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J .  Brynestad 

ABSTRACT 

Data were compiled on t h e  s t a b i l i t y  and formation 
r a t e s  of i r o n  and n i c k e l  carbonyls .  The d a t a  demonstrate 
t h a t  carbonyl  formation i n  s t e e l  p ipes  is  governed l a r g e l y  
by k i n e t i c s .  The r a t e  of carbonyl  formation i s  a f u n c t i o n  
of s e v e r a l  f a c t o r s :  temperature,  p r e s s u r e ,  gas f low 
r a t e ,  gas composition, i m p u r i t i e s  i n  t h e  gas ,  a l l o y  compo- 
s i t i o n ,  s u r f a c e  condi t ions ,  and pre t rea tment  of t h e  s u r f a c e s .  
An eva lua t ion  of techniques f o r  d e t e c t i n g  i r o n  and n i c k e l  
carbonyls  i n  gases  showed a tomic .absorp t ion  spectroscopy 

t o  be a h ighly  e f f e c t i v e  (% 1 ppb),  almost ins tan taneous  
a n a l y t i c a l  technique. Carbonyl formation i n  p i p e  s t e e l s  
seems t o  be  prevented mainly by t h e  use of s t e e l s  w i th  

h igh  chromium con ten t s ,  by l i n i n g  t h e  tubing wi th  copper,  

o r  by use of any s t a b l e  coa t ing  t h a t  prevents  t h e  carbon 
monoxide from d i r e c t l y  con tac t ing  t h e  metal .  

1. INTRODUCTION 

A p r o j e c t  i s  under way t o  determine the  k i n e t i c s  of t he  formation 

of i r o n  and n i c k e l  carbonyls  when carbon monoxide gas ,  i n  the  presence  

of hydrogen, con tac t s  s t r u c t u r a l  s t e e l s  a t  100--500°F (40-260°C). The 

f i r s t  s t e p  i n  t he  p r o j e c t  i s  a survey of p e r t i n e n t  l i t e r a t u r e  on 

r e l a t e d  thermodynamics, k i n e t i c s ,  and a n a l y t i c a l  chemistry.  This  is  

the  r e p o r t  of t h a t  survey. 

I ron  and n i c k e l  carbonyls  a r e  formed by t h e  a c t i o n  of carbon 

monoxide gas upon a l l o y s  and o r e s  t h a t  con ta in  i r o n  and n i c k e l .  The 

presence of i r o n  and/or  n i c k e l  carbonyl  i n  process  gases  may have 

s e r i o u s  consequences. Apart from t h e i r  t o x i c i t y ,  t h e s e  carbonyls  

may cause problems by the depos i t i on  of meta l  oxides i n  gas  bu rne r s ,  



by p l a t i n g  ou t  me ta l  a t  h ighe r  temperatures  by decomposition, o r  by 

t h e  formation of d e p o s i t s  of r e a c t i o n  products  between the  carbonyls  

and o t h e r  i m p u r i t i e s  i n  t h e  gases .  

Rather  l i t t l e  is  known i n  d e t a i l  about t h e  r a t e  of carbonyl  

format ion  under v a r i o u s  condi t ions .  It seems t o  be w e l l  e s t a b l i s h e d ,  

however, t h a t  u n l e s s  s p e c i a l  s t e p s  a r e  taken t o  i nc rease  the  r a t e  of 

carbonyl  formation,  t h e  r a t e  of i r o n  carbonyl formation i n  most ca ses  

i s  s o  low t h a t  thermodynamic equi l ibr ium is  n o t  reached. 
I 

Information found i n  t h e  l i t e r a t u r e  p e r t i n e n t  t o  t he  formation 

of i r o n  and n i c k e l  carbonyl  from p ipe  s t c e l s  i s  surveyed i n  t he  

fo l lowing  chap te r s :  

2. Thermodynamic d a t a  , 
3. K i n e t i c  in format ion ,  

4. Ana ly t i ca l  t echniques  inc luding  our  own obse rva t ions ,  

5 .  P o s s i b l e  methods f o r  t h e  prevent ion  of carbonyl formation,  

6 .  Conclusions. 

The compi la t ion  of l i t e r a t u r e  r e f e rences  i s  no t  exhaus t ive ,  a s  

t h i s  would imply a  c o l l e c t i o n  of hundreds of p u b l i c a t i o n s  t h a t  a r e  

only  margina l ly  i n fo rma t ive  f o r  t h i s  p r o j e c t .  Rather ,  we have t r i e d  

t o  minimize t h e  number of p u b l i c a t i o n s  by inc luding  only those  wi th  

informat ion  d i r e c t l y  p e r t i n e n t  t o  t h e  p r o j e c t .  By doing t h i s  one ad- 

m i t t e d l y  runs  t h e  r i s k  of omi t t i ng  m a t e r i a l  that the i n d i v i d u a l  r eade r  

might cons ider  r e l e v a n t .  For example, t h e  preponderance of r e f e rences  

t o  a n a l y t i c a l  methods f o r  i r o n  and n i c k e l  carbonyl  has  been omit ted 

because they  a r e  no t  s e n s i t i v e  enough f o r  t h i s  p r o j e c t .  However, ChemicaZ 

Abstracts and Chemical T i t l e s  have been screened up t o  mid-April 1976. 

2. THERMODYNAMIC DATA 

2 . 1 .  IRON PENTACARBONYL 

I r o n  pentacarbonyl  a t  room temperature i s  a v i scous ,  p a l e  yellow 

l i q u i d . '  It c r y s t a l l i z e s  a t  about  - 2 0 " ~ ~  and a t  atmospheric p r e s s u r e  

b o i l s  about  102°C. It  i s  ve ry  tox ic .  2 



2.1.1. Vapor P re s su re  

The d a t a  by Trautz  and ~ a d s t < b e r ~  and by G i l b e r t  and sulzmann4 

a r e  i n  very good agreement. G i l b e r t  and Sulzmann's r e s u l t s  f o r  

temperatures  between -19 and 31°C may be  expressed a s  

' i o g  [ p  (Pa)]  = -2096 .7 /~ '+  10.6208, 

(1) 

l og  [p ( t o r r ) ]  = -2096.7lT + 8.4959 , 

where T i s  i n  Kelvins.  Resu l t s  by Trautz  and ~ a d s t i i b e r  f o r  temperatures  

between 0 and 104OC may be  expressed a s  

l og  [p  (Pa) 1 = -2050.71T + 10.4347 , 

l og  [p ( t o r r )  ] = -2050.7/T + 8.3098 . 

The c r i t i c a l  p o i n t  i s  about 285OC a t  about  29.6 atm, (3.0 MPa). 

2.1.2. Thermodynamic Functions 

The thermodynamic equi l ibr ium cons t an t  f o r  , t h e  equ i l i b r ium 

Fe ( s )  + 5C0 ( g )  * Fe (CO) 5 ( g )  (3) 

has  been c a l c u l a t e d  by Ross e t  a l .  ,' ' ~ ~ r k i n ,  and o t h e r s .  Ca lcu la t ions  

by Ross e t  a l .  g ive  f o r  t h e  equi l ibr ium above [Eq. ( 3 ) l :  

log  K = 8940lT - 39.09 

i n  terms of p re s su re s  i n  atmospheres. Syrk in ' s  d a t a  can be w r i t t e n  

( a l s o  i n  atmospheres) f o r  t h e  equi l ibr ium (3) above. 

l ug  E: = 1020GIT - 30.42 . 
6 



P i c h l e r  and walenda7 a l s o  c a l c u l a t e d  equi l ibr ium cons t an t s  f o r  

Eq. (3) .  However, t h e i r  c a l c u l a t i o n s  were based on r a t h e r  i naccu ra t e  

da t a ;  t h e i r  va lues  f o r  K a r e  about two o r d e r s  of magnitude l a r g e r  

than  those  c a l c u l a t e d  from d a t a  of Ross e t  a l . *  The same a p p l i e s  t o  

t h e  v a l u e s  given by Br ie f  e t  a l . :  

l o g  K = 10900/T - 32.672 , ( 6  

which was based on e s t i m a t e s  by Cooper e t  a1. The d a t a  of Ross e t  a l .  

a r e  presumably t h e  most r e l i a b l e .  

A s  w i l l  be  d i scussed  i n  Chap. 3,  an accu ra t e  knowledge of t h e  

e q u i l i b r i u m  cons t an t  does n o t  g ive  any information a s  t o  the  r a t e  of 

formation of i r o n  o r  n i c k e l  carbonyl.  It should a l s o  be taken i n t o  

c o n s i d e r a t i o n  t h a t  gas  mixtures  conta in ing  l a r g e  concent ra t ions  of 

i r o n  o r  n i c k e l  carbonyl  w i l l  be q u i t e  nonidea l ,  so  ;hat a d d i t i o n a l  

in format ion  ( o r  es ' t imates)  must be invoked t o  c a l c u l a t e  r e l i a b l e  

equ i l i b r ium concen t r a t ions  from thermodynamic da t a .  

2.2. NICKEL TETRACARBONYL 

Nickel  carbonyl  a t  room temperature is  a c o l o r l e s s ,  v o l a t i l e  

l i q u i d  w i t h  extreme toxic it^.^ It m e l t s  a t  -17.2OC and b o i l s  a t  42.2OC 

a t  atmospheric  p re s su re .  1 0 9 1 1  

2.2.1. Vapor Prcoourc 

~ a l s h ' s  da ta"  f o r  t h e  vapor p re s su re  over l i q u i d  n i c k e l  t e t r a -  

carbonyl  i n  t h e  temperature range 0 t o  35.1°C g ive  

l o g  p (Pa) = 10.0092 - 1578lT . 

l o g  [ p  ( t o r r ) ]  = 7.8843 - 1578lT 

*Note t h a t  t h e  way of p re sen t ing  equ i l i b r ium cons t an t s  used by 

P i c h l e r  and Walenda is  the  inve r se  of t he  convent ional  p re sen ta t ion .  



This is  i n  good agreement w i th  Suginuma and Sa tozak i ' s  d a t a  
1 0 ,  1 2  

i n  t h e  temperature range 0 t o  25°C: 

l og  p ( t o r r )  = 7.878 - 1574.49/T 

l o g  p (Pa) = 10.003 - 1574.49/T . 

The experimental  va lue  of t h e  c r i t i c a l  temperature l o  l i e s  between 

191 and 195°C. 

2.2.2. ~ h e r m o d ~ n a m i c  Functions 
.,. . 
V' 

The thermodynamic func t ions  f o r  t he  equi l ibr ium 

N i  ( s )  + 4CO(g) + N i  (CO) I,  (g) (9 

have been e v a 1 u a t e d . b ~  a number of au tho r s ,  t h e  most r e c e n t  be ing  Kipnis 

and Mikhailova, ' who f i n d  t h e  most probable va lues  t o  be: 

= -142.3 kJ/mole = -34.0 kcal/mole 

m0298 = 419.2 J mole" k-' = -100.2 e .u .  

4: 
--.If one assumes AC t o  be zero t h e s e  va lues  g ive  f o r  t h e  equ i l i b r ium 

P 

cons tan t  : 

l o g  K = 7430/T - 21.90 

Ross et al.' obtained 

l og  K = 8546/T- 21.64 (11) 

Equations (10) and (11) imply p re s su res  measured i n  atmospheres. 



The d iscrepancy  i s  due t o  a  d i f f e r e n c e  i n  t h e  assumed va lue  of AH0298.  

Experimental ly  ob ta ined  va lues  f o r  Af!0'298 a r e  s t r o n g l y  dependent upon 

t h e  p h y s i c a l  s t a t e  of t h e  n i c k e l  meta l  used i n  t h e  experiment,  a s  f i n e l y  

d iv ided  n i c k e l  uniformly g ives  h ighe r  (absolu te)  va lues  than  compact 

n i c k e l .  Thus Kipnis  and Mikhai lova 's  d a t a  a t  p re sen t  seem t o  b e  t h e  

most r e l i a b l e .  

3. KINETIC DATA 

A s  e a r l y  as 1891 Roscoe and scudder14 had r epor t ed  t h a t  water  gas 

a t  room temperature and 0 .8  MPa (8 atm.) p re s su re  i n  a  carbon s t e e l  

c y l i n d e r  r eac t ed  wi th  t h e  c y l i n d e r  w a l l s  t o  form i r o n  carbonyl .  Within 

about  a month t h e  gas contained about  2.4 mg/l ( ' ~960  ppm*) of i r o n  as 

i r o n  carbonyl.  s t o f f e l ' =  (1914) i n v e s t i g a t e d  t h e  r e a c t i o n  between 

carbon monoxide and f i n e l y  .divided i r o n  (pyrophoric) a t  gas p re s su re s  

of 0.5--2 atm (50 t o  200 kPa) and i n  t h e  temperature range 20 t o  80°C. 

He found t h a t  adsorbed i r o n  carbonyl  on the  meta l  s u r f a c e  lowered 

t h e  r e a c t i o n  r a t e  d r a s t i c a l l y ,  and t h a t  t he  r e a c t i o n  r a t e  w a s  approxi- 

mately p r o p o r t i o n a l  t o  t h e  square  of t h e  carbon monoxide p re s su re .  

Mond and wallis16 (1922) r eac t ed  pyrophoric i r o n  wi th  carbon 

monoxide i n  t h e  p r e s s u r e  range  100-300 atm (10 t o  30 M P ~ )  and i n  t h e  

tempera ture  range 130 t o  260°C, with  a  r e a c t i o n  time of 2 hr.  They 

obta ined  optimum y i e l d s  a t  200°C at  a l l  pres su res .  

~ i t t a ~ c h ' ~  (1928) r epo r t ed  t h a t  even sma l l  amounts of oxygen 

s t r o n g l y  r e p r e s s  i r o n  carbonyl  formation,  whereas hydrogen and ammonia 

i n c r e a s e  t h e  r e a c t i o n  r a t e .  P i c h l e r  and walenda7 (1940) i n v e s t i g a t e d  

i n  some d e t a i l  t h e  r e a c t i o n  between carbon monoxide and var ious  a l loyed  

s t e e l s ,  as w e l l  a s  unal loyed carbon s t e e l  and c a s t  i r o n .  They worked 

i n  t h e  p re s su re  range 150--1000 atm (15 t o  100 MPa). The e x t e n t  of carbonyl  

*p.p.m. w i l l  be understood a s  (volume f r a c t i o n  x l o 6 )  of t h e  gas 

i n  ques t ion .  



formation w a s  determined by measuring t h e  weight l o s s  of t h e  me ta l  

samples under both s t a t i c  and flowing gas condi t ions .  

Their  r e s u l t s  a r e  i n t e r e s t i n g  and w i l l  be d iscussed  i n  some d e t a i l :  

1. I n  agreement wi th  Mond and wallis' they found t h a t  t h e  

r e a c t i o n  r a t e  reached a  maximum a t  200°C. I n  t hese  experiments they 

used granula ted ,  unalloyed, 5-9g samples of low-carbon s t e e l  w i th  a 

g r a i n  s i z e  of 0.15 t o  0.30 mm i n  a  s t a t i c  atmosphere of CO wi th  10% 

N 2 ,  a t  a  s t a r t i n g  p re s su re  of 300 atm. (30 MPa) i n  a  100-ml au toc lave .  

The r e a c t i o n  time was 48 h r .  

It is important  t o  note  t h a t  equi l ibr ium was n o t  reached under 

t hese  condi t ions  except  poss ib ly  a t  250°C. The au tho r s  d i d  no t  

measure the  s u r f a c e  a r e a s  of t h e  samples,  bu t  one can make a n  order-of- 

magnitude e s t ima te  by assuming t h a t  &he granules  were a l l  shaped a s  

cubes of t h e  same s i z e .  This  g ives  f o r  a  1 cm3 n e t  volume of sample 

metal  ('L7.8g) a  s u r f a c e  a r e a  of 2  m2 f o r  a granule  edge s iz ' e  .of 0 .3 mm 

and 6 m 2  f o r  a  granule  s i z e  of 0 . 1  mm. Presumably, t h e  r a t i o  s u r f a c e  

area/volume f o r  an  "average" g r a i n  is  somewhat l a r g e r  than f o r  a  cube, 

so  t h a t  one may assume t h a t  t h e  s u r f a c e  a reas  of t h e i r  samples were 

i n  the  range from 5 t o  10  m 2 .  This  imp l i e s ,  t h a t  f o r  a  weight l o s s  

of about 30% of an  8-g sample, t h e  weight l o s s  p e r  u n i t  s u r f a c e  a r e a  

would be of t h e  o rde r  of 0 . 5 ~ / m ~  i n  48 h r .  ' 

2. A most important obse rva t ion  was t h a t  t h e  r e a c t i o n  r a t e  

depended upon t h e  gas flow r a t e .  Using a 14-mm-ID Pres su re  tube a s  a  

r e a c t i o n  chamber a t  150 atm (15 MPa) gas  p re s su re  and 200°C, they ' . 

observed t h a t  t he  a t t a c k  increased  by a  f a c t o r  of 5 .3 f o r  un t r ea t ed  

low-carbon s t e e l ,  and by a  f a c t o r  of 11.2 f o r  "pre t rea ted"  samples ( i . e . ,  

heated t o  a  "yellow glow" and quenched i n  wa te r ) ,  by inc reas ing  t h e  gas 

flow r a t e  from 2 l i t e r s l h r  up t o  100 l i t e r s l h r  [ r e f e r r e d  t o  1 atm 

(0.101 MPa) gas pressure] . . '  Since t h e  c r o s s  s e c t i o n  of t h e  r e a c t i o n  tube 

was 1.54 cm2 and t h e  p re s su re  150 atm (15 MPa), t h e s e  flow r a t e s  cor re-  

spond t o  l i n e a r  flow r a t e s  of 2.5 t o  125 mmlmin a t  150 and 200°C, 

not  count ing t h e  reduct ion  i n  t h e  c r o s s  s e c t i o n  caused by t h e  sample. . 

Fijiure 1 shows a p l o t  of e h e i r  r e s u l t s  i n  t h e i r  Tables 4 and 5,  i n  

terms of i r o n  l o s s  per  hour ve r sus  l i n e a r  flow r a t e .  
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Fig .  1. A t t a c k  of Low-Carbon S t e e l  a s  a Funct ion of Flow Rate .  



These r e s u l t s  show t h a t  t e s t s  on carbonyl  formation j n  s t a t i c  

atmospheres w i l l  n o t  g ive  informat ion  p e r t i n e n t  t o  condi t ions  wi th  

flowing gas.  Rather ,  one must keep flow r a t e s  high enough t o  be s u r e  

t o  be  loca t ed  on t h e  p l a t eau ,  where the  r a t e  of carbonyl  formation i s  

i n v a r i a n t  wi th  r e s p e c t  t o  the  flow r a t e .  Since t h e  n a t u r e  of t h e  

s u r f a c e  may change wi th  the  e x t e n t  of t he  (cor ros ive)  a t t a c k ,  thus  

changing t h e  formation r a t e ,  i t  seems important  a l s o  t o  s tudy  t h e  

time dependence of t h e  carbonyl  formation under cons t an t  e x t e r n a l  

condi t ions .  

3. There i s  i m p l i c i t  information i n  t h e i r  d a t a  t h a t  t h e  r e a c t i o n  

r a t e  depends on pressure .  Thei r  Tables 6 and 7 g ive  t h e  r e s u l t s  f o r  

the  a t t a c k  by ( s t a t i c )  C O Y  a t  200°C f o r  fou r  days du ra t ion  upon va r ious  

a l loyed  s t e e l s  a t  300 atrn (30 MPa) (Table 6) and 450 atrn (46 MPa) 

-- (Table 7).  A s t e e l  conta in ing  1.22% Nb, 0.15% C ( t e s t  5 ,  Table 6; t e s t  16 ,  

Table 7) was t e s t e d  a t  both p re s su res .  Assuming t h a t  t h e  r e s p e c t i v e  samples 

had t h e  same r a t i o  of s u r f a c e  a r e a  t o  weight,  and t h a t  t h e  s u r f a c e s  

of t h e  samples were i n  t h e  same " s t a t e " ,  t h e  a t t a c k  (weight 

l o s s / s u r f a c e  a r e a )  was 2.04 times l a r g e r  a t  450 atrn (46 MPa) than  a t  

300 atrn (30 MPa). This  corresponds t o  a carbon monoxide p re s su re  

dependence of p1 7 6  . This  i s  i n  reasonable agreement w i t h  s t o f f e l 1 5  
co 

who found a p re s su re  dependency of about pEo i n  t h e  0.5-2 atrn 

(50-200 kPa) range. 

4. By chemical a n a l y s i s  of t h e  carbonyls  from an  a l l o y  wi th  5% 

n i c k e l ,  they obta ined  the  r a t i o  F e ( C 0 ) 5 / ~ i ( C 0 ) 4  = 95.414.6 ( i . e . ,  t h e  

formation of n i c k e l  carbonyl  i s  n o t  p r e f e r r e d ) .  

5 .  By comparing t h e i r  200°C d a t a  of Tables 2 and 3 wi th  t h e i r  

d a t a  in T a h l e s  h and 7 ,  one arrives a t  t h e  conclus ion  t h a t  a l l  a l l oyed  

s t e e l s  t e s t e d  were much more r e s i s t a n t  than  the  "reference" low-carbon 

s t e e l  they used. 

6. The r e s u l t s  given i n  t h e i r  Table 10 f o r  d i f f e r i n g  gas 

compositions a r e  q u i t e  i n t e r e s t i n g .  These experiments were conducted 

wi th  rods 6 mm diam and 40 mm long ( t o t a l  s u r f a c e  a r e a  8 . 1  cm2) , a t  

1000 atrn (100 MPa) and 200°C, wi th  a l i n e a r  gas flow r a t e  of about 

2.5 mm/min ( a t  1000 atm, 200°C), 



and f o r  a  400-hr du ra t ion .  Two d i f f e r e n t  gas mixtures  were used, 

90% C O Y  10% N 2  and 60% H 2 ,  30% C O Y  10% N 2 .  

One conclusion t h a t  can be drawn from these  r e s u l t s  i s  t h a t  t he  

carbonyl  formation depends upon t h e  n a t u r e  of t he  gas mixture.  Although 

t h e  carbon monoxide p a r t i a l  p re s su re  i n  t he  H2-CO-N2 mixture is  only 

one- th i rd  t h a t  i n  t h e  CO-N2 mixture,  some of t he  a l l o y s  were considerably 

more a t t a c k e d  by t h e  H2-CO-N2-mixture due t o  a c a t a l y t i c  efk'ect by t h e  

hydrogen. However, no uniform t rend  can be de tec ted .  

The r e s u l t s  a l s o  i n d i c a t e  t h a t  high-chromium a l l o y s  a r e  q u i t e  

r e s i s t a n t  toward a t t a c k  i n  both  cases .  

I f  one assumes t h a t  t h e  r a t e  of carbonyl  formation i s  propor t iona l  

t o  7 6 ,  one may e x t r a p o l a t e  t hese  d a t a  t o  t he  condi t ions  of 1000 p s i  

(7 MPa), 2 0 0 " ~ .  This  g ives  a n  a t t a c k  r a t e  of 8.8 x t imes t h e  r a t e  

a t  1000 atm. Taking t h e  s u r f a c e  a r e a s  of t h e  samples i n t o  cons ide ra t ion ,  

and assuming t h a t  the  system was i n  "s teady s t a t e "  dur ing  the  experiment.  

t h i s  g i v e s  a  c a l c u l a t e d  i r o n  l o s s  a t  1000 p s i  and 200°C: 

LOSS (g m-2 year  - i )  240 Aw(g) , 

where AW is  t he  weight l o s s  i n  t h e i r  Table 10. I n  t h e  worst  case  r epo r t ed ,  

t h i s  would mean a  l o s s  of about  64 g m'2 f o r  a  0.5% Mo, 0.15% s t e e l .  

I f  one assumes t h a t  t h e  system was i n  s t eady  s t a t e  dur ing  t h e  experiment,  

t h e  weight  l o s s e s  AW l i s t e d  i n  t h e i r  Table 10  expressed a s  ppm . .  i r o n  

carbonyl  i n  the  gas ,  w i l l  be  

ppm 167 b ( g )  

I n  t h e  "worst" case  i n  t h e i r  Table 10,  At) = 0.268 g ,  so  t h a t  t h e  carbonyl  

con ten t  i n  t he  gas mixture was about 55 ppm. I f  the  same experiment had 

been run  a t  1000 p s i  (7 MPa) in s t ead  of a t  1000 atm (100 MPa), the  gas 

mixture would have conta ined  about 0.5 ppm carbonyl.  



These somewhat s p e c u l a t i v e  e x t r a p o l a t i o n s  i n d i c a t e  t h a t  i n  

o rde r  t o  conduct meaningful k i n e t i c  experiments a t  1 0 0 0 ' p s i  o r  l e s s ,  

one must be a b l e  t o  determine carbonyl  conten ts  i n  t h e  gas on t h e  

pa r t s -pe r -b i l l i on  l e v e l  wi th  a . r e a s o n a b l e  accuracy. Moreover, i t  

seems t o  be d e s i r a b l e  t o  keep the  r a t i o  (metal s u r f a c e  a r e a ) / ( g a s  volume) 

a s  l a r g e  a s  poss ib l e ,  depending upon t h e  s e n s i t i v i t y  of t h e  a n a l y t i c a l  

techniques employed. 

Hieber and ~ e i s e n b e r ~ e r "  (1950) observed t h a t  smal l  amounts of 

s u l f u r ,  selenium, o r  t e l l u r ium,  e s p e c i a l l y  H2S, i n  t h e  gas enhance the  

r e a c t i o n  r a t e  between carbon monoxide and i r o n .  In  t h e i r  experiments 

they used pyrophoric  i r o n  a t  200°C and 200 atm (20 MPa) ( i n i t i a l  p re s su re ) .  

Ludlum and ~ i s c h e n s "  (1973) r epo r t ed  t h a t  t h e  formation of 

carbonyl  by t h e  r e a c t i o n  of carbon monoxide wi th  the  components of 

s t a i n l e s s  s t e e l  ( type 304) poses a s p e c i a l  problem i n  t h e  i n f r a r e d  

s tudy  of adsorbed carbon monoxide because the bands due t o  carbonyls  

a r e  found i n  t h e  same s p e c t r a l  reg ions  a s  those due t o  carbon monoxide 

adsorbed on metals.  During 1-hr exposure t o  carbon monoxide a t  

700 t o r r  (93 kPa) and room temperature,  about 200 cm2 s u r f a c e  a r e a  

formed about 0.3 mg of adsorbed carbonyls  of n i c k e l ,  i r o n ,  and 

(presumably) chromium. The carbonyls were e a s i l y  removed by evacuat ion 

a t  25OC. 

. DETERMINATION OF SMALL AMOUNTS OF 

IRON AND NICKEL CARBONYL I N  GASES 

A number of a n a l y t i c a l  methods a r e  repor ted  i n  t he  l i t e r a t u r e  

f o r  t h e  q u a n t i t a t i v e  determinati.on of smal l  amounts of i r o n  and n i c k e l  

carbonyls  i n  gases.  Nickel  carbonyl  and i r o n  carbonyl a r e  extremely 

tox ic .  The maximum a l lowable  exposure t o  n i c k e l  carbonyl ,  Ni(CO),+, 

determined by an  8-hr weighted average,  has  been s e t  by t h e  Occupational 

Safe ty  and Heal th Administrat ion (OSHA)20 a t  1 ppb o r  7 pg ~ i ( c O ) , + / m ~  a i r  

(2 .5  Frg ~ j . / r n ~  a i r ) ,  and f o r  t h e  i r o n  carbonyl  a t  10 ppb o r  90 llg 

Fe(C0) 5 / m 3  a i r  (25 pg l?e/m3 a i r ) .  



To b e  u s e f u l  i n  monitor ing these  low concent ra t ions  t h e  a n a l y t i c a l  

method used must respond t o  much lower concent ra t ions  than the  maximum 

a l lowab le  va lue ,  and be usab le  even i n  the  presence of o t h e r  chemicals.  

It a l s o  must have a  s h o r t  response time, e s p e c i a l l y  i f  the  l e v e l s  of 

carbonyl  change apprec i ab ly  wi th  time. Since n i c k e l  carbonyl i s  t he  

more common hazard of t h e s e  two, and a l s o  by f a r  t he  most t o x i c ,  the  

main e f f o r t  has  been p u t  i n t o  developing monitoring methods f o r  n i c k e l  

carbonyl  i n  a i r  

Wernlund and cohen2 (19 75 ) r e p o r t  t h a t  Four ie r  Trans form Inf r a r e d  

Spectroscopy and Plasma Chromatography show promise f o r  monitoring n i c k e l  

carbonyl .  Their  plasma chromatograph monitor has  a  minimum d e t e c t a b l e  

concen t r a t ion  of n i c k e l  carbonyl  i n  a i r  of 0.022 ppb, lower than the  

.OSHA l i m i t  by a f a c t o r  of 45. The system time cons tan t  was repor ted  

t o  be  2 s e c .  Presumably, t h e i r  technique should be e a s i l y  adaptable  t o  

i r o n  carbonyl  a s  we l l .  

~ c ~ o w e l l ~ l  (1971) descr ibed  a  method f o r  determining n i c k e l  carbonyl  

vapors  by i n f r a r e d  spectrophotometry and claims . tha t  d e t e c t a b i l i t i e s  

i n  t h e  range of 1 t o  1 0  ppb should be  achievable  without  g r e a t  d i f f i c u l t y .  

However, h igh  p a r t i a l  p r e s s u r e s  of CO can i n t e r f e r e  w i th  accu ra t e  

measurements. 

B r i e f ,  e t  a1. 8 ' 2 2  (1965, 1967) eva lua ted  e x i s t i n g  wet chemical 

methods f o r  determining very  low l e v e l s  of n i c k e l  and i r o n  carbonyls  

i n  gases  and found i t  d e s i r a b l e  t o  develop more s e n s i t i v e  and r e l i a b l e  

methods. We have t e s t e d  t h e i r  methods a s  descr ibed ,  and found t h a t  

they a r e  as s e n s i t i v e  and r e l i a b l e  a s  repor ted .  

Densham e t  a1 .23  (1963) reviewed d i f f e r e n t  t e s t s  then  a v a i l a b l e  

f o r  determining n i c k e l  and i r o n  carbonyls  i n  gas s t reams,  mainly aimed 

a t  t h e  de te rmina t ion  of n i c k e l  and i r o n  carbonyls  i n  town gas ,  and 

they a l s o  descr ibed  new methods t h a t  they  had developed. Among these ,  

a tomic abso rp t ion  spectroscopy seems t o  be  of s p e c i a l  i n t e r e s t  t o  t h i s  

p r o j e c t ,  because t h i s  method, i f  a p p l i c a b l e ,  would permit  a n  on-l ine,  

p r a c t i c a l l y  i n s t an t aneous  monitor ing of i r o n  and n i c k e l  carbonyl  con ten t s  

i n  t h e  gas .  Considering t h a t  the  s t a t e  of t h e  a r t  i n  atomic abso rp t ion  

spec t roscopy has  been g r e a t l y  improved s i n c e  1963, one would assume 



tha.t t he  s e n s i t i v i t y  and accuracy of modern ins t ruments  a r e  about an  

o rde r  of magnitude b e t t e r  than t h a t  used by Densham e t  a l .  Thei r  

repor ted  d e t e c t i o n  l i m i t s  a r e  2 ppb f o r  n i c k e l  carbonyl  and 10 ppb 

f o r  i r o n  carbonyl.  . 

We have t e s t e d  t h e  atomic abso rp t ion  spectroscopy method wi th  

carbon monoxide conta in ing  44 ppb i r o n  carbonyl ,  us ing  a  Perkin-Elmer 

303 spectrophotometer.  The r e s u l t s  w a s  encouraging wi th  an  es t imated  

d e t e c t i o n  l i m i t  of about 0.5 ppb. By opt imizing t h e  cond i t i ons ,  i t  

should be p o s s i b l e  t o  o b t a i n  a  d e t e c t i o n  l i m i t  of about  0 . 1  ppb of 

i r o n  carbonyl  and s i m i l a r  o r  lower limits f o r  n i c k e l  carbonyl .  This  

method is  i d e a l l y  s u i t e d  t o  carbonyl  r e a c t i o n  r a t i o  s t u d i e s ,  s i n c e  i t  

a f f o r d s  an  immediate response t o  changes i n  t h e  concen t r a t ion  of meta ls  

i n  t he  gas.  This  i s  not  p o s s i b l e , f o r  wet chemical methods, where one 

must c o l l e c t  r a t h e r  l a r g e  gas volumes p e r  a n a l y s i s  (% 50 1 gas f o r  a  

40 ppb i r o n  carbonyl  l e v e l ,  and correspondingly l a r g e r  volumes f o r  

lower l e v e l s ) .  

Plasma chromatography probably i s  a much more s e n s i t i v e  method 

f o r  t h e  a n a l y s i s  of i r o n  carbonyl  than  atomic abso rp t ion  spec t ros -  

copy. However, good atomic absorp t ion  spectr,ophotometers a r e  com- 

merc i a l ly  r e a d i l y  a v a i l a b l e  and r e q u i r e  l i t t l e  time t o  pu t  i n t o  ope ra t ion ,  

whereas i t  would r e q u i r e  a  s u b s t a n t i a l l y  longer  t ime t o  e s t a b l i s h  

plasma chromatography as an o p e r a t i v e  method. f o r  t h i s  p r o j e c t .  

Four ie r  t ransform i n f r a r e d  spectroscopy i s  n o t  f e a s i b l e  f o r  t h i s  

p r o j e c t ,  both from t h e  viewpoint of t ime a s  w e l l  a s  c o s t .  I n  a d d i t i o n ,  

t he  method may n o t  be s u i t a b l e  i n  t h i s  case  because of i n t e r f e r e n c e  

by the carhnn monoxide. 

5. PREVENTION METHODS 

Very l i t t l e  d i r e c t  information e x i s t s  i n  t h e  l i t e r a t u r e  about 

methods f o r  prevent ing t h e  formation of i r o n  o r  n i c k e l  carbonyl  from 
.. . 

pipe  s t e e l s .  The usua l  e n g h e e r i n g  s o l u t i o n s  t o  t h e  problem seem t o  



be e i t h e r  t o  use  high-chromium s t e e l s  o r  t o  l i n e  the  p ip ing  wi th  a  

m a t e r i a l  t h a t  i s  i n e r t  t o  t h e  gas mixture and prevents  c o n t a c t  of 

CO w i t h  t h e  metal .  

P i c h l e r  and walenda7 mention t h e  use of copper a s  l i n e r s .  Perhaps 

more i n t e r e s t i n g  i s  t h e i r  obse rva t ion  t h a t  t h e  a t t a c k  of carbon monoxide 

upon t h e  s t e e l  seems t o  be  a  pure s u r f a c e  a r e a  e f f e c t ,  wi th  n o ' s p e c i a l  

p re fe rence  t o  g r a i n  boundaries ,  o r i e n t a t i o n  of the  g r a i n s ,  e t c .  This  

sugges t s  t h a t  evcn a r e l a t i v e l y  noncoherent coa t ing  of a  g a s - r e s i s t a n t  

m a t e r i a l  may s u b s t a n t i a l l y  suppress  the  carbonyl formation,  a s  t he  carbony1 

formation would be d i r e c t l y  p ropor t iona l  t o  t h e  a r e a  of the  exposed 

s t e e l  su r f ace .  For example, a  chemical t reatment  of  t he  s t e e l  s u r f a c e  

w i t h  a  copper s o l u t i o n ,  say  copper a c e t a t e ,  might cover t h e  s t e e l  

s u r f a c e  t o  99.9% o r  b e t t e r  w i th  copper. I n  t h e  c a s e  of a  high-chromium 

s t e e l ,  o x i d a t i o n  of t h e  s u r f a c e  t o  form a coherent  chromium oxide  l a y e r  . 

might prove very  e f f e c t i v e  i n  prevent ing  even t r a c e  l e v e l s  of carbonyls  

from be ing  formed. 

C l e a r l y  a  number of e f f e c t i v e  coa t ings  can be  envis ioned ,  s o  

t h a t  t h e  dec id ing  f a c t o r s  presumably w i l l  be those  of c o s t  and l i f e t i m e .  

6, CONCLUSIONS 

L i t e r a t u r e  d a t a  demonstrate t h a t  t h e  a t t a c k  upon p ipe  s t e e l s  by 

carbon monoxide i n  gas  mixtures  a t  moderate p re s su re s  [I-1000 atm (0.1-100 

m a ) ]  and moderate temperatures  (100-300°C) t o  form i r o n  and n i c k e l  

carbonyls  a r e  l a r g e l y  governed by k i n e t i c s  and n o t  by equ i l i b r ium 

thermodynamics. The r a t e  of a t t a c k  i s  a func t ion  of a l l o y  composition, 

the  s u r f a c e  cond i t i on  of t he  meta l  s u r f a c e ,  the gas composition, the  

gas f low r a t e ,  t h e  gas p r e s s u r e ,  and t h e  temperature wi th  a  maximum a t  

about  200°C. 

Modern a n a l y t i c a l  i n s t rumen ta l  techniques,  such a s  plasma 

chromatography, Four i e r  t ransform i n f r a r e d  spectroscopy,  and atomic 

abso rp t ion  spectroscopy a r e  a l l  a p p l i c a b l e  f o r  f a s t  a n a l y s i s  of t r a c e  

amounts of carbonyls  i n  gases .  The most p r a c t i c a l  method f o r  t h i s  p r o j e c t  

appears  t o  be atomic abso rp t ion  spectroscopy.  

. . 
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