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Recent tests a t  Brookhaven National  Laboratory ind ica te  t h a t  both  smal l  
add i t ions  of a l c o h o l s  t o  t h e  f u e l  and t h e  presence of platinum s u r f a c e s  i n  t h e  
combustion chamber can reduce soot  emissions i n  a d i e s e l  engine. These tests 
were conducted over a l i m i t e d  range of opera t ion  in a s i n g l e  c y l i n d e r  CFR en- 
girie. Most of t h e  t e s t i n g  was done us ing pure c e t a n e  a s  a f u e l  a t  c o n s t a n t  
speed and load.  P o s s i b l e  major f e a t u r e s  of t h e  r e a c t i o n  mechanisms f o r  b o t h  
f u e l  a d d i t i v e s  and s u r f a c e  c a t a l y s t  e f f e c t i v e n e s s  are presented.  
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INTRODUCTION 

Diesel c a r  s a l e s  a r e  climbing in t h e  United S t a t e s  and some manufacturers  

a r e  predic t ing t h a t  by 1985 25% of t h e  new c a r s  made in t h e  U.S. may be d i e s e l  

powered (1). The d i e s e l  engine 's  proven f u e l  economy and lower emissions of 

unburned hydrocarbons and carbon monoxide makes it a v i a b l e  a l t e r n a t i v e  t o  a 

g a s o l i n e  automotive p l a n t ,  bu t  t h e  inheren t  product ion of p a r t i c u l a t e  matter 

( soo t )  th rea tens  t h e  expanded use  of t h e  d i e s e l  engine. 

Current d i e s e l  c a r s  e m i t  about 13 l b s .  of p a r t i c u l a t e  mat ter  f o r  every 

10,000 m i l e s  - 50 times t h e  gaso l ine  a u t o .  High concentra t ions  of t h e s e  e m i s -  

s i o n s  may have a s y n e r g i s t i c  e f f e c t  when combined wi th  o the r  c a r c i n 0 g e n s . h  

t h e  urban environment ( 2 )  and t h i s  problem may overshadow t h e  d i e s e l ' s  f u e l  

savings  . 
A v a r i e t y  of methods have been proposed over t h e  years  f o r  reducing s o o t  

emissions ( 3 ) .  These methods include engine  modif ica t ions  such a s  f u e l  i n j  ec- 

t i o n  optimization,  combustion chamber shapes  and turbocharging; f u e l  modif i ca -  

t i o n s  such a s  t h e  use  of w a t e r  i n j e c t i o n ,  f u e l  a d d i t i v e s ,  and f u e l  fumigation;  

and more recen t  sugges t ions  which stress exhaust  t rea tments  inc luding " t rap  

ox id ize r s"  s i m i l a r  t o  c a t a l y t i c  c o n v e r t e r s  and v a r i o u s  types  of r e p l a c e a b l e  

f i l t e r s .  Fuel blending such a s  methanol-diesel emulsions, a s  wel l  as s e p a r a t e  

in t roduct ion of methanol, have a l s o  been t r i e d .  

I n  t h e  d i e s e l  engine  t h e  a i r  charge  i s  compressed t o  a h igh  temperature 

and pressure,  preceeding f u e l  i n j e c t i o n  and combustion begins spontaneously 

s h o r t l y  a f t e r .  The rate of  burning and h e a t  r e l e a s e  is  con t ro l l ed  by t h e  

r a t e  of f u e l  a i r  mixing. This  mixing-limited opera t ion  l e a d s  t o  no t  only  many 

of t h e  d i e s e l ' s  d e s i r a b l e  c h a r a c t e r i s t i c s  but  a l s o  t o  hot ,  f u e l  r i c h  zones 

d e s p i t e  t h e  a i r  charge  being i n  excess  o f  t h e  s to ich iomet r i c  requirements.  

Cracking occurs, l e a d i n g  t o  soot  format ion i n  t h e s e  f u e l  r i c h  zones. Th i s  can 



be  perceived a s  an autothermal  cracking process  i n  which hea t ,  from combustion 

of t h e  f u e l ,  se rves  t o  c rack  t h e  remainder endothermally ( s i m i l a r  t o  t h e  manu- 

f a c t u r e  of e thylene  and ace ty lene  v i a  t h e  p y r o l y s i s  of hydrocarbons ( 4 ) ) .  

Carbon nucleus ---3)soot 

Auto thermal cracking 

Fuel  - C2H2 c y c l i z a t i o n  T 
aromat ics  -wolynuclear 

aromat ics  
pyro lys i s  

polysnes 

polymerizat ion 
T 

C2H4.-. o l e f i n s  
& 

dienes  

A l l  of t h e  soot  formed is not  emit ted as some of it i s  combusted i n  l a t e r  p a r t s  

of  t h e  engine cycle .  It has long been recognized t h a t  t h e  engine maximum load  

is l imi ted  by excess ive  smoking a t  o v e r a l l  a i r  f u e l  r a t i o s  s t i l l  w e l l  above 

s to ich iomet r i c  . 
Since a p r e c i s e  mechanism of soo t  formation dur ing  combustion i n  a d i e s e l  

engine  is  n o t  compietely def ined,  a t e n t a t i v e  approach was formulated r e l a t i n g  

t h e  p a r t i a l  combustion of l i q u i d  hydrocarbons t o  t h e  i n i t i a t i o n  of soot  forma- 

t i o n  in  t h e  d i e s e l  combustion process.  There i s  ample evidence t h a t  soo t  formed 

in combustion processes  c o n s i s t s  of  a mixture  of s u r f a c e  and gas  formed carbons  

(S), t h e r e f o r e ,  t h e  i n f l u e n c e  of both  homogeneous and wa l l  r e a c t i o n s  i n  t h e  

combustion chamber were considered i n  o r d e r  t o  d e f i n e  t h e  f u e l  and engine  pro- 

p e r t i e s  which c o n t r i b u t e  t o  t h e  formation of p a r t i c u l a t e  mat ter .  

EXPERIMENTAL 

Complete combustion must be a t t a i n e d  i f  s o o t  i s  t o  be  avoided and t h e  in-  

t roduc t ion  of  e i t h e r  oxygen c a r r i e r s  o r  c a t a l y t i c  su r faces ,  which would in-  

c r e a s e  t h e  p r o b a b i l i t y  of con tac t  between f u e l  and oxygen could in f luence  t h e  

formation of soot  i n  t h e  combustion chamber. The a d d i t i o n  of hydroxyl (OH) 



c a r r i e r s  t o  t h e  f u e l  was f e l t  t o  be a d i r e c t  way t o  v e r i f y  o r  i l l u s t r a t e  t h e  

proposed chemistry. The p o s s i b l e  c a t a l y t i c  in f luence  of w a l l  and va lve  mate- 

r i a l s  t o  promote t h e  su r face  i g n i t i o n  of carbon and soo t  p recursor  was a l s o  

inves t iga ted .  

FXPERIMENTAL DETAILS 

A standard Waukeska CFR engine coupled t o  a D.C. dynamometer w a s  used i n  

t h e  tests. Cetane was used ins tead  of d i e s e l  o i l  a s  f u e l  f o r  obvious chemical 

reasons and n-butanol was used a s  t h e  f u e l  add i t ive .  The engine  was operated 

a t  t h e  ASTM Cetane number test  cond i t ions  making a concer ted  e f f o r t  t o  keep 

t h e  engine opera t ing  v a r i a b l e s  constant .  Typical  engine  o p e r a t i n g  condi t ions  

were: speed, 900 rpm; f u e l  flow, 13 ml/min., compression r a t i o ,  1 9 : l  , ( see  t a b l e  

f o r  each t e s t ) .  

Sampling of t h e  eng ine ' s  p a r t i c u l a t e  e f f l u e n t  was done by drawing 15.6 

1. p.m. through a 47mm Mil l ipore  FA f i l t e r  d i r e c t l y  from t h e  exhaust  flow, 

( see  Figure  1 ) .  This procedure minimized d i s t o r t i o n  of t h e  sample and main- 

t a ined  t h e  i n t e g r i t y  of t h e  structural ly-weak f i l t e r  w i t h  no p a r t i c u l a t e  

break-off. The f i l t e r s  w e r e  e q u i l i b r a t e d  a t  constant  humidity and weighed t o  

determine t h e  soo t  by d i f fe rence .  Dupl ica te  samples w e r e  r ep roduc ib le  t o  b e t t e r  

than 10% and a t  least two samples were taken t o  each d a t a  p o i n t .  

After  t h e  cetaneln-butanol  mixtures were s tud ied ,  t h e  engine  was dismantled 

and platinum w a s  deposi ted  onto t h e  p i s t o n  crown and v a l v e  f a c e s  by vacuum sput- 

t e r i n g  t o  a th ickness  of approximately 6,000 % w i t h  an  MRC model SEM-8620 RF 

B i a s  spu t t e r -e tch  module. P r i o r  t o  i n s e r t i o n  in t h e  chamber t h e  components 

w e r e  cleaned mechanical ly i n  a g l a s s b l a s t e r  and washed w i t h  ace tone  and a lcohol  

a s  a f i n a l  s t ep .  Sput.ter e t ch ing  was no t  poss ib le .  

RESULTS AND DISCUSSION 

U s e  of Alchols 

The technology of a lcoho l  f u e l s  u t i l i z a t i o n  i n  d i e s e l  engines  i s  not  nea r ly  

a s  advanced a s  t h a t  f o r  spa rk  i g n i t i o n  engines.  S ince  our t e n t a t i v e  approach 

t o  homogeneous soo t  formation may be convenient ly  formulated i n  terms of t h e  

f r e e  r a d i c a l  theory  of t h e  cracking of hydrocarbons (6 ) ,  a l c o h o l  could suppress 

t h e  formation of soo t  by providing s p e c i e s  which remove o r  r e t a r d  r a d i c a l  f u e l  

pyro lys i s  in termedia tes .  



Alcohols Action 

1. Radical  Re ta rda t ion  

a. T r a n s f e r  agen t  

P + RCHO ,-j RCO + P H  

b . Copolymerization agent  
0 

2. P recurso r  Trap 

a. r e a c t i o n  w i t h  ace ty lene  
OH 

b . i n h i b i t s  d iene  c y c l i z a t i o n  r e a c t i o n s  

c. r e a c t i o n  w i t h  aromatic r a d i c a l s  OH 

The observed d a t a  a s  presented  in F igure  2 ,  r e v e a l  a  r a p i d  and then grad- 

u a l  decrease  in soot  w i t h  n-butanol a d d i t i o n  w i t h  a n  optimum 3040% r educ t ion  

a t  % 7% n-butanol a d d i t i o n .  S imi la r  r e s u l t s  w e r e  observed when us ing conven- 

t i o n a l  d i e s e l  f u e l  and e t h a n o l  mixtures  (F igure  3 ) .  

Although r e c e n t  tests us ing  methanol and e t h a n o l / d i e s e l  emulsions have 

shown p a r t i c u l e  r e d u c t i o n  (7 ,8) ,  t o  o u r  knowledge this r e p r e s e n t s  t h e  f i r s t  

sys temat ic  i n v e s t i g a t i o n  of  s p e c i f i c  a l c o h o l  a d d i t i o n  ve r sus  r educ t ion  of soo t  

p a r t i c u l a t e s  i n  a d i e s e l  engine. These r e s u l t s  seem t o  support  our  concept of 

c o n t r o l l i n g  t h e  gas-phase mechanism of soo t  format ion  u t i l i z i n g  t h e  r a d i c a l  

r e t a r d i n g  e f f e c t  of a l c o h o l s .  



Use of Metals 

C a t a l y t i c  cocbust ion  can promote t h e  oxidat ion  of long  c h a i n  hydrocarbons 

and soo t  precursors  minimizing polymer iza t ion  r e a c t  ions  which r e s u l t  i n  soo t  

formation. 

The mechanisn by which meta l  con ta in ing  f u e l  a d d i t i v e s  reduce  smoke is 

obscure  ( 9 ) ,  but  E r i t i s h  petroleum tests suggest that s u c c e s s f u l  soot  suppres- 

s a n t s  lower t h e  soot  i g n i t i o n  tempera ture  while o t h e r  i n e f f e c t i v e  a d d i t i v e s  

y i e l d  l i t t l e  change i n  t h i s  tempera ture  (10).  

Alkaline-earth me ta l  f u e l  a d d i t i v e s  such a s  barium s a l t s  a f f e c t  homogene- 

ous  soo t  formation i n  a manner s i m i l a r  t o  that proposed f o r  a l coho l s .  These 

me ta l s  which reduce soo t  i n  a l l  oxygen-fuel r a t i o s ,  a c t  by t h e  gas-phase c a t a -  

l y s i s  of t h e  deconposit ion of hydrogen o r  water vapor t o  y i e l d  hydroxyl 

r a d i c a l s  (11) . - .- . . . ..*' +,-. 

Other e f f e c t i v e  m e t a l  f u e l  a d d i t i v e s  such a s  molybdemum, tungsten  and .. - 
L . l  - .'.. 

chromium perform only  a t  h igh  oxygen-fuel r a t i o s ,  (>.9) sugges t ing  a d i f f e r e n t  

mechanism f o r  t h e i r  a c t i o n  (11). It i s  our content ion  t h a t  t h e s e  meta ls  a c t  a s  

s u r f a c e  c a t a l y s t s  in t h e  combustion process .  
.. ".. 

Ear ly  exp lo ra to ry  work on s u r f a c e  combustion has shown t h a t  hot  s u r f a c e s  

have t h e  c a p a b i l i t y  of a c c e l e r a t i n g  combustion a t  t h e  boundary region between . , . I.- 

gaseous and s o l i d  phases (12). Considering that t h e  n a t u r e  of  t h e  r e a c t o r  w a l l  

has a s i g n i f i c a n t  e i f e c t  on t h e  r a t e  of carbon formation and,  t h e  composition 

of t h e  e x i t  gas  in a cracking r e a c t o r  (13), t h e  ox ida t ion  p r o p e r t i e s  of t h e  

combustion chamber s u r f  a c e  could determine  t h e  quan t i ty  and q u a l i t y  of t h e  

p a r t i c u l a t e  emissions i n  a d i e s e l  engine.  

Since a n  ox ida t ion  c a t a l y s t  s e r v e s  a s  t h e  source of oxygen t r a n s f e r r e d  

t o  t h e  r e a c t a n t  molecule, t h e  most important  p r o p e r t y . g e n e r a l l y  ascr ibed t o  a 

combustion c a t a l y s t  i s  its a b i l i t y  t o  d isso 'c ia te  oxygen molecules  i n t o  adsorbed 

oxygen atoms. If t h e  formed oxide  can be  reduced by t h e  hydrocarbon t o  a lower 

oxide  o r  t h e  m e t a l l i c  state, t h e  me ta l  w i l l  funct ion  a s  a n  a c t i v e  c a t a l y s t .  

W e  wish t o  propose a novel  y e t  s imple  mechanism which would provide a 

u n i f i e d  p i c t u r e  capable of  exp la in ing  o r  p red ic t ing  c a t a l y s t  behavior. The 

b a s i s  f o r  this hypothes is  was genera ted  from var ious  s t u d i e s  i n  slow combustion, 



which neglected w a l l  e f f e c t s  i n  e l u c i d a t i n g  t h e  mechanism and understanding 

t h e  chemistry of combustion (14).  

This  proposal starts w i t h  t h e  assumption t h a t  oxygen must become a c t i v a t e d  

upon a surface ,  M ( s t e p  - A).  Th i s  may be  t h e  meta l  i n  ca ta lyzed combustion o r  

even t h e  wa l l s  of t h e  r e a c t i o n  v e s s e l .  It h a s  been found t h a t  r e a c t i o n  i n i t i a -  

t i o n  i n  t h e  absences of walls may be s e v e r e  (15) and most r a d i c a l  mechanisms 

u s e  t h e  wa l l s  t o  conver t  in te rmedia tes  t o  p roduc t s  (6) .  

The carbonaceous m a t e r i a l  (e.g., e t h y l e n e  i n  diagram) r e a c t s  w i t h  t h e  sur-  

f a c e  oxygen forming a s a t u r a t e d  in te rmedia te  (B) which undergoes carbon-carbon - 
bond cleavage t o  g i v e  t h e  oxymethylene s p e c i e s ,  (2). This  would be a s s o c i a t e d  

w i t h  t h e  induction per iod of combustion, and would be an  exothermic r e a c t i o n .  

This  spec ies  would exp la in  why formaldehyde, which would chemisorb on a s u r f a c e  

in t h i s  manner, i s  r e s p o n s i b l e  f o r  branching (F) in t h e  combustion of many - 
s imple  f u e l s  (16). S imi lar ly ,  s a t u r a t e d  hydrocarbons could form aceta ldehyde as 

an in te rmedia te  ( I ) .  - The a d d i t i o n  of formaldehyde o r  acetaldehyde t o  a hydro- 

carbon combustion r e a c t i o n  should e l i m i n a t e  t h e  induc t ion  period and indeed t h i s  

is t h e  case  in t h e  ox ida t ion  of e thane (17). The p o s s i b l e  r e a c t i o n  p a t h s  of 

t h e  oxymethlyene in te rmedia te  r e s u l t  in t h e  v a r i o u s  products  observed i n  t h e  

slow combustion of e thy lene  (16). 

Carbon dioxide  a r i s e s  from t h e  r e a c t i o n  of t h e  oxygen coordinated carbon 

monoxide with su r face  oxide  (G). - This  s t e p  i s  c o n s i s t e n t  wi th  t h e  mechanism 

of carbon monoxide o x i d a t i o n  C18). Carbide o r  soo t  formation occurs (H) when - 
t h e  adjacent  su r face  oxide  is n o t  p resen t  (e.g., t h r u  reduc t ion) .  I f  t h e  oxide  

s i t e  were a v a i l a b l e  soo t  format ion would b e  reduced. 

An i n t e r e s t i n g  f e a t u r e  of  t h i s  scheme is t h a t  it  is  c l o s e l y  r e l a t e d  t o  t h e  

r e c e n t l y  proposed oxide Fischer-Tropsch (.F-T) mechanism (19). Since both  pro- 

p o s a l s  assume s i m i l a r  r e a c t i o n  in te rmedia tes  c o r r e l a t i o n s  of n e t a l  c a t a l y s t s  

should be  noted. Indeed, m e t a l s  t h a t  form s t r o n g  ox ides  a r e  not  good F-T 

c a t a l y s t s  and w i l l  i n h i b i t  t h e  ox ida t ion  of carbon.  This  r e l a t i o n s h i p  is 

p a r t i c u l a r l y  a t t r a c t i v e  in t h e  examination of c o n t r o l l e d  combustion f o r  chemical 

conversion.  

I n  view of t h e  w e l l  known combustion c a t a l y t i c  e f f e c t s  of platinum (20) 

t h e  coa t ing  of t h e  combustion chamber s u r f a c e s  wi th  platinum was t r i e d .  



The p l a t inum coa ted  combustion s u r f a c e  produced % 40% r e d u c t i o n  i n  s o o t  

w i th  no a l c o h o l  a d d i t i o n .  Addi t ion  o f  a l coho l  t o  t h e  p l a t i n i z e d  r e a c t o r  was 

found t o  f u r t h e r  reduce  s o o t  w i t h  r e d u c t i o n  up t o  % 80% be ing  measured ( s e e  

F igure  4 ) .  
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The c y c l i c  oxygen t r a n s f e r  mechanism appears  t o  o f f e r  reasonable  explanat ions  

of these  r e s u l t s  s i n c e  t h e  f r e e  energy decrease  on reduc t ion  of i r o n  oxides  

with carbon (or  hydrocarbons) i s  l e s s  than t h a t  f o r  t h e  reduc t ion  of platinum 

oxide. Because p la t inum will markedly lower t h e  i g n i t i o n  temperature of 

carbon (21) and promote u l t r a l e a n  combustion of hydrocarbons, (20) s o o t  and 

unburned f u e l  r each ing  t h e  p l a t i n i z e d  combustion chamber s u r f a c e  could  be 

p a r t i a l l y  o r  completely oxidized leading t o  reduced p a r t i c u l a t e  emissions.  

Heterogeneous r e a c t i o n s  of t h i s  s o r t  w i l l  be l imi ted  by t h e  amount of carbon 

reaching t h e  s u r f a c e  by molecular and t u r b u l e n t  t r a n s p o r t  but  may produce 

products which a l s o  a f f e c t  t h e  homogeneous chemistry. That is, r e a c t i o n  i n t e r -  

mediates i n i t i a l l y  formed at the sur face ,  bteakof f to take p a r t  i n  homogeneous 

reac t ions .  This chemis t ry  would be s i m i l a r  t o  t h e  a c t i o n  of a lcoho l  described 

e a r l i e r  . 
After e i g h t  hours  of continuous opera t ion  t h e  plat inum coated s u r f a c e  was 

l o s t ,  and t h e  observed soot  emission found t o  be  i d e n t i c a l  wi th  t h e  o r i g i n a l  

i r o n  surfaced p i s t o n  and va lves .  Although t h e  p r e c i s e  mechanism by which t h e  

platinum was removed i s  unknown, w e  b e l i e v e  that s u r f a c e  i m p u r i t i e s  such a s ,  

i r o n  carbon .and o x i d e  may have caused problems i n  t h e  platinum adhesion s ince  

no s t r i n g e n t  c l e a n i n g  of  t h e  p i s t o n  crown w a s  performed p r i o r  t o  c o a t i n g .  

Thermal expansion d i f f e r e n c e s  o r  excess ive  v i b r a t i o n  would a l s o  have d e l e t e r i o u s  

e f f e c t s  (22). 

The s h o r t  s e r v i c e  l i f e  may a l s o  be asc r ibed  t o  p e n e t r a t i o n  by poisons o r  

oxygen through t h e  c a t a l y t i c  l i n i n g  w i t h  r e s u l t i n g  p i t t i n g  o r  corroding of t h e  

i r o n  a l l o y  composing t h e  p i s ton .  To overcome t h i s  a hard, smooth, non-cata ly t ic  

and non-absorbt i v e  c a p  of low corroding p r o p e r t i e s  ( e  .g . , chrome-iron) should 

be in terposed between t h e  c a t a l y s t  and t h e  coated body (23). 

CONCLUSION 

This  work towards reducing soo t  emission from d i e s e l  engines  suggests  t h a t  

both homogeneous and heterogeneous approaches a r e  f e a s i b l e .  The homogeneous 

approach c o n s i s t e d  i n  mixing small  q u a n t i t i e s  of a l coho l  w i t h  t h e  f u e l  and the  

heterogeneous approach cons i s t ed  of coa t ing  p a r t s  of t h e  combustion chamber 

(bounding) s u r f a c e  w i t h  an ox ida t ion  c a t a l y s t  l i k e  plat inum. Both approaches 

produced s i g n i f i c a n t  r educ t ions  i n  soot  emissions. These tests  w e r e  conducted 



over  a small  range of o p e r a t i o n  i n  a s i n g l e  c y l i n d e r  engine ( a  CFR type) ,  w i t h  , 

most of t h e  t e s t i n g  done us ing  pure c e t a n e  a s  f u e l  a t  cons tant  speed, and l o a d .  

Although t h e  engine and t e s t  cond i t ions  are n o t  r e p r e s e n t a t i v e  of an automotive 

d i e s e l  engine, t h e  r e s u l t s  may be u s e f u l  t o  a s s e s s  t h e  f e a s i b i l i t y  of soo t  re- 

duc t ion  i n  automotive and t r u c k  diesel .  engines ,  u s i n g  t h e s e  methods. 

The major f e a t u r e s  of t h e  r e a c t i o n  mechanisms proposed f o r  both  f u e l  

a d d i t i v e  and s u r f a c e  c a t a l y s t  e f f e c t i v e n e s s  could b e  app l i ed  t o  va r ious  com- 

bus t  ion problems. 
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FIGURE 3. DIESEL FUEL DATA 
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FIGURE 4. EFFECT OF CATALYST (PLATINUM) 



TABLE I 

SOOT EXSSION MEASUREMENTS AS A FUNCTION OF 

ADDITION OF N-BUTANOL TO A CONVENTIO??AL (IRON) CFR ENGINE 

PERCEITT 
ALCOHOL 
AIlDL Tf ON HP RPM ADVANCE DELAY 

a 
Soot samples taken for 30 seconds ( see  experimental sect ion for d e t a i l s ) .  

b ~ n  degrees. 



TABLE 11 

SOOT EMISSION MEASUREMENTS AS A FU:?CTION O F  A D D I T I O N  O F  N-BUTANOL TO CFR 

ENGINE WITH PLATINUM COATED P I S T O N  CROWN AND V A L E  FACES 

PERCENT 
ALCOHOL 
A D D I T I O N  

ENGINE OPERATING COYDI'~i.UNS 
IN JECTIOS~  IGNITION^ 

EP RPM ADVANCE DELAY 

a 
Soot samples taken f o r  30 seconds ( s e e  experimental  sec t ion  f o r  d e t a i l s )  . 
b ~ d  degrees.  
C Platinum coa t ing  l o s t  from sur faces .  




