o n ,  1948):

R  T)-

O

+ HjO
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1.1.3. REACTION OF THE OXIDATION PRODUCTS

16

Fa rm er  (1942)  sugges t ed  t ha t ,  in au tox i da t i o n  o f  ke ton es ,  a d ­

j a c e n t  methy lene  g roups  are a c t iva ted  by the carbonyl  t o w a rd  hy ­

d r o p e r o x i d e  fo rma t ion  at the a  pos i t ion:

O O
R - C —CH2- r ' -------2—► R - C —CH-R

I
O - O - H

9  9 ,  8  . Î
H20  + R - C —C-R R - C —H + R -C —OH

There fo r e ,  t e t r a l o ne  which is a p r odu c t  o f  the  a u to x id a t i o n  

o f  t e t r a l i n ,  can be fu r t her  au tox id ized  to give two  p rod uc t s :  t e t -  

r a h y d r o n a p h t h a l e n e - 1 :2 -dione  and y -o -h yd ro x y ph en y l -b u ty r i c  acid 

as in r e a c t i o n  9 (R obe r t son ,  1948):



T - 4 4 7 0 17

ô ô O, Q
O H

.0- 0'

O O (9)

n p  + Q ,0 OH

Ŝ ^ X<(CH2)2CHO

Zar r ab i  ( 1987)  ident i f i ed  the  fo l lowing c om p on e n t s  as o x i d a ­

t i on  p r o d u c t s  o f  1 - t e t r a l on e  (F igu re  2).
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O
^ y ,C O O H

O

O OH

OH

.COOHOc(CH^CHO

OH

OH

OH OH

(CH2>3COOH

Q ,OH

'(CH^CHO

,OH

• 0 -(CH^CHO ^  (CH2)COOH

Figu re  2: Oxida t i on  p ro du c t s  o f  1 - t e t r a l on e
(Zar rab i ,  1987)
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The h yd r ope ro x i de  can d i s p r o p o r t i o na t e  to t e t r a l o n e  and 

t e t r a l o l  as in r e a c t i on  (10)  (Taylor ,  1970):

1, 2 -d i hy d r on aph th a l e ne  can be p rodu ced  f rom the  d e h y d ra ­

t ion  o f  the  t e t r a l o l  as in r e ac t i on  ( 11 ) (Taylor ,  1970):

OH

+ H20  (11)
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1.1.4. FORMATION OF THE DEPOSIT

The ox ida t i on  p r od u c t s  in the p r ev ious  s ec t ion  do not  r e p r e ­

sent  ac tua l  depos i t  component s .  These  monomer i c  ox id a t i on  p r o d ­

uc t s  are genera l ly  more  soluble  in the model  fuel  and o f  l ower  

m o l e cu l a r  we ight  ( ave r age  molecu la r  we ight  o f  model  dep os i t  was 

found  to  be 600 (Zar rab i ,  1987))  t han  the depos i t s .

W ors t e l l  ( 1980)  p r epa red  model  depos i t  and Jet  A fuel  d e ­

po s i t  by s t r e s s i ng  model  and Jet  A fuel  at 121° C for  more  t han  a 

week .  E l emen ta l  analysis  r esul t s  showed tha t  the  model  and Jet  A 

d e po s i t s  are s imi lar  (Table  2).

Tabl e  2: E lementa l  analysis  o f  the model  depos i t
and Jet  A depos i t  (Wors te l l ,  1980).

Fuel  sample % C % H % N % 0  (by difference)

Jet  A 6 9 . 3 5 . 3 0 . 2 5 2 5 . 1 5

Mode l  Fuel 7 0 . 2 6 . 1 0 . 2 9 2 3 . 4 1



T - 4 4 7 0 21

Jet  A deposi t  is a b rown to black sol id which is pa r t i a l l y  s o l ­

uble  in THF and C H 2 CI2 Model  depos i t s  are more  so lubl e  in 

t he se  so lven ts .  Bo th  model  and Jet  A depos i t s  have low vol at i l i ty .

I t  is d i f f icul t  to i n t e rpr e t  the s t r uc tu r e  o f  model  fuel  depos i t s  

be cau se  o f  the  l arge  number  o f  poss ib le  ox ida t i on  p r o d u c t s  o f  

t e t r a l i n  which  may be involved in the p roces s  o f  the  depos i t  f o r m a ­

t ion.  Also the  low solubi l i ty  and low vo l a t i l i t y  o f  the  depos i t s  

make  analys i s  di f f icul t .

The au to x i d a t i o n  o f  t e t ra l in  is pseudo  f i rs t  o rd e r  in t e t r a l i n  

c o n ce n t r a t i o n ,  i .e.

_ d[T]  
d t

whe re  [T] r e p r e se n t s  the t e t ra l i n  c on cen t r a t i o n  and k is the  ra te  

c o n s t an t  when 0 2 c on cen t r a t i o n  is held cons t an t  (Bo l l and  and Gee,  

1946a , b , c ) .

Wors t e l l  ( 1980 )  s tudied  the model  fuel  ( d o d e c a n e / t e t r a l i n  

10/1)  sys tem and ob ta ined  the f i rs t  o rder  r a t e  c on s t an t s  in Table  3 

at  t e m p e r a t u r e s  o f  118, 121, and 129°C.
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Table  3: Ra te  cons t an t s  for  the a u tox id a t i on  o f
t e t r a l i n  (Wors te l l ,  1980)

Ra te  
[Tet ra l in ]  
/ sec  x 106

[Tet ra l in]

mole /L

1000/T

°k

k
s e c ’ l x 10^

1.16 1.18 2.49 2.26

0.69 1.15 2.54 1.38

0.64 1.08 2.56 1.03
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Wors t e l l  ( 1980)  conc luded  tha t  1) in the model  fuel ,  t e t r a l i n  

h y d r o p e r o x i d e  and its ox ida t i on  p ro duc t s  are i nvolved in t he  p r o c ­

ess o f  depos i t  fo rmat ion ,  2 ) bases  c at a lyze  the de co m p o s i t i o n  of  

the  hy d r op e ro x i de ,  and 3) the  depos i t  which is f o rmed  f rom 

a u to x i d a t i o n  o f  a so lu t ion  cont a in ing  1 - t e t r a l one  (0 .5%)  and t e t r a ­

lin h y d ro pe r ox i de  (0 .5%)  in dodecane  in the  p r esence  o f  air  is very 

s imi lar  to t ha t  f rom the model  fuel .  He sugges t ed  t ha t  the  m e c h a ­

nism o f  depos i t  f o rmat ion  involves  a d i s p r o p o r t i o n a t i o n  o f  the 

t e t r a l i n  hyd ro pe r ox id e  and then condensa t i on  be tw een  t e t r a l o n e  

and t e t r a l i n  hyd rope rox ide .  This mechanism is summar i zed  in 

F igu re  3.

F igu re :  3: Po s tu l a t e d  mechani sm for  depos i t  f o r ­
mat ion.  (A) d i sp r o p o r t i o na t i o n  r eac t i on  
o f  t e t r a l i n  hy d rope rox ide  and (B) c o n ­
densa t i on  reac t i on  be tween  t e t r a l o n e  and 
t e t r a l i n  hy d rope rox ide  (Wors te l l ,  1980) .
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Wors t e l l  s t ud i ed  the effect  o f  t e t ra l i n  h yd ro p e r ox id e  and it ' s 

d e co m po s i t i o n  p r odu c t s  on the ra te  o f  depos i t  f o r m a t i on  and c o n ­

c luded t ha t  the  add i t i on  o f  t e t r a l one  to the  model  fuel  i nc rease s  

t he  r a t e  o f  depos i t  f ormat ion .  On the  o the r  hand,  the  add i t i on  o f  

t e t r a l o l  dec r ea se s  the  ra t e  o f  depos i t  fo rmat ion .  He sugge s t e d  t ha t  

th i s  dec r ea se  in depos i t  f o rma t ion  ra te  was because  o f  the  an t i o x i ­

dan t  capabi l i ty  o f  t e t r a l o l  or because  t e t r a l o l  i nc r ease s  the  s o l v a t ­

ing abi l i ty  o f  the  fuel .  Zar rabi  ( 1987)  f ound t ha t  whi le  t e t r a l i n  

hy d r o p e r o x i d e  and t e t r a l o ne  r eac t  in the p r e sence  o f  air  to p r oduce  

de p o s i t s  which are very similar  in appea rance  ( bo th  v i sua l ly  and 

by IR s p e c t r o s c o p y )  to model  fuel  depos i t ,  no depos i t  f o rmed when 

oxygen  was exc luded.  Also,  the oxygen con t en t  o f  Wors te l l ' s  

p r o p o s e d  depos i t  s t r uc tu r e  ( 15 .68  %) is l ower  t han  the  e lemental  

ana lys i s  r e su l t s  for  the  model  depos i t  (Tabl e  2).  The re fo r e ,  

t e t r a l o n e  and t e t r a l i n  hyd rope rox ide  are not  d i r ec t l y  involved  in a 

c o nd en sa t i o n  r eac t i on  to form depos i t .  F u r t h e r  ox id a t i on  is 

r equ i r ed .

Za r r ab i  ( 1987 )  sugges t ed  the fo l lowing  as a pos s ib l e  scheme 

o f  de pos i t  f o rma t ion  (Figure  4):
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OH

OH
+ more products

OH

Figu re  4. Pos s ib le  scheme o f  depos i t  f o r ma t ion  
(Zar rab i ,  1987).
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Severa l  poss ib l e  mechanisms  r espons ib l e  for  depos i t  f o r m a ­

t ion  can be pos tu l a t ed .  For  example,

1. Sequen t i a l  au tox ida t i on  and co nd en sa t i o n s  o f  h y d r o p e r ­

oxide  and ke tone  g r oups  can,  for  example,  p ro d uc e  such polymer ic  

p ro d u c t s  as are shown in F igure  5. The o ther  poss ib i l i t y  is ad d i ­

t iona l  ox ida t i on  o f  t e t r a l on e  to a d ike tone  and t hen  co nd en sa t i o n s  

o f  h y d r op e r ox i d e s  and d ike tone  g roups  can t ake  place  as in F igure  

6 to  p r o d u c e  o l igomers .

2 . Con de nsa t i o n  o f  r i ng -open ing  ox ida t i on  p r o d u c t s  as in 

F i gu r e  7 can occur .

3. F o r m a t i on  o f  e ther  l inkages  be tween  t e t r a l o n e  ox ida t i on  

p r o d u c t s  as in F igure  8 may be impor tan t .
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Figu re

A

R

O.

OOHOOH

5: Pos s ib l e  mechanism for  s equent i a l
au to x i da t i o ns  and co ndensa t i ons  to p r o ­
duce  po lymer ic  p rodu c t s
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OOH o  OHeô-cô'Oû
o2

f

OOH

+

OH
OOH

2!

HO OH

OOH

OHHO

Figu re  6 : Pos s ib l e  mechani sm for  cond ens a t i o n
reac t i ons  be tween  hyd rop e rox id e  and 
d ike tone  groups .



T - 4 4 7 0 29

OOH

Q o
\ / ^ ( C H 2)3COH

OH

/X s /G O Q H

O + O
X — / ^ (C H 2)2COH ^ /^ ( C H ^ O O H

o.
oII

HO—C—(CH2)3 - W 2h>^  c -
o

Ov^(CH 2)3C-OH

Figu re  7: Pos s ib le  mechanism o f  co nd en sa t i o n
reac t i on s  o f  r i ng -open ing  ox ida t i on  
p roduc t s .
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Figu re

o

OH OH

OH

8 : Poss ib l e  mechani sm for  f inal  depos i t
f o rma t ion  by condensa t i on  r eac t i o n  o f  
t e t r a l on e  ox ida t i on  p roduc t s .
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The a u to x i da t i o n  o f  t e t ra l i n  (in ch lo r ob en zen e )  in the  p r e s ­

ence  o f  rad i ca l  i n i t i a t o r s  has been shown to obey the  fo l lowing  

r a t e  law:

d 0 2 
d t

= k.
k7 [RH][lnitiatorp
k6 y

Where  ej is the  ef f ic iency o f  in i t i a t ion  (W o od w ar d ,  1953) .

Wors t e l l  ( 1980)  i nves t i ga t ed  the  e ffec t  o f  r ad i ca l  i n i t i a t o r s  

( benzoy l  pe rox ide  and a zob i s i s ob u t y r on i t r i l e )  and bases  

( qu ino l i ne )  on the ra t e  o f  the depos i t  f o rma t ion  in Jet  A fuel .  He 

con c lu ded  t ha t  the  i n i t i a t o rs  do cause  an i ncr ease  in the  amount  o f  

de pos i t  in the  ear l i e r  s tage  o f  the  r eac t i on ,  but  not  at the  end o f  

t he  exper imen t  pe r i od  (7 days) .  Je t  A fuel  t ha t  was  sp iked  wi th  

benzoyl  pe rox id e  formed less depos i t  a f t e r  7 days t han  did neat  Jet  

A (Tab l e  4) whi le  Jet  A spiked wi th quino l i ne  formed more  d e ­

pos i t .
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Table  4: Ef fec t  o f  addi t ives  upon Jet  A fuel  i n ­
s tabi l i ty .  Quinol ine  at 5 ppm, azob is i s -  
obu t ry ln i t r i l e  at co ncen t r a t i on  o f  8.9 x 
10"3 mole /L and benzoyl  pe rox ide  at  a 
co nce n t r a t i on  o f  1.56 x 10*2 mole /L 
(Wors te l l ,  1980).

Time
(Hour s )

Cont ro l
Jet  A + 

quinol ine
Jet  A + 
AIBN

Jet  A + 
BP

(g /mm2) x 10 7
24 0.00 0.21 1.44 1.34
48 0.00 4.94 2.37 1.03
72 0.31 6.50 2.57 1.03
96 0.52 6.18 3.50 1.75
120 2.00 6.68 3.48 1.23
144 3.40 6.50 3.69 1.54
168 3.40 7.71 3.50 1.54
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Wors t e l l  (1980)  conc luded  tha t  the t r an s i t i o n  s t a te  complex  

for  t he  r a t e  de te rmin ing  step p robably  involves  a c id -base  r eac t i o ns  

r a th e r  t han  f ree  radical  species .  Zar rab i  ( 1987 )  s tud ied  the  e f fec t  

o f  benzoyl  pe rox ide  and azob i s i so bu t y ro n i t r i l e  (AIBN)  on the 

model  fuel  ( t e t r a l i n /d od e ca ne  1/ 10) and he obse rved  the  same 

e f f ec t s  for  benzoyl  perox ide  and AIBN in model  fuel  as r e p o r t e d  by 

Wo rs t e l l  ( 1980 )  for  Jet  A.

These  r esu l t s  o f  the  benzoyl  perox ide  ex pe r imen t s  ra i se  a 

ve ry  i n t e r e s t i n g  ques t ion .  "How does  benzoyl  pe rox id e  dec r ea s e  

the  ab s o l u t e  amount  o f  d e p o s i t ? " . One poss ib l e  exp l ana t i on  is tha t  

a cc e l e r a t i on  o f  t e t r a l i n  au tox ida t i on  to p r odu ce  so lubl e  i n t e r m e d i ­

a te  p r o d u c t s  consumes  oxygen leaving none avai lable  for  the  a d d i ­

t i ona l  ox id a t i on  r equi r ed  to form depos i ts .

The ob j ec t i ve  o f  this  s tudy was,  t he r e fo r e ,  to de t e rmine  i f  

a c c e l e r a t i o n  o f  the  ini t ial  ox ida t i on  s teps  can be exp lo i t ed  to p r e ­

vent  or  r e t a rd  depos i t  fo rmat ion .

To t ha t  end,  the  fo l lowing were  i nves t i ga t ed :
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1. The kine t ics  o f  t e t ra l in  au tox ida t i on ,  and o f  t e t r a l one

and t e t r a l o l  f o rmat ion  both wi th and w i t ho u t  added 

i n i t i a t or s .

2. The ef fect  o f  radical  i n i t i a t o r s  on the amoun t s  o f  d e ­

pos i t  fo rmed in model  fuel  and Jet  A fuel .

4. The na tu r e  o f  the r esul t i ng  depos i t s .
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2. EXPERIMENTAL SECTION

2.1. PREPARATION OF CHEMICALS AND REAGENTS

D o d e ca n e  (Fluka  AG, Buchs  SG) was washed  wi th  c o n c e n ­

t r a t e d  H 2 SO4 unt i l  the acid layer  was co lor l es s  to r emove  u n s a t u ­

r a t e d  compo un ds  and o ther  r e ac t i ve  species .  The do de can e  was 

t hen  washed  s equent ia l ly  wi th 50 mL po r t i ons  o f  d i s t i l l ed  wa te r ,  

(10 %) aqueo us  sodium b i ca rbona t e  so lu t ion ,  and wa te r ;  dr ied  over  

p o t a s s i um  ca rbona t e ;  f i l t e red;  and then dis t i l l ed.

1 , 2 , 3 , 4 -T e t r a hy d ro n a ph th a l e ne  ( t e t r a l i n)  (Fluka  AG, Buchs  

SG) was  kept  in a bo t t l e  con ta in ing  ac t i va t ed  (3 80° C for  24 

hou r s )  s i l ica  gel,  t hen  f i l t e red ,  and dis t i l led.  The d i s t i l l ed  t e t r a l i n  

was  s t o r e d  in a bo t t l e  con ta in ing  ac t iva t ed  s i l ica gel  to remove  

pe rox ide s .

Benzoy l  pe rox ide  (Fluke  GA, Chemische  Fabr ik  C H- 94 70  B u ­

chs) ,  a zo b i s i s ob u t y r on i t r i l e  ( R i e de l - d e H a ën ) ,  f e r ro us  ammonium 

su l f a t e  (J. T. Baker  Chemical  Co) ,  ammonium th io c y a n a t e  (I.  T. 

B a k e r  Chemica l  Co) ,  fer r ic  ch lor ide  ( anhyd rous ,  pur i f i ed  gr ade ,  

F i s he r  Sc i en t i f i c  Company)  were  used as r eceived .

All so lvent s  used as the mobi le  phases  for  l iquid c h r o m a ­

t o g r a p h i c  exper imen ts  were  pu rchased  as high pe r fo rm an c e  l iquid
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ch ro m a to g r a p h y  (HPLC)  g rade  r eagen ts .  Ch l o ro fo rm

( M al l i n ck r od t ) ,  i s ooc t ane  (Ma l l inckrod t ,  Na no g ra d e ) ,  and ace to -  

n i t r i l e  (F i sher  ChemAle r t )  were  used as r eceived .

Jet  A fuel ,  or ig inal ly  ob t a ined  from the Na t iona l  Ae ro nau t i c s  

and Space  Admin i s t ra t ion  (NASA)  Lewis  R esea r ch  L a b o r a to r y  

Cent e r ,  had been s t or ed  in a r e f r i g e r a to r  for  severa l  years .

2.2. INSTRUMENTATION

An Incos  50 gas c h ro m a to g r ap h  mass s p e c t r o m e t e r  equ ipped  

wi th  DB5 (3 0m x 0.25 mm i d, 0.25 p fi lm th ick)  co lumn and a 

CTC -A 2005 au to  sampler  was used to de te rmine  and m on i to r  the 

t e t r a l i n ,  t e t r a l o n e ,  and t e t r a l o l  co nce n t r a t i ons  dur ing  a u to x i d a t i o n  

o f  model  fuel .  I n j ec to r  t em p e ra tu r e  was 250°  C, spl i t  r a t io  was 

1:400,  and 0.1 pi o f  the sample  was in jec t ed .  The gas  c h r o m a ­

t o g r a p h  was  p rog r ammed  to run from 70° C to 310°  C at 8 ° C/min.  

These  ana lyses  were  pe r formed in Saudi  Aramco L a b o r a t o r y  D e ­

p a r t m e n t  (Dhah ran ,  Saudi  Arabia) .

A HP - 5 8 4 0  A gas ch rom a to g r ap h  i n te r f aced  to an HP -5985  

mass  d e t e c t o r  ( qua d r upo l e ) ,  equ ipped wi th a 15-m x 0.25 mm fused 

s i l ica  D B 5-b o nd ed -p ha se  column (J & W Sc ien t i f i c )  was  used  for
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t he  depos i t  analysi s .  The ope ra t iona l  cond i t i ons  for  the  gas  c h r o ­

m a t o g r ap h  were:  i n jec to r  t em pe ra tu r e  23 0° C, ini t ial  t e m p e r a t u r e  

o f  the  oven 70° C p rog rammed  to 250° C at 8 ° C / m i n . , t r an s f e r  

l ine t e m p e r a t u r e  280°  C The i on iza t i on  energy was 70 eV and the 

mass  scanning  range  was from 35 to 3 5 0 amu. The de pos i t s  were  

d i sso lved  in me than o l / t o lu en e  (50 /50 ,  v/v)  for  analysi s .

A Pe rk i n -E lm er  Ser ies  4 l iquid c h ro m a to g r a p h  wi th  m ic r o ­

p r o c e s s o r - c o n t r o l l e d  so lvent  de l ivery  sys tem,  HP 7 9 9 2 5 SI -5S4  Li- 

c h ro s p h e r  SI -60 5pm,  125-4 NP HPLC column,  and Pe rk in -E lm er  

LC -85B  Sp e c t r o p h o t o m e t e r i c  UV d e t e c t o r  was used for  the  d e t e r ­

mina t i on  o f  compound  pur i ty  and for  moni to r i ng  the  a u to x i da t i on  

o f  the  t e t r a l i n  and the  fo rmat ion  o f  t e t r a l i n  hyd ro p e r o x id e ,  

t e t r a l o n e ,  and t e t r a l o l .  The wave leng th  o f  the  d e t e c t o r  was  set  at 

254 nm. The mobi le  phase  cons i s t ed  o f  75% i sooc t an e ,  2 4 . 5 %  

c h lo ro fo rm  and 0 .5% ace toni t r i l e .  200 pi o f  the  model  fuel  l iquid 

phase  was d i lu t ed  wi th  4 mL o f  100 ppm o - n i t r oan i l i ne  (as i nte rna l  

s t a n da r d )  in mobi le  phase.

Py ro ly s i s  mass spec t ra l  (Py-MS)  analys is  o f  de p o s i t s  was 

ob t a i ned  us ing an Ext re l  Mode l  EL-400  t r ip l e  qu a d ru p o l e  mass 

s p e c t r o m e t e r ,  f i t t ed  wi th a Cu r i e -po in t  pyrolys i s  inlet .  A F i s che r  

Mode l  0310 (1 kW) r f  ge n e r a t o r  was used to supply po w e r  to the 

C u r i e - p o i n t  coil .  The sol ids  were  l oaded  onto f e r r o m ag n e t i c  wi res  

(C u r i e  poin t  3 1 0°C)  in me tha no l / t o lu en e  so lu t ion .  So lven t  was 

e v a p o r a t e d  p r io r  to analysis .
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A Digi lab  FT S-20 /80  FT- IR  was used for  i nf ra red  spec t ra l  

ana lyses .  FT- IR  analysis  o f  depos i t  was pe r fo rmed  by sp r ead ing  

t he  depos i t  so lu t ion  (model  depos i t  d i sso lved  in m e t h an o l / t o lu e n e  

50 /50)  on to  a CaF^ window and evapo ra t i ng  the  so lven t  in a 

s t r e am o f  air.

Organi c  pe rox ide  con ten t  o f  ini t ial  and final  dep os i t s  fo rmed 

w i t h o u t  i n i t i a t o r s  ( to avoid i n te r f e r ences  f rom the add i t i ve s )  was 

de t e rmin ed  us ing a f e r rous  t h iocyana t e  co lo r ime t r i c  method .  O r ­

gan i c  pe ro x i de s  can be r educed  in an acidi f ied  so lu t i on  o f  f e r rous  

t h io c y an a t e  in methanol .  S pe c t r o ph o t o m e t r i c  mea su r eme n t  o f  the 

r e su l t i n g  f er r i c  t h iocyana t e  then can be used to ana lyze  pe rox id e  

co n t en t .  (S igg i a )  The f e r rous  t h iocyana t e  r eagen t  was  p r ep a r ed  by 

d i s so lv ing  1 g o f  ammonium th iocyana t e  and 1 ml o f  25% by we igh t  

su l fu r ic  acid in 200 ml o f  methanol .  Finely pu lve r i z ed  f e r rous  

ammon ium su l fa te  (0.2 gram)  was d i sso lved  in the  so lu t ion .  The 

r ea ge n t  was pu rged  wi th n i t r ogen ,  and kep t  in a b rown  g l a s s - s t o p ­

pe red  bo t t l e .  This  so lu t ion  was p r epa red  daily.  F igure  9 shows  a 

l inear  c a l i b r a t i on  curve  for  var i ous  s t andard  c o n c e n t r a t i o n s  o f  f e r ­

ric ch lo r ide .  So lu t i ons  o f  0 . 00407  g o f  the ini t ial  de pos i t  and 

0 .00573  g o f  the  f inal  depos i t  in 25 mL methanol  were  p r epa red .  

One ml o f  each so lu t ion  was i n t rodu ced  into a 25 mL vo l ume t r i c  

f l ask  and d i lu t ed  to the mark wi th f e r rous  t h io c ya n a t e  r e agen t .  

The c o lo r i m e t e r  cell  was f i l led wi th the mix tur e  and a f t e r  10 min. 

i t ' s  ab s o rb an c e  was measu red  us ing a DU-2 s p e c t r o p h o t o m e t e r  at
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422 nm. Zero  abso rbance  was set  by using a b lank o f  the  f e r rous  

t h io c ya na t e  reagen t .  Jet  A deposi t  samples  t ha t  had been s t r e ss ed  

for  2, 4, 6 , 8 , 10, 12, 14, and 17 days were  d i s so lved  in 0.5 ml o f  

a m ix tu r e  o f  t e t r a c h l o ro e t h y l e n e /  methanol  ( 50 /50 ,  v/v) .  0.5 ml o f

t he  Jet  A depos i t  so lu t ion  was di lu ted  wi th 2 ml o f  f e r rous  

t h io c ya na t e  r eagen t .  0.5 o f  the Jet  A l iquid phase  was d i lu t ed  wi th 

f e r ro us  t h io cy ana t e  reagent .
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Figu re  9: Ca l i b r a t i on  curve  for  fer r i e  ch lor ide
s t a nda rds  (pe rox ide  de t e rmina t ion ) .
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2.3. AUTOXIDATION OF TETRALIN IN MODEL FUEL

A. Two sets  o f  model  fuel  and j e t  fuel  samples  we re  p r e ­

par ed .  One ha l f  (0 . 5)  mL o f  model  fuel  ( d o d ec an e / t e t r a l i n ,  10/1)  

or  Je t  A was i n t ro du ced  into a 10 mL ampule  (Whe a to n )  r e su l t i ng  

in a fuel  to air  ra t io  o f  1/19.  Each  set  co ns i s t ed  o f  18 samples .  

Each  10 mL ampule  was coo led  to -55° C us ing a dry i c e / ac e t on e  

ba th  to minimize  vapo r  p re s su re  o f  the so lu t i on  and sea led us ing 

an 0 2 /na t u r a l  gas  t o r ch .  The two sets o f  samples  we re  p l aced  in 

an oven at 127° C ± 2 . At 4, 12, 24,  48, 72, 96, 120 , 144,  and 168 

hou rs ,  two  samples  o f  each set  were  removed  f rom the  oven.  The 

e x t e r i o r  o f  each ampule  was c leaned wi th methanol  and dr ied.  The 

t ip o f  the  ampule  was b roken  off,  the so lu t ion  was r emoved  us ing  a 

P a s t e u r  p ipe t t e ,  and t r an s f e r r ed  to a sc rew cap vial  for  l a ter  

ana lys i s  by HPLC.  Three  ml hexane was i n t ro d uc ed  in to  the  a m p u ­

le which  was  t hen  placed in an u l t r a son ic  ba th  for  5 min.  This 

p r o c e s s  was  r epe a t e d  t hr ee  t imes wi th t hr ee  mL po r t i o ns  o f  hexane  

to r emove  model  fuel  l iquid phase.  The ampule  was  t hen  dr ied  u s ­

ing a s t r eam o f  air and weighed.  Depos i t  adher ing  to the  ampule  

was  t hen  d is so lved in t h ree  3 -ml po r t i ons  o f  m e t h an o l / t o l u e n e  

(5 0 / 50 ) .  The ampule  was then air dr ied and we ighed  again.
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B . In a second set o f  exper iment s ,  on e -h a l f  mL o f  model  

fuel  ( d o de c an e / t e t r a l i n ,  10/1,  V/V)  or Jet  A was i n t r od u c ed  into a 

t h r ee  dram vial  (Bax te r  Hea l t hca r e  Co rpo r a t i on )  and co ve red  wi th 

Tef lon  sheet  and sealed wi th a sc rew cap.  The above  p r oc e d u r e  

was  used  for  co l l ec t i ng  the r eac t i on  mixture  and we igh ing  the 

vials .

C. In a th i rd  set  o f  exper iment s ,  one -ha l f -mL po r t i o n s  o f  

model  fuel  were  i n t roduced  into 40 mL vials  and t hen  sea l ed  wi th  a 

T e f l o n - c o a t e d  s i l icone septum (Supe lco) .  The above  p r o ce du r e  

was  used  for  co l l ec t i ng  the  r eac t i on  mixture  and weigh ing  the  vial.  

This  me thod  was adop t ed  to s t ress  all model  fuel  samples .

2.4. EFFECT OF RADICAL INITIATORS ON MODEL AND JET FUEL 
INSTABILITY.

Stock  so lu t i ons  in model  fuel  o f  2000 ppm benzoy l  pe rox id e  

and 2000  ppm azob i s i so bu ty ro n i t r i l e  (AIBN)  we re  p r ep a r ed .  The 

s t o c k  so lu t i ons  were  d i lu ted  wi th model  fuel  to p r epa re  the  f o l l o w ­

ing c on ce n t r a t i o n s :  100 and 1000 ppm o f  benzoyl  pe ro x id e  or
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AIBN.  One ha l f  (0 .5)  mL o f  each so lut ion  was i n t ro du ced  into a 

vial  or  ampule  and the above p r oce du r e  was used to co l l ec t  and 

we igh  the  depos i t

All depos i t s  used  for  cha r ac t e r i z a t i on  were  p r e p a re d  as f o l ­

lows:  One ha l f  mL o f  model  fuel  (wi th or  w i th ou t  1000 ppm o f

benzoyl  pe rox ide  or  AIBN)  was i n t roduced  into a 40 mL vial  and 

t hen  sea led wi th  a T e f lon -co a t ed  s i l icone septum.  The samples  

we re  t hen  held at 127 °C for  up to e ight  days.  D e p os i t s  we re  c o l ­

l e c t ed  a f t e r  one day ( ini t ial  depos i t )  and a f t e r  e ight  days (f inal  d e ­

pos i t ) .  In i t i a l  and final  depos i t s  were  d i sso lved  in 25 mL o f  50/50 

m e t h a n o l / t o l u e n e  (depos i t  so lut ion) .  The depos i t  we igh t  was  d e ­

t e rmine d  by d i f fe rence .  The depos i t  so lu t ion  was ana lyzed  by GC- 

MS,  Py -MS,  FT-IR,  and for  pe rox ide  con ten t  as de sc r i bed  above.
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3. RESULTS AND DISCUSSION

3.1. AUTOXIDATION OF MODEL FUEL

I t  is very cha l lenging  to do mechani s t ic  s t ud i es  o f  j e t  fuel  

i ns tab i l i t y  because  o f  the l arge  number  o f  c o m po ne n t s  and large  

number  o f  poss ib l e  r eac t i ons  p roduc ing  a t r em en d o us  number  o f  

p ro d u c t s .  As a r esul t  it is des i rable  to use  a model  fuel  

( d o d e c a n e / t e t r a l i n  10/1 V/V)  which con ta ins  only two  co m p on e n t s  

and which  mimics the  s tabi l i ty  behav ior  o f  j e t  fuels .  In th is  model  

fuel ,  do de can e  acts  as a so lvent  for  the t e t ra l i n  a u to x i d a t i o n  r e ­

ac t i ons ;  no s i gni f icant  ox ida t i on  o f  dodecane  occu r s  unde r  the  e x ­

pe r im en t a l  cond i t i ons  used.  (Zar rab i ,  1987).

In this  s tudy,  the ra te  o f  t e t ra l in  au to x i d a t i o n  at  127°C ±2 

was  mea su red  and found to be f i rs t  o rder  in t e t r a l i n  c o n c e n t r a t i o n  

wi th  a r a te  cons t an t  o f  9.05 x 10“6 (Figure  10),  which  is g r ea t e r  

t han  t ha t  ( 2 .26  x 10"^) measured  by Wors t e l l .  This  d i f f e rence  may 

pe rh a p s  be a t t r i bu t e d  to the d i f f er ences  in the  type  o f  g l as s  c o n ­

t a i ne r s  used .  Chr is t ian  (1958)  conc luded  t ha t  the  type  o f  g l ass  can 

a f fec t  t he  de g rad a t i on  ra te  o f  many fuels .  He r e p o r t e d  t ha t  sof t  

g l as s  has an inh ib i to ry  ef fect  on the deg rad a t i on  o f  fuels ,  but  bor -  

o s i l i c a t e  g lass  is essent ia l l y  iner t .

ARTH URUK ESLIBRARY  
COLORADO SCHOOL OF MINES 
GOLDEN, CO 8 0 4 0 2
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Figu re  10: Ra te  o f  t e t r a l i n  au tox ida t i on .  E r ro r
bars  def ine  range  o f  dup l i ca t e  d e t e r m i n a ­
t ions .

No te : A = t e t r a l i n  concen t r a t i on .
Aj = t e t r a l i n  Ini t ia l  co ncen t r a t i on .
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In this  s tudy,  model  fuel  was thermal ly  s t re s s ed  in var i ous  

con t a ine r s .  The f i rs t  exper iment ,  which was de sc r i bed  in sec t ion  

( 2 . 3 .1 .A),  was not  r ep roduc ib le .  This was exhib i ted  in d i f fe r ences  

in co lor ,  we ight ,  and c on cen t r a t i o n  o f  i n t e rmed ia t e  p r o d u c t s  in 

dup l i c a t e s .  Imper f ec t  seal ing o f  the  ampules  may have con t r i bu t ed  

to the  var ia t i ons .

T he re fo r e ,  3 dram vials  were  used to have more  con t ro l  in 

sea l ing  t he  vial .  Tef lon was used be tween the  lid and t he  vial  to 

avoid  con t amina t i on .  The r educ ibi l i ty  o f  this  expe r imen t  was 

accep t ab l e ,  but  the  amount  o f  depos i t  p r od uce d  was not  d e t e c t ­

able.  An HPLC method  used to moni to r  the r e ac t i ons  p rov ided  

go od  da t a  for  c o n cen t r a t i o ns  o f  t e t ra l i n  hyd r op e ro x i de ,  t e t r a l o ne ,  

and t e t r a l o l ,  but  not  for  t e t ra l in .  Te t ra l in  c o n c e n t r a t i o n  dec r ea sed  

dur ing  the  ini t ial  s t age  o f  the  p roce ss  but  app ea re d  to i nc rease  

du r ing  the  i n t e rmed ia t e  and final  s tages .  This e r ro r  a ro se  f rom 

l ack  o f  r e s o l u t i on  o f  t e t r a l i n  f rom oxida t i on  p r o d u c t s  in the  HPLC 

me thod .

As a r esul t ,  we dec ided  to car ry  out  the  r e ac t i o n  in a l a rge r  

vo lume  o f  air  (40 mL vial)  to p roduce  more  depos i t  and to use  a 

GC-MS t ec hn ique  to moni to r  the  process .

F igu re  11 shows fast  au tox ida t i on  o f  t e t r a l i n  in the  ear ly 

s t age  o f  the  p ro ce s s  (up to 1 day).  No fu r t he r  a u to x i d a t i o n  occu rs  

to  t he  end o f  the  p roce ss .  This might  be a t t r i b u t e d  to t he  fac t  tha t  

oxygen  c on c e n t r a t i o n  was t oo  low to permi t  f u r t h e r  a u to x id a t i o n
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o f  t e t r a l i n  or t ha t  o ther  componen ts  are au tox id i zed  more  easi ly 

t han  t e t r a l i n .  Af t er  four  hours ,  t e t r a l on e  s t a r t s  to form and then  

at  72 hour s  i ts c on cen t r a t i o n  s t a r t s  to decr ea se .  Te t r a lo l  is also 

obse rv ed  at abou t  4 hours  and d i sappear s  a f t er  48 hours .  De pos i t  

f orms  rap idly  in the  ear ly s t ages  o f  the  r e ac t i on ;  the  depos i t  

f o r m a t io n  r a t e  fal ls be tween 48 and 72 hours ,  and then  i nc r ease s  

again.

This  s t udy  shows t ha t  at 127°C the r e  are at l eas t  t h r ee  

s t age s  o f  depos i t  fo rmat ion:  ear ly s tage  ( f i rs t  day) ,  i n t e r med ia t e

s t age  (2-3 days) ,  and final  s tage  (4-8 days)  as shown in F igure  11.

In the  ear ly s tage ,  as the t e t r a l i n  c o nc e n t r a t i on  dec r ea se s ,  

t e t r a l o n e  and t e t r a l o l  co nce n t r a t i ons  incr ease ,  and the  amoun t  o f  

dep os i t  i nc reases .

In the  i n t e rmed ia t e  s tage ,  the  ra t e  o f  depos i t  f o r ma t ion  d e ­

c r ea ses .  One poss ib l e  exp l ana t i on  is t ha t  a second  mechan i sm for  

de p os i t  f o r ma t ion  t ake s  place at the  same t ime t ha t  ini t ial  depos i t  

is chang ing .  I f  t he se  changes  involve  weigh t  loss  then  t he  net  d e ­

pos i t  we igh t  may become essent ia l ly  cons t an t .
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F i g u r e  11: K i n e t i c s  o f  t he  a u t o x i d a t i o n  o f  t e t r a ­
l in and o f  f o r m a t i o n  o f  t e t r a l o n e ,
t e t r a l o l ,  and d e p o s i t s .
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In the  f inal  s tage,  the  conce n t r a t i o n  o f  t e t r a l o n e  and t e t r a l o l  

de c r ea se  and then s tay cons t an t  to the  end o f  the  p ro ce s s  whi le  the 

amoun t  o f  depos i t  con t inues  to increase .  This means  t ha t  t e t r a l o ne  

and t e t r a l o l  are not  d i rec t ly  involved in the f inal  depos i t  f o rma t ion  

p r o ce s s  but  t he i r  f u r t he r  ox ida t i on  p roduc t s  p a r t i c i pa t e  in depos i t  

f o rmat ion .
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3.2. EFFECT OF RADICAL INITIATORS UPON MODEL FUEL 
STABILITY

so lu t i on  

pe rox ide  

the  ra t e

changes  do not  f o l low the ra te  law r ep o r t ed  by W oo d w ar d  (1953) .  

When t he  obse rved  ra t e  cons tan t  was divided by the  squa re  roo t  o f  

the  i n i t i a t o r  co nce n t r a t i on ,  a cons t an t  was  not  ob t a ined .  Table  5 

shows  the  obse rved  ra t e  cons t an t s  for  t e t r a l i n  a u to x id a t i o n  in d o ­

decane  so lu t i on  in the presence  o f  t hese  i n i t i a t o r s .

The e f f ec t s  o f  the  i n i t i a t o r s  on t e t r a l on e  and t e t r a l o l  c o n c e n ­

t r a t i o n s  and on the  amount  o f  the  depos i t  fo rmed dur ing  t he  r e a c ­

t i on  are shown in F igure s  14, 15, 16 ,17,  18 and 19. In genera l ,  

t he  ad d i t i on  o f  e i t her  benzoyl  pe rox ide  or AIBN inc r ea se s  the  r a t es  

o f  t e t r a l o n e ,  t e t r a l o l ,  and depos i t  f ormat ion ,  co mpa red  to t hose  

w i t h o u t  i n i t i a t o r s  in the  ear ly s t ages  o f  the  p roces s .  The add i t i on  

o f  i n i t i a t o r s  dec r ea se s  the  t e t r a l o l  co n ce n t r a t i o n  dur ing  the  i n t e r ­

m ed ia t e  and final  s t ages ,  compa red  to t hose  w i t ho u t  i n i t i a t o r s  

(F i gu re s  16 and 17).

The ra t e  o f  the t e t ra l in  au tox id a t i o n  in dodeca ne  

was  found  to be i ncr eased  by the  addi t ion  o f  bo th  benzoyl  

and AIBN as shown in F igures  12 and 13. Howeve r ,
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Figu re  12: Ra te s  o f  t e t r a l i n  a u to x i da t i o n  wi th
addi t i ve  (benzoyl  pe rox ide )  and w i th o u t  
addi t ive .  A is t e t r a l i n  c on ce n t r a t i o n  and 
Aj is ini t ial  t e t r a l i n  co ncen t r a t i on .  E r r o r  
ba rs  def ine  range  o f  dup l i ca t e  d e t e r m i ­
na t i ons .
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Figu re  13: Ra t es  o f  t e t r a l i n  au tox id a t i on  wi th
addi t ive  (AIBN)  and w i thou t  addi t ive .  A 
is t e t r a l i n  co nc en t r a t i o n  and Aj is ini t ial  
t e t r a l i n  co ncen t r a t i on .  E r r o r  bars  def ine  
range  o f  dup l i ca t e  de t e rmina t ions .
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Table  5: Ra t e  cons t an t s  o f  t e t ra l in  au to x id a t i on
wi th  and w i thou t  i n i t i a t o rs  ( f rom s lopes  
in F igure s  12 and 13).

Te t r a l i n /Do  decane  
( 1/ 10, v/v)

k
S' 1 x 10-5

k / [ i n i t . ] 1/2 
x 10-6

No addi t ive 0.905
BP 100 PPM 2.64 2.64
AIBN 100 PPM 2.66 1.66
BP 1000 PPM 2.47 0.78
AIBN 1000 PPM 2.08 0.66
BP 2000 PPM 1.89 0.42

AIBN 2000 PPM 1.79 0.40
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Samples  wi th  i n i t i a t o r s  show (Figures  14 and 15) tha t  

t e t r a l o n e  c on ce n t r a t i o ns  s t ar t  to decr ea se  at the  beg inn ing  o f  the 

i n t e rm e d ia t e  s tage  and then incr ease  again.  The fo rm a t i on  o f

t e t r a l o n e  at  this  s tage  ( i n t e rmed ia t e  s t age)  may not  ar i se  f rom the 

d e c o m p o s i t i o n  o f  t e t r a l i n  hydrope rox ide  because  the  a u to x i d a t i o n  

o f  t e t r a l i n  was  s topped  in the ear ly s tage  and HPLC d e t e rm in a t i o n  

o f  t he  o f  the  ampule  samples  show tha t  t e t r a l i n  hy d r o p e r o x i d e  

fo rms  and decom pos es  very quickly  dur ing the  s t r e s s i ng  o f  the 

model  fuel  (Append ix  C). One poss ib l e  exp lana t i on  for  the  second 

i nc r e a s e  in t e t r a l on e  conce n t r a t i on  is f u r t he r  ox ida t i on  o f  t e t r a l o l  

in so lu t i on  by pe rox ide  l inkages  in the ini t ial  depos i t  or  e l im ina ­

t i on  r e a c t i o n s  o f  i n te rmed ia t e  ox ida t i on  p r o d u c t s  to  p ro du ce  

t e t r a l o n e  ( see  F igure  20 for  an example) .

F igu r e s  21,  22,  23,  24,  25 and 26 show c o n c e n t r a t i o n s  o f  

t e t r a l i n  , t e t r a l on e ,  t e t r a l o l ,  and we igh ts  o f  depos i t  f o rmed  for  

mode l  fuel  w i t ho u t  addi t ives  and wi th va r i ous  c o n c e n t r a t i o n s  ( 100 , 

1000,  and 2000 )  o f  bo th  benzoyl  pe rox ide  (BP)  and a z o b i s i s o b u t y ­

r o n i t r i l e  (AIBN) .
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Figu re  14: Kine t i cs  o f  t e t r a l one  fo rma t ion  wi th
and w i thou t  addi t ive  (benzoyl  pe rox ide ) .  
E r ro r  bars  def ine range  o f  dup l i c a t e  
de te rmina t ions .
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F i g u r e  15:  K i n e t i c s  o f  t e t r a l o n e  f o r m a t i o n  w i t h
and w i t h o u t  a d d i t i v e  ( A I B N ) .  E r r o r  ba r s
d e f i n e  r a n g e  o f  d u p l i c a t e  d e t e r m i n a t i o n s .
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Figu re  16: Kine t i cs  o f  t e t r a l o l  f o rmat ion  wi th and 
w i thou t  addi t ive  (benzoyl  pe rox ide) .  
E r r o r  bars  def ine  range o f  dup l ic a t e  
de t e rmina t i ons .



Re
lat

iv
e 

ar
ea

T - 4 4 7 0 58

100 ppm 

1000 ppm 

2000 ppm

.10

.00

0 20 40 80 120 16060 100 140 180 200
Time (Hours)

F i g u r e  17:  K i n e t i c s  o f  t e t r a l o l  f o r m a t i o n  w i t h  and
w i t h o u t  a d d i t i v e  ( A I B N ) .  E r r o r  ba r s
d e f i n e  r a n g e  o f  d u p l i c a t e  d e t e r m i n a t i o n s .
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Figu re  18: Kine t i cs  o f  depos i t  f o rma t ion  wi th  and 
w i thou t  addi t ive  (benzoyl  pe rox ide) .  
E r ro r  bars  def ine range  o f  dup l ic a t e  
de te rmina t ions .
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F i g u r e  19:  K i n e t i c s  o f  t h e  d e p o s i t  f o r m a t i o n  w i t h
and w i t h o u t  a d d i t i v e  ( A I B N ) .  E r r o r  bars
d e f i n e  r a n g e  o f  d u p l i c a t e  d e t e r m i n a t i o n s .



T - 4 4 7 0 61

Deposit

Figu re  20:  A and B are poss ib le  mechan isms  o f
the fo rmat ion  o f  t e t r a l on e  in the 
i n te rmed ia t e  s tage.
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Figu re
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□  Units for tetralin are relative peak area/initial relative peak area

1: Kine t i cs  o f  the  au tox i da t i on  o f  t e t r a ­
lin and o f  t e t r a l one ,  t e t r a l o l ,  and depos i t  
f o rma t ion  100 ppm AIBN added.
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O Units for deposit are g x 10 2 
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A Units for tetralol are relative peak area
□  Units for tetralin are relative peak area/initial relative peak area

F i g u r e  2 2 :  K i n e t i c s  o f  t h e  a u t o x i d a t i o n  o f  t e t r a ­
l in and o f  t e t r a l o n e ,  t e t r a l o l ,  and d e p o s i t
f o r m a t i o n  1 0 0 0  ppm A I B N  a d d e d .
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F i g u r e  2 3 :  K i n e t i c s  o f  t he  a u t o x i d a t i o n  o f
t e t r a l i n  and o f  t e t r a l o n e ,  t e t r a l o l ,  and
d e p o s i t  f o r m a t i o n  2 0 0 0  ppm A I B N  a d d e d .
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Figu re  24: Kine t i cs  o f  the  au tox id a t i o n  o f  t e t r a ­
lin and o f  t e t r a l one ,  t e t r a l o l ,  and depos i t  
f o rma t ion  100 ppm benzoyl  pe rox id e  
added.
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Figu re  25: Kine t i cs  o f  the  au tox id a t i on  o f  t e t r a ­
lin and o f  t e t r a l one ,  t e t r a l o l ,  and depos i t  
f o rma t ion  1000 ppm benzoyl  pe rox id e  
added.
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Figure  26: Kine t i cs  o f  the au tox ida t i on  o f  t e t r a ­
lin and o f  t e t r a l one ,  t e t r a l o l ,  and depos i t  
f o rma t ion  2000 ppm benzoyl  pe rox ide  
added.
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3.3. CHARACTERIZATION OF MODEL FUEL DEPOSIT

Al though  many oxida t i on  p r oduc t s  o f  t e t r a l i n  have  been 

i den t i f i ed  (Zar rab i ,  1987) ,  which are involved in fo rming  depos i t  is 

no t  c lear .  There fo r e ,  the compos i t i on  o f  model  fuel  de pos i t s  was 

examined.

The m e th ano l / t o l ue ne  so lu t ions  o f  the ini t ial  ( f o rmed  a f t e r  24 

hou r s  at 127 ± 2°C)  and the final  ( formed a f t e r  8 days)  depos i t  

f rom model  fuel  wi th and w i t hou t  added radica l  i n i t i a t o r s  ( 1000 

ppm o f  benzoyl  pe rox ide  or AIBN)  were  analyzed by G C - M S . The 

TIC c h r o m a to g r a m  shows more  component s  in the  ini t ial  depos i t  

t han  in the  f inal  depos i t  (Figure  27 and 28).  By ana lyz ing  the 

mass  spe c t r a  for  componen t s  o f  the ini t ial  and the  final  depos i t s  

(Appe nd ix  A),  only monomer i c  species  were  iden t i f i ed .  These  are 

p r e su mab ly  p r od uce d  by decompos i t i on  o f  the  ac tual  de pos i t  in the 

i n j ec t i on  por t .  The o ther  a l t e rna t ive  is tha t  t hese  m ono me r s  were  

mainly  adso r bed  on the  sur face  of  the depos i t s ,  H ow eve r ,  the  e x ­

ces s ive  wash ing  o f  depos i t s  wi th hexane p r i o r  to analys i s  and the 

d i f f e r ences  be tween  r esu l t s  for  the init ial  and final  de p o s i t s  a rgue  

aga in s t  t ha t  exp lana t ion .  Spec ies  t ha t  have been i den t i f i ed  in the 

in i t ia l  de pos i t  w i thou t  addi t i ves  also have been i den t i f i ed  in the  

in i t i a l  de pos i t  wi th  addi t ives  ( 1000 ppm benzoyl  pe ro x i de  or 

AIBN)  but  r e l a t i ve  peak areas  dif fer .  F igure  29 l i s t s  com po un d s
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t h a t  have  been ident i f i ed  in the ini t ial  depos i t  (wi th  and w i thou t  

add i t i ves ) .

A

280 320 360 400 440 480 520 560 600 640 680 720
B

280 320 360 400 440 480 520 560 600 640 680 720
c

280 320 360 400 440 480 520 560 600 640 680 720

S ca n  num ber

Figu re  27: GC-MS ch roma tog rams  o f  A) ini t ial
depos i t  f rom model  fuel.  B) ini t ial  
depos i t  f rom model  fuel  con t a in ing  1000 
ppm benzoyl  peroxide .  C) ini t ial  depos i t  
f rom model  fuel  con t a in ing  1000 ppm 
AIBN.
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Figu re  28:  GC-MS ch ro ma tog ra ms  o f  A) f inal  d e ­
pos i t  f rom model  fuel .  B) f inal  depos i t  
f rom model  fuel  con ta in ing  1000 ppm 
benzoyl  pe rox ide .  C) final  depos i t  f rom 
model  fuel  con ta in ing  1000 ppm AIBN.
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Scan = 467
Major Mass Units: 146,131,118,177,104, 115,91.

O
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Major Mass Units: 146,118,90.
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Scan = 450
Major Mass Units: 148, 147,13Q 120,119,105,91.
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Major Mass Units: 13Q 129,128, 115,91,65, 51, 50.

OH OH

or

OH

Scan = 638
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O

Scan = 561
Major Mass Units: 160,131,104,91,76,51,50.

O

Scan = 503
Major Mass Units: 158,130,118,104,102,91,76.

Figu re  29: Compounds  t ha t  have been i den t i f i ed
by GC/MS analysis  o f  the ini t ial  depos i t
f rom model  fuel  w i thou t  addi t ives .



T - 4 4 7 0 72

The final  depos i t s  from model  fuel wi th and w i th ou t  add i t i ves  

have  been  analyzed and only the fol lowing compou nds  have  been 

i den t i f i ed  (Figure  30):

Scan = 289.
Major Mass Units: 130,129,128,115,91,77.

O Scan =450.
MajerMass Units: 148,130,120,119,115,105,91.

Scan = 476.
MajerMass Units: 146,118,91.

OH OH

OH

or

O

Scan = 648
MajerMass Units: 162,147,134,120,115,105,91,77,51,50.

Scan = 476.
MajerMass Units: 146,131,118,115,91.

Figu re  30: Compounds  tha t  have been i den t i f i ed
by GC/MS analysis  o f  final depos i t  f rom 
model  fuel  w i thou t  addi t ives .
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These  small  molecu l es  which have been i den t i f i ed  can not  

t hem se lve s  r ep r e se n t  the depos i t .  They are much more  so lubl e  in 

t he  model  fuel  than is the depos i t .  Howeve r ,  the  model  depos i t

might  d eco m pos e  in the i n j ec to r  por t  to p r oduce  small  vo l a t i l e

spec i es  t ha t  can e lute  t h rough  the GC column plus  non -vo l a t i l e  

spec i es  t ha t  s tay in the i n jec t ion  por t .

The GC-MS analysis  r esul t  for  the ini t ial  and the  f inal  d e ­

pos i t s  lead to the  fol lowing hypotheses :

1. S t ru c tu r e s  o f  ini t ial  and the final  depos i t  are  d i f fe r en t .

2. The ini t ial  depos i t  may conta in  a m ix tu re  o f  at  l eas t  

two  comp one n t s .  The f i rs t  one is the  ini t ial  depos i t  which  might  

d e co m po se  in the  in jec t ion  por t  o f  the  GC-MS and p r o d u ce  c o m p o ­

nen ts  t ha t  are  not  p roduced  f rom the final  depos i t .  The second  

s t r u c t u r e  is t ha t  o f  the  final  depos i t .  Al te rna t i ve ly ,  the  ini t ial  d e ­

pos i t  s t r u c tu r e  may simply change dur ing the  s t r e s s ing  to form the 

f inal  depos i t .

Analys i s  for  perox ides  by the f e r rou s  t h io c y an a t e

c o lo r im e t r i c  method  gives a pos i t ive  resu l t  wi th the  ini t ia l  depos i t

and a ne ga t i ve  r esul t  wi th the final depos i t .  The amoun t  o f  the 

pe ro x i d e  in the  ini t ial  depos i t  was 1.88 mole p e ro x i d e /  mole  o f  

C 1o H 1002 uni t  ( a s sumed  as empi r ica l  f o rmula  o f  de pos i t  see
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Append ix  B).  This resul t  conf i rms tha t  the  ini t ial  depos i t  

s t r u c tu r e  is d i f f er en t  from that  o f  the final  depos i t .  Pe r ox i de  

qua l i t a t i ve  analys i s  for  ini t ial  and final model  fuel  l iquid phase  was 

also pe r fo rmed .  Ini t ia l  model  fuel  con ta ins  a l a rge  quan t i t y  o f  

pe ro x id e s  and final  model  fuel  con ta ins  a no perox ides .  The ini t ial  

de po s i t  is not  simply t e t r a l i n  hyd r ope rox ide  because  1) t e t r a l i n  

h y d r op e r o x i d e  is more  soluble  in the model  fuel  than  is the 

de po s i t ,  and 2) GC-MS o f  the  ini t ial  depos i t  shows  p r o d u c t s  tha t  

can no t  be p rod uce d  f rom the de compos i t i on  o f  pure  t e t r a l i n  

h y d r ope ro x i de .  Pe rox ide  qua l i t a t ive  analysi s  was  pe r fo rm ed  for  

Je t  A l iquid  phase  and depos i t .  All l iquid phase  samples  ( a f t e r  2, 

4, 6 , 8 , 10, 12, 14, and 17 days at 127° C) con ta in  pe rox id e  but  

much less  t han  model  fuel  samples .  All Je t  A depos i t  samples  

co n t a in  no peroxide .

In the  ini t ial  s t age ,  t her e  is a l arge poss ib i l i t y  to form p e r o x ­

ide l inkages  be tween  two species  because  o f  the  l arge  c o n c e n t r a ­

t i ons  o f  t e t r a l i n  hyd rope rox ide ,  t e t ra l i n  r ad i ca l s ,  t e t r a l o ne ,  

t e t r a l o l ,  oxygen  and o ther  species  p r esen t .  One pos s ib le  e x p l a n a ­

t ion  for  t he  p re sence  o f  pe rox ide  l inkages  in the  ini t ia l  depos i t  and 

no t  in t he  f inal  depos i t  is t ha t ,  in the ear ly s t age ,  f ree  r adica l  

r e a c t i o n s  may t ake  place to form pe rox ide  l inkages  be tw een  r a d i ­

cals .  In the  i n t e rmed ia t e  s tage,  the au to x id a t i o n  o f  t e t r a l i n  is 

s t o pp e d  be cause  most  o f  the  oxygen was consumed  in the  ear ly 

s t age  o f  the  r eac t i on .  There fo r e ,  t e t r a l i n  h yd ro p e r o x i d e  p rod uc -
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t ion  s tops .  As a resul t ,  the poss ibi l i ty  o f  p roduc ing  pe rox id e  l i nk ­

ages  is decr ea sed .  The final depos i t  con ta ins  no pe rox ide  l inkages  

which  i nd ica t e s  t ha t  ini t ial  depos i t  changes  wi th t ime.  A l t e r a t i on  

o f  the  ini t ial  depos i t  is poss ib le  because  pe rox ide  l i nkages  are,  in 

gene ra l ,  weak  and can d i s soc i a t e  at the r e ac t i on  t e m p e r a t u r e  (127 

± 2 C°) .

The ini t ial  and the final  depos i t  f rom model  fuel  wi th  no 

add i t i ve  and wi th 1000 ppm of  benzoyl  pe rox ide  or AIBN were

ana lyzed  by FT - I R  to ident i fy  the func t iona l  g r oups  p r esen t .

S ign i f ic an t  d i f f e r ences  are shown be tween  the  ini t ia l  and the  

final  dep os i t s  in F igu re s  31 and 32. The spec t rum for  the  ini t ial  

d e po s i t  w i t h ou t  addi t ives  show a b road  and s t r ong ab so rp t i o n  band 

at  3 3 5 6 cm*1 co r r e sp ond ing  to O-H bonds ,  and two weak  a b s o r p ­

t ion  peaks  at  3 068 and 3 03 0 cm*1 co r r e spond ing  to a roma t i c  C-H.  

Two  a b so rp t i o n  peaks  at 2933 and 2868 cm*1 c o r r e sp o n d  to a l i ­

pha t i c  C-H s t r e t che s  in methyl  and/  or methyl ene  g roups .  The 

s t r o ng  a b so r p t i o n  at 1711 cm*1 co r r e spo nds  to a C = 0  s t r e t c h in g  

v ib r a t i o n ,  and the  medium in tens i ty  band at 1601 cm*1 is a ss i gned  

to  a ro m a t i c  C = C absorp t i on .  The band at 93 0 cm*1 may be due to

p e ro x id e  bonds .  The s t r ong abso rp t i on  at 802 cm*1 c o r r e s p o n d s  to

o u t - o f - p l a n e  C-H a roma t i c  bending.
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Figu re  31: FT- IR  spec t rum o f  the ini t ial  depos i t
f rom model  fuel  w i thou t  addi t ives .
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Figu re  32: FT- IR  spec t rum o f  the final  depos i t
f rom model  fuel  w i thou t  addi t ives .
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The spec t rum o f  the final  depos i t  w i thou t  add i t i ves  is s imilar  

to t ha t  ob t a ined  for  the ini t ial  depos i t ,  except  t ha t  the  b road  O-H 

s t r e t c h  is much weake r  than tha t  for  the ini t ial  depos i t ,  s ugges t i ng  

t ha t  t he  ini t ial  depos i t  con ta ins  more  O-H bonds .  A new peak  a p ­

pear s  at 1231 cm*1 co r r e spond ing  to C - 0  e ther  bonds .  The s t r ong 

ab so rp t i o n  at 802 cm*1» co r r e spond ing  to o u t - o f -p l a ne  C-H a r o ­

mat ic  bending ,  is weake r  than t ha t  for  the ini t ial  depos i t .

All ini t ial  depos i t s  wi th or w i thou t  add i t i ves  (benzoy l  p e r o x ­

ide or AIBN)  exhib i ted  similar  spec t r a  except  for  the  ou t - o f - p l a ne  

C-H a roma t i c  bending  peak (Figure  33 and 34).  In i t i a l  depos i t  

wi th  both  add i t i ves  has l a rge r  ou t -o f -p l an e  C-H a roma t i c  bending  

peaks  t han  for  the  depos i t  w i thou t  addi t ives .  All f inal  depos i t s  

wi th  and w i t h ou t  add i t ives  are also similar  except  for  the  o u t - o f ­

p l ane  C-H a roma t i c  bending  peak  (Figure  35 and 36) .  The ou t -o f -  

p l ane  C-H a roma t i c  peaks  d i sappear  in the  f inal  depos i t  wi th  a d d i ­

t ives .  The F T - I R  r esu l t  for  the ou t -o f -p l ane  C-H a roma t i c  bend ing  

peak  sugge s t s  t ha t  the  addi t ion  o f  i n i t i a t o r s  has changed  the  na tu r e  

o f  t he  depos i t .  The i ncr ease  in the ou t - o f -p l an e  band in ini t ial  d e ­

pos i t  wi th  add i t i ves  compared  to t ha t  w i thou t  add i t i ve s  might  o c ­

cur  beca use  benzoyl  pe rox ide  is p r esen t  in the  ini t ia l  de pos i t  and 

t h e r e f o r e  adds  to in tens i ty  o f  the band due to i ts a rom a t i c  C-H 

co n t en t .
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Figu re  33: FT- IR  spect rum o f  the ini t ial  depos i t
f rom model  fuel  con ta in ing  1000 ppm 
benzoyl  pe rox ide .
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Figu re  34: FT- IR  spect rum of  the ini t ial  depos i t
f rom model  fuel  con ta in ing  1000 ppm 
AIBN.
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Figure  35: FT- IR  spec t rum o f  the f inal  depos i t
f rom model  fuel  con t a in ing  1000 ppm 
benzoyl  pe roxide .
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Figu re  36: FT- IR  spec t rum o f  the f inal  depos i t
f rom model  fuel  conta in ing  1000 ppm 
AIBN.
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I f  this  hypo thes i s  is t rue ,  the ou t - o f -p l a n e  band in ini t ial  

de pos i t  f rom model  fuel  wi th AIBN addi t ive  will  not  i ncr ease  b e ­

cause  AIBN does  not  con ta in  ou t -o f -p l ane  a romat ic  hyd rogens .  

H o w ev e r ,  the  ou t -o f -p l an e  band does  i ncr ease  in the  ini t ial  depos i t  

f rom model  fuel  wi th AIBN.  In the  final depos i t  wi th  add i t ives ,  

e i t he r  the  co nc e n t r a t i o n  o f  ou t -o f -p l ane  a roma t i c  hyd rogen  is d e ­

c r ea s ed  or  v ib r a t ion  is made less favorab l e  as the  depos i t  s t r uc tu r e  

b eco m es  more  r igid via c ros s - l inking ,  or both.



T - 4 4 7 0 84

Py-MS was used to analyze  ini t ial  and final  dep os i t s  f rom 

model  fuel  w i thou t  addi t ives .  I den t i f ic a t i on  o f  co m po n e n t s  from 

the  Py -MS will  conce n t r a t e  on f ragments  r a t he r  t han  mo lecu l a r  

ions  be cause  o f  the s t r ong  f r agmen ta t i on  t endency  o f  the  pyro lys i s  

p r oce s s .  Each  peak in a mass spec t rum may r esul t  f rom c o n t r i b u ­

t i ons  f rom severa l  sources  in the deposi t  mixture .  The mass  uni t s  

130,  129,  128,  and 115 may, for  example ,  c o r r e spo nd  to a 1,2-di -  

hydro naph tha l ene  f ragment .  Peaks  at 132, 104,  and 91 may c o r r e ­

spond  to 1, 2 , 3 , 4 - t e t r a h y d r o n a p h th a l e n e  ( t e t r a l i n ) .  P ea ks  at 146, 

118,  116,  117,  115, and 131 may co r r e spo nd  to 1 or 2 - t e t r a l o n e  or 

1 a , 2 , 3 , 7 b - t e t r a h y d r o n a p h t h [  1, 2 -b]ox i rene .  Peaks  at 144,  115,  and 

116 are 1 - naphtha l eno l  f r agments .  The mass uni ts  at 158,  130,  

104,  and 102 co r r e s pon d  to 1,4-nap ht ha lened ione  or 1, 2 -n ap h t h a l -  

end ione .  Peaks  at 126, 1 15, 1 16, 149, and 118 c o r r e s p o n d s  to 1,4- 

di hyd roxy  naph tha lene .  The p r ev ious  compounds  have  been  i d e n t i ­

f ied beca use  they  are known oxida t i on  p r o du c t s  o f  t e t r a l i n .  F igure  

37 shows  f r agmen ts  o f  mass h igher  than 162 which do not  appea r  

in t he  GC-MS analysis .  Peaks  o f  mass such as 386,  368,  3 02,  3 07, 

3 3 6 , and 180 (Figure  3 7) could  be molecu la r  ions or the  sou rce s  

o f  o t h e r  f ragmen ts .  S t ruc tu r e s  A, B, and C are r e a s ona b l e  c a n d i ­

da t e s  for  a 386 molecul a r  ion.  Figure  38 su gge s t s  pos s ib le  

f r a g m e n ta t i o n  cons i s t en t  wi th the obse rved  spec t ra .

All small  molecu le s  such as 1 ,2 -d ihydro  na ph tha l ene ,  1, 2 , 3 , 4 -  

t e t r a h y d r o n a p h th a l e n e ,  1 - t e t r a l on e  or 1 a , 2 , 3 , 7 b - t e t r a h y d r o n a p h t h
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[ 1, 2 -b ]o x i r en e ,  1 - naph tha leno l ,  1,4-nap ht ha l ened ione ,  and 1,4 - d i ­

hyd roxy  naph tha lene  tha t  were  ident i f i ed  in the  ini t ial  depos i t  were  

a lso i den t i f i ed  in the final  depos i t .  Many peaks  having mass  above  

170 we re  obse rved  (Figure  39).  These  could  be mo lecu l a r  ions or 

t he  sou rce s  o f  o ther  f ragments .  F igure  40 sugge s t s  compou nd s  

which  may r ep re se n t  f inal  depos i t .
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Figu re  37: Py-MS spec t rum o f  ini t ial  depos i t
f rom model  fuel .
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Figure  38: Pos s ib l e  f r agmen ta t i on  r eac t i o ns  for
the  p rop ose d  mo lecu l a r  ions in the  ini t ial  
depos i t .
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From Py-MS,  the 3 86 peak may r ep re sen t  a mo lecu l a r  ion of  

an ini t ia l  depos i t  componen ts  (Figure  3 8). From the  FT- I R ,  ini t ial  

d ep os i t  was found to con ta in  hydroxyl ,  and carbony l  f unc t i ona l  

g r oups .  P r o p o s e d  s t r u c tu r e s  B and C have t hose  f ea t u r e s .  From 

the  f e r r ou s  t h iocyana t e  co lo r ime t r i c  tes t  for  pe rox ide  l inkages ,  we 

conc l ude  t ha t  the  ini t ial  model  fuel  depos i t  con ta in s  many pe rox ide  

l inkages  ( ap p rox ima te ly  1.8 pe rox ide  l inkage  per  t e t r a l i n  uni t ) .  

S t r u c tu r e  C (Figure  38) is more  l ikely the molecu l a r  s t r u c tu r e  on 

th is  bas is .  Only small  species  were  i dent i f i ed  by GC-MS which 

he lps  l i t t l e  in i n t e rp r e t i ng  the molecu l ar  s t r uc tu r e  o f  the  ini t ial  

depos i t .

The Py-MS sugges t s  two peaks  (454 and 468)  as poss ib l e  

mo le cu l a r  ions  o f  final  depos i t  componen t s .  F T - I R  spec t r a  

i nd i ca t e  t ha t  f inal  depos i t  con ta in s  less hydroxyl  t han  ini t ial  

de po s i t ,  and also conta in s  carbonyl ,  and e ther  f unc t i ona l  g roups .  

S t r u c t u r e s  A and B co r r e spo nd  to these  r equ i r emen t s .  The f e r rou s  

t h io c y a n a t e  co lo r ime t r i c  t es t  for  pe rox ide  l inkages  i nd i ca t e s  tha t  

t h e r e  are  no pe rox ide  l inkages  in the final  depos i t  in ag r eem en t  

wi th  e i t her  p ro po se d  s t r uc tu r e  in F igure  40.  S t r u c tu r e s  A and B 

c on t a in  less  oxygen (14 .1% O and 17.1% O, r e spec t i ve ly )  t han  t ha t  

m eas u r ed  ( see  Table  2) in model  depos i t s  by Wors t e l l  ( 1980 ) .



T - 4 4 7 0 91

The effec t  o f  radical  i n i t i a t or s  on the model  fuel  and a real  

Je t  A fuel  are  compared  in Table 6 . The amount  o f  depos i t  fo rmed 

is i nc r ea sed  when e i t her  i n i t i a t o r  is added to e i t he r  fuel .  The 

r e l a t i ve  i nc rease s  are more dr amat i c  in the Jet  A case.

Table  6 : E f f ec t s  o f  radical  i n i t i a t o r s  upon  the
fo rmat ion  o f  final  depos i t  for  model  and 
Jet  A fuels.

Sample

Weight  o f  model  
fuel  depos i t

g x 10 3

Weight  o f  Jet  A 
fuel  depos i t

g x 10 3

No add i t i ves 5.14 1.01

Benzoy l  pe rox ide s  
1000 ppm

6.66 1.45

AIBN 1000 ppm 7.81 1.96

This  r esu l t  for  Jet  A and model  fuel  samples  is d i f fe r en t  f rom 

tha t  ob t a ined  by Wors t e l l  ( 1980 )  and Zar rab i  ( 1987 ) .  The d i f f e r ­

ence  may be due to the  fol lowing:

1. The Jet  A fuel  was s t or ed  in a r e f r i g e r a t o r  for  severa l  

years .  Dur ing  this  long per i od  o f  t ime the  Jet  A may have au tox i -  

d i zed  to p ro d u ce  high co nce n t r a t i ons  o f  i n t e r med ia t e  p ro du c t s .
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The same a rgument  would not  however  apply to the  model  fuel  and 

so canno t  expla in d i f f er ences  in the  model  fuel  r esu l ts .

2. In this  s tudy the exper iment  was car r i ed  out  in sealed 

ho ro s i l i c a t e  glass  vials to p rov ide  l imi ted amoun t s  o f  oxygen.  

Wors t e l l  and Zar rab i  used sc rew-cap  glass  j a r s  t ha t  we re  ref i l led 

wi th  air  every  24 hours .  Chr is t ian  (195 8) conc luded  t ha t  var i ous  

t ypes  o f  g lass  sur faces  can af fect  the de g ra da t i o n  r a t e  o f  many 

fuels .  He r ep o r t e d  tha t  sof t  glass  has an i nh ib i to ry  e f f ec t  on the 

d e g ra d a t i o n  o f  fuels ,  but  boros i l i c a t e  glass  is e s sen t i a l ly  iner t .  

Bo th  type  o f  glass  and the amount  o f  oxygen can e f fec t  the  r a t e  o f  

de po s i t i on .  In this  exper iment ,  the i n i t ia t or s  c o n c e n t r a t i o n  were  

100,  1000,  and 2000 ppm for  bo th  benzoyl  pe rox ide  and AIBN 

wh e re a s  Wors t e l l  used 1898 ppm for  AIBN and 4908 ppm for  b e n ­

zoyl  perox ide .
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4. CONCLUSIONS

The main pu rpose  o f  this  s tudy was to un d e r s t an d  the  role  o f  

rad ica l  i n i t i a t o r s  in depos i t  f o rma t ion  in fuels .  The fo l lowing  are 

the  main conc lus ions :

1. Radi ca l s  i n i t i a t o r s  do cause  an i nc r ease  in the  amount  

o f  de pos i t  fo rmed dur ing both ini t ial  and final  s t ages  o f  the  p r o c ­

ess.

2 . Radi ca l  i n i t i a t o r s  do cause  an i nc r ease  in the  r a t e s  o f  

t e t r a l i n  a u t o x i d a t i o n  and o f  f o rma t ion  o f  the  i n t e r me d i a t e  p r o d ­

uc t s .

3. Pe ro x i de  l inkages  were  found in the  ini t ial  model  fuel  

de p os i t  whe r ea s  e the r  bonds  were  not .  Pe r ox i de  l inkages  d i s a p ­

p e a r ed  f rom the final  depos i t  and e the r  bonds  formed.  This  resu l t  

i n d i ca t e s  t ha t  depos i t  changes  dur ing  the s t re s s i ng  p roce s s .  The 

amou n t  o f  oxygen  p r esen t  in the r eac t i on  medium,  t e m p e r a t u r e ,  

and r e a c t i o n  t ime may i nf luence  the  amount  o f  pe ro x i de  l inkages  

r ema in ing  in the  depos i t .  Jet  A deposi t  con t a ins  no pe ro x i d e  l i n k ­

ages .
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4. Ini t ia l  depos i t  tha t  forms from s t re s s ing  the  model  fuel  

was found  to cons i s t  o f  a roma t i c  compounds  con t a in ing  hydroxyl ,  

c a rbony l  and pe rox ide  func t iona l  g roups .  Final  de pos i t  cons i s t s  o f  

a rom a t i c  co mpounds  con t a in ing  hydroxyl ,  carbonyl  and e the r  , but  

not  pe rox ide ,  f unc t iona l  g roups .

5. Bo th  i n i t i a t o r s  i ncr ease  the amount  o f  de pos i t  fo rmed 

in bo th  model  and Jet  A fuels .  Consequen t l y ,  the  fundamen ta l  hy­

p o t h e s i s  o f  this  r es ea rch ,  tha t  a cce l e r a t i on  o f  the  ear l ie r  s t eps  in 

t he  p ro ce s s  could  be used to diminish depos i t  f o rm a t i on ,  is d i s ­

p roved .
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A- 101

APPENDIX A

GC-M S M ass  sp ec t ru m  for  initial  depo s i t  w i th o u t  a d d i t iv e s

« 285 RET. TIME: 6.57 TOT ABUND= 291. BASE PK/ABUND: 91.1/  95.

32
91

88 -

60 -

40 -
13039

51 6520 - 115

130201 1 01009070 3050 6040

a 450 RET. TIME : 10.32 TOT ABUHB= 213. BASE PK/ABUND: 91 .1 /  55.

1 00 -I r 25

80 -

40 - 13039 120
65 148105

40 140120
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# 467 RET. TIME: 18.70 TOT RBUND* 333. BASE PK/ABUND: 118.1/ 52.

r 15 .41 0 0 - 1

14630 -

60 -

131
6520 - 104

12048 100 140

* 478 RET. TIME : 10.95 TOT ABUND= 164 . BASE PK/ABUND: 91 .1 /  48.

1 0 0 -, r 29

80 -

J 43
118 14651 65

40 140100 12030
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BASE PK/ABUND: 44.1/154 .* 503 RET. TIME: 11.52 TOT ABUND=

100  i

80 -

60 -

158
40 -

39 50
1301046520 ■ 76 118

14012010040 60

* 561 RET. TIME 2 1 0 BASE PK/ABUNDTOT ABUND= 37
100 -i

16©91
80 - 104

60 -

50
40

0 65

0
40 1201 0 0 14030 160
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BASE PK/ABUND : 1 . 1/ 34 .138.622 RET . TIME: TOT ABUHD=14.22

24.7100

30 -

60 -
146

40 - 39
51

1206520- 105

« 633 RET. TIME : 14.57 TOT ABUNB= 433. BASE PK/ABUND: 134.1/ 67.

1 0 0  -i 15.5
134

10530 -

9160 -

162
40- 120

39 147
65

140 1601201 0 030
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GC-MS Mass spec t rum  for  init ial  depos i t  w i th  1000 ppm 

benzoy l  pe rox ide .

121BASE PK/ABUNDTOT ABUND=RET. TIME« 235

37 .2
1 0 0  -i

80 -

60 -

40 -

39
51 6520 - 130115

0 J 1301201 100090805040

# 300 RET. TIME : 6.92 TOT ABUND= 340. BASE PK/ABUND : 91 .1 /  118.

100 - 1 r 34

80 -

60 -

40 -

39
12851 65

0 -*
40 50 120 13060 11070
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# 469 RET . TIME : 10.75 TOT ABUND= 175. BASE PK/ABUND: 91 .1/  63.

100  -, r 36.0
91

80 -

60 -

40 -

118 146
6520 -

100 120 14060 80

# 505 RET . TIME : 11.57 • TOT ABUND= 150. BASE PK/ABUND: 91 .1 /  55.

100 -| r 36 .7
91

80 -

40 -
39

20- 15865 104( to

40 100 12060 140
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* 561 RET. TIME : 12.S3 TOT ABUND= 140. BASE PK/ABUND: 91. I /  45.

SO -

40 - 39
51 65 104 160

16014012010040 60

« 622 RET. TIME : 14.22 TOT ABUND= 95. BASE PK/ABUND : 91 .1/  40.

100 -, 42.2

60 -

39
5120 - 65 146

0
40 60 1201 0 0 140 16030
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« 637 RET. TIME : 14.55 TOT ABUND= 209. BASE PK/ABUND: 91 .1/

100 n ,
• 91

30 -I
134

10560 4

51 162120
776520 4 147

1 4  PI

41 .

1-19.6
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GC-MS Mass spec t rum  for  initial  depos i t  wi th  1000 ppm 

AIBN.

« 286 RET . TIME : 6.57 TOT PBIJND= 61. BASE PK/ABUND : 139.1/ 12.

100
1 3 0

0 - 44

115
40 -

40 5 0 70 90 100 1 10 120 1 3 0

* 451 RET. TIME : 19 .30 TOT ABUND= 65. BASE PK/ABUND: 130.1/ 10.

r 15 .4100 -,
130

1204430 -

60 -
148-

10540 -

20 -

14012040 10060 30
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* 469 RET . TIME : 10.70 TOT ABUND= 173. BASE PK/ABUND: 113.1/ 42.

100 -| r 24113 146

80 -

90
40 -

39
20 -

40 100 140

# 479 RET . TIME : 10.93 TOT ABUND= 67. BASE PK/ABUND: 43.1/  12.

1 00 -| 1-18.043
80 - 11857

146
60 -

40 -

40 120100 14060 80
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« 504 RET. TIME : 11.50 TOT QBUND= 43. BASE PK./ABUND : 153.1/

r 20 . 9100 n
158

4430 -

130
60 -

104

1187 640 -

0
14012040 10060 30

* 561 RET. TIME: 12.73 TOT ABUHD= 34. BASE PK/ABUHD : 43.1/  9.

100 -, r 16 .7
160

60 -

40 -

4 0 120 160100 14 0
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RET. TIME : 14.17 TOT ABUND= 26. BASE PK-ABUND: 40 .0/

1O0 -,
44

146

6 0 -

40 -

4 0 120 1 40

RET. TIME : 14.53 TOT A B UN B = 122. BASE PK/ABUHD : 134.1/

100
134

147

160120100
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GC-MS Mass sp ec t ru m  for  final depos i t  w i th o u t  a d d i t iv e s

* 239 RET. TIME: 6.65 TOT ABUND= 283. BASE PK/ABUND : 91 .1 /  72.

1 0 0  -1 r 25.491
80 -

60 -
130

40
39

51 115
6520 -

77

0
40 50 60 90 100 110 120 13070 30

46EASE PK/ABUND222TOT ABUND=* 457 10 .43RET. TIME

20.71 0 0  -I

80 -

130
60 - 120
40 -

14839
10551 6520 -

78

1401201003040 60
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# 476 RET. TIME: 10.87 TOT ABUND= 187. BASE PK/ABUND: 91.1/  37.

1 0 0 - 1 r 1 9 . 8
91

118
80 - 146

60 -

40 - 39
51

13165

0 J
40 100 120 14060 30

« 486 RET. TIME: 11.10 TOT ABUND= 84. BASE PK/ABUND: 91 .1 /  34.

100 -, 40.5

60 -

40 -
39

51
1186520 - 146

0 -
14040 100 1200



T- 4 4 7 0 A - l  15

« 597 RET. TIME : 13.68 TOT ABUND= 62. BASE PK/ABUND : 91.1 /  35.

108 - r 40 .491

14411565

40 60 130100 148

* 648 RET. TIME: 14.75 TOT ABUND= 230. BASE PK/ABUND: 134.1/ 47.

100- 1 r 16 .8
134

18580 -

16240 - 12039
147

65

16014040 12060 100
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GC-MS Mass sp ec t rum  for  final depos i t  w i th  1000 ppm 

benzoyl  p e rox ide .

« 291 RET . TIME : 6.63 TOT ABUHD= 242. BASE PK/ABUHD : 91 .1 /  74.

1 00 -II 1-30 .6

39 -

60 -

130

650 115

0
50 60 70 120 13090 100 1100

48BASE PK/ABUHDTOT ABUHD=* 453 RET. TIME 10.47

100  i

130

120
60 -

40 148
105

65

1401 2 0100
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RET. TIME: 10.83* BASE PK/ABUND: 118.1/TOT ABUHD= 3 6 1 . 70.

1 00  -, r 19 .4
113 146

80 -

60 -

20 -
104

8 J
40 66 100 120 1 4 0

* 487 RET. TIME: 11.12 TOT ABUND= 110. BASE PK/ABUND: 91.1 /  36.

1 00 -1

0

40 - 39 118
146

51 65

0
140010040 1260
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* 597 RET. TIME : 13.60 TOT ABUND= 63. BASE PK/ABUND: 91.1/  27.

100  i r 39 .791
0

60 -

40 - 39
144

115
652 0 -

0
60 1000 12 140

* 647 RET. TIME : 14.73 TOT ABUNB= 266. EASE PK/ABUND: 134.1/ 42.

1 0 0 -

134

10530 -
91

60 -

1625140 - 120
147

65

16014040 60 100
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GC-MS M ass  sp ec t rum  for  final d e p o s i t  wi th  1000 ppm 

AIBN.

« 290 RET. TIME: i  . 6 7  TOT ABUND= 273. BASE PK/ABUND : 91.1/

0
130

4 0

0
4 0 50 70 1 10 120 1300

30BASE PK/ABUND1300T ABUNB=# 459 RET. TIME 10 .43

16100
130

80 - 120

40 - 39 148105

65

0 J
14012010040 60
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# 481 RET. TIME: 18.93 TOT ABUND= 508. BASE PK/ABUND : 118.1/ 110.

1 0 0  -i r 21 .7
146118

80 -

90
48 -

39
63

184

40 14060 12080 100

» 495 RET. TIME : 11.25- TOT ABUND= 72. BASE PK/ABUND: 91.1/  20.

1 00  - 27 .8
91

80 -
45

60 -

39
40 - 118

146

6520 -

40 140100 12060 80
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# 599 RET. TIME: 13.53 TOT ABUND= 43. BASE PK/ABUND : 91.1/  16.

1 0 0  -i ■ 33 .4

144

115

65

70 120 1301 10100

# 650 RET. TIME: 14.72 TOT ABUND= 237. BASE PK/ABUND: 134.1/ 41.

1-17.3100 -I
105 134

0
91

16240 - 39 51 12077
147

20  - 65

1401200 10060 30
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APPENDIX B

The fo l low ing  is an ap p ro x im a te  c a lcu la t io n  for  the  p e ro x id e  

c o n te n t  in model  fuel deposi t :

The fo l low ing  equ a t io n s  were  ob ta ined  from the  c a l ib ra t io n  

cu rv e  in F ig u re  9.

A b so rb an c e  o f  the  init ial  dep o s i t  sample  = 0 .16  nm

A b so rb an c e  o f  the  final depo s i t  sample  = 0 .04  nm

A b so rb an c e  o f  b lank = 0 .041 nm

A b so rb an c e  o f  in it ia l  depos i t  - b lank = 0 .119  nm

y - 0.0007845x =  -----------------
781.32

x .  a U 9 JLa0007845 4
781.32

F e +3 conc.  p ro d u ce d  by the  in it ia l  d ep o s i t  =

1.51x10-4 M x 25 = 3 .78 x 10*4 M 

M o les  o f  F e +3 p ro d u ce d  by the  in it ia l  d e p o s i t  =

3 .78x lO  3 x 0 .025 = 9 .4 5 6 x lO  4 mol
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M oles  o f  pe ro x id e  in the  init ial  depos i t  =
9.456 x 10'5 = 4.73 x 10 -5 mol

I f  we take  as a r ea so n ab le  s t ru c tu ra l  model  o f  the  d e p o s i t  a 

t e t r a l i n  uni t  with two oxygens:  (no te  tha t  th is  uni t  has 19.8 %  O)

Then

4.73 x 10'5 mole peroxide 
 ̂ 0.00407 g deposit

162 g deposit 
mole C10H10O2 unit

=  1.88
mole peroxide 

mole C10H10O2 unit

HgO R00H + 2 Fe ----- ► ROH + 2 FeOH

* m o l e  o f  p e r o x i d e  i s  r e a c t i n g  w i t h  two  mo l e  o f  Fe + 2 .
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APPENDIX C

C o n c e n t r a t io n  o f  te t r a l in  hy d ro p e ro x id e ,  t e t r a lo n e ,  and 

t e t r a l o l  in l iquid  phase  s t re ssed  model (10 ml am pules )  us ing  

HPLC.

2.00

1.60

1.20

I
a

0.80

0.00

0.00 24.00 48.00 72.00 96.00 120.00 144.00 168.00
Time (hours)


