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VEHICLE TIRE RUBBER AS AN AIR POLLUTANT 

CHAPTER I  

INTRODUCTION AND LITERATURE REVIEW

A ir p o l l u t i o n  i s  a d i r e c t  cau se  o f  lung  c a n c e r!  T h is  i s  a d ra m a tic  

s ta te m e n t and w ould be a s t a r t l i n g  r e v e l a t i o n  co u ld  i t  be s u b s t a n t i a t e d .

To ir r e v o c a b ly  s t a t e  t h a t  any one o f  th e  pulm onary d i s e a s e s ,  e . g . ,  lung  

c a n c e r ,  c h ro n ic  b r o n c h i t i s ,  pulm onary f i b r o s i s ,  o r  emphysema i s  a d i r e c t  

r e s u l t  o f  th e  p re se n c e  in  our o u td o o r a tm osphere  o f  d e l e te r io u s  su b s ta n c e s  

w ould be e q u a l ly  r e v e a l in g  and a la rm in g . And y e t  a  s im i la r  pronouncem ent 

in d i c t i n g  c i g a r e t t e  smoking a s  one c e r t a i n  c au se  o f  lung  c a n c e r  and  l i k e l y  

cau se  o f  num erous o th e r  d is e a s e  e n t i t i e s  was d r a m a t ic a l ly  made in  th e  r e 

p o r t  o f  th e  Surgeon G e n e r a l 's  Comm ittee on Smoking and H e a lth  is s u e d  in  

J a n u a ry  1964 ( 1 ) .

In  v iew  o f th e  c o n t in u in g  and m ounting ev id en ce  from  many s o u rc e s ,  
i t  i s  th e  judgem ent o f  th e  Committee t h a t  c i g a r e t t e  smoking co n 
t r i b u t e s  s u b s t a n t i a l l y  to  m o r t a l i ty  from  c e r t a i n  s p e c i f i c  d is e a s e s  
and to  th e  o v e r a l l  d e a th  r a t e .

T h is  co u rageous s ta te m e n t was n o t  a c a r e le s s  one n o r  was i t  h a s t i l y  made. 

I t  was th e  c u lm in a tio n  o f  a v a s t  e p id e m io lo g ic  i n v e s t i g a t io n  w hich com

p i l e d  an  i r r e f u t a b l e  a r r a y  o f  ev id en ce  to  e s t a b l i s h  an  a s s o c ia t io n  betw een 

c i g a r e t t e  smoking and s u b s t a n t i a l l y  h ig h e r  d e a th  r a t e s .  Only a f t e r  many 

y e a r s  o f  i n v e s t i g a t io n  and th e  acc u m u la tio n  o f  e x te n s iv e  in fo rm a tio n  from 

p r o s p e c t iv e  and r e t r o s p e c t iv e  s tu d ie s  b o l s t e r e d  by a m ass o f  c l i n i c a l ,

1
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p a th o lo g ic a l ,  and e x p e r im e n ta l d a ta  w ere in v e s t ig a t o r s  p re p a re d  to  open ly  

denounce c i g a r e t t e  smoking a s  in ju r io u s  to  h e a l th .

As i t  d id  in  th e  c a s e  o f  smoking and h e a l th  th e  ev id en ce  to  su p p o rt 

a p o s i t i v e  invo lvem en t o f  a i r  p o l l u t io n  w ith  th e  in c id e n c e  o f  lung  c a n c e r 

i s  s t e a d i l y  m oun ting . In  c o n t r a s t ,  how ever, th e  l i k e l ih o o d  o f i s o l a t i n g  

any s in g le  p o l lu t in g  su b s ta n c e  a s  th e  s o le  c a u s a t iv e  a g e n t  i s  v e ry  rem o te . 

The o n ly  w e l l -d e f in e d  c a s e s  in  w hich i d e n t i f i e d  a i r  co n tam in a n ts  have been 

shown to  b e a r  a d i r e c t  r e l a t i o n s h i p  to  human h e a l th  w ere in  th e  o f te n  r e 

f e r r e d  to  and docum ented a i r  p o l l u t io n  " e p is o d e s " :  th e  Meuse V a lle y ,

B elgium  e p iso d e  o f  December, 1930 to  w hich 63 d e a th s  and s e v e r a l  hundred  

i l l n e s s e s  w ere a t t r i b u t e d  ( 2 ) ;  th e  D onora, P e n n sy lv a n ia  in c id e n t  w hich 

o c c u rre d  in  O c to b e r, 1948 and acc o u n ted  f o r  20 d e a th s  and 7 ,000  i l l n e s s e s .  

( 3 ) ;  and th e  London, E ngland e p iso d e  o f  December, 1952 f o r  w hich th e re  

h as  been  adduced v a l id  s t a t i s t i c a l  ev id en ce  o f  4 ,0 0 0  d e a th s  and a l a r g e ,  

b u t  uncom puted, in c re a s e  in  m o rb id ity  ( 4 ) .  In  a l l  o f  th e s e  a c u te  i n c i 

d e n ts  th e  exogenous e n v iro n m e n ta l f a c t o r s ,  i . e . ,  b io l o g ic a l ,  g e o g ra p h ic a l 

and m e te o ro lo g ic a l ,  have been f a i r l y  w e ll  e s t a b l i s h e d .  In  a l l  th r e e ,  con

c e n t r a t i o n s  o f  s u l f u r  compounds p roduced  in  th e  p ro c e s s  o f  i n d u s t r i a l  op

e r a t io n s  o r r e s i d e n t i a l  h e a t in g  became e x c e s s iv e  due to  th e  ab sen ce  o f 

n a t u r a l  v e n t i l a t i o n  in  o r  ab o u t a r i v e r  v a l l e y .  T h is  s ta g n a n t  c o n d i t io n  

in  each  c a se  was p r e c i p i t a t e d  by a p e r s i s t i n g  te m p e ra tu re  in v e r s io n  and 

accom panying fog  w hich v e ry  e f f e c t i v e l y  "capped" th e  r e g io n  and p re v e n te d  

d i s p e r s io n  o f  th e  p o l l u t a n t s .  I t  sh o u ld  be p o in te d  o u t t h a t  th e  m orb id 

i t y  and m o r t a l i ty  d a ta  in  th e s e  m ajo r d i s a s t e r s  r e v e a l  t h a t ,  in  g e n e r a l ,  

th o se  p e rso n s  w ith  p r e v io u s ly  e x i s t i n g  i l l n e s s e s  and  th e  aged  acco u n ted  

f o r  th e  m a jo r i ty  a f f e c t e d .
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I t  I s  n o t  th e se  s p e c ta c u la r  d i s a s t e r s  t h a t  sh o u ld  cau se  th e  g r e a t e s t  

co n ce rn , though th e y  have fo cu sed  a t t e n t i o n  on an e n v iro n m en ta l h e a l th  

problem  and p ro v id e d  a " p o in t  o f  d e p a r tu re "  in  m an 's  a t te m p t to  d e f in e  

th e  r e l a t i o n s h ip  betw een a i r  p o l l u t io n  and human h e a l th .  Of more immedi

a t e  i n t e r e s t  a re  th e  c h ro n ic  e f f e c t s  o r th e  e x te n t  o f  h e a l th  im pairm ent 

from c o n tin u e d  exposu re  to  u s u a l l e v e l s  o f  c o n ta m in a tio n  in  our u rb an  en 

v iro n m e n ts . The p a th o g e n e tic  e f f e c t s  o f lo n g  te rm  ex posu re  to  th e  p r e 

v a i l i n g  ev e ry  day c o n c e n tra t io n s  o f  m an -g en era ted  gaseo u s and p a r t i c u l a t e  

em iss io n s  m ust be d e te rm in e d . Very l i t t l e  i s  known ab o u t th e  t o x i c i t y  o f  

new su b s ta n c e s  g e n e ra te d  by s y n e r g i s t i c  o r  a n t a g o n is t i c  i n t e r a c t io n s  o f  

th e se  m a te r ia l s  fo llo w in g  d is p e r s io n  in t o  th e  a tm osphere . The mechanisms 

by w hich th e s e  a g e n ts  r e a c t  to  i n i t i a t e  d is e a s e  in  man a re  e i t h e r  vague 

o r unknown and m ust be d e te rm in ed  in  o rd e r  to  e s t a b l i s h  a d i r e c t  e t i o l o g 

i c a l  a s s o c ia t io n  betw een a i r  p o l l u t io n  and d is e a s e .

The in c re a s e  in  th e  in c id e n c e  o f lung  c a n c e r i s  w orld  w ide . I t  i s  

an  in s id io u s  d is e a s e  w hich p ro v es  f a t a l  to  95 p e r  c e n t  o f  i t s  v ic t im s .  

Though en v iro n m en ta l f a c to r s  a re  re c o g n iz e d  a s  c o n t r ib u to r s  to  i t s  h ig h  

in c id e n c e ,  no ev id en ce  e x i s t s  f o r  an  e x c lu s iv e  en v iro n m e n ta l so u rc e  a c t 

ing  in  i t s  p a th o g e n e s is .  However, th e re  a l re a d y  e x i s t s ,  in  th e  o p in io n  

o f  many e x p e r t s ,  s u f f i c i e n t  ep id e m io lo g ic  and e x p e r im e n ta l d a ta  t o  su b 

s t a n t i a l l y  in c r im in a te  p o l lu te d  u rb an  a i r  a s  a prim e en v iro n m en ta l f a c t o r .  

In  h i s  c h a p te r  on E f f e c ts  o f  A ir  P o l lu t io n  on Humans (A ir  P o l lu t io n ,  V ol.

1 by S te rn )  D r. John R. G oldsm ith  (5 ) s t a t e s :  " In  rev ie w in g  r e p o r te d

s tu d ie s ,  i t  i s  c l e a r  t h a t  fo r  la rg e  h e te ro g e n e o u s  p o p u la t i o n s , . . . p e r s o n s  

exposed  to  community a i r  p o l l u t io n  have from  1 .3  to  two tim es  a s  much lung  

c a n c e r a s  com parable g roups o f  nonexposed p e r s o n s ."
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Mancuso (6 ) s t a t e d  a t  th e  N a tio n a l  C onference on A ir  P o l lu t io n  in  

1958: " I  b e l ie v e  t h a t  a i r  p o l l u t io n  r e p r e s e n ts  a h ig h ly  p ro b a b le  and im

p o r ta n t  f a c to r  in  th e  e x c e ss  o f lung  c a n c e r in  u rb an  a r e a s . . . . "

S to ck s  and Cam pbell (7 ) c o - in v e s t ig a to r s  in  E ngland  have e s t im a te d  

t h a t  50 p e r  c e n t  o f  th e  lung  c a n c e r  d e a th s  in  th e  L iv e rp o o l a re a  r e s u l t  

from  smoking and a p p ro x im a te ly  35 p e r  c e n t  from a i r  p o l l u t i o n .

Known and su sp e c te d  c a rc in o g e n s  have been d e te c te d  and even q u a n t i 

t a t e d  in  th e  a i r  o f  e s s e n t i a l l y  a l l  c i t i e s  in  w hich th e y  w ere so u g h t. They 

may be d iv id e d  in t o  two d i s t i n c t  c l a s s e s :  (1 ) o rg a n ic  c a rc in o g e n s  o f  th e

p o ly c y c l ic  a rcxna tic  h y d ro carb o n  ty p e , and (2 ) c a rc in o g e n ic  m e ta l l i c  com

pounds such  a s  a r s e n i c a l e ,  chromium, n ic k e l ,  e t c .  Of th e s e  th e  com plex 

p o ly c y c l ic  o rg a n ic s  a re  th e  m ost s e v e re ly  in c r im in a te d  and have re c e iv e d  

th e  m ost in t e n s iv e  in v e s t ig a t io n  v e ry  p ro b a b ly  due to  t h e i r  u b iq u i ty  in  

community a i r .  S aw ick i e t  a l . (8 ) r e p o r te d  f in d in g  p o ly c y c l ic  a ro m a tic  

h y d ro ca rb o n s  in  th e  a tm osphere  o f f o u r te e n  w id e ly  s e p a ra te d  A m erican c i t i e s  

and found th a t  c o n c e n tra t io n s  w ere h ig h e r  in  w in te r  th a n  in  summer. These 

i n v e s t i g a t o r s  l i s t e d ,  in  th e  same p u b l i c a t io n ,  33 p o ly c y c l ic  compounds 

w hich have been i d e n t i f i e d  i n  community a i r .  They co n c lu d ed  th a t  a n a l 

y s i s  o f  any one h y d rocarbon  e x c e p t co ronene may in d i c a te  a p p ro x im a te ly  th e  

t o t a l  amount o f  o th e r  hyd ro carb o n s p r e s e n t .

W alle r (9 ) d e te c te d  benzpy rene  in  smoke drawn from  th e  a i r  o f  e ig h t  

E n g lis h  tow ns. He o b se rv ed , a s  have Am erican in v e s t i g a t o r s ,  t h a t  th e  con

c e n t r a t i o n  g e n e r a l ly  r i s e s  d u rin g  th e  w in te r  m onths. He co n c lu d ed  t h a t  a 

la rg e  p ro p o r t io n  seems to  ccxne from  dom estic  f i r e s .

Shore and K atz (10) i s o l a t e d  f iv e  p o ly c y c l ic  a ro m a tic  hyd ro carb o n s 

from  a i rb o rn e  p a r t i c u l a t e s  sam pled in  W indsor, O n ta r io .  D ubois, C orkery
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and Monkman (11 ) r e p o r te d  th e  d é te c t io n  o f  e ig h t  in  th e  a i r  o f  O ttaw a, 

O n ta r io ,  w h ile  Moore and K atz (12 ) found n in e  in  th e  a tm osphere  o f  

M o n tre a l, Quebec. D 'À m brosio e t  a l . (13) have made s im i la r  d e te rm in a tio n s  

o f  3 ,4 -b e n z p y re n e  c o n te n t  in  th e  a i r  o f  M ila n , I t a l y .

The c a rc in o g e n ic  ch em ica l l e v e l s  found in  c i t i e s  o f  th e  U n ite d  S ta te s  

in  th e  s tu d ie s  by S aw ick i e t  a l . (8 ) and H ueper e t  a l . (14 ) d em o n stra ted  

no d i r e c t  c o r r e l a t i o n  w ith  lung  c a n c e r  r a t e s  in  th e s e  c i t i e s .  However, a 

r e c e n t  s tu d y  by S to c k s  (1 5 ) in  L iv e rp o o l,  E ngland d em o n stra te d  a s t a t i s 

t i c a l l y  s i g n i f i c a n t  c o r r e l a t i o n  a t  th e  0 .0 5  c o n f id e n c e  le v e l  betw een th e  

in c id e n c e  o f  lung  c a n c e r  and 1 , 1 2 -b e n z p e ry le n e . In  th e  c a se  o f  3 ,4 -b e n z -  

p y ren e  c o r r e l a t i o n s  w ere shown b u t  w ere n o t  q u i t e  s i g n i f i c a n t  a t  th e  s t a t e d  

c o n f id e n c e  l e v e l .

The m ost u n iv e r s a l l y  d i s t r i b u t e d  c a rc in o g e n s  in  th e  a tm osphere  a r e  

th o se  p rod u ced  from  th e  com bustion  o r p y r o ly s is  o f  ca rb o n aceo u s  m a te r ia l  

a t  h ig h  te m p e ra tu re s .  Carbon b la c k  ( s o o t ) ,  a re c o g n iz e d  h o s t  f o r  p o ly 

c y c l i c  a ro m a tic  h y d ro c a rb o n s , i s  a  m ajo r com ponent o f  th e  smoke p roduced  

when s o l i d ,  l i q u i d ,  and g aseo u s  f o s s i l  f u e l s  a r e  b u rn e d . In  th e  p a s t ,  and 

s t i l l  i n  many c o u n t r i e s ,  c o a l i s  th e  m ajor s o u rc e  o f  f u e l  f o r  d o m e stic  and 

i n d u s t r i a l  h e a t in g  and a s  such  i t  r e p r e s e n t s  th e  p rim ary  so u rc e  o f  th e  

p o ly c y c l ic  h y d ro c a rb o n s . The 3 ,4 -b e n z p y re n e  d e te rm in a t io n s  made by W alle r 

(9 ) i n  E n g l is h  towns c r e d i te d  c o a l  b u rn in g  in  r e s i d e n t i a l  h e a te r s  a s  th e  

m ost p ro b a b le  s o u rc e . In  c o n t r a s t  th e  same o r s im i la r  o rg a n ic  compounds 

d e te c te d  in  th e  U n ite d  S ta te s  come from  m yriad  so u rc e s  w hich  can  be b ro a d 

ly  c a te g o r iz e d  a s  i n d u s t r i a l ,  d o m e s tic , and v e h ic u la r .  I t  i s  th e  l a t t e r  

w hich i s  c a u s in g  in c r e a s in g  co n ce rn  b ecau se  o f  th e  e v e r  expand ing  m echan i

z a t io n  o f  th e  p o p u la t io n  o f  t h i s  c o u n try . Begeman (16 ) has  r e p o r te d  t h a t
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th e  au to m o b ile  c o n t r ib u te s  from  2 to  10 p e r  c e n t  o f  th e  t o t a l  benzpyrene 

c o n te n t  in  th e  a i r  over c i t i e s .

Badger e t  a l . (11) i s  a t te m p tin g  to  a s c e r t a in  th e  mechanism by w hich 

benzp y ren e  and th e  o th e r  p o ly c y c l ic  hyd ro carb o n s a r e  form ed. He h as  dem

o n s t r a te d  t h a t  in  th e  p y r o ly s i s  o f  a com plex o rg a n ic  m o le c u le , a chem ica l 

bond i s  b ro k en , w hereupon e i t h e r  o f  th e  r e s u l t a n t  frag m e n ts  o r f r e e  r a d i 

c a l s  may a t t a c k  a n o th e r  m o lecu le  o f  th e  o r ig i n a l  compound. C y c l iz a t io n  

o c c u rs ,  and by way o f v a r io u s  in te r m e d ia te s ,  benzpyrene a n d /o r  o th e r  c a r 

c in o g en s  may r e s u l t .  He i s  a b le  to  p r e d i c t  w ith  c o n s id e ra b le  a c c u ra c y  

w here th e  r u p tu r e  i s  l i k e l y  to  o ccu r and w hat compounds a r e  l i k e l y  to  be 

form ed.

McDermott (18 ) has  s t a t e d :  "The au to m o b ile  makes a f u r th e r  c o n t r i 

b u t io n  to  a i r  p o l l u t io n  in  th e  form  o f h ig h ly  p u lv e r iz e d  ru b b e r  and a s 

p h a l t ,  g e n e ra te d  by a b ra s io n  o f  t i r e s  upon s t r e e t s . . . .  T h is  a s p e c t  o f 

th e  s i t u a t i o n  h a s  n o t  been  s tu d ie d  in  much d e t a i l ,  b u t  th e r e  i s  re a s o n  to  

b e l ie v e  t h a t  c o n ta m in a tio n  from  ru b b e r  and a s p h a l t  i s  a p p r e c ia b le ."

F a lk , K o tin , and M il le r  (19) r e p o r te d  t h a t  th e  p rim a ry  so u rc e  o f  th e  

u b iq u i to u s  3 ,4 -b e n z p y re n e  i s  th e  in c o m p le te  cm nbustion  o f  s o l i d ,  l i q u i d ,  

and g aseo u s  f u e l s  and t h a t  a seco n d ary  so u rc e  i s  ru b b e r  t i r e  d u s t .  In  

t h i s  same p u b l i c a t i o n  th e y  s t a t e :  "W ith in  th e  r e c e n t  p a s t  th e r e  h as  been

an in c re a s in g  aw areness t h a t  m e an in g fu l am ounts o f  b enzpy rene  a r e  l i b e r 

a te d  in t o  th e  a i r  i n c id e n ta l  to  th e  w ear and t e a r  and norm al d e g ra d a tio n  

o f  ru b b e r  t i r e s . "  In  t h e i r  s tu d y  benzpyrene was l i b e r a t e d  r a p id ly  from 

ru b b e r  t i r e  d u s t  by an aqueous p r o te in  s o lu t io n  such  a s  i s  e n c o u n te re d  in  

th e  lu n g .

In  an  e a r l i e r  s tu d y  F a lk  e t  a l . (20 ) e x t r a c te d  p o r t io n s  o f  t i r e  t r e a d
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ru b b e r  from  an o ld  au to m o b ile  t i r e  w ith  benzene and i d e n t i f i e d  a number 

o f  p o ly c y c l ic  a ro m a tic  h y d ro ca rb o n s  p r e s e n t  in  th e  e x t r a c t .  Some w ere 

known c a rc in o g e n s  and o th e r s  w ere s u s p e c t .  T ab le  1 g iv e s  a summary o f 

th e  compounds d e te c te d  by u l t r a - v i o l e t  a b s o rp tio n  s p e c tro s c o p y  and in d i 

c a te s  t h e i r  r e l a t i v e  c a r c in o g e n ic i ty .

TABLE 1

CARCINOGENIC ACTIVITY OF POLYCYCLIC AROMATIC 
HYDROCARBONS FOUND IN VEHICLE 

TIRE RUBBER (20)

COMPOUND ACTIVITY

1 ,2 -b e n zp y ren e v e ry  weak

3 , 4 -b en zp y ren e s tro n g ^

1 , 2 -b e n z a n th ra c e n e weak

1 , 1 2 -b en zp e ry len e v e ry  weak

c h ry sen e weak

p y rene n e g a t iv e

coronene n e g a t iv e

a n th a n th re n e n e g a t iv e

^ 3 ,4 -b en zp y re n e  i s  th e  s t r o n g e s t  a s  w e ll  a s  th e  m ost u b iq 
u i to u s  o f  th e  c a rc in o g e n s .

T hat A m erican in v e s t ig a t o r s  a r e  n o t  a lo n e  in  t h e i r  in c lu s io n  o f  th e  

v e h ic le  t i r e  a s  a p o t e n t i a l  so u rc e  o f  an a d d i t io n a l  p a r t i c u l a t e  p o l l u t a n t ,  

i s  ev id en ced  in  th e  fo llo w in g  s ta te m e n t  by D r. Chauncey Leake (2 1 ) ;  " I t  

i s  my im p re s s io n , based  on a v i s i t  t o  L en in g rad  and Moscow in  1956, th a t  

R u ss ian ' s c i e n t i s t s  p la c e  g r e a t  em phasis on "smog" a s  a p o s s ib le  f a c t o r  in
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th e  r i s i n g  in c id e n c e  o f  lung  can c e r in  R u ss ian  b ig  c i t i e s ,  and t h a t  th ey  

have in d ic a te d  th a t  th e y  f in d  ru b b e r t i r e  t r e a d  d u s t  in  th e  "smog" o f  

t h e i r  b ig  c i t i e s . "

The d e te c t io n  o f  c a rc in o g e n s  in  p ro c e s se d  ru b b e r  le d  in v e s t ig a t o r s  

t o  a  c o n s id e r a t io n  o f  i t s  l o c a l i z a t i o n  in  th e  ru b b e r  cmnpound. No d e t a i l e d  

o r  e x h a u s tiv e  ex p erim en ts  w ere r e q u ir e d  to  d is c o v e r  th e  m ost l i k e l y  c u l 

p r i t .  A l i t e r a t u r e  s e a rc h  gave th e  c lu e .  The modern au to m o b ile  t i r e  i s  

a m ix tu re  o f  n a tu r a l  and s y n th e t ic  ru b b e rs  in  v a ry in g  p ro p o r t io n s  whose 

p r o p e r t i e s  a r e  a l t e r e d  o r m o d ified  to  im prove i t s  s e r v ic e  c a p a b i l i t i e s  by 

numerous a d d i t iv e s .  B as ic  to  a l l  t i r e  fo rm u la tio n s  i s  th e  in c lu s io n  o f  

c o n s id e ra b le  carbon  b la c k  a s  a r e in f o r c in g  a g e n t .  I t  n o t  on ly  e x te n d s  th e  

ru b b e r ,  b u t  in  c o n t r a s t  to  o th e r  n o n -ca rb o n  p ig m en ts , g r e a t ly  im proves 

p h y s ic a l  p r o p e r t i e s ,  p a r t i c u l a r l y  r e s i s t a n c e  to  a b ra s io n .  The m echanism 

o f  ru b b e r  re in fo rc e m e n t i s  obscu re  b u t p r a c t i c a l  d e m o n s tra tio n  o f  th e  

phenomenon i s  s t r i k i n g l y  a p p a re n t in  te rm s o f  t i r e  ro ad w ear. The av e rag e  

6 .0 0  X 16 p a s se n g e r  c a r  t i r e  c o n ta in s  ab o u t 4 pounds o f  ca rb o n  b la c k .

N in e ty  p e r  c e n t  o f  th e  ca rb o n  b la c k  p roduced  i s  u sed  in  th e  ru b b e r  in d u s 

t r y  w ith  th e  m ajo r tonnage go ing  in t o  ru b b e r  t i r e s .

Carbon b la c k  ( s o o t ) ,  in  e a r ly  a c c o u n ts , was found to  p o s se s s  th e  

c a p a b i l i t y  o f  in d u c in g  s k in  can c e r among chimney sw eeps. S c r o ta l  and fa c e  

c a n c e rs  w ere r e p o r te d  in  1775 by P o t t  (22) a s  n o t  uncommon among th e  c h i l 

d ren  whose ta s k  i t  was to  sweep th e  s o o t  la d e n  E n g lish  chim neys o f  t h a t  

e r a .  However, some c o n fu s io n  su rro u n d s  th e  a t te m p ts  to  in c r im in a te  ca rb o n  

b la c k  a s  a p o t e n t i a l  o c c u p a tio n a l c a n c e r h a z a rd  in  modern in d u s t r y .

P asse y  (23) in  1922 produced  s k in  c a n c e r e x p e r im e n ta lly  w ith  e x t r a c t s  

o f  s o o t .  He found t h a t  th o se  e x t r a c t s  f r e e  o f  a c i d ic  and p h e n o lic  com
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pounds w ere th e  m ost p o te n t .

Von Haam (24 ) p roduced  e p i th e lio m a s  in  t e s t  a n im a ls  w ith  benzene e x 

t r a c t s  o f  ca rb o n  b la c k s  u sed  In  th e  ru b b e r  I n d u s t r y .  Von Haam and M a le t te  

(25 ) In  1952 I d e n t i f i e d  c a rc in o g e n s  In  e x t r a c t s  o f  ca rb o n  b la c k  and sug 

g e s te d  t h a t  t h e i r  a c t i v i t y  w ould p ro b a b ly  be I n s i g n i f i c a n t  In  th e  o r ig i n 

a l  ca rb o n  b la c k s  b eca u se  th e  I s o l a t e d  su b s ta n c e s  would be n o t  o n ly  to o  

low In  c o n c e n t r a t io n ,  b u t  a l s o  f i rm ly  a d so rb e d .

Benzene e x t r a c t s  o f  ca rb o n  b la c k s  w ere shown by F a lk  and S te in e r  (26 ) 

(27) to  c o n ta in  sm a ll q u a n t i t i e s  o f  3 ,4 -b e n z p y re n e , 1 ,2 -b e n z p y re n e , and 

f iv e  o th e r  r e l a t e d  a ro m a tic  h y d ro c a rb o n s . They found some c o r r e l a t i o n  b e 

tw een am ounts o f  e x t r a c t a b l e  a ro m a tic  h y d ro ca rb o n s  and a v e ra g e  p a r t i c l e  

d ia m e te r  o f  th e  c a rb o n  b la c k s  and p ro p o sed  t h a t  th e  d i f f e r e n c e  In  e x t r a c t -  

a b le  h y d ro ca rb o n s  from  th e  b la c k s  may be e x p la in e d  by th e  phenomenon o f 

a d s o r p t io n .

A ccord ing  to  F a lk ,  K o tin  and M i l l e r  (19) (28 ) a l l  a ro m a tic  p o ly c y c l ic  

h y d ro ca rb o n s  may be e lu te d  from  s o o t ,  u s u a l ly  In  an  hour o r  tw o, a f t e r  

c o n ta c t  w ith  p lasm a o r o th e r  p r o t e i n ,  and a r e  th e n  c a p a b le  o f  d i r e c t  e p i 

t h e l i a l  c e l l  e n t ry  and presum ab ly  o f  b io lo g ic  a c t i v i t y .

In  c o n t r a s t  t o  th e  fo re g o in g  e v id en ce  I n g a l l s  (29 ) In  e p id e m io lo g ic a l  

s t u d i e s ,  was u n a b le  to  d e m o n stra te  an  In c re a s e d  c a n c e r  r i s k  among carbon  

b la c k  w o rk e rs . H is  c o n c lu s io n s  w ere c r i t i c i z e d  by H euper (30 ) b ecau se  

o n ly  79 o f  th e  677 w o rk ers  e v a lu a te d  had  been  en ç lo y ed  f o r  10 y e a rs  o r 

more In  t h a t  I n d u s tr y .  H euper f u r th e r  p o in te d  o u t t h a t  known o c c u p a tio n a l  

lung  c a n c e rs  have an  av e ra g e  l a t e n t  p e r io d  o f  o ver 10 y e a r s  so  I n g a l l ' s  

c o n c lu s io n s  w ere a c t u a l l y  based  on 79 l i v in g  and a c t iv e  w o rk e rs .

Nau e t  a l . (31 ) r e p o r te d  t h a t  th e  fe e d in g  o f  w hole c a rb o n  b la c k  to
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m ice p roduced  no changes from  th e  n o rm al. In  a l a t e r  s tu d y  (32 ) th e y  r e 

p o r te d  t h a t  ca rb o n  b la c k s  a s  m an u fac tu red  and u sed  p roduced  no o b se rv a b le  

h a rm fu l e f f e c t s  fo llo w in g  s k in  c o n ta c t .  They a l s o  co n cluded  t h a t  th e  c a r 

bon b la c k s  had  ad so rb e d  a com ponent w h ich , when f r e e ,  and a p p l ie d  to  th e  

s k in  o f  m ice , p ro d u ces  s k in  c a n c e r  b u t in  th e  ad so rb ed  s t a t e  was i n e f f e c t 

iv e  a s  a c a rc in o g e n . In  a s t i l l  l a t e r  i n v e s t ig a t io n  Nau e t  a l . (33 ) pub

l i s h e d  r e s u l t s  o f  ca rb o n  b la c k  in h a la t i o n  s tu d i e s .  E x p e rim e n ta l an im als  

w ere exposed  by in h a la t i o n  fo r  p ro lo n g e d  p e r io d s  o f  tim e to  ch a n n e l o r 

fu rn a c e  b la c k s  w ith  no e f f e c t s  o th e r  th a n  an  acc u m u la tio n  o f  th e  d u s ts  in  

th e  pulm onary sy stem .

The a p p a re n t  d isag ree m en t t h a t  e x i s t s  among i n v e s t ig a t o r s  has  been 

e x p la in e d  somewhat s im i l a r l y  and s e p a r a t e ly  by Nau and Von Haam who p o in t  

o u t t h a t  ca rb o n  b la c k s ,  r e g a r d le s s  o f  t h e i r  method o f  m a n u fa c tu re , have 

rem a rk a b le  a d s o r p t iv e  c a p a c i t i e s  w hich e n a b le  them to  s e q u e s te r  th e  p o ly 

c y c l i c  a ro m a tic  h y d ro carb o n s and re n d e r  them w ho lly  o r p a r t i a l l y  i n e f f e c t 

u a l  a s  c a n c e r  p ro d u c e rs .  Thus, th e y  rem ain  inoccuous u n t i l  e lu te d  by a 

s u b s ta n c e  c a p a b le  o f  b re a k in g  th e  s tro n g  c h e m i-s o rp tio n  bonds. Such e l u 

t i o n  was r e p o r te d  t o  occu r by F a lk  e t  a l . (34 ) when i t  was found th a t  c a r 

c in o g en s  d is a p p e a re d  from  th e  s o o t  in  human lu n g s .

F a lk  e t  a l . (35 ) in  1964 p o s tu la te d  t h a t  r e s u l t s  o f  e a r l i e r  e x p e r i 

m e n te rs  may have been  "confounded" somewhat by th e  f a c t  t h a t  ca rb o n  b la c k s  

p roduced  by d i f f e r e n t  p ro c e s s e s  w i l l  c o n ta in  d i f f e r e n t  ty p e s  and q u a n t i 

t i e s  o f  known and s u sp e c te d  c a rc in o g e n s  p a r t l y  due to  p a r t i c l e  s i z e  d i f f 

e re n c e s  b u t  a l s o  due to  v a r i a t i o n s  i n  th e  m a n u fa c tu rin g  p ro c e s s .

The m o to rin g  p u b l ic  i s  a v e ry  la r g e  p ro p o r t io n  o f  th e  A m erican popu

la c e .  T hree o u t o f  fo u r  f a m i l ie s  each  own a t  l e a s t  one m otor v e h ic le  and
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I t  I s  e s t im a te d  t h a t  by 1970 th e re  w i l l  be th r e e  au to m o b ile s  fo r  ev e ry  two 

t h a t  w ere in  u se  in  1960. I n  1963, o v er 7 -1 /2  m i l l io n  new au to m o b ile  s a le s  

w ere r e p o r te d  in  t h i s  c o u n try  (3 6 ) .  T hese, p lu s  th e  many m i l l io n s  o f  

"u sed "  a u to m o b ile s , t r u c k s ,  and b u ses  combined to  t r a n s p o r t  A m ericans and 

t h e i r  com m odities over 800 b i l l i o n  m ile s  o f  u rb an  and r u r a l  ro a d s  d u rin g  

t h a t  y e a r  (3 7 ) .

The Rubber M a n u fac tu re rs  A s s o c ia t io n  r e p o r te d  in  1964 .th a t ru b b e r  

t i r e  sh ipm en ts  f o r  a l l  c l a s s e s  o f  v e h ic le s  ( c a r s ,  b u s e s , t r u c k s ,  e t c . )  

t o t a l e d  141.9  m i l l io n  u n i t s ,  over 1 .5  tim es th e  p ro d u c tio n  in  1950 (3 8 ) .  

Rubber t i r e  co n ^ an ie s  e x p e c t sh ipm en ts  o f  new rep la c e m e n t a u ta n o b i le ,  

t r u c k ,  and bus t i r e s  to  exceed  103 m i l l io n  u n i t s  in  1965.

M il l io n s  o f  ru b b e r  t i r e s  a re  b e in g  consumed in  w hole o r  in  p a r t  each  

y e a r .  The consum ption  p ro c e s s  i s  one o f  v a ry in g  r a t e s  o f d e g ra d a tio n  d e 

p en d en t upon th e  s e r v ic e  a p p l i c a t io n s .  C h a r a c t e r i s t i c s  o f  th e  d e g ra d a 

t i o n  p ro d u c ts  a re  a l s o  a fu n c t io n  o f  s e r v ic e  c o n d i t io n s .  Though some o f  

th e  t i r e  t r e a d  i s  u n d o u b ted ly  v o l a t i l i z e d  a t  th e  e le v a te d  te m p e ra tu re s  

a s s o c ia te d  w ith  h ig h  speed  d r iv in g  and a c c e le r a t io n s  and d e c e le r a t io n s ,  

ru b b e r  d u s ts  a r e  formed in  th e  w ear p ro c e s s .

I t  can  be d em o n stra ted  t h a t  a c o n s id e ra b le  p ro p o r t io n  o f  " t i r e  d u s t"  

produced  in  norm al w ear i s  composed o f  p a r t i c l e s  w ith in  th e  r e s p i r a b l e  

s i z e  ra n g e . The t i r e  t r e a d s  p ro d u c in g  th e s e  d u s ts  c o n ta in  30 to  50 p a r t s  

by w e ig h t o f  ca rb o n  b la c k  p e r  100 p a r t s  by w e ig h t o f  ru b b e r  (3 9 ) .

I t  i s  n o t  p resu m p tio n s  to  p o s tu la t e  t h a t  th e  ru b b e r  t i r e d  v e h ic le s  

w hich abound in  th e  U n ited  S ta t e s  and w hich w i l l  c o n c e iv a b ly  o n ly  m u l t ip ly  

i n  th e  f u tu r e  a r e  a c t u a l l y  c o n t r ib u t in g  to  a g r e a t e r  d eg ree  to  th e  t o t a l  

o rg a n ic  c a rc in o g e n  l e v e l  in  th e  a tm osphere  th a n  m igh t ap p ea r a t  f i r s t
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g la n c e .  Some o f  th e  benzene s o lu b le  o rg a n ic  m a tte r  r e p o r te d  in  a i r  p o l 

l u t i o n  m e asu re m en ts .o f th e  N a tio n a l  A ir Sam pling N etw ork (40) i s  q u i te  

p ro b a b ly  t r a c e a b le  to  v e h ic le  t i r e s .

The l i t e r a t u r e  r e v e a ls  t h a t  no p re v io u s  a t te m p ts  have been  made to  

q u a n t i t a t e  o r  q u a l i t a t e ,  o r  in  any way c h a r a c te r i z e  v e h ic le  t i r e  d u s t .  

I t s  a i r  p o l l u t io n  p o t e n t i a l  has  been  a l lu d e d  to  b u t s l i g h t l y  and on ly  

s u p e r f i c i a l  e v a lu a t io n s  have been  made to  im p lic a te  i t .



CHAPTER II

PURPOSE AND SCOPE

T h is  s tu d y  was co n ce iv ed  as  an im p o rta n t and n e c e s s a ry  c o r o l l a r y  to  

an i n v e s t i g a t io n  in  p ro g re s s  a t  th e  I n s t i t u t e  o f  E n v iro n m en ta l H e a lth  in  

th e  U n iv e r s i ty  o f  Oklahoma M edica l C en te r  in  w hich th e  r e l a t i o n s h i p  b e 

tw een ru b b e r  d u s t  and h e a l th  i s  so u g h t. The s tu d y , i n i t i a t e d  in  J a n u a ry , 

1962, i s  e n t i t l e d  " O c c u p a tio n a l H e a lth  H azards o f  Rubber D u st" . I t s  spec.-' 

i f i c  aim s a r e  to  d e te rm in e  i f  ru b b e r  d u s t  p re p a re d  from  a u s u a l  com m ercial 

ru b b e r  fo rm u la tio n  and d e p o s ite d  by in h a la t i o n  in  s i g n i f i c a n t  amount in  

th e  lu n g s  o f  v a r io u s  s p e c ie s  o f  a n im a ls  can  be a f f e c t e d  by th e  in h a la t i o n  

o f  th e  e x h a u s t g a se s  o f  a u to m o b ile s , th u s  ca u s in g  e l u t io n  o f  p o ly c y c l ic  

a ro m a tic  h y d ro ca rb o n s  w ith  a r e s u l t i n g  in c re a s e  in  tum or fo rm a tio n . I t  

f u r th e r  se e k s  to  d e te rm in e  i f  th e s e  d u s ts  a re  s i g n i f i c a n t  o c c u p a tio n a l 

h e a l th  h a z a rd s  frcm  th e  p o in t  o f  v iew  o f  a i r  p o l l u t i o n  and c a rc in o g e n e 

s i s .

I n  th e  i n i t i a l  s ta g e s  o f  th e  I n s t i t u t e  s tu d y  i t  became q u i t e  obv ious 

t h a t  th e  p ro d u c tio n  o f  a s u i t a b l e  d u s t  in  q u a n t i t i e s  s u f f i c i e n t  f o r  a p ro 

t r a c t e d  an im a l ex p o su re  ex p erim en t p re s e n te d  a fo rm id a b le  p rob lem . D is 

c u s s io n s  w ith  r e p r e s e n t a t iv e s  o f th e  t i r e  in d u s try  r e v e a le d  t h a t  th e r e  was 

some u n c e r t a in ty  a b o u t th e  n a tu re  o f  t i r e  d e g ra d a tio n  p ro d u c ts .  Some 

s p e c u la te d  t h a t  th e  e le v a te d  te m p e ra tu re s  e x i s t in g  a t  th e  t i r e - ro a d w a y  

c o n ta c t  s u r f a c e  a r e  such  t h a t  th e  ru b b e r  hyd ro carb o n s and o rg a n ic  a d d i-

13
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t l v e s  v o l a t i l i z e  and e n te r  th e  a tm osphere  In  a  g aseo u s form  le a v in g  b eh in d  

o n ly  ca rb o n  b la c k  and a few In o rg a n ic s .  T h is  th e o ry  h as  some m e r i t  as 

ru b b e r  o x id iz e s  r a p id ly  when h e a te d  In  a i r  a t  te m p e ra tu re s  much above 120°C. 

T em pera tu res g r e a t e r  th a n  100°C a re  n o t  uncommon In  h ig h  speed  ru n n in g . 

Pow ell (41) h as  re c o rd e d  te m p e ra tu re s  up to  145°C a f t e r  9 m in u tes  ru n n in g  

a t  102 mph. However, I t  seems re a s o n a b le  to  presum e t h a t  th e  g r e a t  m aj

o r i t y  o f  I n - s e r v ic e  t i r e  w ear o ccu rs  a t  low er te m p e ra tu re s , and th a t  a 

s iz a b l e  p ro p o r t io n  o f  th e  t i r e  t r e a d  i s  degraded  in  a p a r t i c u l a t e  ru b b e r 

form .

O ther su g g e s t t h a t  t i r e  d u s t ,  i f  I t  e x i s t s ,  sh o u ld  have a p a r t i c l e  

s i z e  d i s t r i b u t i o n  n o t  conducive  to  I n d e f in i t e  s u sp e n s io n  in  th e  a tm o sp h ere . 

B ut t h i s  i s  o n ly  s p e c u la t io n  and no a t te m p t has been  made to  s u b s t a n t i a t e  

o r d is p ro v e  th e  o c c u rre n c e  o f  ru b b e r  t i r e  d u s t  o r In  any manner d e f in e  I t s  

f e a t u r e s .

The s e a rc h  f o r  a  n a t u r a l  o r m an u fac tu red  t i r e  d u s t  c o n ta in in g  s u f 

f i c i e n t  p a r t i c l e s  In  th e  r e s p i r a b l e  s i z e  ran g e  to  s u s t a in  a chamber s tu d y , 

and th e  u n c e r t a in ty  su rro u n d in g  th e  e x is te n c e  o f  r e s p i r a b l e  t i r e  d u s t  In  

th e  a tm osphere  prom pted t h i s  s tu d y . I t s  p u rp o se  I s  to  I n v e s t ig a te  th e  

r o l e  o f  v e h ic le  t i r e  d u s t  as  a p o t e n t i a l  c o n t r ib u t io n  to  th e  p a r t i c u l a t e  

a i r  p o l l u t io n  lo a d  In  our a tm o sp h ere ; t o  p h y s ic a l ly  and c h e m ic a lly  c h a ra c 

t e r i z e  th e  m a te r ia l  In v o lv e d ; to  d ev e lo p  an In s tru m e n ta l  te c h n iq u e  f o r  

q u a l i t a t i v e  a n a ly s i s  o f  t h a t  m a te r ia l  b e l ie v e d  to  be c o n ta in e d  In  an a i r 

b o rn e  sam ple; and to  e s t a b l i s h  a b a s i s  f o r  I t s  In s tru m e n ta l  q u a n t i t a t i o n .



CHAPTER III

MATERIALS

Rubber T ire s

The g r e a t  m a jo r i ty  o f th e  v e h ic le  t i r e s  m an u fac tu red  in  th e  U n ited  

S ta t e s  c o n ta in  s y n th e t ic  ru b b e r  a s  w e ll  a s  n a t u r a l  ru b b e r ,  each  in  p ro 

p o r t io n s  d ependen t upon th e  in te n d e d  a p p l i c a t io n  o f  th e  t i r e .  The m ost 

commonly u sed  a r t i f i c i a l  ru b b e r  i s  known as  g e n e ra l  p u rp o se  s y n th e t ic .

I t  i s  th e  p ro d u c t form ed when s ty r e n e ,  a c l e a r  v o l a t i l e  l i q u id ,  i s  co 

p o ly m erized  w ith  b u ta d ie h e , a g as  a t  room te m p e ra tu re  (F ig u re  1 ) .

pH =  CHg - CH - CH2 -  CHg - CH =  CH - CHg -

CH CH CH CH
I  I +  CHgZiCH-CHsCHg =  I |
CH CK CH CH

^ C H ^  ^ C H ^

S ty re n e  B u tad ien e  Segment o f Co-polym er C hain

F ig u re  1 . C o -p o ly m e riz a tio n  o f  s ty re n e  and b u ta d ie n e

G en era l p u rp o se  s y n th e t ic  i s  u s u a l ly  d e s ig n a te d  a s  Buna S, GR-S o r SBR.
)

P a sse n g e r c a r  t i r e s  may c o n ta in  70 to  80 p e r  c e n t  SBR and sm a ll t ru c k  

t i r e s  60 to  70 p e r  c e n t .  I n  th e  c a se  o f  la rg e  t r u c k  t i r e s  where th e  

amount o f  SBR w hich  can be used  i s  c o n t r o l le d  by h e a t  b u ild -u p  and t r e a d  

c ra c k in g ,  th e  SBR c o n te n t  may be a s  low as  10 to  20 p e r  c e n t .  I t  i s  im-

15
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p o r ta n t  to  em phasize t h a t  SBR i s  so  p r e v a le n t  an  in g r e d ie n t  o f  American 

ru b b e r  t i r e s  t h a t  any com posite  sam ple o f  ab rad ed  t i r e  ru b b e r ,  c o l le c t e d  

in  th e  v i c i n i t y  o f  an  A m erican roadway w i l l  m ost c e r t a i n l y  c o n ta in  SBR.

A m erican t i r e  ru b b e r  fo rm u la tio n s  v a ry  c o n s id e ra b ly  from  m a n u fa c tu re r  

to  m a n u fa c tu re r  and p r e c i s e  in g r e d ie n ts  a re  n o t  g e n e r a l ly  p u b l ic iz e d  f o r  

obv ious r e a s o n s .  The com ponent p a r t s  o f  th e  t i r e ,  i . e . ,  th e  bead , th e  

c a s in g ,  th e  s id e w a l l s ,  and th e  t r e a d  a r e  compounded d i f f e r e n t l y  a c c o rd in g  

to  t h e i r  a s s ig n e d  ta s k s .  One ty p i c a l  fo rm u la tio n  i s  g iv e n  in  T ab le  2.

TABLE 2 

TIRE FORMULATION

Component P a r t s  by W eight

Rubber ( S y n th e t ic  a n d /o r  n a tu r a l ) 100

SRF (S e m i- re in fo rc in g  fu rn a c e )  ca rb o n  b la c k 15

EPC (E a sy -p ro c e s s in g  ch an n e l)  ca rb o n  b la c k 20

Z inc ox ide 5

S te a r i c  a c id 2

S o f te n e r 5

A n tio x id a n t 1

S u lfu r  ) 2 .8

P rim ary  A c c e le ra to r  ) V u lc a n iz a t io n 0 .7 5
)

Secondary  A c c e le ra to r ) 0 .1 5

The d a ta  in  T ab le  2 show t h a t  th e  one dom inant in g r e d ie n t  in  th e  f o r 

m u la tio n  o th e r  th a n  ru b b e r  i s  ca rb o n  b la c k .  T h is  i s  t r u e  o f  a l l  ru b b e r
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t i r e  fo rm u lae . A pprox im ate ly  one pound o f  ca rb o n  b la c k  i s  u sed  f o r  e v e ry  

two pounds o f  ru b b e r ,  e i t h e r  n a t u r a l  o r  s y n th e t i c .  Carbon b la c k ,  th e  m ost 

w id e ly -u se d  r e in f o r c in g  m a te r i a l ,  i s  p roduced  in  a v a r i e t y  o f  g ra d e s  w hich 

d i f f e r  in  t h e i r  p a r t i c l e  s i z e ,  i n  th e  q u a n t i t i e s  o f  n o n -ca rb o n  m a tte r  th e y  

c o n ta in ,  and in  th e  e x te n t  to  w hich  t h e i r  p a r t i c l e s  te n d  to  ag g lo m era te  in  

c h a i n - l ik e  s t r u c t u r e s .

Carbon b la c k s  a r e  m a n u fa c tu red  by e i t h e r  th e  p a r t i a l  com bustion  o r 

th e rm a l d eco m p o sitio n  o f gaseo u s o r l i q u i d  h y d ro c a rb o n s . T h e ir  m ethod o f 

m a n u fa c tu re  i s  th e  b a s i s  f o r  t h e i r  c l a s s i f i c a t i o n .

C hannel b la c k s  a r e  p roduced  when sm a ll n a t u r a l  g as  flam es a r e  p e r 

m i t te d  to  im pinge on i r o n  c h a n n e ls .  The h a rd -p ro c e s s in g ,  m ed ium -process

in g , and e a s y -p ro c e s s in g  ch an n e l b la c k s  (HPC, MPC and EPC) a r e  th e  m ost 

im p o r ta n t ru b b e r -g ra d e  im pingem ent b la c k s .

F u rnace  b la c k s  a r e  made by th e  com bustion  o f  n a t u r a l  g a s ,  o i l ,  o r 

b o th  in  fu rn a c e s  in  a c o n t r o l le d  a i r  s u p p ly . A ll  g ra d e s  o f  fu rn a c e  b la c k s  

can  be u sed  f o r  ru b b e r  com pounding.

. When maximum re in fo rc e m e n t i s  e s s e n t i a l ,  a s  in  t i r e  t r e a d s ,  one o f  

th e  fo llo w in g  g ra d e s  o f  ca rb o n  b la c k  i s  u s u a l ly  u sed  (4 2 ) :

SAP S u p e r-a b ra s io n  fu rn a c e  .

HAF H ig h -a b ra s io n  fu rn a c e  

HPC Hard p ro c e s s in g  ch an n e l 

MPC Medium p ro c e s s in g  c h an n e l 

EPC Easy p ro c e s s in g  ch an n e l 

I f  th e  re in fo rc e m e n t re q u ire m e n ts  a r e  l e s s  s t r i n g e n t ,  i f  a b ra s io n  

r e s i s t a n c e  i s  seco n d a ry  to  t e a r  s t r e n g th ,  i f  h ig h  r e s i l i e n c e  i s  r e q u i r e d ,  

and i f  low h e a t  b u i ld -u p  i s  d e s i r e d ,  one o f  th e  fo llo w in g  g ra d e s  o f  ca rb o n
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b la c k  i s  p r e f e r r e d  (4 2 ) ;

FEF F a s t - e x t r u s io n  fu zaa ce  

FF F in e  fu rn a c e  

GPF G e n e ra l-p u rp o se  fu rn a c e  

HMF H igh m odulus fu rn a c e  

SRF S e m i- re in fo rc in g  fu rn a c e  

The o th e r  m a te r ia l s  l i s t e d  in  T ab le  2 fu n c t io n  a s  a c t i v a t o r s ,  c u re -  

r a t e  c o n t r o l l e r s ,  s o f t e n e r s ,  a n t io x id a n t s ,  and v u lc a n iz in g  a g e n ts .  Con

s id e r a b l e  v a r i a t i o n  i s  e x e rc is e d  among compounders in  t h e i r  s e l e c t i o n  o f  

m a te r ia l s  u sed  to  se rv e  th e se  f u n c t io n s .

V eh ic le  T ire  and Roadway D usts 

Sam ples o f  ru b b e r  t i r e  d u s t  g e n e ra te d  in  th e  la b o ra to r y  w ere c o n t r a s t 

ed to  " t r u e "  and " s im u la te d "  roadw ay d u s ts  in  o rd e r  to  d e s c r ib e  t h e i r  p h y s

i c a l  and ch em ica l c h a r a c t e r i s t i c s ,  and to  d ev e lo p  r e l i a b l e  a n a l y t i c a l  te c h 

n iq u e s  f o r  p ro v in g  th e  e x is te n c e  o f  p a r t i c u l a t e  ru b b e r  in  th e  en v iro n m en t. 

The la b o ra to r y  d u s t ,  made s o le ly  o f  v e h ic le  t i r e  ru b b e r  was d e s ig n a te d  fo r  

an im al ex p o su re  s tu d i e s .  The " t r u e "  roadw ay sam ples w ere o b ta in e d  from 

th e  H o llan d  and L in c o ln  T unnels in  New York and from  a p a rk in g  g a ra g e  in  

F t .  W orth, T ex as. In  a l l  th r e e  lo c a t io n s  t r a f f i c  volum es w ere h ig h  and, 

to  some e x t e n t ,  c o n ta in e d  in  a l im i te d  en v iro n m en t. "S im u la ted "  roadway 

d u s ts  w ere p roduced  by th e  N a tio n a l  B ureau o f  S ta n d a rd s  in  i t s  t i r e  t e s t 

in g  equ ipm en t.

H o lla n d  Tunnel (H) and L in c o ln  (L) Tunnel D usts 

The T unnels and B rid g es  D epartm ent o f  th e  P o r t  o f  New York A u th o r ity  

p ro v id e d  m a te r ia l  c o l le c t e d  from  th e  e x h a u s t d u c ts  a t  th e  bo ttom  o f  g ra d e s
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in  th e  H o llan d  and L in c o ln  T u n n e ls . The sam ples w ere c o l le c t e d  by sweep

in g  th e  f lo o r  s u r f a c e s  o f  th e  d u c ts  w here th e  m a te r ia l  accu m u la tes  a t  th e  

r a t e  o f  a p p ro x im a te ly  0 .2 5  in c h  f o r  each  fo u r  y e a rs  o f  o p e ra t io n .

The tu n n e l  tu b e s  a r e  in  o p e ra t io n  24 h o u rs  p e r  day th ro u g h o u t th e  

y e a r .  T r a f f i c  flow  v a r i e s  frcan a low o f  s e v e r a l  hundred  v e h ic le s  p e r  hour 

d u rin g  th e  e a r ly  m orning h o u rs  to  ap p ro x im a te ly  2 ,700  v e h ic le s  p e r  hour 

d u rin g  peak h o u rs . The e s t im a te d  av e ra g e  d a i ly  volume o f t r a f f i c  u s in g  

th e  tu b e s  o f th e  H o llan d  and L in c o ln  tu n n e ls  from  w hich th e  d u s t sam ples 

w ere c o l l e c t e d  i s  29 ,900  and 29 ,300  v e h ic le s ,  r e s p e c t iv e ly .

Pavem ent in  th e  im m ediate v i c i n i t y  o f  th e  p o r t a l s  o f  b o th  tu n n e ls  

c o n s i s t s  o f  e i t h e r  a s p h a l t ,  c o n c re te  o r pav in g  b r ic k .  The L in c o ln  Tunnel 

sam ple was c o l le c t e d  n e a r  th e  fo o t  o f  th e  downgrade s e rv in g  New J e r s e y -  

bound t r a f f i c ,  w h ile  th e  o th e r  was ta k en  from  th e  f o o t  o f  th e  upgrade in  

th e  H o llan d  Tunnel tu b e  s e rv in g  New Y ork-bound t r a f f i c .  T ruck t r a f f i c  i s  

r e l a t i v e l y  h ig h  a t  b o th  o f  th e s e  lo c a t io n s .

N a tio n a l  B ureau o f  S tan d a rd s  (NBS) T ire  
T e s te r  Roadway D ust

The N a tio n a l B ureau o f  S ta n d a rd s  co n ce iv ed , d ev e lo p ed , and o p e ra te d  

f o r  a number o f  y e a rs  a  t i r e  t e s t i n g  m achine to  s tu d y  th e  d u r a b i l i t y  o f 

t r u c k  and au to m o b ile  t i r t . s  u nder v a ry in g  roadw ay, lo a d in g  and c o n ta c t  con- 

d i t io n g .  T h is  d e v ic e  i s  u se d , a s  a r e  i t s  c o u n te r p a r ts  in  in d u s t r y ,  to  

s tu d y  o r t e s t  t i r e s  f o r  t r e a d  l i f e ,  c u t  g row th , o p e ra t in g  te m p e ra tu re s , 

and f le x in g  f a t i g u e .  R ich ey , Mande1, and S t i e h l e r  (43) have r e p o r te d  on 

i t s  developm ent and a p p l ic a t io n  frcxn i t s  in c e p t io n  in  O c to b er, 1951.

The t e s t e r  p ro d u ces  a c o n s id e ra b le  q u a n t i ty  o f  s o l id  ab rad ed  m a te r i a l ,  

a p p ro x im a te ly  80 pounds p e r  18 t i r e s  o r 4 .5  pounds p e r  t i r e  t e s t e d .  About
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50 p e r  c e n t  o f  th e  m a te r ia l  p roduced  i s  re c o v e re d . The t e s t e r  i s  lo ad ed  

w ith  18 t i r e s ,  15 au to m o b ile  and 3 t r u c k  t i r e s  f o r  each  t e s t  ru n .

T h is  d e v ic e  was p ro p o sed  as  an  id e a l  so u rc e  o f  ru b b e r  t i r e  d u s t  f o r  

th e  I n s t i t u t e ' s  in h a la t i o n  s tu d y  u n t i l  i t  was r e v e a le d  t h a t  i t s  roadway 

i s  d u s te d  w h ile  in  o p e ra t io n  to  s im u la te  a c t u a l  s e r v ic e  c o n d i t io n s  and to  

p re v e n t  "gumming" o f  th e  t r a c k  s u r f a c e .  The d u s t  o f  c h o ic e  i s  h y d ra te d  

a lu m in a , a l l  o f  w hich i s  f i n e r  th a n  2 |ji, 80 p e r  c e n t  b e in g  f i n e r  th a n  1 

H. T h e re fo re ,  a l l  o f  th e  d u s t  p roduced  i s  a c t u a l l y  a  two com ponent m a te 

r i a l  c o n s i s t in g  o f  h y d ra te d  aluminum o x id e s  (A l20g"3 H2O o r A1 (OH)g) and 

t i r e  w ear p ro d u c ts .  The i n a d v i s a b i l i t y  o f  u s in g  su ch  a  two ph ase  m a te r i 

a l  i s  o b v io u s . T o x ic ity  o f  aluminum compounds i s  s t i l l  a  c o n t r o v e r s i a l  

s u b je c t ,  and th e  p h y s io lo g ic a l  e f f e c t s  o f  r e s p i r e d  ru b b e r  a r e  y e t  to  be 

d e te rm in e d . F u rth e rm o re , th e  p o s s i b i l i t y  o f  i n t e r a c t i o n s  alw ays e x i s t s  

in  a  h e te ro g e n e o u s  sy stem .

Some c o n s id e r a t io n  was g iv e n  to  th e  f e a s i b i l i t y  o f  s e p a r a t in g  th e  

ru b b e r  t i r e  d u s t  from  th e  alum ina b u t  a l l  a t te m p ts  a t  d eag g lo m e ra tio n  

f a i l e d  o r  gave l e s s  th a n  a d eq u a te  r e s u l t s .  The a lum ina  p a r t i c l e s  c lu n g  

te n a c io u s ly  to  th e  s u r f a c e s  o r f i l l e d  th e  i n t e r s t i c e s  o f  th e  ru b b e r  p a r 

t i c l e s .

A lthough  t h i s  d u s t  was r e j e c t e d  a s  u n s u i ta b le  f o r  a chamber i n v e s t i 

g a t io n  i t  was r e t a in e d  fo r  t h i s  s tu d y . I t  i s  a roadw ay d u s t  c o n ta in in g  

o n ly  one a d u l t e r a t i v e  m a te r ia l  o th e r  th a n  th e  t i r e  p ro d u c ts  and a s  such  

p ro v id e s  an e x c e l l e n t  m a te r ia l  f o r  s iz in g  a n a ly s e s  and c o n f irm a tio n  o f  

th e  q u a l i t a t i v e  te c h n iq u e  fo r  t i r e  ru b b e r  d ev e lo p ed  in  t h i s  s tu d y .

P a rk in g  G arage (PC) Roadway D ust

Sam ples o f  roadway d u s t  w ere c o l l e c t e d  from  a f o u r - s to r y ,  e n c lo se d
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p a rk in g  g a ra g e  lo c a te d  in  th e  b u s in e s s  d i s t r i c t  o f  F o r t  W orth, T exas.

T h is  g a ra g e  i s  in  o p e ra t io n  24 h o u rs  p e r  day , 7 days p e r  w eek, s e rv in g  

o n ly  au to m o b ile  t r a f f i c .  C o n cre te  ram ps, w hich  p ro v id e  a c c e s s  betw een 

f l o o r s ,  a r e  vacuumed p e r i o d i c a l l y .  T here i s  no e x h a u s t system  in  th e  

b u i ld in g  so  th e  p a r t i c u l a t e  lo a d  i s  r e t a in e d  to  s e t t l e  o u t on th e  i n t e 

r i o r  s u r f a c e s .  The m a te r ia l  u sed  in  t h i s  s tu d y  was ta k e n  from  th e  vacuum 

c le a n e r  bag .

Animal E xposure Chamber (CH) D ust

The s e a rc h  f o r  a  su p p ly  o f  v e h ic le  t i r e  d u s t  s u i t a b l e  f o r  th e  an im al 

in h a la t i o n  s tu d y  f i r s t  c e n te re d  around  t i r e  re c a p p in g  o p e r a t io n s .  L oca l 

f irm s  u se  e i t h e r  s t e e l  claw ed d is c  a b ra d e rs  o r h ig h  speed  w ire  b ru sh e s  to  

b u f f  t i r e s  b e fo re  new t r e a d s  a r e  a p p l ie d .  The l a t t e r  m ethod p roduced  th e  

f i n e s t  m a te r i a l  b u t  m ic ro sc o p ic  s iz in g  r e v e a le d  t h a t  a l l  o f  i t  exceeded  

50 ^  i n  d ia m e te r .  F u r th e r  r e d u c t io n  to  s u i t a b l e  s i z e  was found to  be p o s 

s i b l e  by f r e e z in g  th e  f i n e s t  f r a c t i o n s  in  l i q u i d  n i t r o g e n  (-196°C ) and 

th e n  g r in d in g  w ith  m o rta r  and p e s t l e .  Though th e  r e s u l t s  w ere s a t i s f a c t 

o ry , th e  m ethod was h a rd ly  p r a c t i c a l  f o r  p ro d u c tio n  o f  th e  5 pounds o f  

d u s t  r e q u i r e d  f o r  each  month o f  chamber o p e ra t io n .

The prob lem  was r e s o lv e d  when i t  was found t h a t  th e  S tu r te v a n t  M icro - 

n i z e r ,  a f l u i d  en e rg y  m i l l  w hich  g r in d s  and c l a s s i f i e s ,  co u ld  e a s i l y  r e 

duce r e c a p p e r s ' g r in d in g s  w hich had been  f ro z e n  in  l i q u i d  n i t r o g e n .  In  

t h i s  d e v ic e ,  p a r t i c l e s  suspended  in  a i r  and moving in  h ig h  r o t a t i o n a l  v e t  

l o c i t y ,  f r a c t u r e  a s  th e y  c o l l i d e  w ith  one a n o th e r .  They a r e  th e n  c l a s s i 

f i e d  in  a  c y c lo n e  s e p a r a t io n  chamber in c o rp o ra te d  in  th e  m i l l .  T ir e  d u s t  

f o r  cham ber o p e ra t io n  i s  a m ix tu re  o f t r u c k  and au to m o b ile  t i r e  ru b b e r ,  

though p re d o m in a n tly  th e  l a t t e r .



CHAPTER IV

CHARACTERIZATION OF VEHICLE TIRE AND ROADWAY DUSTS

In tr o d u c t io n

I t  i s  n o t  th e  p u rp o se  o f  t h i s  p o r t io n  o f  th e  i n v e s t ig a t io n  to  e s ta b 

l i s h  a r e l a t i o n s h i p  betw een  in h a le d  v e h ic le  t i r e  d u s t  and su b se q u en t phys

io l o g ic a l  a l t e r a t i o n s .  M ic ro sco p ic  s iz in g  d a ta ,  p a r t i c l e  s iz e  d i s t r i b u 

t i o n s ,  and s p e c tro g ra p h ic  a n a ly s e s  a re  p re s e n te d  to  p ro v id e  some c h a ra c 

t e r i z a t i o n  o f  th e  m a te r ia l  s tu d ie d  and to  a t te m p t a d e f i n i t i o n  o f  th e  r e -  

s p i r a b l e  p o r t io n  o f  each .

Brown, Cook, Ney, and H atch  (44) have made an e x te n s iv e  s tu d y  o f  th e  

s ig n i f i c a n c e  o f  p a r t i c l e  s i z e  w ith  r e s p e c t  to  r e s p i r a t o r y  r e t e n t io n  o f 

d u s t .  T h e ir  c o n c lu s io n s  a r e  p e r t i n e n t  t o  any s tu d y  o f  t h i s  k in d  and a re  

p re s e n te d  a s  fo llo w s :

"1 . O v e r - a l l  r e s p i r a t o r y  r e t e n t i o n . i s  e s s e n t i a l l y  com plete  fo r  p a r t i c l e s  

above 5 |i .  I t  d e c re a se s  w ith  s i z e  to  a minimum o f  ab o u t 24 p e r  c e n t 

f o r  a p p ro x im a te ly  0 .2 5  p, p a r t i c l e s  and th e n  in c re a s e s  a g a in  f o r  su b - 

m ic ro sc o p ic  p a r t i c l e s .

2 . F i l t e r i n g  e f f i c i e n c y  o f  th e  n a s a l  p a ssa g e s  i s  a l s o  p r a c t i c a l l y  100 

p e r  c e n t  f o r  p a r t i c l e s  l a r g e r  th an  5 n and d e c re a se s  s y s te m a t ic a l ly  

w ith  s i z e ,  re a c h in g  z e ro ,  how ever, f o r  p a r t i c l e s  o f  f i n i t e  s i z e  o f  

a b o u t 1 p,.

3 . D epth o f  p e n e t r a t io n  b e fo re  d e p o s i t io n  in c re a s e s  w ith  d e c re a s in g

22
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s i z e .  For th o se  p a r t i c l e s ,  l a r g e r  th a n  1 n w hich escap e  tra p p in g  in  

th e  upper r e s p i r a t o r y  t r a c t ,  a lv e o la r  r e t e n t io n  i s  co m p le te . S m all

e r  p a r t i c l e s  a re  r e t a in e d  in  d e c re a s in g  am ounts b u t ,  however sm a ll 

th e  r e t e n t io n  may b e , p r a c t i c a l l y  a l l  th e  d e p o s i t io n  ta k e s  p la c e  in  

th e  a l v e o l i .

4 . Thus, th e re  i s  an  optimum p a r t i c l e  s i z e  hav ing  th e  h ig h e s t  p ro b ab - 

i l t y  o f  a lv e o la r  d e p o s i t io n .  T h is  i s  ab o u t 1 |i .  S m alle r p a r t i c l e s ,  

down to  0 .2 5  | j L ,  have a p p ro x im a te ly  th e  same p r o b a b i l i t y  o f  b e in g  r e 

ta in e d  in  th e  a l v e o l i  a s  th o se  from  1 to  5 p . S ub-m icrosc o p ie  p a r 

t i c l e s  a re  d e p o s ite d  in  th e  a l v e o l i  in  in c re a s in g  am ounts a s  s i z e  i s  

f u r th e r  red u ced  and , t h e o r e t i c a l l y ,  r e t e n t io n  app roaches a maximum 

v a lu e  c o rre sp o n d in g  to  th e  p e rc e n ta g e  o f  t i d a l  a i r  w hich re a c h e s  th e  

a l v e o l i .

5 . The r e l a t i o n s h ip  betw een p a r t i c l e  s i z e  and p e n e t r a t io n ,  and d e p o s i

t i o n  o f d u s t  changes w ith  th e  r e s p i r a t o r y  p a t t e r n .  R e te n tio n  i n 

c re a s e s  w ith  d e c re a s in g  r e s p i r a t o r y  fre q u e n c y . The e f f e c t  i s  g r e a t 

e s t  f o r  p a r t i c l e s  betw een 1 and 5 p> f o r  w hich th e re  i s  a much g r e a t 

e r  p ro p o r t io n a te  in c re a s e  in  a lv e o la r  d e p o s i t io n  th a n  in  th e  o v e r

a l l  r e t e n t io n  a s  b re a th in g  r a t e  d e c re a s e s .  The r e s p i r a t o r y  p a t t e r n  

h as  no s i g n i f i c a n t  e f f e c t  upon th e  d e p o s i t io n  o f  p a r t i c l e s  sm a lle r  

th a n  1 |JL."

These c o n c lu s io n s , w hich a re  b ased  p a r t i a l l y  on th e o ry  and p a r t i a l l y  

on e x p e rim e n ta l d a ta ,  in d i c a te  a v e ry  d e f i n i t e  r e l a t i o n s h ip  betw een p a r 

t i c l e  s i z e  and d eg ree  o f  d e p o s i t io n  in  th e  lu n g . I f  i t  i s  assumed th a t  

lung  damage i s  r e l a t e d  to  d e p o s i t io n  o f  d u s t  in  th e  lu n g , i t  fo llo w s  th a t  

p a r t i c l e  s iz e  d e te rm in a tio n s  a re  e s s e n t i a l  in  th e  e v a lu a t io n  o f  any d u s t
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h a z a rd .

P a r t i c l e  S iz e  D is t r ib u t io n s

The L og-norm al d i s t r i b u t i o n  i s  g e n e r a l ly  a p p l ie d  to  s i z e s  o f  p a r t i 

c l e s  o b ta in e d  by b reak ag e  from  la r g e  frag m en ts  o f  m a t te r .  T h is  d i s t r i b u 

t i o n  i s  a t r a n s fo rm a tio n  o f  th e  norm al p r o b a b i l i t y  c u rv e . I t  was ad o p ted  

fo r  th e  d e te rm in a t io n  o f  p a r t i c l e  s i z e  p a ra m e te rs  when i t  was found th a t  

d i s t r i b u t i o n  c u rv e s  o f  f i n e l y  d iv id e d  m a te r ia l s  g e n e r a l ly  assum ed an a s -  

sy m m etrica l o r "skew ed" c o n f ig u r a t io n  and th e r e f o r e  th e  norm al p r o b a b i l 

i t y  e q u a t io n  co u ld  n o t  be a p p l ie d  s in c e  i t  r e q u ir e d  symmetry a b o u t a v e r 

t i c a l  a x i s .  When th e  lo g a r i th m s  o f s i z e s  a r e  s u b s t i t u t e d  f o r  th e  s i z e s  

th em se lv es  th e  "skew ed" freq u en cy  c u rv e s ,  more o f te n  th a n  n o t ,  a r e  t r a n s 

form ed in to  th e  f a m i l i a r  G au ssian  norm al p r o b a b i l i t y  c u rv e .

Two p a ra m e te rs  o f  th e  lo g -n o rm al c u rv e , th e  g e o m e tr ic  mean and th e  

g e o m e tr ic  s ta n d a rd  d e v ia t io n ,  r i g i d l y  d e f in e  t h a t  cu rv e  and a l s o  d e t e r 

mine co m p le te ly  a l l  th e  av e ra g e  d ia m e te rs  (45 ) (4 6 ) .  They can  be d e t e r 

mined m a th e m a tic a lly  from  th e  p a r t i c l e  s iz in g  d a ta  a s  fo llo w s :

Log Mg = Mean o f  lo g a ri th m s  = i  ( ^ i  ^ i )
® Zf^

and

Log CTg = S ta n d a rd  d e v ia t io n  o f  lo g a ri th m s  =

I  f^  ( lo g  -  lo g  Mg)2

? ^ i

w here Mg = G eom etric mean

= Frequency  o f  o b s e rv a tio n s  

= O b se rv a tio n  

Gg = G eom etric s ta n d a rd  d e v ia t io n
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These c a l c u la t io n s  in v o lv e  c o n s id e ra b le  la b o r  w hich can  be a v e r te d  

by a g r a p h ic a l  s o lu t io n  in  w hich th e  p e rc e n ta g e  o f  p a r t i c l e s  below  a 

s t a t e d  s i z e  i s  p lo t t e d  a g a in s t  t h a t  s i z e  on a  lo g a r i th m ic - p r o b a b i l i t y  

g r id .  On t h i s  p a p e r  th e  summation cu rv e  o b ta in e d  by i n t e g r a t i o n  o f  th e  

lo g a r i th m ic  s iz e - f r e q u e n c y  cu rv e  p lo t s  a s  a s t r a i g h t  l i n e  from  w hich th e  

g eo m e tric  mean can  be r e a d  d i r e c t l y  and th e  g e o m e tr ic  s ta n d a rd  d e v ia t io n  

can  be e a s i l y  com puted.

The g e o m e tric  mean i s  th e  50 p e r  c e n t  s i z e  and th e  g e o m e tr ic  s ta n d 

a rd  d e v ia t io n  i s  d e te rm in ed  a s  fo llo w s :

84.13% s iz e  50% s iz e

cr„ =
® 50% s iz e  15.87% s iz e

U t i l i z i n g  Mg and o^ , c o n v e rs io n s  to  th e  more u s e f u l  w e ig h t and a r e a  

d i s t r i b u t i o n s  a r e  th e n  e a s i l y  perfo rm ed  a s  fo llo w s :

Log M ' = Log M +  6 .9078 lo g ^  a  
s  g g

and

Log M = Log M +  2 .3026  log^  a  
Sa g g

w here Mg' = W eight mean g eo m e tric  d ia m e te r

Mg = A rea mean g e o m e tr ic  d ia m e te r  
®a

These d i s t r i b u t i o n s  may be p lo t t e d  on th e  same g rap h  w ith  th e  p a r t i 

c l e  co u n t d i s t r i b u t i o n ,  a l l  a p p e a rin g  a s  p a r a l l e l  l i n e s .

Curve f i t t i n g  on lo g - p r o b a b i l i t y  p ap er h as  a s e r io u s  d is a d v a n ta g e . 

Each o f  th e  p o in t s  p lo t t e d  and u sed  to  e s t a b l i s h  v i s u a l l y  a " l i n e  o f  b e s t  

f i t "  h a s  a d i f f e r e n t  d eg ree  o f  r e l i a b i l i t y  a s s o c ia te d  w ith  i t .  I t  i s  im

p o s s ib le  to  jud g e  th e  m agnitude o f  t h i s  r e l i a b i l i t y  when w e ig h tin g  d a ta  

p o in ts  f o r  a b e s t  l i n e .  T h e re fo re , p a ra m e te rs  o b ta in e d  from  a v i s u a l l y
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f i t t e d  l i n e  can  e a s i l y  be i n  e r r o r  i f  th e  in v e s t ig a to r  p u ts  c red en ce  in  

th e  d a ta  p o in ts  ly in g  o u ts id e  th e  1 p e r  c e n t  and 99 p e r  c e n t  l i m i t s  and 

does n o t  c o n f in e  h i s  in s p e c t io n  o f  th e  rem ain in g  d a ta  t o  th o se  ly in g  n e a r 

e s t  th e  50 p e r  c e n t le v e l .

In  many in s ta n c e s  th e  lo g -n o rm al d i s t r i b u t i o n  does n o t " id e a l ly "  f i t  

p a r t i c l e  s i z e  d i s t r i b u t i o n s ,  b u t  a poor c o r r e l a t i o n  does n o t in v a l id a t e  

p a r t i c l e  s iz e  m easurem ents. M inor o r even m ajo r d e v ia t io n s  from  l o g a r i t h 

mic n o rm a li ty  may o ccu r w here th e r e  i s  h e te ro g e n e i ty  in  p h y s ic a l  and chem

i c a l  p r o p e r t i e s  due to  c a se s  o f  l im i te d  fo rm a tio n , m u l t ip le  fo rm a tio n  

r a t e s  a n d /o r  n a t u r a l  and a r t i f i c i a l  s e p a r a t io n .

O ther law s and m ethods have been su g g e s te d  f o r  d e a l in g  w ith  p a r t i c l e  

d i s t r i b u t i o n s  w hich f a i l  to  f i t  th e  log -n o rm al c u rv e . Gaudin (47 ) and 

R o l le r  (48) c i t e d  law s w ith  a " t ru n c a te d "  ran g e  in  w hich th e  la rg e  s i z e s  

o f  a d i s t r i b u t i o n  a r e  ex c lu d ed . R osin  and Rammler (49) d em o n stra ted  a 

d o u b le  e x p o n e n t ia l  cu rv e  s u i t e d  t o  c o a l and q u a r tz  d u s ts  in  E ng land . I r a n i  

(50 ) p re s e n te d  a s e m i-g ra p h ic a l  tr e a tm e n t o f  b i-m o d al h e te ro g en eo u s  p a r 

t i c l e  s i z e  d i s t r i b u t i o n s  and a r t i f i c i a l  d i s t r i b u t i o n s  c r e a te d  by cy c lo n e  

s e p a r a t io n s  a f t e r  g e n e ra t io n .  I n  o rd e r  to  im prove d a ta  r e l i a b i l i t y  a s t a 

t i s t i c a l l y  u n b ia se d  p ro ced u re  to  in c re a s e  a cc u racy  in  th e  h ig h e r  p e rc e n 

t i l e s  o f  th e  lo g -n o rm al d i s t r i b u t i o n  has  been p roposed  by S ic h e l (5 1 ) ,  who 

te rm s i t  "T ru n ca ted  M u ltip le  T ra v e rs in g " .

When p a r t i c l e  d i s t r i b u t i o n s  w hich r e s i s t  d e s c r ip t io n  e i t h e r  by th e o 

r e t i c a l l y  o r e m p ir ic a l ly  f i t t e d  c u rv e s  a r e  en co u n te red  good r e p r e s e n ta t io n  

o f th e  d a ta  may be o b ta in e d  by g rap h in g  th e  d a ta  a s  a s im p le  h is to g ra m  or 

freq u en cy  polygon in  a r e c e n t  method su g g e s te d  by Corn (5 2 ) .  He makes th e  

fo llo w in g  recom m endations:
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" 1 . The o r ig i n a l  s iz in g  d a ta  be p re s e n te d ,  n o t  o n ly  th e  t o t a l  number o f 

p a r t i c l e s  s iz e d ,  b u t th e  number p e r  d e f in e d  c l a s s  i n t e r v a l .

2 . The s iz in g  r e s u l t s  be p re s e n te d  a s  a freq u en cy  h is to g ra m , o r  a s  a 

cu m u la tiv e  freq u en cy  d i s t r i b u t i o n .

3 . The e r r o r s  a s s o c ia te d  w ith  each  c l a s s  i n t e r v a l  be superim posed  on 

th e  freq u en cy  po lygon  o r in d ic a te d  in  a t a b l e ,  o r b o th ."

E x p erim en ta l P ro ced u re  

The roadw ay d u s t  sam ples s tu d ie d  in  t h i s  work a r e  ex tre m e ly  h e te r o 

geneous, c o n s is t in g  o f many m a te r ia ls  o f  known and some o f  o n ly  su sp e c te d  

o r ig in .  The m ethods o f  p a r t i c l e  g e n e ra t io n  and th e  p o s t - g e n e r a t io n  a l t e r 

a t io n s  w hich may have o c c u rre d  f u r th e r  confound a p p l ic a t io n  o f  any o f  th e  

c o n v e n ie n t d i s t r i b u t i o n  e q u a t io n s .

A ttem pts to  f i t  th e  p a r t i c l e  s iz e  d a ta  to  th e  lo g -n o rm al d i s t r i b u t 

io n  w ere somewhat l e s s  th a n  s a t i s f a c t o r y  f o r  a l l  b u t  th e  P a rk in g  G arage 

(FG) d u s t ,  and pronounced d e p a r tu re  from l i n e a r i t y  on th e  lo g - p r o b a b i l i t y  

g r id  p lo t s  was d em o n stra ted  in  m ost c a s e s .  For t h a t  re a so n  i t  was d ec id ed  

to  u t i l i z e  th e  freq u en cy  po lygon  m ethod to  d e te rm in e  and i l l u s t r a t e  th e  

s i z e  d i s t r i b u t i o n  f o r  a l l  o f  th e  d u s ts  s tu d ie d .

P a r t i c l e  S iz in g  and I n t e r p r e t a t i o n  
o f  P a r t i c l e  S iz e  D ata

A ll p a r t i c l e  s iz in g  was done by l i g h t  f i e l d  m icroscopy  u s in g  an 

American O p tic a l  S pencer B in o c u la r  m ic ro sco p e . The o p t i c a l  system  con

s i s t e d  o f a lOOX o i l  im m ersion o b je c t iv e  le n s  and a lOX e y e p ie c e  w hich 

p e rm itte d  r e s o lu t io n  o f  p a r t i c l e s  a s  sm a ll a s  0 .2  n .

A F o rto n  g r a t i c u l e  (53) (o c u la r  m icrom eter) was in s e r t e d  a t  th e  fo c a l  

p la n e  o f  th e  e y e p ie c e  fo r  p a r t i c l e  s i z e  m easurem ent. When c a l ib r a t e d  w ith
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c

a s ta g e  m icro m eter th e  s i z e  1 P o r to n  c i r c l e  was e q u iv a le n t  t o  0 .4 8  ^  w hich 

was rounded  to  0 .5  p,. A d ja c e n t c i r c l e  d ia m e te rs  (an d  r e f e r e n c e  g r id  l i n e  

sp a c in g )  in c re a s e  g e o m e tr ic a l ly  by a f a c t o r  o f  The u n l in e d  a re a  on

th e  l e f t  s id e  o f  th e  P o rto n  g r a t i c u l e  p ro v id e s  a t o t a l  v iew in g  f i e l d  o f  

1122 p,^, w hich  i s  su b d iv id e d  in t o  s i x  i d e n t i c a l  r e c ta n g le s  o f  187 p.^.

D ust sam ples w ere p re p a re d  f o r  m ic ro sc o p ic  m easurem ent by d is p e r s in g  

a sm a ll q u a n t i ty  in  a  d r o p le t  o f  canada balsam  d i l u t e d  w ith  x y le n e  ( 1 : 9 ) .  

The d u s t  was d is p e r s e d  in  th e  m ounting medium and th e  su sp e n s io n  sp re a d  

over a m ic ro sco p e  s l i d e  u s in g  th e  te c h n iq u e  su g g e s te d  by S ilv e rm an  and 

F ra n k l in  ( 5 4 ) .  O th e r m ethods o f  d is p e r s io n  f a i l e d  to  d eag g lo m era te  th e  

d u s ts  a d e q u a te ly .

The sa m p le -b e a r in g  s l i d e  was ra n d o n ly  s h i f t e d  on th e  m icro sco p e  s ta g e  

so  t h a t  a l l  p o r t io n s  o f  th e  d is p e r s io n  w ere r e p r e s e n te d .  Each p a r t i c l e  

was a s s ig n e d  th e  s i z e  o f  th e  l a r g e r  o f  th e  two P o rto n  r e f e r e n c e  c i r c l e s  

betw een  w h ich  th e  e s t im a te d  p r o je c te d  p a r t i c l e  a re a  f e l l .

C o n s id e ra b le  d i f f e r e n c e  o f  o p in io n  e x i s t s  among in v e s t i g a t o r s  con 

c e rn in g  th e  number o f  p a r t i c l e s  to  s i z e  in  a  sam ple . Recom m endations 

ra n g e  from  th e  100 to  200 o f  D rin k e r and H atch  (55) to  " a b o u t a th o u san d "  

su g g e s te d  by O rr and D a l la v a l le  (5 6 ) .  P idgeon  and Dodd (57 ) co n c lu d ed  

th a t  w ith  sam ples o f  s u b - s ie v e  c ru sh e d  q u a r tz  pow ders, even more th a n  

1000 p a r t i c l e s  sh o u ld  be m easu red . F a i r s  (58) and W atson (5 9 ) p roposed  

p ro c e d u re s  t o  a c h ie v e  any d e s i r e d  a c c u ra c y . F or th e  p u rp o se  o f  t h i s  s tu d y  

an a r b i t r a r y  low er l i m i t  o f  200 p a r t i c l e s  has  been  im posed.

The (H ), ( L ) , and (PG) roadw ay d u s t  s i z in g s  w ere made on th e  g ro s s  

sam ple, i . e . ,  e v e ry  p a r t i c l e  r e s o lv a b le  a t  th e  s p e c i f i e d  m a g n if ic a t io n ,  

and no a t te m p t was made t o  d i f f e r e n t i a t e  th e  ru b b e r  f r a c t i o n .  I n  th e  c a se
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o f th e  (NBS) and (CH) d u s ts  o n ly  th e  ru b b e r  t i r e  p a r t i c l e s  w ere s iz e d  

s in c e  th ey  w ere th e  o n ly  ones c l e a r l y  d e f in e d .

P a r t i c l e  s i z e  d a ta  and  c o u n t, a r e a ,  and w e ig h t d i s t r i b u t i o n  c a l c u l a 

t io n s  a re  shown in  T ab le s  3 , 4 , 5 , 6 and 7 . Columns 1, 2 and 3 in  each  

ta b le  show th e  P o r to n  g r a t i c u l e  c i r c l e  num ber, th e  c a l i b r a t e d  g r a t i c u l e  

c i r c l e  s i z e ,  and th e  number o f  p a r t i c l e s  ( f ^ )  c o rre sp o n d in g  to  each  c i r 

c l e  s i z e ,  r e s p e c t iv e l y .  Column 4 shows th e  e s t im a te d  s ta n d a rd  d e v ia t io n  

1 /2(fj[ ) f o r  each  c l a s s  i n t e r v a l .  K o t t l e r  (60 ) h a s  shown th a t  when none 

o f  th e  ob serv ed  c l a s s  f r e q u e n c ie s  i s  sm a ll com pared w ith  th e  t o t a l  number 

o f  p a r t i c l e s ,  and th e  d i f f e r e n c e  betw een o b se rv ed  and e x p e c te d  c l a s s  f r e 

q u en c ie s  i s  sm a ll com pared to  e i t h e r ,  th e  r e s p e c t iv e  c l a s s  s ta n d a rd  d e v ia -  

t i o n s  a re  c a lc u la b le  a s :

w here ( f ^ )  r e p r e s e n t s  th e  t r u e  fre q u e n c y  o f  o c c u r re n c e . E s tim a to rs  a re  

r e p r e s e n te d  a s  ( f ^ ) , th e  ob serv ed  fre q u e n c y .

The c o n t r ib u t io n  o f  each  c l a s s  to  th e  t o t a l  co u n t d i s t r i b u t i o n ,  t o 

g e th e r  w ith  th e  c l a s s  s ta n d a rd  d e v ia t io n  i s  shown in  column 5. A rea and 

w e ig h t d i s t r i b u t i o n  c o n v e rs io n s  a r e  shown in  colum ns 6 -1 1 . Columns 8 and 

11 g iv e  th e  p e rc e n ta g e  c o n t r ib u t io n  o f  each  c l a s s  to  th e  a re a  and w e ig h t 

d i s t r i b u t i o n s  to g e th e r  w ith  c l a s s  s ta n d a rd  d e v ia t io n s .

The c a l c u la te d  r e s u l t s  in  columns 5 , 8 and 11 o f  each  t a b le  have been  

p lo t t e d  a s  f re q u e n c y  h is to g ra m s  r e p r e s e n t in g  c o u n t, a r e a ,  and w e ig h t d i s 

t r i b u t io n s  in  F ig u re s  2 , 3 , 4 , 5 and 6 . The a s s o c ia te d  c l a s s  s ta n d a rd  

d e v ia t io n s  a r e  shown in  th e  shaded  p o r t io n s  o f  each  i n t e r v a l .



TABLE 3
PARTICLE SIZE DATA AND COUNT, AREA AND WEIGHT DISTRIBUTIONS

PiiRKING GARAGE (PG) DUST

C ir 
c le

C ir 
c le f i 100

■
d / 100

r  2 u  21f i d i
d i3 f i d i ^ 100

f id

No. S ize L s f i  J L Z ffd iZ  _ î f i d i ^  J
C ol.

1 2 3 4 5 6 7 8 9 10 11
1 0 .5 24 4 .9 0 8 .54+ 1 .74 0 .0 6 1.49 0 .03+ 0 .005 0 .0 2 0 .3 8 0 0005+0.0001

2 0 .7 56 7.48 19.93+2.66 0 .3 6 20 .16 0 .36+ 0 .05 0 .2 2 12.10 0. 02 +0.002

3 1 .0 42 6.48 14.95+2.31 0 .72 30 .24 0 .54+ 0 .08 0 .6 1 25.79 0. 03 +0.005

4 1 .4 34 5.83 12.10+2.07 1 .44 4 8 .9 6 0 .8 7 + 0 .1 5 1.73 58,82 0. 08 +0 .01

5 1.9 24 4 .9 0 8 .54+ 1 .74 2 .72 65.28 L.1 ^ . 2 3 4 .4 9 107.76 0 .1 4 +0.03

6 2 .7 23 4 .8 0 8 .19+ 1 .71 5 .29 121.67 2 .16+ 0 .45 12.17 279.91 0. 37 +0 .08

7 3 .8 25 5 .00 8 .90+ 1 .78 10.56 264.00 4 .6 8 + 0 .9 4 34 .33 858.25 1. 14 +0.23

8 5 .4 20 4 .4 7 7 .12+1.59 21 .16 423.20 7 .50+ 1 .68 97 .34 1946.80 2. 59 +0 .58

9 7 .7 12 3 .4 6 4 .27+ 1 .23 42 .90 514.80 9 .1 3 + 2 .6 3 281.01 3372.12 4. 49 +1.29

10 10.9 8 2 .83 2.85+ 1 .01 8 6 .94 695.52 12 .33+ 4 .36 804.36 6434.88 8. 57 +3.03

11 15 .4 8 2 .83 2 .85+ 1 .01 172.92 1383.36 24 .52+8.67 2273.93 18191.44 24. 22 +8.57

12 21 .8 4 2 .00 1.42+0.71 345.96 1383.84 24 .52+12.26 6434.86 25739.44 34. 27 +17.13

13 30 .7 1 1.00 0 .36+ 0 .36 689.06 689.06 12.21+12.21 18087.89 18087.89 24. 08 +24.08
Z = 281 Z = 5641.58 Z--= 75115.58

wo
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and w e ig h t d i s t r i b u t i o n s  -  p a rk in g  g a rag e  (PG) d u s t .



TABLE 4
PARTICLE SIZE DATA AND COUNT, AREA AND WEIGHT DISTRIBUTIONS

HOLLAND TUNNEL (H) DUST

C ir 
c l e

C ir 
c le 4 fi*5 100 f i d i ^ 100 100 ~ 'i‘

No. S ize L ^ i  J
X

 ̂ f i d i ^  _

C ol.
1 2 3 4 5 6 7 8 9 10 11
1 0 .5 73 8 .5 4 26.25+3.07 0 .0 6 4 .5 3 0 .13+ 0 .02 0 .02 1.46 0 ,003+0.0004

2 0 .7 55 7.42 19.78+2.67 0 .3 6 19.80 0 .59+ 0 .08 0 .2 2 12.10 0 .03 + 0 .004

3 1 .0 49 7.00 17.63+2.52 0 .7 2 35 .28 1 .05+ 0 .15 0 .61 29.89 0 .07 + 0 .01

4 1 .4 24 4 .9 0 8 .63+ 1 .76 1.44 34 .56 L.03+0.21 1.73 41 .52 0 .09 +0.019

5 1 .9 18 4 .2 4 6.47+1.53 2 .72 4 8 .9 6 L.46+0.34 4 .49 80.82 0 .18 + 0 .04

6 2 .7 19 4 .3 6 6 .83+1.57 5.29 100.51 2.99+ 0 .69 12.17 231.23 0 .51 +0.12

7 3 .8 13 3 .61 4 .68+ 1 .30 10.56 137.28 4 .09+ 1 .13 34.33 446.29 0 .99 + 0 .28

8 5 .4 10 3 .17 3 .60+ 1 .14 21.16 211.60 3 .3 (^ 2 .0 0 97 .3 4 973.40 2 ,17 +0.69

9 7 .7 6 2.45 2 .16+ 0 .88 42 .90 257.40 7.66+3.13 281.01 1686.06 3 .75 + 1 .53

10 10.9 3 1.73 1.08+0.62 86 .9 4 260.82 7.76+4.48 804 .36 2413.08 5 .37 + 3 .10

11 15 .4 3 1.73 1 .08+ 0 .62 172.92 518.76 15.44+8.91 2273.93 6821.79 15 .19 + 8 .76

12 21 .8 5 2 .2 4 1 .80+ 0 .81 345.96 1729.80 51.50+23.07 6434.86 32174.30 71 .64  + 32.09
I  = 276 I = 3359.30 Z = 44911.93

w
N5
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Figure 3. Frequency histograms for particle count, area
and weight distributions - Holland Tunnel (H) dust.



TABLE 5
PARTICLE SIZE DATA AND COUNT, AREA AND WEIGHT DISTRIBUTIONS

LINCOLN TUNNEL (L) DUST

C ir 
c le

C ir 
c l e f , 100 4 ' f i d i ^ 100 i d / + £ i f id i ^ 100

£ id i^ ± f  d i^

No. S iz e
i

U f i  J _ E L Z f id i3  J
C ol.

I 2 3 4 5 6 7 8 9 10 11
1 0 .5 147 12.13 52.69+4.35 0 .0 6 9 .1 1 0.55+0.04 0 .02 2 .9 4 0.01+0 .0001

2 0 .7 64 8 .0 0 22.94+2.87 0 .3 6 23.04 L.39+0.17 0 .22 14.08 3 . 0 ^ . 0 0 7

3 1 .0 29 5.38 10.39+1.93 0 .7 2 ' 20 .88 L.26+0.23 0 .6 1 17.69 0 .07+ 0 .014

4 1 .4 11 3 .32 3 .94+ 1 .19 1 .44 15.84 0.96+0.29 1.73 19.03 3.08+0.024

5 1 .9 8 2.83 2 .87+ 1 .01 2 .72 21 .76 1 .31+ 0 .46 4 .4 9 35.92 0 .15+ 0 .05

6 2 .7 4 2 .00 1 .43+ 0 .72 5.29 21 .16 1 .28+ 0 .64 12.17 46 .68 3.20+0.10

7 J .3 5 2 .2 4 1. 79+0.80 10.56 52.80 3 .19+1.43 34.33 171.65 3.72+0.32

8 5 .4 3 1 .73 1.Q8+0.62 21 .16 63.48 3 .84+2.21 97 .34 292.02 1.23+0.71

9 7 .7 3 1.73 1. 08+0.62 42 .90 128.70 7 .78+4.48 281.01 843.03 3 .54+2.04

10 10 .9 1 1 .00 0 .36+ 0 .36 86 .94 86 .94 5 .25+ 5 .25 804 .36 804.36 3.38+3.38

11 1 5 .4 1 1 .00 0 .36+ 0 .36 172.92 172.92 10 .44+ 10 .44  , 2273.93 2273.93 9 .5 4 + 9 .5 4

12 2 1 .8 3 1 .73 1 .08+ 0 .62 345 .96 1037.88 62.71+36 .16 6434.86 19304.58 81.02+46 .72
E = 279 Z = 1654.51 E == 23827.91

w
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Figure 4. Frequency histograms for particle count, area
and weight distributions - Lincoln Tunnel (L) duat.



TABLE 6

PARTICLE SIZE DATA AND COUNT, AREA AND WEIGHT DISTRIBUTIONS
NATIONAL BUREAU OF STANDARDS (NBS) DUST

C ir 
c le

C ir 
c le f i f i ^ 100

" i l+ f i 's f id j2 100 d i ' f i d t ^ 100
f  d j -

No. S ize J L s W  J L J
C ol.

1 2 3 4 5 6 7 8 9 10 11
1 0 .5 37 6.08 11.78+1.94 0 .0 6 2 .29 0.10+0.02 0 .0 2 0 .7 4 0.002+0.0003

2 0 .7 129 11.36 41 .08+3.62 0 .3 6 46 .4 4 1.96+0.17 0 .22 28.38 0 .0 7  +0.006

3 1 .0 90 9.49 28. 66+3.02 0 .7 2 64.80 2.73+0.29 0 .6 1 54.90 0 .1 4  +0 .01

4 1 .4 29 5 .38 9 . 24+1.71 1 .44 41 .76 1 .76+0.33 1 .73 50.17 ).1 3  +0.02

5 1.9 8 2 .83 2 .55+ 0 .90 2 .72 21.76 0 .92+ 0 .32 4 .49 35 .92 3.09 +0.03

6 2 .7 7 2 .65 2 .23+ 0 .84 5 .29 37.03 1 '56+0.59 12.17 85.19 3.21 +0 .08

7 3 .8 4 2 .00 1. 27+0.64 10.56 42 .2 4 1 .78+0.89 34.33 137.32 3.34 +0.17

8 5 .4 2 1.41 0 . 64+0.45 21 .16 42 .32 1 .78+ 1 .26 97 .34 194.68 3.49 + 0 .34

9 7 .7 0 - - ■ - - - - - -

10 10.9 2 1.41 0. 64+0.45 86 .9 4 173.88 7 .33+ 5 .17 804.36 1608.72 i.0 2  + 2 .84

11 15 .4 3 1.73 0. 96+0.55 172.92 518.76 21.87+12 .61 2273.93 6821.79 17.07 + 9 .84

12 21 .8 2 1.41 0. 64+0.45 345 .96 691.92 29.17+20.57 6434.86 12869.72 32.19 +16.10

13 30 .7 1 l» o o 0 . 32+0.32 689.06 689.06 29.05+29 .05 18087.89 18087.89 45 .25  +45.25
E = 314 E = 2372.26 E == 39975.42

w
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Figure 5. Frequency histograms for particle count, area and
weight distributions - National Bureau of Standards (NBS) dust.



TABLE 7
PARTICLE SIZE DATA AND COUNT, AREA AND WEIGHT DISTRIBUTimS

ANIMAL EXPOSURE CHAMBER (CH) DUST

C ir 
c l e

C ir 
c le f i f i '* 100 100 4 ' f i d i ^ 100 " i l

No. S iz e Ls 4  J L £ J _  E f i d i 3  _

C ol.
1 2 3 4 5 6 7 8 9 10 11
1 0 .5 63 7 .9 4 15. 7 ^ 1 .9 9 0 .0 6 3 .91 0 .95+ 0 .11 0 .02 1 .2 6 0.10+0.01

2 0 .7 150 12.25 37. 59+3.07 0 .3 6 54 .00 13 .09+ 1 .07 0 .22 33 .00 2 .55+ 0 .21

3 1.0 108 10.39 27 .07+2.60 0 .7 2 77.76 18 .85+ 1 .81 0 .6 1 65.88 5 .09+0.49

4 1 .4 50 7 .07 12. 53+1.77 1 .4 4 72.00 17 .46+2.47 1 .73 86 .50 6 .68+ 0 .94

5 1 .9 20 4 .4 7 5. 01+1.12 2 .72 54.40 13 .19+2.95 4 .4 9 89 .80 6 .93+ 1 .55

6 2 .7 4 2 .0 0 1. 00+0.50 5 .2 9 21 .16 5 .13+ 2 .57 12.17 48 .6 8 3 .76+ 1 .88

7 3 .8 2 1.41 0 .50+ 0 .35 10 .56 21.12 5 .12+ 3 .61 34.33 68 .66 5 .30+ 3 .74

8 5 .4 1 1.00 0. 25+0.25 2 1 .1 6 21 .16 5 .13+ 5 .13 97 .3 4 9 7 .3 4 7 .52+ 7 .52

9 7 .7 0 - - - - - - - -

10 10.9 1 1.00 0 .25+ 0 .25 8 6 .9 4 86 .9 4 21 .08+ 21 .08 804 .36 804 .36 62.11+62.11

w
CO

399 Z = 412 .45 E = 1295.48
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Figure 6. Frequency histograms for particle count, area and
weight distributions - Animal Exposure Chamber (CH) dust.
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S p e c tro g ra p h ic  A n a ly s is  o f Roadway 
and V e h ic le  T ire  D usts

S p e c tro g ra p h ic  a n a ly se s  o f  th e  roadway and v e h ic le  t i r e  d u s ts  a r e  

shown in  T ab le  8 . D ust sam ples w ere p la c e d  in  Coors c r u c ib le s  and ashed  

a t  600°C f o r  6 h o u rs  in  a m u ff le  fu rn a c e . Ashed sam ples w ere th e n  an a 

ly z e d  in  a Bausch and Lomb Dual G ra tin g  E m ission  S p e c tro g ra p h . S p e c t r a l  

l i n e s  o f  in d iv id u a l  e lem en ts  w ere i d e n t i f i e d  and e v a lu a te d  u s in g  a  den 

s i to m e te r  w ith  a d i r e c t  r e a d in g  p r o je c t io n  com p ara to r m ic ro p h o to m e te r .

I f  th e  s p e c i f i c  l i n e s  o f  an e lem en t w ere p r e s e n t  in  th e  unknow n's sp e c 

trum , i n t e n s i t i e s  w ere v i s u a l l y  com pared w ith  c o rre sp o n d in g  s ta n d a rd  l i n e  

i n t e n s i t i e s  and re c o rd e d  a s  a p e rc e n ta g e  o f  th e  a sh  c o n te n ts .

D isc u ss io n

I t  i s  e x tre m e ly  d i f f i c u l t ,  i f  n o t  im p o s s ib le ,  to  exam ine a  sam ple o f 

roadw ay d u s t  w ith  th e  u n a id ed  eye and do any more th a n  s p e c u la te  on i t s  

c o m p o s itio n . The assu m p tio n  would be t h a t  i t  sh o u ld  c o n ta in  p a r t i c l e s  o f 

ab rad ed  t i r e  ru b b e r ,  b i t s  o f  b itu m in o u s  m a te r i a l ,  p a r t i c u l a t e s  ex h a u s te d  

from  g a s o l in e  and d i e s e l  e n g in e s , s o i l  c o n s t i tu e n t s  c h a r a c t e r i s t i c  o f  f o r 

e ig n  a s  w e ll  a s  l o c a l  s u r f a c e  g eo lo g y , and numerous o th e r  frag m en ts  o f  o r 

g a n ic  and in o rg a n ic  m a te r i a l .

The ap p ea ran ce  o f  roadway d u s ts  sh o u ld  v a ry  a s  th e  c o n c e n tr a t io n s  o f  

i t s  com ponents v a ry . Sam ples o f  d u s t  from  th e  e x h a u s t d u c ts  o f  th e  L in c o ln  

(L) and H o llan d  (H) tu n n e ls  w ere v i r t u a l l y  b la c k .  T h is  i s  due to  th e  la rg e  

volum es o f  smoke s o o t  and ru b b e r  and a s p h a l t  p a r t i c l e s  c o l l e c t e d  and v e n t 

ed from  th e  tu n n e ls .  These sam ples w ere ta k en  from  th e  d u c t sy stem s in  

th e  v i c i n i t y  o f  e n t r y  g ra d e s  w here maximum a c c e le r a t io n s  and d e c e le r a t io n s  

occu r and w here th e  t i r e  t r e a d  d u s t  c o n t r ib u t io n  sh o u ld  be h ig h e s t .  On
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TABLE 8

SPECTROGRAPHIC ANALYSIS OF ROADWAY AND 
VEHICLE TIRE DUSTS

ELEMENT (H) (L) (PG) (CH)

S i lv e r T T <  0 .001 T

Aluminum Min. M aj. >  2 .0 M aj.

Boron T T < 0 .005 T

Barium 0 .2 0 .1 < 0 .0 1 -

C alcium Min. M in. >  2 .0 M in.

C o b a lt - T <  0 .005 -

Chromium 0 .1 0 .2 0 .0 2 0 .0 5

Copper 0 .4 0 .2 0 .0 2 0 .0 2

I ro n M in. M in. 1 .4 2 .0

Magnesium 1 .0 0 .8 0 .6 Min.

Manganese 0 .0 5 0 .0 8 0 .2 0 .0 5

Molybdenum 0.005 0 .0 1 <  0 .005 0 .0 1

Sodium Min. M in. 0 .4 Min.

N ic k e l 0 .02 0 .0 3 0 .0 1 0 .05

Lead 'v 1 .0 1 .0 -V 1 .0 0 .5

S i l i c o n M in. M aj. >  2 .0 M aj.

T in 0 .01 0 .0 2 0 .0 1 0 .03

T itan iu m 0 .2 0 .3 0 .2 0 .2

Vanadium 0.08 0 .2 0 .0 4 0 .05

Z inc 0 .1 0 .2 0 .2 Min.

Z ircon ium < 0 .0 1 0 .0 1 0 .03 -

% Ash C o n ten t 4 8 .7 5 4 .6 63 .3 4 .1

M in. = 3 .0  to  10.0% M aj. = >  10.0% T = T race
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th e  o th e r  hand, th e  au to m o b ile  p a rk in g  g a ra g e  (FG) d u s t  was much l i g h t e r  

in  c o lo r  and co u ld  be d e s c r ib e d  a s  a d a rk  g re y , th e  l ig h te n in g  p ro b ab ly  

due to  a d e c re a se  in  th e  au to m o b ile  e x h a u s t s o o t  c o n t r ib u t io n .  The N a t

io n a l  B ureau o f  S ta n d a rd s  (NBS) d u s t  o c c u rre d  in  v a ry in g  sh ad es  o f g rey  

as I t  was an e x c lu s iv e  m ix tu re  o f h y d ra te d  a lum ina and v e h ic le  t i r e  ru b 

b e r .  The an im al chamber (CH) d u s t  was a s in g le  so u rce  m a te r ia l  composed 

e n t i r e l y  o f  t i r e  ru b b e r  and a s  such  was b la c k .

L i t t l e  im provement in  th e  i d e n t i f i c a t i o n  o f  ru b b e r  d u s t  in  a sam ple 

can be ex p ec ted  when a p o r t io n  i s  d is p e r s e d  on a g la s s  s l i d e  and exam ined 

w ith  th e  o c u la r  m ic ro sco p e . A s e a rc h  o f  th e  l i t e r a t u r e  r e v e a ls  no mor

phology  f o r  v e h ic le  t i r e  a b ra s io n  p ro d u c ts .  S ix ty  to  s e v e n ty  p e r  c e n t  o f  

th e  p a r t i c l e s  o b served  in  th e  t r u e  roadw ay sam ples u s in g  a l i g h t  f i e l d  

te c h n iq u e  w ere b la c k  s u g g e s tin g  th e  p re se n c e  o f  s o o t in  t h e i r  co m p o sitio n .

In  th e  (NBS) and (CH) d u s ts  th e  in d iv id u a l  p a r t i c l e s  g r e a t e r  th a n  

ap p ro x im a te ly  6 p in  d ia m e te r  a p p ea r to  be n o n -u n ifo rm  and e r o s e .  T h e ir  

sh redded  ap p ea ran ce  i s  c h a r a c t e r i s t i c  o f  t h e i r  p ro c e s s  o f  g e n e ra t io n ,  a 

t e a r in g  a c t io n  im posed on a r e s i l i e n t  m a te r i a l  ex ten d ed  beyond i t s  e l a s 

t i c  l i m i t .  The many p a r t i c l e s  s m a lle r  th a n  ab o u t 6 (i in  d ia m e te r , w hich 

w ere r e s o lv a b le ,  ap p ea red  as  b la c k  d o ts  in  th e  l i g h t  f i e l d .  These t i n y  

p a r t i c l e s  in  th e  (NBS) and (CH) d u s ts  w ere ru b b e r  d u s t .  However, in  th e  

c a se  o f  th e  (H ), (L ) , and (PG) d u s ts ,  i t  co u ld  on ly  be assum ed, w ith  some 

d eg ree  o f  c e r t a i n t y ,  th a t  a l l  o f  th e  s m a l le s t  b la c k  p a r t i c l e s  w hich ap 

p e a re d  in  th e  m icroscope  f i e l d  w ere a  co m b in a tio n  o f  au to m o b ile  e x h a u s t 

s o o ts ,  t i r e  d u s t ,  and a s p h a l t  p a r t i c l e s .

In  g e n e ra l  i t  can  be s t a t e d  t h a t  ru b b e r  p a r t i c l e s  ten d  to  ag g lo m era te  

w ith  one a n o th e r  and w ith  o th e r  m a te r i a l s .  What a p p e a re d , a t  f i r s t  g la n c e
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to  be a la rg e  "spongy" ru b b e r  p a r t i c l e ,  v e ry  o f te n  was found to  be a con

g lo m e ra te  o f  f i n e r  ru b b e r  p a r t i c l e s  o r a m ix tu re  o f ru b b e r  and n o n -ru b b e r 

m a te r i a l s .  I t  was q u i te  common to  f in d  m a te r ia ls  o f  m in e ra l o r ig in  In  th e  

I n t e r s t i c e s  o f th e  e ro s e  ru b b e r  p a r t i c l e s .

Only th e  (PG) d u s t  sam ple conform ed to  th e  c l a s s i c a l  lo g -n o rm a l d i s 

t r i b u t i o n  from  w hich th e  u s u a l  s i z e  p a ra m e te rs  co u ld  be c a lc u la te d  o r ob

se rv e d . However, I t  was t r e a te d  a s  th e  o th e r  d u s t  sam p les , to  o b ta in  

c o u n t, a r e a ,  and w e ig h t f re q u e n c y  h is to g ra m s . N in e ty - f iv e  p e r  c e n t  o f th e  

(PG) p a r t i c l e s  co u n ted  w ere e q u a l to  o r l e s s  th a n  11 (i In  d ia m e te r  and 88 

p e r  c e n t  w ere e q u a l to  o r l e s s  th a n  5 The p a r t i c l e s  e q u a l to  o r l e s s  

th a n  11 |jb r e p re s e n te d  38 p e r  c e n t  o f th e  t o t a l  a re a  b u t  o n ly  17 p e r  c e n t  

o f  th e  t o t a l  w e ig h t o f  th e  sam ple . The 5 and below  s iz e s  r e p re s e n te d  

17 p e r  c e n t  o f th e  a re a  and o n ly  4 p e r  c e n t  o f  th e  w e ig h t d i s t r i b u t i o n .

The (H) d u s t  d a ta  and h is to g ra m  show t h a t  97 p e r  c e n t  o f  th e  p a r t i 

c l e s  co u n ted  w ere e q u a l to  o r l e s s  th a n  11 In  d ia m e te r  and 94 p e r  c e n t 

w ere eq u a l to  o r  l e s s  th a n  5 p In  d ia m e te r . Those e q u a l to  o r  l e s s  th an  

11 n acco u n ted  f o r  33 p e r  c e n t  o f  th e  s u r f a c e  a re a  and 13 p e r  c e n t  o f  th e  

w e ig h t o f  th e  m a te r i a l .  Those p a r t i c l e s  In  th e  5 p, and below  s i z e  ran g e  

r e p re s e n te d  18 p e r  c e n t  o f  th e  a r e a  and b u t 4 p e r  c e n t  o f  th e  w e ig h t d i s 

t r i b u t i o n .

The (L) d u s t  was ex tre m e ly  f i n e .  The s iz in g  showed t h a t  99 p e r  c e n t  

o f  th e  p a r t i c l e s  co un ted  w ere e q u a l to  o r  l e s s  th a n  11 ^  in  d ia m e te r  and 

98 p e r  c e n t  w ere e q u a l to  o r l e s s  th a n  5 |i In  d ia m e te r . However, th e  la rg e  

number o f  p a r t i c l e s  In  th e  b ro a d e r  ran g e  acc o u n ted  f o r  on ly  27 p e r  c e n t  o f 

th e  a re a  and a  s c a n t  9 p e r  c e n t o f  th e  t o t a l  w e ig h t. I t  I s  s i g n i f i c a n t  

t h a t  th e  0 .5  p, s i z e  acc o u n ted  f o r  over 50 p e r  c e n t  o f th e  p a r t i c l e s  co un ted
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and c o n t r ib u te d  v i r t u a l l y  n o th in g  to  t o t a l  a re a  o r w e ig h t. On th e  o th e r  

hand , on ly  3 p a r t i c l e s ,  22 |JL in  d ia m e te r , acc o u n ted  f o r  63 p e r  c e n t  o f  th e  

t o t a l  a re a  and 81 p e r  c e n t  o f  th e  t o t a l  w e ig h t. However, th e re  i s  a h ig h  

d eg ree  o f u n r e l i a b i l i t y  c o n t r ib u te d  to  th e  a re a  and w e ig h t d i s t r i b u t i o n s  

by th e s e  la rg e  p a r t i c l e  s iz e s  as ev id en ced  by th e  w ide e r r o r  bands s u p e r 

im posed on th e  h is to g ra m s .

L arge  ru b b e r  p a r t i c l e s  o c c a s io n a l ly  ap p ea red  when s iz in g  th e  (NBS) 

d u s t .  The s i z e  d a ta  show th a t  one p a r t i c l e  a p p ro x im a te ly  30 in  d ia m e te r  

c o n t r ib u te d  to  29 p e r  c e n t  o f th e  a re a  and 45 p e r  c e n t  o f  th e  w e ig h t d i s 

t r i b u t i o n s .  For th e  m ost p a r t  th e  sam ple r e p r e s e n te d  a v e ry  f in e l y  d iv id 

ed m a te r i a l .  N in e ty -e ig h t  p e r  c e n t  by co u n t was equal to  o r l e s s  th a n  11 

|JL and 97 p e r  c e n t  was e q u a l to  o r l e s s  th a n  5 ^  in  d ia m e te r . The form er 

s i z e  ran g e  acc o u n ted  f o r  20 p e r  c e n t  o f  th e  s u r f a c e  a re a  and o n ly  1 .5  p e r  

c e n t  o f  th e  w e ig h t d i s t r i b u t i o n .  The 5 |X and below  ra n g e  c o n t r ib u te d  13

p e r  c e n t  o f  th e  a re a  and 5 .5  p e r  c e n t  o f  th e  w e ig h t d i s t r i b u t i o n s .

The (CH) d u s t  i s  c l a s s i f i e d  to  some e x te n t  as  i t  i s  p ro d u ced . For 

t h a t  re a so n  p a r t i c l e s  l a r g e r  th a n  11 (i in  d ia m e te r  a re  a lm o s t n o n - e x is te n t  

in  any random ly s e le c te d  sam ple. Very n e a r ly  a l l  o f  th e  sam ple co un ted  

was e q u a l to  o r l e s s  th a n  5 ^  in  d ia m e te r , and t h a t  ran g e  r e p re s e n te d  79

p e r  c e n t  and 38 p e r  c e n t o f  th e  a re a  and w e ig h t d i s t r i b u t i o n s ,  r e s p e c t 

iv e ly .  \ - - -

L arge  p ro p o r t io n s  o f  th e  " t r u e "  roadway sam ples (L , H, and PG) were 

m in e ra l in  o r ig in .  In  a d d i t io n  th e  (PG) d u s t  c o n ta in e d  some f ib r o u s  m at

e r i a l  and frag m en ts  o f  a p p a re n t o rg a n ic  co m p o sitio n .

The (CH) d u s t  had th e  h ig h e s t  c o n te n t  o f  v o l a t i l e  m a te r ia l  and th e  

s p e c tro g ra p h ic  a n a ly s i s  (T ab le  8) o f  th e  ashed  sam ple was c o n s i s te n t  w ith
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g e n e ra l  ru b b e r  t i r e  fo rm u la tio n s .  The h ig h  aluminum c o n te n t  (> 10.0%) i s  

d e r iv e d  from  h y d ra te d  alum ina o r any c la y  r e in f o r c in g  m a te r i a l .  Calcium  

( 3 .0  to  10.0%) d e r iv e d  from  th e  ca lc iu m  s i l i c a t e  o f te n  used  a s  a r e i n f o r 

c e r .  I ro n  (2.0% ) i s  o r i g i n a l l y  p r e s e n t  in  ru b b e r  a s  a p igm en t. Magnesium 

(3 .0  to  10.0%) r e s u l t s  from  th e  d eco m p o sitio n  o f t a l c ,  a s b e s to s  and chem i

c a l l y  a l l i e d  p ro d u c ts .  Sodium (3 .0  to  10.0%) can be t r a c e d  to  th e  e m u ls i

f i e r s  u sed  in  th e  s y n th e t ic  r u b b e r s ,  to  p o ly m e r iz a tio n  i n i t i a t o r s ,  and to  

th e  ca rb o n  b la c k .  F ree  s i l i c a  i s  f in d in g  in c re a s in g  u se  a s  a r e in f o r c in g  

f i l l e r  in  ru b b e r  b u t  th e  h ig h  s i l i c o n  c o n te n t  (> 10.0%) found in  th e  (CH) 

d u s t  i s  more l i k e l y  t r a c e a b le  ^o n a t u r a l l y  o c c u rr in g  s i l i c a t e s  ap p ea rin g  

a s  f i l l e r s  in  th e  form  o f c l a y ,  t a l c  o r a s b e s to s  o r in  th e  m an u fac tu red  

s i l i c a t e s  o f aluminum and c a lc iu m . Lead (0.5% ) and t i ta n iu m  (0.2% ) com

pounds a r e  u sed  as  p igm en ts in  ru b b e r  fo rm u la tio n s .  The m ost w id e ly  used  

a c t i v a t o r  i s  z in c  o x id e . The h ig h  z in c  c o n te n t  ( 3 .0  to  10.0%) can  be 

t r a c e d  to  th e  a c t i v a t o r  and to  z in c  c o lo r in g  and r e in f o r c in g  compounds.

M ost o f th e  m e ta l l i c  e lem en ts  d e te c te d  in  th e  "p u re "  t i r e  d u s t  w ere 

found in  a p p ro x im a te ly  e q u iv a le n t  am ounts in  th e  roadway d u s t s .  As would 

be e x p e c te d  th e  u b iq u i to u s  i r o n  was found in  h ig h e r  c o n c e n t r a t io n s .  Lead, 

found h ig h e r  in  a l l  roadway d u s t s ,  i s  p ro b a b ly  due to  th e  e x h a u s t p a r t i 

c u l a t e s  from  v e h ic le s  b u rn in g  le ad ed  f u e l s .  The z in c  c o n te n t  d e c re a se d  

d r a s t i c a l l y  and c o n s i s t e n t ly  in  a l l  o f  th e  roadway sam p les .

A l l  o f  th e  roadw ay sam ples showed a m arked in c re a s e  in  n o n - v o la t i l e  

compounds com pared to  th e  la b o ra to r y  p roduced  t i r e  d u s t .



CHAPTER V

IDEÎ?TIFICATION OF VEHICLE TIRE RUBBER 

IN A DUST SAMPLE

In tro d u c t io n

A ll  o f  th e  chem ical and in s tru m e n ta l  m ethods o f  a n a ly s i s  fo r  ru b b e r  

and ru b b e r  p ro d u c ts  in c lu d e  o r a r e  p reced ed  by te d io u s  and tim e-consum ing 

e x t r a c t io n s  to  p roduce a sam ple ru b b e r  h y d ro carb o n  f r e e  o f  p igm ent and 

f i l l e r .  Once f r e e  o f carbon  b la c k  and o th e r  compounding in g r e d ie n ts  th e  

e la s to m e r can  be i d e n t i f i e d  and assay ed  by ch em ica l a n a ly s i s  u s in g  e i t h e r  

th e  ASTM m ethods (61) o r th e  more s o p h is t i c a te d  p h y s ic a l  m ethods developed  

by B arnes e t  a l . (62) and p e r f e c te d  in  th e  now c l a s s i c a l  work o f  Dinsmore 

and Sm ith (6 3 ) .  The ASTM p ro c e d u re s  a re  n a t u r a l l y  d e t a i l e d  and e x h a u s t

iv e  a s  th e y  w ere developed  fo r  c o n t ro l  and s p e c i f i c a t i o n .  As such  t h e i r  

u se  a s  a method f o r  r a p id  d e te rm in a tio n  o f  ru b b e r  i s  p r o h ib i te d .  The ab 

s o r p t io n  sp e c tro sc o p y  m ethods developed  by th e  above m entioned  in v e s t ig a 

to r s  o f f e r e d  a more r a p id  and a c c u ra te  a n a l y t i c a l  te c h n iq u e  f o r  i d e n t i f i 

c a t io n  and q u a n t i t a t iv e  d e te rm in a tio n  o f th e  e la s to m e r  co m p o sitio n  o f  i n 

d u s t r i a l  ru b b e r  p ro d u c ts .  Dinsmore and Sm ith in v e s t ig a te d  seven  c la s s e s  

o f  gum ru b b e r  and s ix  c l a s s e s  o f  compounded and cu red  ru b b e r  u s in g  i n f r a 

re d  sp e c tro sc o p y . They developed  a  s p e c t r a l  b a s i s  fo r  i d e n t i f i c a t i o n  o f  

e la s to m e rs  and a s a t i s f a c t o r y  te c h n iq u e  f o r  s p e c t r a l  ex am in a tio n  o f  com

pounded and cu red  ru b b e r .  I t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e y  s t r e s s e d

‘'46
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th e  n e c e s s i t y  o f  rem oving f i l l e r s  w hich re n d e re d  t h e i r  sam ples to o  opaque 

f o r  q u a n t i t a t i v e  s p e c t r a l  s tu d y . In  t h i s  c o n n e c tio n  much o f  th e irJw o rk  

in v o lv e d  th e  e v a lu a t io n  o f  v a r io u s  s o lv e n ts  in  r e g a rd  to  t h e i r  a b i l i t y  to  

d is s o lv e  th e  e la s to m e r  and r e t a i n  t h e i r  p u r i t y  and in e r tn e s s  on p ro lo n g ed  

h e a t in g  (24  to  36 h o u r s ) .  These le n g th y  e x t r a c t i o n  p ro c e d u re s  p re l im in a ry  

to  in f r a r e d  ex am in a tio n  o f  ru b b e r  polym ers prom pted th e  s e a rc h  f o r  a more 

r a p id  and a " c le a n e r "  a n a l y t i c a l  m ethod.

In  1954, D avison , S lan ey  and Wragg (64) r e p o r te d  on a  s im p l i f ie d  

m ethod f o r  i d e n t i f i c a t i o n  o f  po ly m ers . They p y ro ly z e d  sam ples o f  p o ly 

m eric  m a te r ia l s  and s u b je c te d  th e  p y ro ly z a te s  to  g a s -p h a se  p a r t i t i o n  c h ro 

m atography and u t i l i z e d  th e  p a t t e r n  o f  peaks on th e  re c o rd e d  chrom atogram  

a s  a m ethod o f  i d e n t i f i c a t i o n .  They p o in te d  o u t t h a t  i t  i s  n o t  n e c e s sa ry  

to  i d e n t i f y  in d iv id u a l  ccnnponents b u t m ere ly  to  re c o g n iz e  th e  p a t t e r n  ob

ta in e d .  T y p ic a l chrom atogram s o f  po lym ers w ere i l l u s t r a t e d .  One ccmnnent 

made by th e s e  i n v e s t i g a t o r s ,  w hich i s  p a r t i c u l a r l y  im p o rta n t to  t h i s  w ork, 

sh o u ld  be s t r e s s e d :  "The tim e a t  w hich th e  v a r io u s  peaks ap p ea r i s  more
. f-

c h a r a c t e r i s t i c  th a n  t h e i r  r e l a t i v e  h e ig h ts ;  th e  l a t t e r  depend to  some ex 

t e n t  upon canpound ing , and , in  th e  c a se  o f  e la s to m e rs ,  th e  v u lc a n iz a t io n ."  

T h is  f a c to r  i s  v i t a l  to  th e  a p p l ic a t io n  o f  th e  m ethods developed  in  t h i s  

s tu d y .

In  1959, R a d e ll  and S t r u tz  (65) u sed  p y r o ly s is  and g as  chrranatography 

f o r  th e  i d e n t i f i c a t i o n  o f  a c r y l a te  and m e th a c ry la te  p o ly m ers . They to o  

u t i l i z e d  p a t t e r n s  and r e t e n t io n  tim es  f o r  i d e n t i f i c a t i o n .

Jan ak  (6 6 ) ,  th e  fo llo w in g  y e a r ,  r e p o r te d  on th e  i d e n t i f i c a t i o n  o f  th e  

s t r u c t u r e  o f  n o n - v o la t i l e  o rg a n ic  su b s ta n c e s  by g as  chrom atography  o f t h e i r  

p y r o ly t ic  p ro d u c ts .  He s p e c i f i c a l l y  s tu d ie d  o l iv e  o i l ,  h a rdened  o l iv e  and
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co co n u t o i l ,  and sodium  s a l t s  o f  b a r b i t u r i c  a c id  d e r iv a t iv e s .

The m ost r e c e n t  p a p e r  d e s c r ib in g  th e  co m b in a tio n  o f  p y r o ly s i s  and 

gas  chrom atography  was r e p o r te d  by V iru s  (67) in  1963. I t  d e s c r ib e s  th e  

a n a ly s i s  o f  n a t u r a l  and s y n th e t ic  ru b b e rs  and p r e s e n ts  t y p i c a l  chrom ato

gram s .

In  o rd e r  to  e s t a b l i s h  a b a s i s  f o r  p ro o f  o f  th e  e x i s te n c e  o f  v e h ic le  

t i r e  a b ra s io n  p ro d u c ts  i n  a sam ple o f  roadw ay d u s t  some r e p ro d u c ib le  id e n 

t i f y i n g  c h a r a c t e r i s t i c  o f  th e  t i r e  m a te r ia l  m ust be found . I t  h a s  been  

p o in te d  o u t t h a t  v i r t u a l l y  a l l  t i r e  ru b b e r  c o n ta in s  SBR to  a g r e a t e r  o r 

l e s s e r  d e g re e . T h e re fo re ,  any method w hich would p e rm it i d e n t i f i c a t i o n  

o f  SBR in  a  d u s t  sang)l e  w ould , i n  l i k e  m anner, p ro v e  th e  p re se n c e  o f  t i r e  

ru b b e r  in  t h a t  sam ple .

The su c c e s s e s  o f  p re d e c e s s o r s  in  com bining p y r o ly s i s  and g as  chrom a

to g rap h y  to  i d e n t i f y  com plex po lym ers and th e  a c c e s s i b i l i t y  o f  th e  app

r o p r i a t e  equ ipm ent have  r e s p e c t iv e l y  prom pted and f a c i l i t a t e d  th e  d e v e lo p 

m ent o f  a v e ry  c le a n ,  f a s t  and r e l i a b l e  te c h n iq u e  f o r  th e  p o s i t i v e  id e n 

t i f i c a t i o n  o f  v e h ic le  t i r e  p ro d u c ts  in  a sam ple o f  roadw ay d u s t .

Equipm ent

In tr o d u c t io n

G a s - l iq u id  chrom atography  i s  a r e l a t i v e l y  new a id  in  a i r  p o l l u t io n  

in v e s t i g a t io n s .  I t  shows g r e a t  p rom ise  f o r  th e  i d e n t i f i c a t i o n  o f  t r a c e  

am ounts o f  o rg a n ic  p o l l u t a n t s .  The co n g lo m era tes  h e r e to f o r e  r e p o r te d  a s  

"benzene s o lu b le  o rg a n ic  m a tte r "  can , v ia  g a s - l i q u id  ch rom atog raphy , be 

r e a d i l y  s e p a ra te d  a s  in d iv id u a l  com ponents, i d e n t i f i e d ,  and q u a n t i t a t e d .  

I n d u s t r i a l  and v e h ic u la r  g aseo u s  e m iss io n s  a r e  e a s i l y  a n a ly z e d  f o r  t h e i r



49
o rg a n ic  c o n s t i t u e n t s ,  even when c o l l e c t e d  in  m inu te  q u a n t i t i e s .  Complex 

m ix tu re s  o f  compounds w hich o th e rw is e  r i g i d l y  r e s i s t  s e p a r a t io n  and id e n 

t i f i c a t i o n  v e ry  o f te n  y i e l d  m eekly to  g a s - l i q u id  ch ro m a to g rap h ic  p a r t i 

t i o n in g .

G a s - l iq u id  ch rom atography , g a s - l i q u id  p a r t i t i o n  ch rom atography , g a s -  

p a r t i t i o n  ch rom atography  and vap o r f r a c to m e try  a re  a l l  synonymous d e s ig 

n a t io n s  f o r  a p ro c e s s  d e s ig n e d  f o r  s e p a r a t io n  and a n a ly s i s  o f  g a se s  and 

v o l a t i l e  m a te r i a l s .  I t  i s  b a s i c a l l y  a tw o-phase  sy stem . S e p a ra t io n  o f 

th e  com ponents o f  a m ix tu re  i s  acco m p lish ed  when a m o b ile  p h a se , composed 

o f  an  i n e r t  gas  and a sm a ll sam ple o f  th e  m ix tu re ,  p a s s e s  over a s t a t i o n -
r

a ry  p h ase  o r s o rb e n t  w hich i s  a  n o n - v o la t i l e  l i q u id  t h i n l y  c o a te d  on an 

i n e r t  s o l i d  s u p p o r t .  Sample com ponents t r a v e r s e  th e  s t a t i o n a r y  phase  a t  

r a t e s  d ep en d en t on t h e i r  r e s p e c t iv e  v o l a t i l i t i e s  a n d /o r  i n t e r a c t i o n  w ith  

th e  n o n - v o la t i l e  l i q u id  s o rb e n t .  The v a r io u s  m o lecu le s  te n d  to  d is s o lv e  

and r e - v a p o r iz e  a s  th e y  p a s s  th ro u g h  th e  s t a t i o n a r y  p h ase . M o lecu les o f 

th e  com ponent h av in g  th e  g r e a t e r  s o l u b i l i t y  on th e  l i q u id  s o rb e n t  a re  r e 

ta rd e d  in  t h e i r  p a ssa g e  and un d er s u i t a b l e  c o n d i t io n s  th e  p a r t i t i o n  p ro 

c e s s  betw een th e  moving and s t a t i c  p h a se s  r e s u l t s  in  a s i t u a t i o n  in  w hich 

each  com ponent o f  th e  s a n g le  m ix tu re  em erges i n  tim e  from  th e  s t a t i o n a r y  

ph ase  a s  a b in a ry  m ix tu re  w ith  th e  c a r r i e r  g a s .  Each component moves 

th ro u g h  th e  s t a t i o n a r y  ph ase  a t  a  r a t e  depending  on i t s  p a r t i t i o n  c o e f f i 

c i e n t  betw een th e  m ob ile  p h ase  and th e  s t a t i o n a r y  p h a se . The p a r t i t i o n  

c o e f f i c i e n t  i s  d e f in e d  a s  th e  r a t i o  o f  th e  c o n c e n tr a t io n  o f  m o lecu le s  in  

th e  l i q u i d  p h a se , to  th e  c o n c e n tr a t io n  in  th e  gas phase  a t  any g iv e n  mo

m ent. I n  a more c o n v e n ie n t form  i t  i s  e x p re s se d  a s :

K _ W eight o f  s o lu te /m l  s t a t i o n a r y  phase  
W eight o f  s o lu te /m l  m ob ile  phase
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I f  K f o r  a ccnnpound I s  sm a ll th e  t f a v e r s e  tim e i s  s h o r t  s in c e  i t  i s  n o t 

r e ta r d e d  by th e  s t a t i o n a r y  l i q u id .  C o n v e rse ly , a la rg e  K v a lu e  in d ic a te s  

t h a t  a g r e a t e r  p ro p o r t io n  o f  th e  compound r e s id e s  in  th e  s t a t i o n a r y  phase 

and th e  t f a v e r s e  tim e i s  lo n g e r .  T h e re fo re , th e  m a te r ia l  w ith  th e  low er 

K v a lu e  w i l l  be e lu te d  p r io r  to  one w ith  a  h ig h e r  K v a lu e .

Two p r o p e r t i e s  a f f e c t  th e  p a r t i t i o n  c o e f f i c i e n t  o f  a com ponent:

1. B o il in g  p o in t :  The p a r t i t i o n  c o e f f i c i e n t  i s  d i r e c t l y  p ro p o r

t i o n a l  to  th e  b o i l in g  p o in t .

2 . Chem ical a f f i n i t y :  À seco n d ary  e f f e c t  e x e r te d  on th e  p a r t i t i o n

c o e f f i c i e n t  i s  th e  s t r e n g th  o f  th e  ch em ica l a f f i n i t y  w hich ex 

i s t s  betw een a sam ple com ponent and th e  l i q u id  p h a se . T h is  f a c t  

e n a b le s  c e r t a i n  s t a t io n a r y  p h ases  to  e f f e c t  w ide s e p a r a t io n s  o f 

two com ponents w ith  i d e n t i c a l  b o i l in g  p o in t s .

The s t a t io n a r y  phase  i s  a l i q u id  o f  low v o l a t i l i t y  su p p o rte d  on an 

i n e r t  f i n e l y  d iv id e d  m a te r ia l .  I t  i s  cmnmonly housed  in  a  g la s s  o r m e ta l 

tu b e  w hich may be s t r a i g h t ,  U -shaped o r c o i le d  and o f  v a ry in g  le n g th s  and 

d ia m e te rs .  T h is  column i s  th e  v e ry  h e a r t  o f  a system  c o n s is t in g  o f  fo u r  

b a s ic  u n i t s :  (1) a c a r r i e r  gas su p p ly  and flow  c o n t r o l ,  (2 ) an  i n j e c t i o n

p o r t  and means o f  in tro d u c in g  th e  sam ple , (3 ) th e  column (o r  colum ns) and 

oven, and (4 ) th e  d e te c to r  and r e c o r d e r .

C a r r ie r  gas su p p ly  and flow  c o n t r o l . Three g a se s  a re  commonly used: 

he liu m , hydrogen , and n i t r o g e n .  Of th e s e ,  h e liu m  i s  th e  m ost commonly 

u sed  b ecau se  o f i t s  h ig h  th e rm a l c o n d u c t iv i ty ,  sm a ll m o le c u la r  s i z e  (g iv e s  

h ig h e r  flo w  r a t e s  th a n  o th e r  g a se s  a t  e q u a l p r e s s u r e s ) ,  and i t s  in e r t n e s s .  

I f  r e p ro d u c ib le  and s t a b l e  r e s u l t s  a re  to  be o b ta in e d  th e  flow  r a t e  m ust 

rem ain  c o n s ta n t  d u rin g  sam ple ru n s .  The c a r r i e r  g as  flo w  r a t e  w i l l  a f f e c t
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b o th  th e  r e t e n t io n  tim e o f  th e  sam ple com ponents and th e  m agnitude o f  th e  

s ig n a l s  o b ta in e d .

I n j e c t io n  p o r t  and sam ple in t r o d u c t i o n . The c o n v e n tio n a l m ethod i s  

to  in tro d u c e  b o th  g a se s  and l i q u id s  w ith  a  hypoderm ic, o r  o th e r  ty p e , s y 

r in g e  th ro u g h  a  s e l f - s e a l i n g  serum  cap lo c a te d  n e a r  th e  i n l e t  to  th e  c o l 

umn. R apid  in t r o d u c t io n  o f  p r e c i s e  am ounts o f  th e  sam ple i s  v i t a l  to  good 

r e s o lu t io n  o f  chrom atogram  p e a k s . I n j e c t i o n  p o r t  te m p e ra tu re s  a r e  p r e - s e t  

to  a p o in t  j u s t  above th é  b o i l in g  p o in t  o f  th e  h ig h e s t  b o i l e r  in  th e  sam

p le .  For n o n - v o la t i l e  su b s ta n c e s  s p e c ia l  equipm ent and te c h n iq u e s  p e rm it 

p y r o ly s is  o f  th e  sam ple suspended  in  th e  i n j e c t i o n  p o r t .

Column and oven . The column w hich c o n ta in s  th e  s t a t i o n a r y  ph ase  and 

i t s  s o l i d  s u p p o r t i s  commonly 2 to  6 mm (ID ) g la s s  tu b in g  o r 0 .125  to

0 .375  in .  (OD) m e ta l tu b in g . I t s  le n g th  v a r i e s  o ver a  w ide ra n g e . In  

g e n e r a l ,  s e p a r a t in g  power o f  a column im proves w ith  le n g th  b u t  n o t  n e c 

e s s a r i l y  to  a  p ro p o r t io n a l  d e g re e . Column c o n f ig u r a t io n  i s  u s u a l ly  d e 

te rm in ed  by th e  geom etry  o f  th e  th e rm o s ta t te d  chamber (oven) in  w hich i t  

i s  c o n ta in e d . ' The lo n g e r  colum ns a r e  u s u a l ly  c o i le d  to  a c h ie v e  com pact

n e ss  and conven ien ce  o f  i n s t a l l a t i o n  and rem oval. Columns a r e  housed  in  

cham bers in  w hich te m p e ra tu re s  may be c o n t r o l le d  a c c u r a te ly .  I n  some 

a n a ly s e s  o f  sam ples w ith  w ide b o i l in g  ra n g e s  g r a d u a l ly  in c re a s in g  column 

te m p e ra tu re s  may be d e s i r a b l e  to  a t t a i n  optimum s e p a r a t io n  o r r e s o lu t io n  

o f  sam ple p e a k s .

D e te c to r  and r e c o r d e r . Numerous d e v ic e s  a re  a v a i l a b l e  t o  d e t e c t  th e  

s e p a ra te d  com ponents and t r a n s l a t e  t h e i r  tim e  o f e l u t i o n  from  and r e l a t i v e  

m agn itude in  a sam ple. The o u tp u t s ig n a l  from  th e  d e t e c to r  a c tu a te s  a 

r e c o rd e r  w hich p ro d u ces  a chrom atogram  c o n s is t in g  o f  a  s e r i e s  o f  peaks
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c h a r a c t e r i s t i c  o f  th e  s e p a ra te d  sam ple com ponents. P o s i t io n s  o f  th e  peaks 

a l lo w  i d e n t i f i c a t i o n  o f  com ponents and peak  am p litu d e  o r  a re a  p e rm it quan

t i t a t i o n .  Of th e  many ty p e s  o f  d e t e c to r s  a v a i l a b l e  in c lu d in g  th e  au to m a t

i c  re c o rd in g  b u r e t t e ,  n i t r o m e te r ,  g a s - d e n s i ty  b a la n c e , i n f r a - r e d  a n a ly z e r ,  

s u r f a c e  p o t e n t i a l  d e t e c to r ,  mass s p e c tro m e te r ,  e l e c t r o n  c a p tu re  d e t e c to r ,  

hydrogen  flam e d e t e c to r ,  and th e rm a l c o n d u c t iv i ty  c e l l ,  th e  l a s t  two a r e  

m ost g e n e r a l ly  u se d .

H ydrogen flam e d e t e c to r .  When a  c a r r i e r  gas  in t ro d u c e s  an  o rg a n ic  

com ponent i n t o  a hydrogen  flam e th ro u g h  th e  j e t  s u p p o r tin g  th e  flam e th e  

cmipound i s  b u rned  and io n iz e d ,  th e re b y  fo rm ing  b o th  p o s i t i v e  io n s  and 

n e g a t iv e  e l e c t r o n s .  I f  a  v o l ta g e  i s  a p p l ie d  a c ro s s  th e  j e t  and a  c o l l e c 

t o r  r in g  m ounted above i t  th e  e l e c t r o n s  and io n s  may be c o l l e c t e d .  The 

c o l l e c t e d  e le c t r o n s  flow  th ro u g h  a  b ia s in g  c i r c u i t  and th e re b y  c r e a te  a 

v o l ta g e  d rop  a c ro s s  an  in p u t  lo a d  r e s i s t o r  w hich i s  in  tu r n  m easured  by 

an e le c t r o m e te r  and th e  o u tp u t p r e s e n te d  on a p o te n t io m e tr ic  r e c o r d e r  in  

th e  form  o f  a ch ro m a to g rap h ic  p eak . À w e ll  d e s ig n e d  flam e d e t e c to r  i s  

a b o u t 1000 tim es  more s e n s i t i v e  th a n  a  good th e rm a l c o n d u c t iv i ty  d e t e c to r .  

I t  i s  a p p l ic a b le  to  a w ide ra n g e  o f  s o l u t e s .  I t  i s  re a so n a b ly  s t a b l e ,  

m o d e ra te ly  flow  i n s e n s i t i v e ,  and l i n e a r  o ver a w ide ra n g e .

Therm al c o n d u c t iv i ty  c e l l .  The th e rm a l c o n d u c t iv i ty  c e l l  i s  th e  m ost 

commonly u sed  o f  a l l  th e  d e t e c to r s .  I t  c o n s i s t s  o f  a h o t  w ire  f i la m e n t  

o r th e rm is to r  h e ld  in  th e  c e n te r  o f  a  sm a ll tu b e  o r  m e ta l b lo c k  th ro u g h  

w hich  th e  gas  p a s s e s .  The f i la m e n t  i s  h e a te d  w ith  e l e c t r i c  c u r r e n t  and 

th e  te m p e ra tu re  r i s e s  to  some c o n s ta n t  v a lu e  w hich depends on th e  c u r r e n t  

a p p l ie d ,  th e  r e s i s t a n c e  o f  th e  f i l a m e n t ,  th e  te m p e ra tu re  o f  th e  c e l l  b lo c k , 

th e  n a tu re  o f  th e  g as  and to  some e x te n t  on th e  flo w  r a t e  o f  th e  g a s .  I f
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th e  c e l l  b lo c k  i s  h e ld  a t  some te m p e ra tu re  below  th e  te m p e ra tu re  o f  th e  

f i l a m e n t ,  h e a t  w i l l  be co n d u c ted  away from  th e  f i la m e n t  to  th e  c e l l  b lo c k  

a t  a r a t e  w hich w i l l  depend on th e  th e rm a l c o n d u c t iv i ty  o f  th e  g a s  and 

th e  d i f f e r e n c e  In  te m p e ra tu re  betw een th e  s id e  w a ll s  o f  th e  c e l l  b lo c k  and 

th e  f i la m e n t .

A b so lu te  m easurem ents o f  th e rm a l c o n d u c t iv i ty  a re  n o t  a t te m p te d . A 

d i f f e r e n t i a l  p ro c e d u re  I s  u sed  In  w hich two gas c h a n n e ls  and two f i la m e n ts  

a r e  em ployed. P ure  c a r r i e r  gas flow s th ro u g h  one c h a n n e l, and th e  same 

(o r  an  e q u a l)  c u r r e n t  o f  g a s ,  w hich  h as  p a sse d  th ro u g h  th e  colum n, th ro u g h  

th e  seco n d . Any d i f f e r e n c e  o f  r e s i s t a n c e  o f  th e  two f i la m e n ts  due to  th e  

p re se n c e  o f  v o l a t i l e  com ponents In  th e  column e f f l u e n t  I s  th e n  re c o rd e d  

a s  p eaks on a  moving c h a r t .

G as-L lq u ld  C hrom atograph

A ll  ch ro m a to g rap h ic  a n a ly se s  w ere perfo rm ed  w ith  th e  F & M S c i e n t i f 

i c  C o rp o ra tio n  Model 810-19 In s tru m e n t shown In  F ig u re  7 . I t  I s  a v e r s a 

t i l e ,  s e n s i t i v e ,  d u a l column In s tru m e n t d e s ig n e d  to  ta k e  ad v an tag e  o f  th e  

s e n s i t i v i t y  a v a i l a b l e  w ith  d u a l flam e d e t e c to r  sy s te m s . T h is  I n s t a l l a t i o n  

u sed  s im u lta n e o u s  d e t e c to r  o p e ra t io n ,  w ith  d u a l hydrogen  flam e a s  th e  

p rim e d e t e c to r  and d u a l th e rm a l c o n d u c t iv i ty  a s  I t s  a u x i l i a r y .  The l a t t e r  

r e c e iv e d  th e  column flo w  from a  1 to  1 e f f l u e n t  s p l i t t e r  housed  In  th e  

oven. S im u ltan eo u s d e t e c to r  o p e ra t io n  a f f o r d s  th e  v e r s a t i l i t y  o f  d i f f e r 

e n t i a l  a n a l y s i s .  However, In  t h i s  s tu d y  th e  e x i t  p o r t s  o f  th e  th e rm a l 

c o n d u c t iv i ty  d e t e c to r  w ere used  fc  c o l l e c t i o n  o f  s e le c te d  sam ple compon

e n t s .

The In s tru m e n t c o n s i s t s  o f  two b a s ic  c a b in e t  g ro u p s . The oven c a b i 

n e t  g roup  hou ses  th e  column oven, th e  sam ple I n je c t io n  p o r t  a ssem b ly , d u a l
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flam e d e t e c to r s ,  d u a l th e rm a l c o n d u c t iv i ty  d e t e c to r s ,  and th e  c a r r i e r  g a s ,

-  • L
d e te c to r  g a s ,  and purge g as  flow  sy stem s.

The c o n t ro l  c a b in e t  g roup  i s  composed o f  th r e e  s e p a r a te  m odules: (1 ) 

th e  e le c tro m e te r  draw er w hich c o n ta in s  c o n t r o l s  f o r  s e l e c t in g  th e  d e t e c t 

io n  s e n s i t i v i t y  and c o n t r o l l i n g  th e  o p e ra t in g  te m p e ra tu re  o f  th e  i n j e c t 

io n  p o r t  assem bly  and d e te c to r  assem b ly , (2 )  th e  programm er d raw er w hich 

c o n ta in s  c o n t r o l s ,  m e te rs  and tim e rs  to  c o m p le te ly  p r e s e t  and au tom ate  a 

column oven "program " o r to  o p e ra te  th e  colum ns i s o th e r m a l ly ,  and to  com

p l e t e l y  m o n ito r th e  ru n , and (3 ) th e  r e c o r d e r  com partm ent w hich  ho u ses  a 

M inneapolis-H oneyw e11 C la ss  15 r e c o r d e r .  For t h i s  s tu d y  an a d d i t io n a l  

c a b in e t  g roup h o u sin g  a  draw er f o r  th e rm a l c o n d u c t iv i ty  d e t e c to r  c o n t r o l s  

and a second r e c o rd e r  w ere in c lu d e d .

Gas flo w  sy s te m s . Comm ercial h ig h  p u r i t y  h e liu m  was u sed  a s  th e  c a r 

r i e r  g a s .  À m o le c u la r  s ie v e  removed m o is tu re  and h y d ro carb o n  im p u r i t i e s  

t h a t  m igh t have been p r e s e n t  in  th e  c a r r i e r  g as  su p p ly . H igh p u r i t y  hy 

d rogen  gas was used  f o r  th e  flam e d e t e c to r s .  Oxygen, r a t h e r  th a n  "h o u se"  

a i r ,  su p p o rte d  th e  hydrogen  flam e com bustion  and purged  th e  d e t e c to r  

h o u sin g  o f  com bustion  p ro d u c ts .

Columns and column p a c k in g s . The colum ns w ere F & M S c i e n t i f i c  C or

p o r a t io n  0 .2 5  in .  (O .D .) s t a i n l e s s  s t e e l  colum ns 4 f t .  lo n g . B oth  w ere 

packed w ith  a  60-80 mesh D ia to p o r t  S s o l i d  s u p p o r t .  D ia to p o r t  S i s  d i a to -  

maceous e a r th  s p e c ia l ly  t r e a t e d  and s i l a n i z e d  to  m in im ize a d s o rp t io n  and 

t a i l i n g  o f  p o la r  conpounds. The l i q u id  p h ase  o r a d s o rb e n t was A piezon L , 

a g r e a s e ,  w hich i s  p a r t i c u l a r l y  good f o r  th e  s e p a r a t io n  o f  a ro m a tic  h y 

d ro c a rb o n s . I t s  maximum recommended o p e ra t in g  te m p e ra tu re  i s  300°C.

B oth columns w ere f i t t e d  w ith  1 to  1 e f f l u e n t  s p l i t t e r s  w hich  p e r -
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m itte d  th e  g as  flow  from th e  colum ns to  be d iv id e d  in to  two e q u iv a le n t  

s tream s f o r  s im u lta n e o u s  a n a ly s i s  in  th e  two d u a l d e te c to r  sy s tem s .

P y ro ly s is  U n it

A ll  n o n - v o la t i l e  sam ples w ere th e rm a lly  decomposed f o r  ch rom atograph

ic  a n a ly s i s  u s in g  th e  F & M S c i e n t i f i c  C o rp o ra tio n  Model 80 P y r o ly s is  U n it 

shown in  F ig u re  8 . I t  c o n s i s t s  o f  a c o n t ro l  c a b in e t ,  a p robe  assem bly , 

and an in te r c o n n e c t in g  c a b le .  Samples f o r  p y r o ly s i s  w ere p la c e d  in  th e  

p la tin u m -rh o d iu m  f o i l  jaw s o f  th e  p ro b e . F ig u re  9 . The p robe  was in s e r t e d  

in t o  th e  i n j e c t i o n  p o r t  o f  th e  g a s - l i q u id  ch rom atograph  and a u to m a tic a l ly  

f i r e d  a t  a p r e - s e t  te m p e ra tu re  fo r  12 seconds a f t e r  w hich th e  p y ro ly z a te s  

w ere sw ept o n to  th e  column w here s e p a r a t io n  began .

C o l le c t io n  System s

C e r ta in  p y ro ly z a te  com ponents r e p re s e n te d  by s p e c i f i c  w e ll -d e f in e d  

chrom atogram  peaks w ere c o l l e c t e d  fo r  i d e n t i f i c a t i o n  by o th e r  te c h n iq u e s  

a s  th e y  em erged from  th e  th e rm a l c o n d u c t iv i ty  d e t e c to r  p o r t s .  The t h e r 

mal c o n d u c t iv i ty  c e l l  p e rm it te d  th e  sam ple conponen ts  to  p a s s  u n a l te r e d  

and th e  h e a t  o f  th e  b lo c k  p re v e n te d  t h e i r  c o n d e n sa tio n  so  t h a t  th e y  co u ld  

be c o l l e c t e d  a s  v a p o rs .  Though more s o p h i s t i c a te d  sam ple c o l l e c t i o n  s y s 

tems w ere a v a i la b l e  f o r  t h i s  p u rp o se  i t  was found t h a t  e i t h e r  o f  two v e ry  

s im p le  te c h n iq u e s  u t i l i z i n g  a minimum o f equipm ent p roved  q u i t e  s a t i s f a c 

to r y .

The f i r s t  sy stem , w hich i s  shown in  F ig u re  10, was a s im p le  "bu b b le  

t r a p "  d e s ig n e d  to  c o l l e c t  th e  e lu te d  com ponent in  a s u i t a b l e  s o lv e n t .  As 

th e  e lu e n t  emerged from  th e  h e a te d  th e rm a l c o n d u c t iv i ty  c e l l  i t  p a ssed  

th ro u g h  a  s h o r t  le n g th  o f  0 .1 2 5  in .  (O .D .) copper tu b in g  w hich r e ta in e d
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th e  conducted  h e a t  from  th e  c e l l  b lo c k . The end o f  th e  tu b e  was subm erged 

in  a sc ru b b in g  s o lv e n t  c o n ta in e d  in  a 100x13 mm p y rex  t e s t  tu b e  w hich was

s e a le d  w ith  an aluminum f o i l  covered  co rk  s to p p e r  betw een "peak" c o l l e c t -

r 'io n s .

A s l i g h t  e la b o r a t io n  o f  th e  b ubb le  t r a p  d e s ig n  a s  shown in  F ig u re  11 

p e rm itte d  b e t t e r  c o n t ro l  o f  th e  c o l l e c t i o n  p ro ced u re  and more sam ple y ie ld  

w ith  each  "peak" c o l l e c t e d .  A s t a i n l e s s  s t e e l  m a n ifo ld  n e e d le  v a lv e  f i t 

te d  in  th e  system  a llo w ed  c lo s e  c o n t ro l  o f  th e  column e f f l u e n t  so  th a t  a l l  

b u t th e  d e s i r e d  component c o u ld  be e a s i l y  bypassed  to  th z  a tm o sp h ere . The 

u se  o f  ru b b e r serum  s to p p e rs  in  th e  c o l l e c t in g  tu b e  k e p t th e  s o lv e n t  and 

i t s  c o l le c t e d  f r a c t i o n  c o n t in u a l ly  in  a helium  en v iro n m en t. T h is  i s  e s 

p e c i a l l y  im p o r ta n t when c o l l e c t in g  monomers w hich r e a d i ly  p o ly m erize  on 

ex posu re  to  a i r .  C ondensa tion  o f  th e  sam ple was a id e d  by im m ersing th e  

c o l l e c t i o n  tu b e  in  a w et ic e  (0 °C .) b a th .

E x p erim en ta l P ro ced u re

I d e n t i f i c a t i o n  o f  v e h ic le  t i r e  ru b b e r in  a sam ple o f  roadw ay d u s t  i n 

v o lv ed  th r e e  c l e a r ly  d e f in e d  s te p s :

1 . P ro d u c tio n  o f  S tan d a rd  Chromatograms -  The p ro d u c tio n  o f  s t a n 

d a rd  chrom atogram s o f  th e  p y ro ly z a te s  o f  m a te r ia ls  known to  be u sed  in  ru b 

b e r  t i r e s  and o f  o th e r  m a te r ia l s  w hich m ight be found in  a roadw ay d u s t .

2 . I d e n t i f i c a t i o n  o f SBR a n d /o r  N a tu ra l  Rubber in  Compounded M ate- 

r i a l s  and Roadway D usts -  The ch ro m ato g rap h ic  s e p a r a t io n  o f  th e  p y ro ly 

z a te s  o f  compounded t i r e  ru b b e r  and sam ples o f  roadw ay d u s t  in  an a t te m p t 

to  lo c a te  one o r more o f  th e  s ta n d a rd  p a t te r n s  developed  in  ( 1 ) .

3 . The I d e n t i f i c a t i o n  o f  C hrom atographic Components -  The i d e n t i 

f i c a t i o n  o f  ch ro m ato g rap h ic  p y ro ly z a te  com ponents Lo co n firm  th e  p re se n c e
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o f a s p e c i f i c  monomer in  th e  p y ro ly z a te s  o f  th e  raw  e la s to m e rs ,  th e  com

pounded r u b b e r s ,  and th e  roadway sam p les .

The P ro d u c tio n  o f  S ta n d a rd  Chromatograms 

A sam ple o f  raw  SBR e la s to m e r  c o n ta in in g  on ly  an a n t i - o x id a n t  was 

o b ta in e d  from  a le a d in g  t i r e  m a n u fa c tu re r . Sm all p ie c e s  (10 mg) o f  th e  

s y n th e t ic  ru b b e r  w ere p la c e d  in  th e  p la tin u m -rh o d iu m  Jaws o f  th e  p y ro ly 

s i s  p ro b e . The p ro b e  had p r e v io u s ly  been  c a l i b r a t e d .  F ig u re  12, and p ro 

grammed to  y i e ld  a p y r o ly t i c  te m p e ra tu re  o f  640°C. a t  10 amps. The p robe 

c o n ta in in g  th e  sam ple was th e n  in s e r t e d  to  i t s  maximum d e p th  i n t o  th e  i n 

j e c t i o n  p o r t  cham ber o f  th e  ch rom atograph  colum n. The i n j e c t i o n  p o r t  a s 

sem bly th e n  became th e  p y r o ly s is  cham ber. An au tom ated  p y r o ly s i s  c y c le  

p ro v id e d  a s ix ty  second  d e la y  b e fo re  f i r i n g  to  a l lo w  any a i r  e n tra p p e d  a t  

i n s e r t i o n  o f  th e  p ro b e  to  p a s s  th ro u g h  th e  column and to  co m p le te ly  r e 

e s t a b l i s h  th e  h e liu m  en v iro n m en t. A f te r  th e  d e la y  th e  sam ple was ig n i t e d  

a t  th e  p r e - s e t  te m p e ra tu re  f o r  12 seconds and i t s  p y ro ly z a te s  p e rm itte d  

to  flo w  o n to  th e  colum n.

C hrom atograph ic  s e p a r a t io n  was acco m p lish ed  is o th e rm a lly  a t  108°C.

To a c h ie v e  sh a rp  d e f i n i t i o n  o f  com ponent peaks th e  c a r r i e r  g as  flow  r a t e  

was h e ld  to  25 m l/m in .^  The i n j e c t i o n  p o r t  and d e te c to r  te m p e ra tu re s  w ere 

h e ld  c o n s ta n t  a t  240°C. and 305°C ., r e s p e c t iv e l y .

A t a r e c o rd e r  c h a r t  speed  o f  0 .2 5  i n . / m i n . ,  a p p ro x im a te ly  46 m in u tes  

w ere r e q u ir e d  f o r  th e  p y ro ly z a te s  to  t r a v e r s e  th e  column and p ro v id e  a 

c h a r a c t e r i s t i c  p a t t e r n  f o r  SBR. Many r e p l i c a t i o n s  o f  th e  SBR p y ro ly z a te

In  g e n e r a l ,  r e s o lu t io n  o f  peaks i s ,  in  p a r t ,  a f u n c t io n  o f  column 
te m p e ra tu re  and c a r r i e r  g as  flow  r a t e .  D ec reas in g  b o th  (w ith in  l i m i t s )  
w i l l  p ro v id e  b e t t e r  s e p a r a t io n .
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s e p a r a t io n  w ere made to  e s t a b l i s h  th e  r e p r o d u c i b i l i t y  o f  th e  te c h n iq u e .

Sam ples o f  numerous o th e r  carbonaceous compounds w ere t r e a t e d  In  l i k e  

m anner to  th e  SBR to  t e s t  th e  a p p l i c a b i l i t y  o f  th e  p ro c e s s  and to  p ro v id e  

a  s e r i e s  o f  s ta n d a rd  p a t t e r n s  fo r  f u tu r e  r e f e r e n c e  and I d e n t i f i c a t i o n  p u r 

p o s e s .  M a te r ia ls  " f in g e r p r in t e d "  In c lu d e  b u ty l  ru b b e r ,  l a t e x  ( n a tu r a l  

r u b b e r ) ,  n eo p ren e , p o ly u re th a n e , p o ly s ty r e n e ,  a s p h a l t  and carbon  b la c k .

P y r o ly s is  te m p e ra tu re s ,  column te m p e ra tu re s ,  and c a r r i e r  g as  flow  

r a t e s  f o r  a l l  o f  th e  s ta n d a rd  m a te r ia ls  w ere unchanged from  th o s e  u sed  on 

th e  SBR e la s to m e r . Only th e  d e te c to r  ran g e  ( s e n s i t i v i t y )  arid a t te n u a t io n  

v a r ie d  from sam ple to  sam ple In  o rd e r  to  Improve th e  " r e a d a b i l i t y "  o f 

each  chrom atogram .

I d e n t i f i c a t i o n  o f  SBR a n d /o r  N a tu ra l  R ubber In  
Compounded M a te r ia ls  and Roadway D usts

I d e n t i f i c a t i o n  o f  e la s to m e rs  In  compounded ru b b e r  m a te r ia l s  has been 

done m ost e f f e c t i v e l y  u s in g  th e  m ethods o f  I n f r a - r e d  a b s o rp t io n  s p e c t r o 

scopy b u t  o n ly  a f t e r  le n g th y  e x t r a c t io n s  o f  th e  f i l l e r s  (61 ) (6 2 ) .  P y ro 

l y s i s  and chrom atography  e l im in a te s  th e  need  f o r  p re lim in a ry  p r e p a r a t io n  

o f  a sam ple and p e rm its  th e  a n a ly s i s  o f  p o ly m eric  m a te r ia l s  In  t h e i r  com

pounded s t a t e s .

Compounded ru b b e rs  t r e a t e d  to  p y r o ly s is  and ch ro m a to g rap h ic  s e p a ra 

t i o n  In c lu d e : (1 ) a  sam ple o f  ru b b e r  from a new C o n tin e n ta l  5 .7 0  x 16

au to m o b ile  t i r e ;  (2 ) a sam ple o f  g r in d in g s  c o l le c t e d  from  an au to m o b ile  

t i r e  re c a p p in g  o p e ra t io n ;  and (3 ) a sam ple o f  g r in d in g s  c o l le c t e d  from a 

t r u c k  t i r e  re c a p p in g  o p e ra t io n .

Sam ples o f  roadw ay d u s ts  p re v io u s ly  i d e n t i f i e d  a s  (H ), ( L ) , (PG ), 

and (NBS) w ere t e s t e d  In  th e  same manner and a t  e s s e n t i a l l y  th e  same



62

p y r o ly s is  and chrom atography  o p e ra t in g  c o n d i t io n s  u sed  in  p re v io u s  an a 

ly s e s .  D e te c to r  s e n s i t i v i t y  was in c re a s e d  in  o rd e r  to  d e t e c t  ru b b e r  p a t 

t e r n s  in  th e  chrcm atogram s o f  th e  h e te ro g e n e o u s  sam p les , p a r t i c u l a r l y  in  

th e  ca se  o f  th e  H o lland  and L in c o ln  Tunnel d u s ts .  C o n c e n tra tio n s  o f  t i r e  

ru b b e r  in  any roadway sam ple a r e  r e l a t i v e l y  low and d e l i c a t e  s e n s in g  i s  

n e c e s s a ry  to  d e f in e  t h e i r  p re s e n c e .

The I d e n t i f i c a t i o n  o f  C hrom atograph ic Components

D eg rad a tio n  o f  polym ers may o ccu r when th e y  a r e  exposed  to  any one, 

o r a  co m b in a tio n , o f  h e a t ,  u l t r a - v i o l e t  r a d i a t i o n ,  n e u tro n  r a d i a t i o n ,  oxy

g en , or ozone.

Random d e g ra d a tio n  i s  ana logous to  s te p w ise  p o ly m e r iz a tio n . In  t h i s  

in s ta n c e  c h a in  r u p tu r e  o r s c i s s io n  o ccu rs  random ly a lo n g  th e  c h a in  p ro 

ducing  frag m en ts  w hich a r e  u s u a l ly  la rg e  com pared to  th e  monomer u n i t s  

w hich jo in e d  to  form  th e  polym er.

C hain d e p o ly m e riz a tio n  in v o lv e s  th e  s u c c e s s iv e  r e l e a s e  o f  monomer 

u n i t s  from a c h a in  end in  a d e p ro p a g a tiv e  r e a c t io n  w hich i s  e s s e n t i a l l y  

th e  r e v e r s e  o f  c h a in  o r a d d i t io n  p o ly m e r iz a tio n .

Therm al a l t e r a t i o n s  may occur a s  random d e g ra d a tio n  o r c h a in  d ep o ly 

m e r iz a t io n  o r a com bination  o f  b o th . M adorsky (68) h as  shown t h a t  th e  

ch em ica l n a tu re  and r e l a t i v e  am ounts o f  th e  p ro d u c ts  o f  th e rm a l d eg rad a 

t i o n  a re  rem ark ab ly  in d ep en d en t o f  th e  te m p e ra tu re  and th e  e x te n t  o f  th e  

d e g ra d a tio n  r e a c t io n .

When th e  s y n th e t ic  ru b b e r  SBR i s  s u b je c te d  to  th e rm al d e g ra d a tio n  

th e  monomer y ie ld  i s  ap p ro x im a te ly  12 w e ig h t p e r  c e n t  and 52 m ole p e r  

c e n t .  T h is  i s  c o n t r a s te d  w ith  o th e r  p o ly m eric  m a te r ia l s  in  T ab le  9 (6 9 ) .
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TABLE 9

PER CENT MONOMER FROM THERMAL DEGRADATION 
OF POLYMERS

Polym er
% Monomer

W eight Mole

P o ly s ty re n e 42 65

P o ly b u ta d ie n e 14 57

SBR 12 52

P o ly is o p re n e 3 21

P y r o ly t i c  c h a in  d e p o ly m e riz a tio n  o f  th e  co -po lym er o f  s ty r e n e  and 

b u ta d ie n e  (SBR) fo llo w ed  by ch rm n a to g rap h ic  s e p a r a t io n  and i d e n t i f i c a t i o n  

o f  th e  r e s u l t a n t  monomers i s  th e  b a s i s  f o r  t h i s  te c h n iq u e . I d e n t i f i c a 

t i o n  o f  a l l  o f  th e  p y ro ly z a te  peaks a p p e a r in g  in  th e  chrom atogram s would 

be id e a l  an d , in  a l l  p r o b a b i l i t y ,  th e  g o a l o f  th e  a n a l y t i c a l  c h e m is t.  I n  

t h i s  s tu d y , tim e and equipm ent l i m i t a t i o n s  p r o h ib i te d  th e  lu x u ry  o f  such  

th o ro u g h n e ss . F u rth e rm o re , i t  was n o t  c o n s id e re d  m andato ry  to  i d e n t i f y  

a l l  o f  th e  column e lu e n ts  in  o rd e r  t o  co n firm  monomer r e s t o r a t i o n .

One p y ro ly z a te  component c o n s i s t e n t ly  a p p ea red  in  a l l  sam ples known 

o r s u sp e c te d  to  c o n ta in  SBR. I t  m a n ife s te d  i t s e l f  in  each  chrom atogram  

a s  a l a r g e ,  w e ll  d e f in e d  p eak , h av in g  a  17 m in. r e t e n t i o n  tim e un d er th e  

p re v io u s ly  s t a t e d  " ru n "  p a ra m e te rs . The p o s i t i o n  o f  t h i s  p eak , i t s  a m p li

tu d e , and i t s  r e l a t i v e l y  slow  e lu t io n  v e l o c i ty  made i t  a l o g i c a l  c h o ic e  

f o r  c o l l e c t i o n  and i d e n t i f i c a t i o n .

Each tim e a peak  a p p e a rs  in  a chrom atogram  i t  r e p r e s e n t s  b u t  a  m in u te
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q u a n t i ty  o f  t h a t  com ponent and n o t  enough f o r  i d e n t i f i c a t i o n  by o th e r  

m ethods. T h e re fo re  r e p e a te d  c o l l e c t i o n s  from  r e p l i c a t e d  s e p a r a t io n s  w ere 

n e c e s s a ry  t o  c o n c e n tr a te  s u f f i c i e n t  p eak  m a te r ia l  f o r  I d e n t i f i c a t i o n  p u r -
I

p o s e s . U sing  th e  sam pling  t r a p s  I l l u s t r a t e d  In  F ig u re s  10 and 11, each  

I d e n t i f i c a t i o n  r e q u i r e d  12 to  14 c o l l e c t i o n s .

The f i r s t  accu m u la ted  peak  sam ple was c o l l e c t e d  In  c a rb o n  t e t r a c h l o 

r i d e  u s in g  th e  s im p le  b u b b le  t r a p  o f F ig u re  10. T h is  I n i t i a l  sam ple was 

In te n d e d  f o r  s e p a r a te  I d e n t i f i c a t i o n  by I n f r a - r e d  a b s o rp t io n  s p e c tro p h o to 

m e try  (c a rb o n  t e t r a c h l o r i d e  and ch lo ro fo rm  a r e  r e l a t i v e l y  I-R  t r a n s p a r e n t ) , 

b u t  In  t h i s  f i r s t  a t te m p t an  I n s u f f i c i e n t  q u a n t i ty  o f  th e  unknown compon

e n t  was c o l l e c t e d  to  o b ta in  any I d e n t i f i a b l e  s p e c t r a .  However, th e  sam ple 

y ie ld e d  th e  s t r o n g ,  u n m is ta k a b le , p e n e t r a t in g  odor o f  s ty r e n e ,  co m p le te ly  

m asking t h a t  o f  th e  s o lv e n t .  I t  ap p ea red  t h a t  p y r o ly s is  o f  SBR o r com

pounded ru b b e r  p ro d u c ts  c o n ta in in g  SBR cau sed  d e p o ly m e r iz a tio n  o f  th e  co 

polym er s ty r e n e  b u ta d ie n e  to  r e l e a s e  th e  monomer s ty r e n e .  . I n  o rd e r  to  

co n firm  t h a t  th e  I s o la t e d  and c o l l e c t e d  peak  r e p re s e n te d  s ty r e n e ,  two r e c 

og n ized  c h ro m a to g rap h ic  te c h n iq u e s  w ere u sed .

Com parison o f  r e t e n t i o n  t im e s . The b a s i s  o f  c l a s s i c a l  q u a l i t a t i v e  

a n a ly s i s  In  g a s - l l q u ld  chrom atography  I s  a com parison  o f  th e  r e t e n t i o n  

tim es  (o r  r e t e n t i o n  volum es) o f a  p u re  compound w ith  th o s e  o f  th e  unknown. 

When o p e ra t in g  v a r i a b le s  a r e  m a in ta in e d  c o n s ta n t ,  th e  r e t e n t i o n  tim e I s  

c h a r a c t e r i s t i c  o f a  compound. R e te n tio n  tim e f o r  a  c o n so n an t o f  a m ix tu re  

may be d e f in e d  s im p ly  a s  th e  tim e I n t e r v a l  from  sam ple I n j e c t i o n  to  a p p e a r

ance o f  th e  e lu te d  com ponent. I t s  e q u iv a le n t  volum e o f  g as  f o r  t h a t  tim e 

I n t e r v a l  I s  c a l l e d  th e  r e t e n t i o n  volum e. The tim e  a x is  o f  a  c o n s ta n t -  

sp eed  r e c o r d e r  c h a r t  can  c o n v e n ie n tly  be  u sed  to  com pare r e t e n t i o n  tim es
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of an  unknown w ith  t h a t  o f  a s ta n d a rd .

F iv e  |JLL sam ples o f  r e a g e n t  g ra d e  c h lo ro fo rm  and r e a g e n t  g rad e  carbon  

t e t r a c h l o r i d e  w ere chrom atographed  to  o b ta in  " b la n k "  p a t t e r n s  in  w hich no 

e l u t io n  peaks ap p ea red  a f t e r  th e  f i r s t  10 m in u te s .

U sing th e  b u b b le  t r a p  o f  F ig u re  11, tw elve  r e p l i c a t i o n s  o f  th e  s u s 

p e c te d  s ty r e n e  component o f  th e  SBR p y ro ly z a te s  w ere c o l l e c t e d  in  th e  c h lo 

ro fo rm , S im i la r ly ,  14 r e p l i c a t i o n s  o f  th e  su sp e c te d  s ty r e n e  com ponent ap 

p e a r in g  in  th e  (PG) p y ro ly z a te s  w ere c o l l e c t e d  in  ca rb o n  t e t r a c h l o r i d e .

F iv e  pJj p o r t io n s  o f  each  c o l l e c t i o n  w ere in je c te d  in t o  th e  ch ro m a to g rap h ic  

column to  o b ta in  chrom atogram s o f  th e  c o l l e c t e d  com ponents. Two 1 :1 0  d i 

l u t i o n s  o f  p u re  s ty re n e  in  c h lo ro fo rm  and carbon  t e t r a c h l o r i d e  w ere p r e 

p a re d  and f iv e  p i  sam ples an a ly z e d  to  p roduce  chrm natogram s o f  p u re  s t y 

re n e  f o r  r e t e n t i o n  tim e co m p ariso n s.

A d d itio n  o f  a su sp e c te d  com ponent. I f  a p u re  compound, t h a t  i s  s u s 

p e c te d  o f  c o rre sp o n d in g  to  a  s p e c i f i c  peak  o f  th e  sam ple chrom atogram , i s  

added to  th e  sam ple, a new chrom atogram  o b ta in e d  under i d e n t i c a l  ru n  con

d i t i o n s  o f  t h a t  o f th e  sam ple chrom atogram  w i l l  r e v e a l  an in c re a s e  in  th e  

a m p litu d e  o f  th e  o r ig i n a l  p eak . Such i s  th e  b a s is  f o r  th e  second  chrcsna- 

to g ra p h ic  c o n f irm a tio n  o f  th e  i d e n t i t y  o f  th e  s u sp e c te d  s ty r e n e  p eak . The 

a d d i t io n  o f  a p u re  l i q u id  compound to  a  l i q u id  sam ple i s  a  s im p le  p ro ced u re  

and one w hich  can  be done q u a n t i t a t i v e l y  w ith  c o n fid e n c e  in  th e  r e s u l t s .  

However, th e  q u a n t i t a t i v e  a d d i t io n  o f  a  p u re  compound to  a  s o l i d  sang;le  

p r i o r  to  p y r o ly s is  i s  q u i te  a n o th e r  m a t te r .  The te c h n iq u e  ad o p ted  i s  sim 

p le  and e n t i r e l y  s u i t a b l e  fo r  th e  p u rp o se s  o f  t h i s  s tu d y , b u t  s u f f e r s  some

w hat in  r e p r o d u c i b i l i t y .

The s o l i d  sam ples w ere p la c e d  in  th e  jaw s o f  th e  p ro b e  a s  b e fo re  b u t
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j u s t  p r i o r  to  i n s e r t i o n  in t o  th e  i n j e c t i o n  p o r t  a  1 |iL d r o p le t  o f  a 1 :10  

o r  1 :5 0  s ty r e n e  in  ch lo ro fo rm  d i l u t i o n  was p la c e d  on th e  s o l id  sam ple.

The a l t e r e d  s a n ç le  was th e n  q u ic k ly  in s e r t e d  in t o  th e  chamber and pyro* 

ly z e d  as  b e fo re  un d er th e  same o p e ra t in g  c o n d i t io n s  to  o b ta in  an a m p lif ie d  

s ty r e n e  p eak .

D isc u ss io n

The s ta n d a rd  chrom atogram s o f  th e  p y ro ly z a te s  o f  th e  raw  e la s to m e rs  

o f  SBR, l a t e x  ( n a tu r a l  ru b b e r)  and b u ty l  ru b b e r  w ere th e  b a s i s  f o r  id e n 

t i f i c a t i o n  o f  v e h ic le  t i r e  ru b b e r  in  a  sam ple o f roadway d u s t .  They a re  

th e  ru b b e rs  u sed  m ost f r e q u e n t ly  in  t i r e  m a n u fa c tu re . The chrom atogram s 

i l l u s t r a t e d  a r e  ty p i c a l  o f  many r e p l i c a t i o n s  o f  t e s t  ru n s  on each  o f  th e  

p o ly m eric  m a te r i a l s .  Each compound, when s u b je c te d  to  t h i s  m ethod o f  a n a l

y s i s  p ro d u ces  an i d e n t i f i a b l e  and c o n s i s t e n t  " f i n g e r p r in t "  w hich  can  be 

u sed  to  q u a l i t a t i v e l y  c h a r a c te r i z e  t h a t  compound. T h is  m ethod i s  o f  p a r 

t i c u l a r  v a lu e  in  i t s  a p p l ic a t io n  to  a n a ly s i s  o f  th e  h ig h  polym ers o r 

" g ia n t  m o le c u le s" . A t c o n s ta n t  c a r r i e r  g as  flow  r a t e  and c o n s ta n t  column 

te m p e ra tu re ,  r e t e n t i o n  tim es  f o r  th e  s e r i e s  o f e l u t i o n  peaks w ere i d e n t i 

c a l .  Only th e  am p litu d e  o f  th e  peak s v a r ie d  from  ru n  to  ru n  a s  no a t te m p t 

was made to  e x a c t ly  d u p l ic a te  sam ple s i z e s .

The chrom atogram  o f "raw " SBR i s  shown in  F ig u re  13 . I t  f e a tu r e s  

seven  c l e a r l y  r e s o lv e d  m ajo r p eak s , one o f  w hich , l a b e le d ," S " ,  p redom in

a t e s  c o n s i s t e n t ly  in  a l l  o f  th e  chrcm atogram s o f SBR - th e  m ajo r ru b b e r  

m a te r ia lT u a e d  in  t i r e  m a n u fa c tu re .

L a te x  ( n a tu r a l  r u b b e r ) , w hich i s  p r e s e n t  in  p r a c t i c a l l y  a l l  t i r e s  

p roduced  th e  p a t t e r n  o f  F ig u re  14. Raw e la s to m e r b u ty l  ru b b e r  c o n ta in in g  

o n ly  an a n t io x id a n t  y ie ld e d  th e  chrom atogram  o f  F ig u re  15. Some v e h ic le
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RANQC : lO*
ATTENUATION : 32

RETENTION TIME (MINUTES)

F ig u re  13 . Chromatogram o f  SBR p y r o ly z a te s .

NATUQAL GUS8EB 
r a n g e :
ATTENUATION

KJ*

MTSNTlON TIME
Figure 14. Chromatogram of natural rubber pyrolyzates.
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t i r e s  a r e  now made a lm o s t e n t i r e l y  o f  b u ty l  ru b b e r  r ,  a t  l e a s t  c o n ta in  

s i g n i f i c a n t  am ounts in  t h e i r  fo rm u la tio n . T h is  s y n th e t ic  i s  u sed  e x c lu 

s iv e ly  in  th e  m a n u fa c tu re  o f  th e  o b s o le s c e n t in n e r  tu b e .
4

Numerous o th e r  h y d ro ca rb o n s  w ere ch rom atographed  to  a id  in  th e  id e n 

t i f i c a t i o n  o f  ru b b e r  in  d u s t  m ix tu re s  and to  p ro v id e  a b a s i s  f o r  c h a r a c te r 

i z a t i o n  o f  p o ly m ers . These in c lu d e  n e o p re n e . F ig u re  16; p o ly u re th a n e , 

F ig u re  17; p o ly s ty r e n e .  F ig u re  18; a s p h a l t .  F ig u re  19; and carb o n  b la c k . 

F ig u re  20.

Sam ples o f  compounded t i r e  ru b b e r  from  th r e e  so u rc e s  w ere p y ro ly z e d , 

ch rom atog raphed , and a n a ly z e d  f o r  ev id en ce  o f  th e  s ta n d a rd  e la s to m e r  p a t 

t e r n s  .

A p y ro ly z e d  sam ple o f  ru b b e r  from  a new C o n tin e n ta l  5 .7 0  x  16 t i r e  

y ie ld e d  th e  chrom atogram  o f F ig u re  21. E x c e l le n t  re p ro d u c t io n  o f  th e  SBR 

p a t t e r n  i s  o b se rv a b le  a t  once . R e la t iv e  peak  h e ig h t  d e te rm in a tio n s  w ere 

n o t  a tte m p te d  b ecau se  th e y  v a ry  from sam ple to  sam ple a s  v u lc a n iz a t io n  and 

compounding v a ry .

The SBR p a t t e r n  i s  a g a in  s t r o n g ly  e v id e n t  in  th e  chrom atogram  o f  F ig 

u re  22 w hich r e p r e s e n t s  th e  p y ro ly z a te s  o f  a u to m o b ile  t i r e  g r in d in g s  from  

a re c a p p in g  o p e ra t io n .

T ruck  t i r e  ru b b e r ,  w hich i s  p red o m in an tly  n a t u r a l  ru b b e r ,  p roduced  

th e  chrom atogram  o f  F ig u re  23 . The t r u c k  t i r e  p a t t e r n  w hich i s  rem ark 

a b ly  i d e n t i c a l  t o  th e  n a t u r a l  ru b b e r  chrom atogram  o f  F ig u re  14 a t t e s t s  to  

th e  h ig h  n a t u r a l  ru b b e r  c o n te n t .

U sing th e  te c h n iq u e s  p re v io u s ly  d e s c r ib e d ,  l i t t l e  d i f f i c u l t y  was en 

c o u n te re d  in  th e  i d e n t i f i c a t i o n  o f  SBR o r n a t u r a l  ru b b e r  p r e s e n t  in  com

pounded m a te r i a l s .  The m ost r i g i d  t e s t  f o r  th e  te c h n iq u e  was in  th e  d e -
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ATTENUATION

 B—n—fl—n—K— N IT-;» '- » —B—W—* #  ■■ -Jff— 41
MTENTIONI TtMC (id lN U T **)

F ig u re  15 . Chromatogram o f  b u ty l  ru b b e r  p y ro ly z a te s

NEOPRENE GU88EQ
RANOS: 10*
ATTENUATION : 8

•  # ■  #  »  *  i  to #  « M B  m B  %» B  5  «  5 n s
RETENTION TIME (M IN UTES)

Figure 16. Chromatogram of neoprene rubber pyrolyzates
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POLYUQETHANE 
RANOe: 10*
a ttcn u ation : a

aeriNTiON tinu* (mimutas)

F ig u re  1 7 . Chromatogram o f  p o ly u re th a n e  p y ro ly z a te s ,

POLYSTYQENE 
OAN&e : 10*
ATTENUATION: t

V u B \ u “ u( minutes)
Figure 18. Chromatogram of polystyrene pyrolyzates.

RETENTION TIMS
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ASPHALT 

RANGE ; K 
ATTENUATION

RETENTION TUsAB (MINUTE*)

F ig u re  19 . Chromatogram o f  a s p h a l t  p y ro ly z a te s

niC9

i
i

CARBON BLACK 
r a n g e :  io
a t t e n u a t io n :  92

I» u™n l4" "U"to M fci '"

Figure 20. Chromatogram of carbon black pyrolyzates,
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AUTO TOE RUBBER 
Ra n g e  : 10*
A TTENUATION: 3 2

i ï  Z i  85 B B « ----«---- K Ü  M  £ " •  U  «  U— W
OeXENTION TIME ( m iNUTEB)

F ig u re  2 1 . ChromaCogram o f  a u to m o b ile  t i r e  ru b b e r  p y ro ly z a te s

12a
a
aa

(CH) OUST 
OANae: lo*
ATTENUATION: 8

s"

A“ 3 5" & W t" '# " " * —H M 10 -w  * -=5"
R E T E N T IO N  T I M E  ( M I N U T E o y

Figure 22. Chromatogram of (CH) dust pyrolyzates,



TQUCK.TIQE OUBBER 
OANoe: c*
mtknumjon : !G

?l »  M . M M 5  5  3  S  46
M tN U TM )

F ig u re  2 3 . Chromatogram o f  t r u c k  t i r e  ru b b e r p y r o ly z a te s .
oeTENTiON Time

(NBS) OUST 
nutte: to*
ATTENUATION: 16

aeT C N T lO M  TIME (M IN I/reS )

Figure 24. Chromatogram of (NBS) dust pyrolyzates.
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t e c t i o n  o f  SBR a n d /o r  n a t u r a l  ru b b e r  in  th e  " t r u e "  roadway d u s ts  (H, L, 

and FG) and in  th e  " s im u la te d "  roadw ay d u s t  (NBS).

The (NBS) d u s t  i s  a tw o-phase  m ix tu re  o f  t i r e  ru b b e r  d u s t  and h y d ra te d  

a lum ina in  v a ry in g  p ro p o r t io n s .  The SBR p a t t e r n  a p p ea rs  v e ry  s t r o n g ly  in  

F ig u re  24 b ecau se  th e  ru b b e r  d u s t was th e  on ly  p y r o l y t i c a l l y  d e g ra d a b le  

su b s ta n c e  p r e s e n t .  I t  i s  e s p e c i a l l y  im p o r ta n t to  n o te  t h a t  th e  n a t u r a l  

ru b b e r  p a t t e r n  i s  e v id e n t to  some e x te n t  in  t h i s  chrom atogram . An in q u iry  

in t o  th e  N a tio n a l  B ureau o f  S ta n d a rd s  t i r e  t e s t i n g  p ro ced u re  r e v e a le d  th a t  

one o f  ev e ry  f iv e  t i r e s  t e s t e d  in  th e  g ia n t  a p p a ra tu s  was a t r u c k  t i r e .

As em phasized  e a r l i e r ,  A m erican t r u c k  t i r e s  c o n ta in  80  ̂ to  90 p e r  c e n t  n a t 

u r a l  ru b b e r .

The (PG) d u s t  sam ple y ie ld e d  a  s tro n g  SBR c o n f ig u ra t io n  a s  seen  in  

F ig u re  25. T h is  was n o t  u n ex p ec ted  as  au to m o b ile s  were known to  be th e  

o n ly  v e h ic le s  t r a v e r s in g  th e  p a rk in g  g a ra g e  ram ps.

The (H) and (L) d u s ts  c o n ta in e d  many m a te r ia l s  o th e r  th a n  th e  s u sp e c t  

t i r e  ru b b e r ;  c o n se q u e n tly , th e s e  m a te r ia l s  produced  com plex chrom atogram s. 

However, th e  SBR p a t t e r n  was s t i l l  d i s c e r n ib le  i n  F ig u re  26 and F ig u re  27 

and th e  p re se n c e  o f  t i r e  ru b b e r  in  each  o f  th e s e  " t r u e "  roadw ay d u s ts  was 

co n firm ed . Though th e  id e n t i f y in g  peaks do n o t  have th e  s t r i k i n g  m agni

tu d e  o f  th o s e  o f  compounds more h e a v i ly  lo a d ed  w ith  th e  b a s ic  po ly m ers , 

th e  f u l l  s e n s i t i v i t y  o f  th e  d e te c to r  was n ev e r c o m p le te ly  u t i l i z e d  in  p ro 

ducing  th e  in c lu d e d  chrom atogram s. Under f u l l  s e n s i t i v i t y  th e  e l e c t r o 

m e te r i s  c a p a b le  o f  sen s in g  v e ry  m inu te  c u r r e n t s  o f  e l e c t r i c i t y  n o t  a t t r i 

b u ta b le  to  i o n i z a t io n  c u r r e n t  from  th e  flam e d e t e c to r .  A random re c o rd e r  

pen movement, c a l l e d  " n o is e " ,  r e s u l t i n g  from  th e  d e te c t io n  o f  e l e c t r o n  

movement i n  th e  e le c tro m e te r  c i r c u i t r y ,  i n t e r f e r e s  w ith  th e  p ro d u c tio n  o f
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(p g ) o u s t

QAMflE : IO
a t t e n u a t io n ; 32

QETENTiON t i m e  (M IN U TES)

F ig u re  2 5 . Chromatogram o f  (PG) d u s t  p y r o ly z a te s .

(H) OUST 
r a n g e : iO*
ATTENUATION :  2

** " M T g N T I O » r  T IM B  ? M I N U r a s ) * *  *  "  "  *

Figure 26. Chromatogram of (H) dust pyrolyzates.
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(L) OUST 
RANGE : IO
a t t e n u a t i o n ; 32

q e t e n t i o n  T i m e

Figure 27. Chromatogram of (L) dust pyrolyzates.
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smooth ch ro m a to g rap h ic  p e a k s .

The i d e n t i f i c a t i o n  o f  SBR and c o n se q u e n tly  t i r e  ru b b e r  in  a roadway 

d u s t  was n o t  c o n s id e re d  c o n c lu s iv e  u n t i l  one o r  more o f  th e  p y ro ly z a te  

com ponents w ere i d e n t i f i e d .  As m en tioned  in  th e  d e s c r ip t io n  o f e x p e r i 

m e n ta l p ro c e d u re , one s tro n g  peak  ap p ea red  c o n s i s t e n t ly  i n  a l l  o f  th e  

chrom atogram s o f th e  p y ro ly z a te s  o f  m a te r ia l  known to  c o n ta in  o r s u s p e c t

ed  o f  c o n ta in in g  SBR. In  a l l  o f  th o se  chrom atogram s t h a t  peak  i s  la b e le d  

"S " . S u sp ec ted  o f  b e in g  th e  monomer s ty r e n e ,  th e  com ponent was c o l le c t e d  

f o r  i d e n t i f i c a t i o n  by com parison  o f  i t s  r e t e n t io n  tim e w ith  t h a t  o f  th e  

p u re  s ty r e n e .

When c o l l e c t e d  in  c h lo ro fo rm  and in j e c te d  a g a in  i n t o  th e  column th e  

"S" com ponent o f  th e  SBR p y ro ly z a te s  p roduced  th e  chrom atogram  shown in  

F ig u re  28 ( b ) . I t s  r e t e n t i o n  tim e  i s  i d e n t i c a l  to  th e  r e t e n t io n  tim e o f  

th e  p u re  s ty r e n e  in  c h lo ro fo rm  a s  seen  in  F ig u re  28 ( c ) . I n  l i k e  m anner, 

when c o l l e c t e d  in  ca rb o n  t e t r a c h l o r id e  and r e in j e c t e d  in  th e  column th e  

"S " com ponent o f  th e  (PG) p y ro ly z a te s  p roduced  th e  chrom atogram  shown in  

F ig u re  29 ( b ) . A gain , i t s  r e t e n t io n  tim e i s  i d e n t i c a l  to  th e  r e t e n t io n  

tim e fo r  p u re  s ty r e n e  in  carbon  t e t r a c h l o r id e  as  shown in  F ig u re  29 ( c ) .

By com parison  o f  r e t e n t i o n  tim es  th e  peak  "S" component was i d e n t i f i e d  as 

th e  s ty r e n e  monomer.

U sing one f u r th e r  re c o g n iz e d  te c h n iq u e  f o r  i d e n t i f i c a t i o n  o f  c h ra n a -  

to g ra p h ic  com ponents th e  monomer s ty r e n e  was shown to  e x i s t  a s  one o f  th e  

p y ro ly z a te s  o f  fo u r  o f  th e  roadw ay d u s t s .  Each o f  th e  d u s ts  w ere b o l s t e r 

ed w ith  p u re  s ty r e n e  p r i o r  to  b e in g  p y ro ly z e d  and ch rom atographed . In  

F ig u re  30 th e  a m p l i f i c a t io n  o f  peak  "S" i n  th e  (CH) d u s t  i s  i l l u s t r a t e d .  

F ig u re s  31 , 32 and 33 i l l u s t r a t e  th e  a m p lic a tio n  o f  peak  "S" in  (NBS),



5 . 8 0  PEAK S* 
IN CHLOROI=OQM rangejJOVattn; 4

CHUDPOTOfiM BLANK
fiANGet 10®

a t t e n u a t i o n :  4___

STYRENE IN CHlDPORMy 
R a n g e  *. O *  
A t t e n u a t i o n :  4

R e t e n t i o n  t i m e  ( m i n u t e s )

•vj
00

Figure 28. Identification of styrene in SBR - comparison of retention times.



Ops) PEAK S’ IN ]
CARBON TCTRACHlflQIK 
PANse: 10* a ttn : A

ST Y Q E tiE  IN 
CARBON TETRACHIDOIOE 
Ra n g e ;  10* At t n î  A

CARBON TETRACHU3R10E 
B L A N K  

RANGE: 10* A t tn :  A

* ' IB B a. A ioT
RETENTIO N  T IM E  ( .M lM U iE S )

( b ) ( c )( a )

VO

Figure 29. Identification of styrene in (PG) dust - comparison of retention times.
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(PG ), and (H) d u s ts ,  r e s p e c t iv e l y .  By th e  m e tu ;d s  o f  " a d d i t io n  o f  a  sus- 

p e c te d  com ponent" th e  peak  "S" com ponent was f u r t h e r  i d e n t i f i e d  as  th e  

s ty r e n e  monomer.

o
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IDENTIFICATION OF 
STYQENE INfcH)OUSr 
Oa n g e : 10* A t t n :  32

—  (c h ) + c h c ! ,
—(CH)+ I:BO STYRENE INGWCI, 
-(C H )+ i;JO S T Y R E N E  IN C H O ,

r e t e n t i o n  t i m e  ( m i n u t e s )

Figure 30. Identification of styrene in (CH)
dust - addition of a suspected component.



IDENTIFICATION OF 
styrene  IN(M8^0UST
RANGE: K)* ATTN: 16
— — (n 8 S ) CHCIs 
 (N  BS)+1 : IO STYRENE IN O K ^

RETENTION T IM E  (^Mj-n u i E S )

00ro

Figure 31. Identification of styrene in (NBS)
dust - addition of a suspected component.
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JOENTIFICATIQN OF
STVQENE 1 ____
AANGE: io= a t t n :  4

 N
 (PQ)+ I:S0 STYRENE

IN CWCI;

OUST

r e t e n t i o n  t i m e  ( m in u t e s )

Figure 32. Identification of styrene in (PG)
dust - addition of a suspected component.
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iDENTIFIOmON O F 
STVQENE IN(h) OUST 
p a n s e :  10* a t t n :  A l |

 # + l:K )S T Y A E N E
IN CHCU

Ol-rfrNTlON TIM E (MINUTES)

Figure 33. Identification of styrene in (H)
dust » addition of a suspected component.



CHAPTER VI

SUMMARY AND CONCLUSIONS

A llu s io n s  to  v e h ic le  t i r e  ru b b e r  a s  a p o t e n t i a l  so u rc e  o f  a  p a r t i c u 

l a t e  a i r  p o l l u ta n t  have ap p ea red  b r i e f l y  in  th e  l i t e r a t u r e  from  tim e to  

tim e over th e  p a s t  te n  y e a r s .  U n t i l  1962 no i n v e s t i g a t o r  had gone beyond 

th e s e  in f e r e n c e s  to  d e te rm in e  i f  ru b b e r t i r e  d u s t  i s  t r u l y  an  a e ro s o l  p o l

l u t a n t  o f  p u b lic  h e a l th  s ig n i f i c a n c e  or t o  d e te rm in e  i f  ru b b e r  t i r e  d e g ra 

d a t io n  p ro d u c ts  even e x i s t  in  a  p a r t i c u l a t e  form in  our en v iro n m en t. In  

t h a t  y e a r  th e  I n s t i t u t e  o f  E nv ironm en ta l H e a lth  a t  th e  U n iv e r s i ty  o f 

Oklahoma M ed ica l C en te r i n i t i a t e d  an in v e s t ig a t io n  in t o  th e  p h y s io lo g ic a l  

e f f e c t s  o f  In h a le d  v e h ic le  t i r e  d u s t .  A com panion s tu d y  was co n ce iv ed  to  

e l im in a te  th e  obv ious d e f ic ie n c y  o f in fo rm a tio n  co n ce rn in g  th e  e x is te n c e  

o f  and th e  chem ica l and p h y s ic a l  n a tu re  o f  t h i s  s u sp e c te d  a i r  p o l l u t a n t .

I t  f u r th e r  so u g h t to  ev o lv e  and co n firm  an e f f i c i e n t  and r e p ro d u c ib le  i n 

s tru m e n ta l  p ro ced u re  f o r  th e  i d e n t i f i c a t i o n  o f  v e h ic le  t i r e  ru b b e r  in  a 

sam ple o f  roadway d u s t .

Based on th e  ev id en ce  accu m u la ted , th e  te c h n iq u e s  dev elo p ed  and con

f irm e d , and th e  d a ta  c o l le c te d  and an a ly zed  in  t h i s  i n v e s t i g a t io n ,  th e  

fo llo w in g  c o n c lu s io n s  have been drawn:

1 . Rubber t i r e  d e g ra d a tio n  p ro d u c ts  d e f i n i t e l y  c o n t r ib u te  to  th e  p o l l u 

t i o n  o f  our env iro n m en t. They c o n s t i t u t e  a p o t e n t i a l  so u rce  o f  p o ly -  

c y c l i c  a ro m a tic  hy d ro carb o n s known o r su sp e c te d  o f  b e in g  c a rc in o g e n ic .

85
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D usts c o l le c t e d  from , o r  In  c lo s e  p ro x im ity  t o ,  a c tu a l  as  w e ll  a s  

.s im u la te d  roadw ays c o n ta in  r e s p l r a b l e  s o l id  a e r o s o ls  I d e n t i f i a b l e  as  

p a r t i c u l a t e  t i r e  ru b b e r .

2 . S iz in g  o f  g ro s s  sam ples o f  roadway d u s ts  r e v e a ls  t h a t  t h e i r  h e t e r o 

g e n e i ty  p r o h ib i t s  r e p r e s e n ta t io n  o f  d a ta  in  th e  commonly u sed  lo g 

norm al d i s t r i b u t i o n s .  The d a ta  can  be p re s e n te d  and a n a ly z e d  m ost 

r e a l i s t i c a l l y  u s in g  freq u en cy  h is to g ra m s . When th e  d u s ts  a r e  w e ll  

d is p e r s e d  I t  I s  found t h a t  90 p e r  c e n t  o f  each  d u s t  s i z e  d i s t r i b u t i o n ,  

by c o u n t, I s  r e p re s e n te d  by p a r t i c l e s  e q u a l to  o r  l e s s  th a n  5 p  in  

d ia m e te r . The co u n t m a jo r i ty  o f  each  d u s t  s tu d ie d  l i e s  w ith in  th e  

ran g e  f o r  r e t e n t i o n  In  th e  human lu n g . However, from  th e  s ta n d p o in t  

o f ch em ica l a c t i v i t y  p o t e n t i a l ,  i t  I s  s i g n i f i c a n t  t h a t  85 to  100 p e r  __ 

c e n t o f  th e  t o t a l  a re a  d i s t r i b u t i o n s  o f  th e  roadway d u s ts  a re  r e p r e 

s e n te d  by p a r t i c l e  s iz e s  In  ex ce ss  o f  5 p In  d ia m e te r .  I t  I s  g en 

e r a l l y  a c c e p te d  t h a t  f i l t e r i n g  e f f i c i e n c y  o f  th e  u p p er r e s p i r a t o r y  

p a s sa g e s  I s  e s s e n t i a l l y  100 p e r  c e n t  f o r  s iz e s  g r e a t e r  th a n  5 |X In  

d ia m e te r . N in e ty - f iv e  t o  100 p e r  c e n t  o f  th e  t o t a l  w e ig h t d i s t r i b u 

t io n s  r e s u l t  f r a n  p a r t i c l e  s iz e s  In  e x c e ss  o f  5 ( J i .  T h is  f a c t o r  w i l l  

be s i g n i f i c a n t  in  f u tu r e  e v a lu a t io n s  o f  th e  q u a n t i t a t i v e  c o n t r ib u 

t i o n  o f  ru b b e r  t i r e  d u s t  to  th e  t o t a l  r e s p i r a b l e  p a r t i c u l a t e  lo a d  In  

th e  a tm osphere .

3 . In  a d d i t io n  to  ru b b e r  t i r e  d u s t ,  f r e e  s i l i c a ,  t a l c ,  a s b e s to s ,  le a d  

and z in c  may be l i b e r a t e d  to  th e  env ironm en t as  t i r e s  a r e  a b ra d e d . 

These f u r th e r  c o n t r ib u t io n s  to  th e  com plex m ix tu re  o f  o rg a n ic  and In 

o rg a n ic  su b s ta n c e s  c r e a te .  In  roadw ay d u s t ,  a co n g lo m era tio n  t h a t  r e 

s i s t s  q u a l l t a t i o n  o r  q u a n t i t a t io n  o f  I t s  r e s p l r a b l e  ru b b e r  f r a c t i o n
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by u s u a l  a n a l y t i c a l  m ethods.

4 . A new In s tru m e n ta l  te c h n iq u e  c a p a b le  o f  d e te c t in g  v e h ic le  t i r e  ru b b e r  

in  a  sam ple o f  roadw ay d u s t  has  been d e v e lo p e d . T h is  q u ic k , r e l i a b l e  

and e x tre m e ly  s e n s i t i v e  p ro c e d u re  com bines th e  exp ed ien cy  o f  p y ro ly 

s i s  and th e  v e r s a t i l i t y  o f  g a s - l i q u id  ch rom atography  to  v o l a t i l i z e  

and s e p a r a te  f o r  i d e n t i f i c a t i o n  th e  o rg a n ic  com ponents o f  roadway 

d u s t .

5. The m ethods d ev e lo p ed  in  t h i s  s tu d y  a r e  r e a d i l y  a d a p ta b le  to  th e  d e

t e c t i o n  o f  o th e r  n o n - v o la t i l e  p a r t i c u l a t e  p o l l u t a n t s  w hich m igh t i n 

vade th e  a tm o sp h e re . A s p h a lt ,  f o r  e x a n ÿ le , can  be t r e a t e d  s im i l a r l y  

to  p e rm it i d e n t i f i c a t i o n  o f  pavem ent a b ra s io n  p ro d u c ts .

6 . A lthough  t h i s  i s  a q u a l i t a t i v e  te c h n iq u e , w ith  san e  m o d if ic a t io n  and 

re f in e m e n t i t  can  be d ev e lo p ed  a s  a q u a n t i t a t i v e  m ethod to  p e rm it 

e v a lu a t io n  o f  th e  v e h ic le  t i r e  d u s t  c o n t r ib u t io n  in  te rm s o f  " v e h ic le  

m ile s "  o r " t i r e  m i le s " .

I

I
I



BIBLIOGRAPHY

1. U. S. D epartm ent o f  H e a lth  E d u ca tio n  and W e lfa re . Smoking and H e a l th . 
R e p o rt o f  th e  A dv iso ry  Com m ittee to  th e  Surgeon G en era l o f  th e  P u b lic  
H e a lth  S e rv ic e .  P u b lic  H e a lth  S e rv ic e  P u b l ic a t io n  No. 1103, W ashing
to n ,  D. C. (1 9 6 4 ).

2 . Mage, J . , and B a t ta ,  G. " R e s u l ts  o f  th e  I n v e s t ig a t io n  i n t o  th e  Cause
o f  th e  D eaths w hich  O ccurred  in  th e  Meuse V a lle y  D uring th e  Fogs o f
December, 1930", Chim ie e t  I n d u s t r i e  ( P a r i s ) ,  XXVII (1 9 3 2 ), pp . 961- 
75.

3 . S ch ren k , H. H. e t  a l . A ir  P o l lu t io n  in  D onora, P e n n s y lv a n ia . Pub
l i c  H e a lth  S e rv ic e  B u l l e t i n  No. 306, W ashington , D. C. (1 9 4 9 ).

4 . A non ., " M o r ta l i ty  and M o rb id ity  D uring th e  London Fog o f  December, 
1952". M in is try  o f  H e a lth  R e p o rt 95 , H. M. S ta t io n e r y  O f f ic e ,  (London 
1 9 54 ).

5 . G o ld sm ith , J .  R. " E f f e c t s  o f  A ir  P o l lu t io n  on Humans", A ir P o l lu 
t i o n . V o l. I .  ( e d i t e d  by A rth u r C. S te r n ) ,  Academic P r e s s ,  New York

/ ( 1 9 6 2 ) ,  p p . 3 35 -82 .

6 . M ancuso, T. F . "A ir  P o l lu t io n  and C an ce r" , P ro c e e d in g s  o f  th e  N a t
io n a l  C onference  on A ir  P o l l u t i o n . P u b lic  H e a lth  S e rv ic e  P u b l ic a t io n  
No. 654, W ashington , D. C. (1 9 5 9 ) , pp . 221-27 .

7 . S to c k s , P . and C am pbell, J .  M. "Lung C ancer D eath  R a te s  Among Non-
Smokers and P ip e  and C ig a r e t te  Sm okers: An E v a lu a tio n  in  R e la t io n
to  A ir  P o l lu t io n  by B enzpyrene and O ther S u b s ta n c e s " , B r i t i s h  M edica l 
J o u r n a l . I I  (1 9 5 5 ) , p p . 923-29 .

8 . S fiw icki, E . , e t  a l . " P o ly n u c le a r  A rom atic H ydrocarbon C om position
o f  th e  A tm osphere in  Some L arg e  A m erican C i t i e s " ,  A m erican I n d u s t r i a l  
H ygiene A s s o c ia t io n  J o u r n a l . X X III, No. 2 (M arch -A p ril, 1962 ), pp . 
137-44 .

9 . W a lle r , R . E . "The B enzpyrene C o n ten t o f  Town A ir " ,  B r i t i s h  J o u rn a l
o f  C an ce r. V I, (1 9 5 2 ) , p p . 8 -2 1 .

10. S h o re , V. C. and K a tz , M. " I d e n t i f i c a t i o n  o f  Some P o ly n u c le a r  A ro
m a tic  H ydrocarbons in  th e  A tm osphere", A n a ly t ic a l  C h em is try . XXVIII 
(1 9 5 6 ) , p . 1399.

88



89
11. D ubois, L . ,  C o rkery , A, and Monkman, J .  "The Chrom atography o f  P o ly -  

c y c l i c  H ydrocarbons", I n t e r n a t io n a l  J o u rn a l  o f  A ir  P o l l u t i o n . I I  
(1 9 6 0 ) , p .  236.

12. M oore, G. E . and K a tz , M. " P o ly n u c le a r  A rom atic  H ydrocarbons in  th e  
P a r t i c u l a t e s  o f  D ie s e l  E x h a u s ts" , I n t e r n a t io n a l  J o u rn a l  o f  A ir  P o l
l u t i o n . I I  (1 9 6 0 ), p . 221.

13 . D 'A m brosio, A ., e t  a l . "D e te rm in a tio n  o f  3 , 4 -b en zp y ren e  in  th e  P o l
lu te d  A ir o f  M ila n " , C en tro  P r o v in c ia l  P e r Lo S tu d io  S u g li  In g u in a -  
m e n ti A tm o s fe r ic i . (1 9 5 8 ).

14. H ueper, W. C ., e t  a l . "C a rc in o g e n ic  B io a ssa y s  on A ir  P o l lu t a n t s " ,
A.M.A. A rch iv es  o f  P a th o lo g y . LXXIV (A ugust, 1 9 62 ), pp . 89 -116 .

15. S to c k s , D. "A ir P o l lu t io n  and C ancer M o r ta l i ty  in  L iv e rp o o l H osp i
t a l  R egion and N o rth  W ales", I n te r n a t io n a l  J o u r n a l  o f  A ir  P o l l u t i o n . 
I ,  No. 1 and 2 (1 9 5 8 ) , p .  1 .

16. Begemsn, C. R. "C a rc in o g e n ic  A rom atic H ydrocarbons in  A utom obile
E f f lu e n t s " ,  V e h ic le  E m iss io n s . S o c ie ty  o f  A utom otive E n g in e e rs  Tech
n i c a l  P ro g re s s  S e r i e s . V I, New York (1 9 6 4 ), p p . 163-74 .

17. B adger, C. M«, e t  a l . "Mode o f  F o rm ation  o f  3 ,4 -B en zo p y ren e  in  Hu
man E nv ironm ent" , N a tu re . CLXXXVII, (1 9 6 0 ), pp . 663-665.

18. M cDermott, W. " A ir  P o l lu t io n  and P u b lic  H e a lth " ,  S c i e n t i f i c  Ameri
can  CCV No. 4 , (O c t. 1961), p p . 4 9 -5 7 .

19. F a lk , H. L . ,  K o tin , P . and M i l l e r ,  A. " P o ly n u c le a r  A rom atic  Hydro
c a rb o n s  in  P o l lu te d  Atm osphere and F a c to rs  C oncerned w ith  C a rc in o 
g e n ic  A c t iv i ty " ,  I n t e r n a t io n a l  J o u rn a l  o f  A ir  P o l l u t i o n . I I  (1 9 6 0 ),
p . 201.

20 . F a lk ,  H. L . , e t  a l . "C a rc in o g e n ic  H ydrocarbons and R e la te d  Com
pounds in  P ro c e s se d  R ubber", C ancer R esea rch  XI (May, 1951), p p . 318-
26.

21 . P e rs o n a l co rre sp o n d en ce  w ith  Dr. Chauncey D. L eake, U n iv e r s i ty  o f  
C a l i f o r n ia  School o f  M ed ic in e , B e rk e ley , C a l i f o r n ia  (May 26, 19C a).

22 . P o t t ,  P . C h ir u r g ic a l  O b se rv a tio n s . Hawes, C la rk  and C o l l in g s ,  London 
(1 7 7 5 ), pp . 63-68 .

23. P a sse y , R. D. "E x p erim en ta l Soot C an cer" , B r i t i s h  M ed ica l J o u r n a l .
I I  (1 9 2 2 ), pp . 1112-13.

24. Von Haam, E. " E f f e c t  o f  Carbon B lacks on C a rc in o g e n ic  Compounds", 
P ro c . o f  th e  S o c ie ty  fo r  E x p erim en ta l B io logy  and M ed ic in e . XCVIII
(1 9 5 8 ) , p p . 9 5 -98 .



90
2'5. Von Haam, E. and M a le t te ,  F . " S tu d ie s  on th e  T o x ic i ty  and S k in  E f

f e c t s  o f  Compounds Used in  th e  R ubber and P l a s t i c s  I n d u s t r i e s :  I I I .
C a rc in o g e n ic i ty  o f  Carbon B lack  E x t r a c t s " ,  AMA A rch iv es  o f  I n d u s t r i 
a l  H yg iene . VI (1 9 5 2 ), pp . 237-42 .

26. F a lk , H. L . and S te in e r ,  P . E. "The I d e n t i f i c a t i o n  o f  A rom atic  P o ly -
c y c l i c  H ydrocarbons in  Carbon B la c k s" , Cancer R e se a rc h . X II (1 9 5 2 ), 
p p . 3 0 -39 .

27. F a lk , H. L . and S te in e r ,  P . E . "The A d so rp tio n  o f  3 ,4 -B en zp y ren e
and P yrene by Carbon B la c k " , C ancer R e se a rc h . X II (1 9 5 2 ) , pp . 4 0 -43 .

28. F a lk ,  H. L . ,  K o tin , P . and M i l l e r ,  A. " E lu t io n  o f  3 ,4 -B en zp y ren e  
and R e la te d  H ydrocarbons from S oo ts  by Plasm a P r o te in s " ,  S c ie n c e . 
CXXVII (F e b ru a ry  1958), pp . 4 74 -75 .

29. I n g a l l s ,  T. H. " In c id e n c e  o f  C ancer in  th e  Carbon B lack  In d u s tr y " ,  
AMA A rch iv es  o f  I n d u s t r i a l  H ygiene and O ccu p a tio n a l M ed ic in e . I  
(1 9 5 0 ) , pp . 662-76.

30. H ueper, W. C. "A Q uest in t o  th e  E nv iro n m en ta l C auses o f  C ancer o f
th e  Lung", P u b lic  H e a lth  S e rv ic e  Monograph No. 36 , W ash ing ton , D.C. 
(1 9 5 5 ).

31. Nau, C. A ., e t  a l . "A S tudy o f  th e  P h y s io lo g ic a l  E f f e c t s  o f  Carbon
B lack , I .  I n g e s t io n " ,  AMA A rch iv es  o f  I n d u s t r i a l  H e a l th . XVII ( J a n 
u a ry  1 9 58 ), pp . 2 1 -28 .

32 . Nau, C. A ., e t  a l . "A S tudy o f  th e  P h y s io lo g ic a l  E f f e c t s  o f Carbon
B lack , I I .  S k in  C o n ta c t" , AMA A rch iv es  o f  I n d u s t r i a l  H e a l th . XVIII 
(December 1958), p p . 511-20 .

33. Nau, C. A ., e t  a l . " P h y s io lo g ic a l  E f f e c t s  o f  Carbon B la ck , IV . I n 
h a l a t io n " ,  AMA A rch iv es  o f  E n v iro n m en ta l H e a lth . IV (A p r i l  1962 ), pp. 
4 15-31 .

34 . F a lk ,  H. L . , e t  a l . "The D isap p earan ce  o f  C arc inogens From Soot in
Human L ungs" , C an ce r, X I, No. 3 (May, June 1958), p p . 48 2 -8 9 .

35. F a lk , H. L . , e t  a l . " P o ly c y c l ic  H ydrocarbons as  C arc in o g en s f o r  Man",
AMA A rch iv es  o f  E nv iro n m en ta l H e a lth . V I I I ,  No. 5 (May 1 9 64 ), pp . 
721-29 .

36 . W orld Almanac and Book o f  F a c t s . New York W orld T elegram  and The Sun 
New York (1 9 6 5 ).

37 . U. S. B ureau o f  th e  C ensus, S t a t i s t i c a l  A b s t r a c t  o f  th e  U n ite d  S t a t e s . 
8 4 th  E d i t io n ,  W ashington, D. C. (1 9 6 3 ) .

38 . The Rubber M an u fac tu re rs  A s s o c ia t io n ,  "Rubber I n d u s try  F a c t s " ,  New 
York (Septem ber 1964).



91

39 . S m ith , W. R. "C arbon B la c k " , E n cy c lo p ed ia  o f  Chem ical T echnology 
I I I  (1 9 4 9 ) , pp . 3 4 -6 5 .

40 . U. S. D epartm ent o f  H e a lth ,  E d u c a tio n  and W e lfa re , A ir  P o l lu t io n  
M easurem ents o f  th e  N a tio n a l  A ir  Sam pling N etw ork. P u b lic  H e a lth  
S e rv ic e  P u b l ic a t io n  No. 978, W ash ing ton , D. C. (1 9 6 2 ) .

41 . P o w e ll, E. F . "Some A sp e c ts  o f  H igh Speed T ire  T e s t in g " ,  E n g in ee rs  
J o u r n a l , LXV No. 2 (F e b ru a ry  1 9 57 ), pp . 2 5 -6 .

42 . Leigh-D ugm ore, C. H. " P r a c t i c e  and T echnology o f  R e in fo rc em en t" ,
The A pp lied  S c ie n c e  o f  R ubber ( e d i t e d  by W. J .  S . N au n to n ), Edward 
A rno ld  L t d . ,  London (1 9 6 1 ), pp . 475-503 .

43 . R ich ey , G ., Mande1, J .  and S t i e h l e r ,  R. D. "An In d o o r T e s te r  f o r  
M easuring  T ire  T read  W ear", P ro c e e d in g s  o f  I n t e r n a t io n a l  Rubber Con
fe re n c e  (W ash ing ton , D. C . , Nov. 1 959 ), pp . 104-10 .

44 . Brown, J .  H ., Cook, K. M ., Ney, F . G. and H atch , T. E . " In f lu e n c e  
o f  P a r t i c l e  S iz e  Upon th e  R e te n tio n  o f  P a r t i c u l a t e  M a tte r  in  th e  Hu
man Lung", A m erican J o u rn a l  o f  P u b lic  H e a l th . XL (1 9 5 0 ), p .  450.

4 5 . H erdan , G. and S m ith , M. L . Sm all P a r t i c l e  S t a t i s t i c s . E l s e v ie r  Pub
l i s h i n g  C o ., New York (1 9 5 3 ).

4 6 . D a l l a v a l l e ,  J .  M. M ic ro m e r i t ic s . P itm an  P u b lis h in g  C o rp o ra tio n , New 
York (1 9 4 8 ).

47 . G audin, A. M. "An I n v e s t i g a t io n  o f  C rush ing  Phenom ena", T ra n s . 
Am erican I n s t i t u t e  o f M ining and M e ta l lu r g ic a l  E n g in e e r in g . LXXIII 
(1 9 6 2 ) , p . 253.

48 . R o l l e r ,  P . S . "Law o f  S iz e  D i s t r ib u t io n  and S t a t i s t i c a l  D e s c r ip t io n  
o f  P a r t i c u l a t e  M a te r i a l s " ,  J o u rn a l  o f  The F ra n k l in  I n s t i t u t e . CCXXIII 
(1 9 3 7 ) , p . 609.

4 9 . R o s in , P . and Rammler, E . "The Laws G overning th e  F in e n e ss  o f  Pow
d e red  C o a l" , J o u rn a l  o f  th e  I n s t i t u t e  o f  F u e l . V II (1 9 3 3 ), p . 29.

50 . I r a n i ,  R. R. "The I n t e r p r e t a t i o n  o f  A b n o rm a li tie s  in  th e  Log-Norm al 
D is t r ib u t io n  o f  P a r t i c l e  S iz e " ,  J o u rn a l  o f  P h y s ic a l  C h e m is try . L X III
(1 9 5 9 ), pp . 1603-07.

51 . S ic h e l ,  H. S . "On th e  S iz e  D i s t r ib u t io n  o f  A irb o rn e  Mine D u st" , 
J o u rn a l  o f  th e  S outh  A fr ic a n  I n s t i t u t e  o f  M ining and M e ta l lu rg y .
L V III (1 9 5 7 ) , p . 171.

52 . C orn, M. " S t a t i s t i c a l  R e l i a b i l i t y  o f  P a r t i c l e  S iz e  D is t r ib u t io n s " ,  
A m erican I n d u s t r i a l  H ygiene A s s o c ia t io n  J o u r n a l . XXVI (1 9 6 5 ) , pp . 
8 -1 6 .



92
53 . G reen , H. L . "Some A ccu ra te  M ethods o f  D eterm in ing  th e  Number and 

S ize -F req u e n cy  o f  P a r t i c l e s  in  D u st" , J o u rn a l  o f  I n d u s t r i a l  H yg iene . 
XVI (1 9 3 4 ) , p . 29.

54 . S ilv e rm an , L . and F ra n k l in ,  W. " O b se rv a tio n s  on th e  P r e p a r a t io n  o f 
S l id e s  f o r  P a r t i c l e - S i z e  D e te rm in a tio n " , J o u rn a l  o f  I n d u s t r i a l  Hy
g ie n e  and T o x ic o lo g y . XXIV (1 9 4 2 ) , p . 51 .

55 . D r in k e r , P . and H a tch , T. I n d u s t r i a l  D u s t. M cG raw -H ill Book C o .,
I n c . ,  New York (1 9 5 4 ).

56 . O rr , C. and D a l l a v a l l e ,  J .  M. F in e  P a r t i c l e  M easurem ent. M acM illan 
C o ., New York (1 9 5 9 ) .

57 . P id g eo n , F . D. and DoBd, C. G. " P re c is e  M easurem ents o f  P a r t i c l e  
S u rfa c e  A rea w ith  th e  M ic ro sco p e" , A n a ly t ic a l  C h em is try . XXVI (1 9 5 4 ), 
p . 1823.

58 . F a i r s ,  G. L . "D evelopm ents in  th e  T echn ique o f  P a r t i c l e  S iz e  Ana
l y s i s  by M ic ro sc o p ic a l E x am in a tio n " , J o u rn a l  o f  th e  R oyal M icroscop
i c a l  S o c ie ty . LXXI (1 9 5 1 ), p . 209.

59 . W atson, J .  H. L . " P a r t i c l e  S iz e  D e te rm in a tio n s  w ith  E le c tro n  M icro
sc o p e s " , A n a ly t ic a l  C h em is try . XX (1 9 4 8 ) , p . 566.

60. K o t t l e r ,  F . "The D is t r ib u t io n  o f  P a r t i c l e  S iz e s " ,  J o u rn a l  o f  Ttte
F ra n k l in  I n s t i t u t e . CCL (1 9 5 0 ), pp . 339-56  and 419-41 .

61 . A m erican S o c ie ty  f o r  T e s tin g  M a te r ia ls  S e c t io n  0 297-61 T. "T e n ta 
t i v e  M ethods o f  Chem ical A n a ly s is  o f  R ubber P ro d u c ts "  (1 9 6 1 ).

62 . B a rn e s , R. B . , e t  a l .  " P h y s ic a l  M ethods o f  A n a ly s is  o f  S y n th e t ic
and N a tu ra l  R ubber" , A n a ly t ic a l  C h em is try . XVI (1 9 4 4 ), pp . 9 -1 4 .

63. D insm ore, H. L . and S m ith , D. C. " A n a ly s is  o f  N a tu ra l  and S y n th e 
t i c  Rubber by I n f r a r e d  S p e c tro sc o p y " , A n a ly t ic a l  C h em is try . XX (1 9 4 8 ), 
pp . 11-24 .

64. D av ison , W. H. T . ,  S la n e y , S . and Wragg, A. L . "A N ovel Method o f 
I d e n t i f i c a t i o n  o f  P o ly m ers" , C h em istry  and In d u s tr y  (O cto b er 1954), 
p .  1356.

65. R a d e l l ,  E . A. and S t r u t z ,  H. C. " I d e n t i f i c a t i o n  o f  A c ry la te  and 
M e th a c ry la te  P olym ers by Gas C hrom atography", A n a ly t ic a l  C h em is try . 
XXXI, No. 11, (November 1959), pp . 1890-91 .

66 . J a n a k , J .  " I d e n t i f i c a t i o n  o f  th e  S t r u c tu r e  o f  N o n -v o la t i le  O rgan ic 
S u b s tan ces  by Gas C hrom atography o f  P y r o ly t i c  P ro d u c ts " ,  N a tu re  
CLXXXV (1960 , L ondon), p p . 684-86 .

67 . V iru s ,  W. "D ie P y ro ly se  in  d e r  G asch ro m ato g rap h ie" , C hem ikerze itung  
ÛDDCVII (1 9 6 3 ) , p p . 740-42 .



93
68. Madorisky, S . L . "R a te s  o f  Therm al D eg rad a tio n  o f  P o ly s ty re n e  and 

P o ly e th y le n e  in  a Vacuum", J o u rn a l  o f  Polym er S c ie n c e . IX (1 9 5 2 ), 
p .  133.

69. B illm e y e r , F . W. Textbook o f  Polym er S c ie n c e . I n te r s c i e n c e  P u b l is h 
e r s ,  New York (1 9 6 2 ).






