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IKON AND NICKEL CARBONYL FORMATION 

LITERATURE SURVEY 
IN STEEL PIPES AND ITS PREVENTION -- 

3 .  Brynestad 

AUSTRACT 

Data w e r e  compiled on t h e  s t a b i l i t y  and format ion  
rates of i r o n  and n i c k e l  carbonyls .  The d a t a  demonstrate  
t h a t  carbonyl  format ion  i n  steel  p i p e s  i s  governed l a r g e l y  
by k i n e t i c s .  The rate of carbonyl  format ion  is  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 
rate ,  gas  composi t ion,  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  cond i t ions ,  and p re t r ea tmen t  of t h e  s u r f a c e s .  
An e v a l u a t i o n  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 atomic a b s o r p t i o n  spec t roscopy 
t o  be  a h igh ly  e f f e c t i v e  (Q 1 ppb),  a lmost  i n s t an taneous  
a n a l y t i c a l  t echnique .  Carbonyl format ion  i n  p i p e  steels 
seems t o  be prevented  mainly by t h e  use of steels wi th  
h igh  chromium c o n t e n t s ,  by l i n i n g  the tubing  wi th  copper ,  
o r  by use  of any s t a b l e  c o a t i n g  t h a t  p reven t s  t h e  carbon 
monoxide from d i r e c t l y  c o n t a c t i n g  t h e  m e t a l .  

1. INTRODUCTION 

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

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

of hydrogen, c o n t a c t s  s t r u c t u r a l  steels a t  100-500°F (4O-26O0C) ,  The 

f i r s t  s t e p  i n  the  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 tu re  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  i s  

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

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

monoxide gas upon a l l o y s  and ores  t h a t  c o n t a l n  i r o n  and n i c k e l .  

p resence  of i r o n  and/or  n i c k e l  carbonyl  i n  p rocess  gases  may have 

s e r i o u s  consequences. A p a r t  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  d e p o s i t i o n  of m e t a l  ox ides  i n  gas  burne r s ,  

The 
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by p l a t i n g  o u t  metal a t  h i g h e r  temperatures  by decomposition, o r  by 

the  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  ra te  o f  carbonyl. 

formation under v a r i o u s  c o n d i t i o n s .  It seems t o  be well 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  are taken  t o  i n c r e a s e  t h e  r a t e  of 

carbonyl  formation,  t h e  ra te  of i r o n  carbonyl  formation i n  most cases 

is  s o  low t h a t  thermodynamic equi.l.ibrium i s  not reached.  

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 h e  formation 

of i r o n  arid n i c k e l  carbonyl  from p i p e  steels i s  surveyed i n  t h e  

fo l lowing  chapters :  

2 .  Thermodynamic d a t a ,  

3 .  K i n e t i c  in format ion ,  

4 .  A n a l y t i c a l  techniques i n c l u d i n g  our own. o b s e r v a t i o n s ,  

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

6 a Conclusions.  

The compilat ion of l i t e r a t u r e  r e f e r e n c e s  i s  n o t  exhaus t ive ,  as 

t h i s  would imply a c o l l e c t i o n  of hundreds of pu1d.i-cations t h a t  are 

only mi2rgiriall.y in format ive  f o r  tliis p r o j e c t ,  Rather ,  we have t r i e d  

to  minimize t h e  number of p u b l i c a t i o n s  by i n c l u d i n g  only  those  w t t h  

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  rims t h e  r i s k  of o m i t t i n g  inaterial t h a t  t h e  i n d i v i d u a l  r e a d e r  

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

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 om.i.tted 

because they  are  n o 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, ChemkaZ 

Abstracts and Chemical T7:tles have been screened up t o  mid-April 1976. 

2 .  THERMODYNAMIC DATA 

2.1.  IRON PENTACARBONY'L 

I ron  pentacarbonyl a t  room temperature  5 s  a v i s c o u s ,  p a l e  yellow 

I t  c r y s t a l l i z e s  a t  about  - -2OoC, and a t  atmospheric  p r e s s u r e  l i q u i d .  

b o i l s  about 1 0 2 O C .  2 It i s  very  t o x i c .  
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2 .1 .1 .  Vapor P r e s s u r e  

The d a t a  by T r a u t z  and Badst6ber3 and by G i l b e r t  and Sulzmann4 

are 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  

tempera tures  between -19 and 31'C may b e  expressed as 

l o g  [ p  (Pa) ]  = -2096.7/7'+ 10.6208, 

l o g  [p ( t o r r ) ]  = --2096.7/IT -t- 8.4959 , 

where T is i n  Kelvins. 

between 0 and 104°C may b e  expressed  as 

R e s u l t s  by 'L'rautz and Badstiiber f o r  tempera tures  

l og  [ p  (Pa)] = -2050.7/T +- 10.4347 , 

l og  [ p  ( t o r r ) ]  = -2050.7/5!' + 8.3098 . 

The c r i t i c a l  p o j n t  i s  about  285°C a t  about  29.6 a t m ,  (3.0 Wa). 

2.1.2.  Thermodynamic Funct ions 

The thermodynamic equ i l ib r ium cons tan t  f o r  t h e  equ i l ib r ium 

Fe ( s )  + S C O ( g )  Pe(CO)5(g)  ( 3 )  

has been c a l c u l a t e d  by Ross e t  a1.,5 Syrkin ,  

by Ross e t  a l .  g ive  f o r  t h e  equ i l ib r ium above [Eq. (3 ) l r  

and o t h e r s .  Ca lcu la t ions  

log K = 8 9 4 0 / T -  30.09 

i n  terms of p r e s s u r e s  i n  atmospheres.  

(a l so  i n  atmospheres) f o r  t h e  equ i l ib r ium ( 3 )  above. 

Syrkin's d a t a  can be w r i t t e n  

( 4 )  

l o g  K = 10204/T - 30.42 . 
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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 c o n s t a n 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  w e r e  based on raLher i n a c c u r a t e  

da t a ;  t h e i r  v a l u e s  f o r  K arc about two o r d e r s  of niagnitude l a r g e r  

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

t h e  va lues  given by Brief e t  a l .  : 

l og  K = I.Q9QQ/T - 32.672 , ( 4 )  

which w a s  based on estimates by Cooper e t  a l . '  

are  presumably t h e  most re1iahl.e. 

The d a t a  of Ross e t  a l .  

A s  w i l l  be  d iscussed  i n  Chap. 3 ,  an a c c u r a t e  knowl.edge of t h e  

e q u i l i b r i u m  c o n s t a n t  does n o t  g i v e  any informat ion  as  t o  t h e  ra te  of 

formation o f  i r o n  o r  n i c k e l  carbonyl .  TI: 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  contaiai i ig  l a r g e  c o n c e n t r a t i o n s  of 

i r o n  o r  n i c k e l  carbonyl  b r i l l  b e  q u i t e  nonidea l ,  so t h a t  add i t iona l .  

in format ion  (o r  e s t i m a t e s )  must be  invoked t o  ca l cu l . a t e  r e l i a b l e  

e q u i l i b r i u m  concent ra t ions  from thermodynamic d a t a .  

2 . 2 .  NICKEL TETRACARBONYL 

Nickel  carbonyl  a t  room temperature  i s  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 t o x i c i t y . 2  

a t  atm0spheri.c. p ressure .  ' 
It m e l t s  a t  -17.2OC and b o i l s  a t  42.2'C 

2.2 1. Vapor P r e s s u r e  

Walsh's data"  f o r  t h e  vapor p r e s s u r e  over  l i q u i d  n i c k e l  tetra- 

carbonyl  i n  t h e  temperature  range O t o  35.I'C g i v e  

log  p ( P a )  = 10.0092 - 1..578/T . 

*Note t h a t  t h e  way of p r e s e n t i n g  e q u i l i b r i u m  c o n s t a n t s  used by 
P i c h l e r  and Walenda i s  the i n v e r s e  of t h e  coriventional p r e s e n t a t i o n .  
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This  i s  i n  good agreement w i t h  Suginuma and Satozaki's d a t a '  * '  
i n  the temperature  range 0 t o  25°C: 

l og  p ( to r r )  = 7.878 - 1574.49/!i" 

l o g  p (Pa) = 90.003 - l574.49/T . 
The experime.nta1 va lue  of t h e  c r i t i c a l  temperature '*  l ies  between' 

1 9 1  and :L95"C. 

2 .2 .2 .  Thermodynamic Funct ions  

The thermodynamic f u n c t i o n s  f o r  the  equ i l ib r ium 

Ni ( s )  + 4CO(g) N i ( C O ) b ( g )  (9 1 

have been eva lua ted  by a number of a u t h o r s ,  t h e  most recent be ing  Kipnis  

and Mikhailova, who f i n d  the most probable  va lues  t o  be :  

A h ' ' 2 9 ~  = --142.3 kJ/mole = -34.0 kcalt'mole 

If one assumes AC t o  be zero t h e s e  values g ive  f o r  t h e  e q u i l i b r i u m  

cons tan t :  
P 

log K 7 4 3 0 / T  - 21.90 

R o s s  e t  al? obta ined  

log K 8 5 4 6 / T -  21.64 

Equat ions (10) and (11) imply p r e s s u r e s  measured i n  atmospheres. 

(11.) 



The discrepancy i s  due t o  a d i f f e r e n c e  i n  t h e  assumed v a l u e  of A H 0 2 9 8 .  

Experimental ly  obta ined  va lues  f o r  A ? l 0 2 9 8  arc. s t r o n g l y  dependent upon 

the p h y s i c a l  s t a t e  of the n i c k e l  m e t a l  used i n  t.he experiment ,  as f i n e l y  

d iv ided  nickel. uniformly g i v e s  h igher  (absolu te )  va lues  t h a n  coinpact 

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

most r e l i a b l e  e 

3.  K I N E T I C  DATA 

A s  e a r l y  as 1891 Roscoe and Scudder14 had r e p o r t e d  t h a t  water gas 

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

c y l i n d e r  r e a c t e d  w i t h  t h e  c y l i n d e r  w a l l s  t o  form i.ron carbonyl .  Within 

about a month t h e  gas  contained about  2 ,4  m g / l  (Q960 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  d iv ided  i r o n  (pyrophoric)  a t  gas  p r e s s u r e s  

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

H e  found t h a t  adsorbed i r o n  carbonyl  on t h e  metal s u r f a c e  lowered 

t h e  r e a c t i o n  ra te  d r a s t i c a l l y ,  and t h a t  the 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 r e s s u r e .  

Mond and Wallis16 (1922) r e a c t e d  pyrophoric  i r o n  w i t h  carbon 

monoxide i n  t h e  p r e s s u r e  range 100--300 a t m  (10 t o  30 MPa) and i n  t h e  

temperature  range 130 t o  260°C, w i t h  a r e a c t i o n  t i m e  of 2 hr, 

obta ined  optimum y i e l d s  a t  200°C a t  a l l  p r e s s u r e s .  

They 

Mitlraschl (1928) r e p o r t e d  t h a t  even small amc:,unts of oxygen 

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

i n c r e a s e  the r e a c t i o n  rate.  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 v a r i o u s  a l l o y e d  

s t ee l s ,  as w e l l  as unal loyed carbon s tee l  and cast i r o n .  They worked 

i n  t h e  p r e s s u r e  range 150-1000 a t m  (15 t o  100 MPa). The e x t e n t  of carbonyl 

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

i n  ques t ion .  
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formation w a s  determined by measuring the  welght l o s s  af  the m e t a l  

samples under both s t a t i c  and f lowing gas cond i t ions .  

Thei r  r e s u l t s  are i n t e r e s t i n g  and w l l l  be  d i scussed  i n  some d e t a i l :  

1. I n  agreement wi th  Mond and Wallis16 they found t h a t  the 

r e a c t i o n  ra te  reached a maximum a t  200°C. 

used g ranu la t ed ,  unal loyed,  H g  samples of low-carbon s teel  wi th  a 

g r a i n  s i z e  of 0,15 to 0.30 mm i n  a s ta t ic  atmosphere of CQ) with 10% 
N2, a t  a s t a r t i n g  p r e s s u r e  of 300 a t m .  (30 MPa) i n  a 100-ml au toc lave .  

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

I n  these  experiments they 

It: is impor tan t  t o  no te  t h a t  equ i l ib r ium w a s  n o t  reached under 

t h e s e  cond i t ions  except  p o s s i b l y  a t  250°C. 

measure t h e  s u r f a c e  areas of t h e  samples,  b u t  one can make an  order-of- 

The a u t h o r s  d i d  no t  

~ magnitude estimate by assuming t h a t  t h e  g ranu le s  were a l l  shaped as 

cubes of the same s i z e .  

metal (%7.8g) a s u r f a c e  area of 2 m2 f o r  a granule  edge s i z e  of 0.3 mm 
and G m2 f o r  a granule s i z e  of 0 .1  nnn. 

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  areas of t h e i r  samples were 

i n  the  range from 5 t o  1 0  m2,, This impl i e s ,  t h a t  f o r  a weight  l o s s  

of about  30% of a n  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  area 

would b e  of t h e  carder of 0.5g/m2 i n  48 h r .  

T h i s  g ives  f o r  a 1 cm3 n e t  volume of sample 

Presumably, t h e  r a t i o  s u r f a c e  

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

depended upon the gas f low rate. 

r e a c t i o n  chamber a t  150 a t m  (15 MPa) gas  p r e s s u r e  and 200"C, they 

observed t h a t  t h e  a t t a c k  inc reased  by a f a c t o r  of 5.3 f o r  u n t r e a t e d  

low-carban steel, and by a f a c t o r  of 1 1 . 2  f o r  "p re t r ea t ed"  samples ( i .e . ,  

hea ted  t o  a "yellow glow" and quenched i n  wa te r ) ,  by i n c r e a s i n g  t h e  gas 

f low rate from 2 l i t e r s / h r  up t o  100 l i t e r s / h r  [ r e f e r r e d  t o  1 a t m  

(0.101 MPa) gas  p r e s s u r e ] .  S ince  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 

w a s  l . 54  em2 and the p r e s s u r e  150 a t m  (15 MPa), t h e s e  flow rates co r re -  

spond to l i n e a r  f low rates of 2.5 t o  125 m / m i n  a t  150 and 200°C, 

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

F igure  1 shows a p l o t  of t 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  p e r  hour ve r sus  l i n e a r  f low rate.  

Using a 14-m-ID p r e s s u r e  tube as a 
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These r e s u l t s  show t h a t  tests on carbonyl  format ion  i n  s t a t i c  

atmospheres w i l l  n o t  give in format ion  per t inenr .  t o  cond-itions w i t h  

f lowing gas. Rather ,  one must keep flow rates high enough t o  be  s u r e  

t o  b e  l o c a t e d  on t h e  p l a t e a u ,  where t h e  ra te  of carbonyl  formation i s  

i n v a r i a n t  w l t h  r e s p e c t  t o  the  f low rate. 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  t h e  e x t e n t  of t he  ( co r ros ive )  a t t a c k ,  thus 

changing t h e  format ion  rate, i t  seems important  a l s o  t o  s tudy  the 

t i m e  dependence of t he  carbonyl  format ion  under c o n s t a n t  e x t e r n a l  

cond i t ions .  

3. There i s  i m p l i c i t  in format ion  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  

rate depends on p r e s s u r e .  Thei r  Tables  6 and 7 g ive  the re su l  ts f o r  

t he  a t t a c k  by ( s t a t i c )  CO,  a t  200'C f o r  four  days d u r a t i o n  upon v a r i o u s  

a l l a y e d  steels a t  300 atm (30 MPa) (Table 6) and 450 a t m  (46  MPa) 

(Table 7) .  A steel containJtng 1.22% Nb, 0.15% C (test 5,  Table 6; test 16, 

Table 7) was t e s t e d  a t  both  p r e s s u r e s .  

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

o f  t he  samples w e r e  i n  the same "state", t h e  a t t a c k  (weight 

l o s s / s u r € a c e  area) w a s  2.04  t i m e s  l a r g e r  a t  450 a t m  ( 4 6  MPa) than a t  

300 a t m  (30 MF'a). This  corresponds t o  a carbon monoxlde p res su re  

dependence of p e 7 6  . 
who found a p r e s s u r e  dependency of about  p &  i n  t h e  0.5-2 a t m  

(50-200 e a )  range.  

Assuming t h a t  t h e  r e s p e c t i v e  samples 

This  i s  i n  reasonable  agreement wi th  Stoffel15 
C 0 

4 .  By chemical a n a l y s i s  of t h e  carbonyls  from an  a l l o y  wit11 5% 

n i c k e l ,  they  ob ta ined  t h e  r a t i o  Fe(CQ)S/Ni(C0)4 = 9 5 . 4 J 4 . 6  ( L e . ,  the  

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  i n  Tables  6 and 7, one a r r i v e s  a t  the conclus ion  that a l l  a l loyed  

steels t e s t e d  w e r e  much more resjs t a n t  t h a n  t h e  " re ference"  low-carbQn 

s teel  they used. 

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

camposi t ions are q u i t e  i n t e r e s t i n g .  These experiments  w e r e  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 m2), a t  

1000 a t m  (100 MPa) and 2 0 0 ° C ,  wi th  a Linear  gas f l o w  rate of &out 

2.5 mm/min (at 1000 a t m ,  ZOS"C>, 



10 

and f o r  a 400-hr d u r a t i o n .  Two d i f f e r e n t  gas  mixtures  were u s e d ,  

90% C O ,  10% N 2  and 60% F1zP 30% C O ,  10% N 2 .  

One conclusion t h a t  can be  drawn from t h e s e  r e su l - t s  t s  t h a t  t h e  

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

t h e  carbon monoxide p a r t i a l  p r e s s u r e  i n  t h e  EI2-CO-N2 mixture  i s  only 

one-third t h a t  i n  t h e  CC-N;! mix ture ,  some of t h e  a l l o y s  were cons iderably  

more a t t a c k e d  by t h e  H2-CO-Nz-mixture due t o  a c a t a l y t i c  e f f e c t  by t h e  

hydrogen, However, no uniform t r e n d  can b e  d e t e c t e d .  

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  are 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  ra te  of carbonyl  formation i s  p r o p o r t i o n a l  

t o  p1'76, one may e x t r a p o l a t e  t h e s e  d a t a  t o  t h e  c o n d i t i o n s  of 1000 p s i  

( 7  ma), 200°C. This  g i v e s  a n  a t t a c k  ra te  of 8.8 x t i m e s  t h e  ra te  

a t  1.000 a t m .  Taking t h e  s u r f a c e  areas o f  the samples i n t o  c o n s i d e r a t i o n ,  

and assuming t h a t  t h e  system ~7as i n  "s teady state ' '  dur ing  t h e  e-xperiment, 

t h i s  g i v e s  a calcul .a ted i r o n  l o s s  a t  1000 p s i  and 200°C: 

where A# i s  t h e  weight l o s s  i n  t h e i r  Table 10. I n  t h e  wors t  case r e p o r t e d ,  

t h i s  would mean a l o s s  of about 6 4  g m-' year- ' ,  f o r  a 0.5% Mo, 0.15% s t e e l .  

If one assumes t h a t  t h e  system w a s  i-n s t e a d y  s t a t e  dur ing  the experiment ,  

t h e  weight losses AW l i s t e d  i n  t h e i r  Table  1 0  expressed as ppm i r o n  

carbonyl  i n  t h e  gas ,  w i l l  be 

ppm =Z 167 b ( g )  

I n  t h e  ' 'worst ' '  c a se  i n  t h e i r  Table 10 ,  AW = 0.268 g ,  so t h a t  t h e  carbonyl 

c o n t e n t  i n  t h e  gas  mixture  was about  55 ppm. L f  t h e  s a m e  experiment had 

been r u n  a t  1000 p s i  ( 7  MPa) i n s t e a d  of a t  1000 a t m  (100 m a ) ,  t h e  g a s  

mixture  would have contained about 0.5 ppm carbonyl .  



11 

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  1000 psi o r  less, 

one m u s t  be  a b l e  t o  determine carbonyl  con ten t s  i n  t h e  gas  on the 

p a r t s - p e r - b i l l i o n  l e v e l  w i th  a reasonable  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) 

as l a r g e  as p o s s i b 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  

t echniques  employed. 

Hieber and Geisenberger” (1950) observed t h a t  s m a l l  amounts o f  

s u l f u r ,  selenium, o r  t e l l u r i u m ,  e s p e c i a l l y  H z S ,  i n  the gas enhance t h e  

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 pyrophor ic  i r o n  a t  200°C and 200 a t m  (20 MPa) ( i n i t i a l .  p r e s s u r e ) .  

Ludkum and Eischensl’  (1973) r epor t ed  t h a t  t he  format ion  o f  

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

s t a i n l e s s  steel  ( type  304) poses a s p e c i a l  problem i n  t h e  Tnfrared 

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

are found i n  t h e  same s p e c t r a l .  r eg ions  as those  due to  carbon monoxide 

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

700 t o r r  (93 kPa) and room tempera ture ,  about  200 cm2 surEace area 

formed about 0 . 3  mg of adsorbed carbonyls  of n i c k e l ,  i r o n ,  and 

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

a t  25°C. 

4 .  QUANTITATIVE ANALYTICAL METHODS FOR THE 

DETEIZMLNATION OF SMALL ANOUNTS OF 

I K O N  AND NICKEL CAKBONYI, I N  GASES 

A number of a n a l y t i c a l  methods are r epor t ed  i n  the  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  de t e rmina t ion  of s m a l l  amounts o€ i r o n  and n i c k e l  

carbonyls  i n  gases .  Nickel  carbonyl  and i r o n  carbonyl  are extremely 

t o x i c .  The maximum a l lowable  exposure t o  n i c k e l  carbonyl ,  Xi ( G O )  I,, 

determined by an 8-hr weighted average,  has  been set by t h e  Occupat ional  

S a f e t y  and Heal th  Adminis t ra t ion  (OSHA)2o at 1 ppb or 7 11g N i ( C 0 ) ~ + / r n ~  a i r  

( 2 , 5  pg N i / m 3  a i r ) ,  and f o r  t h e  i r o n  carbonyl  a t  ’1.0 ppb or 90 ilg 

P e ( C 0 ) 5 / m 3  air (25  l.rg Fe/m3 a i r ) .  
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To b e  u s e f u l  i n  monitor ihg these  low c o n c e n t r a t i o n s  t h e  a n a l y t i c a l  

method used must respond t o  m u c h  I.ower concen1:rations than  t h e  maximum 

a l lowable  v a l u e ,  and be usable  even i n  t h e  presence of o t h e r  chemicals.  

It a l s o  iiiust have a s h o r t  response t i m e ,  e s p e c i a l l y  i f  t h e  levels of 

carbonyl  change apprec iab ly  wi th  t i m e .  Since n i c k e l  carbonyl  i s  t h e  

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

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

carhonyl  i n  a i r .  

Wernlund and Cohen2 (1975) r e p o r t  t h a t  F o u r i e r  Transform I n f r a r e d  

Spectroscopy and Pl.asiiia Chromatography show promise f o r  monitor ing n i c k e l  

carllonyl. Thei r  plasma chro~rratograph monitor has  a minimum d e t e c t a b l e  

c o n c e n t r a t i o n  of n i c k e l  carbonyl  i n  a i r  of 0 .022  ppb, lower than  t h e  

OSHA Ih i t  by a f ac . to r  of 4 5 .  'The system t i m e  cons tan t  bras repor ted  

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

i r o n  carbonyl  as w e l l .  

McDowel12' (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 t h a 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  10 ppb should be  achievable  wi thout  g r e a t  d i f f i c u l t y .  

However, higli 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 t h  a c c u r a t e  

measurements. 

B r i e f ,  e t  a l m 8 , 2 2  (1965,  1967)  evaluatied e x i s t i n g  wet chemical 

methods f o r  determining very l o w  levels  O €  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  

metiliods. We have t e s t e d  t h e i r  methods as descr-i-bed, 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  as r e p o r t e d ,  

Densham e t  a l .  2 3  (1963) revi.ewed d i f f e r e n t  tes ts  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 streams, mainly aimed 

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

they a l so  descr ibed  new methods t h a t  they had developed. Among t h e s e ,  

atomic a b s o r p t i o n  spectroscopy seems to  b e  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 perrni.t an on-l ine,  

p r a c t i c a l l y  i n s t a n t a n e o u s  monitor ing of i r o n  and n i c k e l  carbonyl  c o n t e n 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 absorpt ion.  

spectroscopy has  been g r e a t l y  .improved s i n c e  1963, one would assume 
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t h a t  t h e  s e n s i t i v i t y  and accuracy of modern ins t ruments  are about  an 

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

r e p o r t e d  d e t e c t i o n  l i m i t s  are 2 ppb f o r  n i c k e l  carbonyl  and 10 ppb 

f o r  i r o n  carbonyl .  

Thei r  

W e  have t e s t e d  the atomic a b s o r p t i o n  spec t roscopy method w i t h  

carbon monoxide con ta 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 w i t h  an  estrimated 

d e t e c t i o n  l i m i t  of about  0.5 ppb. By opt imiz ing  t h e  c o n d i t i o n s ,  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 imi l a r  o r  lower limits f o r  n i c k e l  carbonyl .  

method is  i d e a l l y  s u i t e d  t o  c a r b ~ n y l  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 metals 

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

m u s t  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 cor respondingly  l a r g e r  volumes t o r  

lower l e v e l s ) .  

This  

P l a s m a  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 iron carbonyl  t han  atomic a b s o r p t i o n  spec t ros -  

copy. However good atomic abso rp t ion  spectrophotometers  are com- 

merc l 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  t i m e  t o  p u 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 i m e  t o  e s t a b l i s h  

p l a sma  chromatography as a n  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  spec t roscopy 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 ,  bo th  from t h e  viewpoint  of t i m e  as w e l l  as 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 t h e  carbon monoxide. 

5. PREVENTION METHODS 

Very l i t t l e  d i r e c t  in format ion  e x i s t s  i n  the l i t e r a t u r e  about 

methods f o r  prevent ing  the  format ion  of i r o n  or n i c k e l  carbonyl  from 

p i p e  steels.  The usual engineer ing  s o l u t i o n s  t o  the problem seem t o  
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be e i t h e r  t o  use high-chromium steels o r  t o  l i n e  t h e  p i p i n g  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 preveritis 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  Walenda' mention the use of copper as l i n e r s .  Perhaps 

more interest i -mg i s  t h e i r  o b s e r v a t i o n  t h a t  t h e  a t t a c k  oE carbon monoxide 

upon the s t ee l  seeins t o  b e  a pure  s u r f a c e  area e f f e c t ,  wi th  no s p e c i a l  

p reference  to g r a i n  boundaries  o r i e n t a t i o n  of t h e  g r a i n s ,  e t c .  T h i s  

s u g g e s t s  t h a t  even a r e l a t i v e l y  noncoherent c o a t i n g  of a g a s - r e s i s t a n t  

inaterial may s u b s t a n t i a l l y  suppress  t h e  carbonyl  format ion ,  as t h e  carbonyl  

formation would be d i r ec t l l y  proportional.  t o  t h e  area of t h e  exTosed 

s t ee l  s u r f a c e .  For example, a chemi-cal t rea tment  of t h e  s t ee l  s u r f a c e  

wi th  a copper s o l u t i o n ,  say copper acetate ,  might cover t h e  steel. 

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

s t ee 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  1.ayer 

might prove very  e f f e c t i v e  i n  prevent ing  even trace 1.evels o f  carbonyls  

from being formed. 

C l e a r l y  a nmiber o f  e f f e c t i v e  coa t ings  can b e  envis ioned ,  so 

t h a t  t h e  deci-ding 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  data demonstrate t h a t  t h e  a t t a c k  upon p i p e  s tee ls  by 

carbon monoxide i n  gas  mi-xtures a t  moderate p r e s s u r e s  [ l - - - l O O O  a t rm (0.1-100 

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

carbonyls  are l a r g e l y  governed by k i n e t i c s  and no t  by e q u i l i b r i u m  

thermodynamics. The ra te  of a t t a c k  i s  a f u n c t i o n  of a l l o y  cumposition, 

the s u r f a c e  c o n d i t i o n  of the m e t a l  s u r f a c e ,  t h e  g a s  composition, t h e  

gas f low r a t e ,  t h e  gas  p r e s s u r e ,  and t h e  temperature  w i t h  a maximum a t  

about 200°C 

Modern a n a l y t i c a l  ins t rumenta l  t echniques ,  such as plasma 

chromatography, Four ie r  t ransform i n f r a r e d  spec t roscopy,  and atomic 

a b s o r p t i o n  spectroscopy are 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 cnrlJonyls 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  b e  atomic a b s o r p t i o n  spectroscopy.  
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