


Printed in the United States of America. Available from 
National Technical Information Service 

U.S. Department of Commerce 
5285 Port Royal Road, Springfield, Virginia 22161 

Price: Printed Copy $4.50; Microfiche $3.00 

This report was prepared as an account of work sponsored by an agency of theunited 
States Government. Neither the United States Government nor any agency thereof, nor 
any of their employees, contractors, subcontractors, or their employees, makes any 
warranty, express or implied, nor assumes any legal liability or responsibility for any 
third party's use or the results of such use of any information, apparatus, product or 
process disclosed in this report, nor represents that its use by such third party would 
not infringe privately owned rights. 



3 4456 05L5L4L 1 

ORNL- 5 41 0 
Distribution 
Category UC-90d 

Contract No. W-7405-eng-26 

METALS AND CERAMICS DIVISION 

FORMATION OF IRON CARBONYL BETWEEN A 1 /2% Mo STEEL AND 
HIGH-PRESSURE GASES CONTAINING CARBON MONOXIDE 

H. Inouye and J. H. DeVan 

Date Published - May, 1978 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 37830 

operated by 
UNION CARBIDE CORPORATION 

f o r  the 
DEPARTMENT OF ENERGY 



4 



CONTENTS 

I- 

t? 

A B S T R A C T . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

PREVIEW WORK . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 

EXPERIMENTAL PROCEDURE . . . . . . . . . . . . . . . . . . . . . .  3 

A u t o c l a v e  S y s t e m  . . . . . . . . . . . . . . . . . . . . . .  3 

T e s t  P r o c e d u r e  . . . . . . . . . . . . . . . . . . . . . . .  5 

Cal ibra t ion  of the AAS . . . . . . . . . . . . . . . . . . .  5 

RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 

F l o w  R a t e  E f f e c t s  . . . . . . . . . . . . . . . . . . . . . .  6 

T e m p e r a t u r e  E f f e c t s  . . . . . . . . . . . . . . . . . . . . .  10 

Pressure E f f e c t s  . . . . . . . . . . . . . . . . . . . . . .  11 

E f f e c t  of T e s t  Gases on 1/2% Mo S t e e l  . . . . . . . . . . . .  11 

Carbonyl Formation f r o m  Type 316 S t a i n l e s s  S t e e l  . . . . . .  1 3  

DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . .  13 

SUMMARY AND CONCLUSIONS . . . . . . . . . . . . . . . . . . . . .  18 

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . .  1 9  

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . .  19 

iii 





FORMATION OF IRON CARBONYL BETWEEN A 1/2% Mo STEEL AND 
HIGH-PRESSURE GASES CONTAINING CARBON MONOXIDE 

H. Inouye and J. H. DeVan 

ABSTRACT 

An atomic abso rp t ion  spectrophotometer w a s  used t o  
measure t h e  formation of i r o n  carbonyl  between 1 / 2 %  Mo steel 
p ipes  and flowing high-pressure gases  ( t o  6.9 MPa) con ta in ing  
carbon monoxide. The n e t  formation rate,  $, of i r o n  carbonyl  
w a s  measured as a f u n c t i o n  of t h e  v e l o c i t y ,  temperature ,  and 
p res su re  of t h e  gases  t o  determine t h e  cond i t ions  t h a t  prevent  
its formation. These v a r i a b l e s  and t h e  gas composition 
a f f e c t e d  $ as fol lows:  (1) Rate i n c r e a s e s  l i n e a r l y  with 
t h e  gas v e l o c i t y .  Under equ i l ib r ium c o n d i t i o n s ,  is pro- 
p o r t i o n a l  t o  t h e  gas  v e l o c i t y ,  b u t  i t  reaches  a l i m i t i n g  va lue  
above a c r i t i c a l  gas  v e l o c i t y  when equ i l ib r ium i s  n o t  main- 
t a ined .  (2) Between 44 and 266"C, ? i n c r e a s e s  w i t h  temperature  
t o  a s h a r p  maximum a t  177°C i n  a gas mixture  con ta in ing  
1 7  CO-51 H2-30 CH4-2 C 0 2  (vol %). The corresponding maximum 
i n  carbon monoxide occurs  a t  245°C. The d a t a  p r e d i c t  t h a t  
i r o n  carbonyl  formation w i l l  be  n e g l i g i b l e  above 270°C i n . t h e  
gas mixture  o r  above 285°C i n  carbon monoxide. . ( 3 )  Rate r 
depends on Pco i n  accordance wi th  t h e  equa t ion  r = kPFo, where 
n = 4 t o  5 under equ i l ib r ium cond i t ions  and n = 2 o f f  equi- 
l i b r ium.  The a n a l y t i c a l  procedure used t o  d e t e c t  26 vpb 
(volume p a r t s  per b i l l i o n )  of i r o n  carbonyl  and 21.5 vpb of 
n i c k e l  carbonyl  i n  flowing high p res su re  gases  is  desc r ibed .  
The r e a c t i o n  rates are desc r ibed  i n  terms of k i n e t i c s  and 
thermodynamic equ i l ib r ium.  

INTRODUCTION 

The product ion of s y n t h e t i c  n a t u r a l  gas (SNG) from c o a l  i nvo lves  

r e a c t i n g  hydrogen and carbon monoxide over a Raney n i c k e l  c a t a l y s t  t o  

produce methane. Deposi t ion of i r o n  on t h e  methanation c a t a l y s t  conve r t s  

i t  t o  a Fisher-Tropsch c a t a l y s t ,  and t h i s  is thought t o  be one of t h e  

reasons f o r  t h e  dec rease  i n  t h e  methane y i e l d  du r ing  t h e  l i f e t i m e  of 

t h e  c a t a l y s t . '  

monoxide wi th  t h e  s teel  p ip ing  l e a d i n g  t o  t h e  methanation r e a c t o r  i s  

I r o n  pentacarbonyl formed by t h e  r e a c t i o n  of carbon 

1 
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2 be l i eved  t o  b e  t h e  source of t h e  i r o n .  

d i r e c t e d  toward f i n d i n g  p r a c t i c a l  methods of p reven t ing  carbonyl  

formation i n  s t r u c t u r a l  s teels,  i n i t i a l l y  through a s y s t e m a t i c  e v a l u a t i o n  

of v a r i o u s  steels, then  by a s tudy of p reven t ive  techniques such as 

c o a t i n g s .  Th i s  r e p o r t  summarizes t h e  v a r i a b l e s  governing t h e  formation 

of i r o n  carbonyl  r e s u l t i n g  from t h e  r e a c t i o n  of 1 / 2 %  Mo steel  (A 334-P1) 

w i t h  a flowing gas  mix tu re  con ta in ing  1 7  CQ-51 H2-30 CH4-2 CO2 and wi th  

100 CO (vo l  %) between 44 and 266°C and gas p r e s s u r e s  t o  6.98 MPa 

(1000 p s i ) .  

less s teel  and t h e  above gases  w a s  a l s o  b r i e f l y  i n v e s t i g a t e d .  

Therefore ,  t h i s  s tudy  w a s  

I r o n  and n i c k e l  carbonyl  formation between type  316 s t a i n -  

PREVIEW WORK \ 

A l i t e r a t u r e  survey3 of t h e  thermodynamic and k i n e t i c  d a t a  f o r  

i r o n  and n i c k e l  carbonyl  formation w a s  completed b e f o r e  w e  s t a r t e d  

t h i s  s tudy.  The p r i n c i p a l  conclusions of t h i s  survey are summarized 

below. A t  moderate temperatures  (LOO-250°C) and p r e s s u r e s  (0.1-101 MPa) 

t h e  a t t a c k  upon s teel  p ipes  by carbon monoxide is  l i m i t e d  by t h e  r e a c t i o n  

ra te .  I n  s t a t i c  carbon monoxide t h e  formation ra te ,  r, of i r o n  carbonyl  

from i r o n  powder4 o r  mi l l i ngs ’  reached a maximum a t  200°C f o r  carbon 

monoxide p r e s s u r e s  between 10 and 100 MPa. An a n a l y s i s  of d a t a  from 

Ref. 5 showed t h a t  > increased s i g n i f i c a n t l y  wi th  t h e  gas  v e l o c i t y ;  

however, t h e  e f f e c t  of temperature  on carbonyl  formation i n  f lowing 

gases  w a s  n o t  determined. 

. 

S t o f f e 1 6  determined t h a t  $ depended on P2*‘, whereas t h e  d a t a  of 

Mond and Wallis4 gave a p r e s s u r e  dependence of A p a i r  of d a t a  co 
p o i n t s  i n  Ref. 5 i n d i c a t e  t h a t  u’, depends on P1* 76. Table 1 (based on 

Ref. 5) i s  a summary of t h e  c o r r o s i o n  of s tee l s  of i n t e r e s t  i n  carbon 

monoxide and i n  a gas mixture  con ta in ing  30 C0-60 H2-lQ N 2  (vo l  %) a t  

101 MPa (1000 a t m ) .  Although a d i r e c t  comparison of t h e  d a t a  i n  each 

tes t  gas cannot be made (because t h e  dependence of on P i n  t h e  gas  co 
mixture i s  unknown), t h e  d a t a  show i n c r e a s i n g  r e s i s t a n c e  t o  carbon 

monoxide a t t a c k  as t h e  chromium and n i c k e l  c o n t e n t s  i n  t h e  s t e e l  

i n c r e a s e .  I n  c o n t r a s t ,  an i n c r e a s e  i n  t h e  carbon con ten t  of i r o n  

from 0 . 1  t o  2.9% ( c a s t  i r o n )  i n c r e a s e s  t h e  c o r r o s i o n  rate by a f a c t o r  

co 

co 
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Table 1. E f f e c t  of Alloy Composition on t h e  Corrosion of 
S t e e l s  Exposed t o  Gases Containing Carbon Monoxidea 

Weight Change, %, i n  

Carbon Monoxide 30 CG-60 H2-10 N2 

S t e e l  Composition 
(wt %) 

0.1  c 
2.9 C ( c a s t  i r o n )  

1 / 2  Mo-0.15 C 

3 1 / 4  C r 1 / 2  Mo 

5 1 / 4  Cr-2 1 / 4  Si-l/2 Mo 

14.2 C r  

18 Cr-8 N i  

5 N i  

23 N i  

-1.98 

-71.58 

-0.87 

-0.18 

-0.07 

0.00 

4-0.01 

-0.38 

-0.02 

b 
b 

-2.91 

- 0 . 0 4  

-0 .04 

0.00 

+o. 01  

-0.03 

0.00 

Rods 0.6 mm diam X 40 mm long exposed f o r  402 h r  a t  200°C a 

t o  s t a t i c  gases ,  a t  101 MPa (1000 atm) p res su re .  Adapted from 
H P i c h l e r  and H .  Wallenda, Brennst. Chem. 21:  133 (1940). 

bNot t e s t e d .  

of 35! The cast i r o n  rod was reduced t o  a s k e l e t o n  of "phosphide 

e u t e c t i c  of cast i r o n  w i t h  a narrow r e s i d u e  of f e r r i t e "  having t h e  

same i n i t i a l  dimensions. I n  t h e  case of a l l  s teels ,  any measurable 

amount of c o r r o s i o n  by carbon monoxide w a s  accompanied by a n e t  

i n c r e a s e  i n  t h e  carbon con ten t  due t o  t h e  d e p o s i t i o n  of f r e e  carbon 

on t h e  s u r f a c e .  Data from Ref. 5 f u r t h e r  show t h a t  t h e  co r ros ion  

ra te  of t h e  1/2% Mo-0.15% C steel  can b e  expected t o  b e  s i g n i f i c a n t l y  

g r e a t e r  i n  t h e  CO-H2-N2 mixture  than i n  carbon monoxide ( s e e  Table 1). 

EXPERIMENTAL PROCEDURE 

Autoclave System 

Figure 1 is t h e  schematic arrangement of t h e  type  316 s t a i n l e s s  

s t e e l  system used t o  measure t h e  formation rate of i r o n  carbonyl .  

two au toc laves  placed i n  series are  each 159 m OD by 16  mm w a l l  by 

The 
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ORNL-OWG 7 7 - 2 0 7 7 9  

1. MIXED GASTANK 

i 
7. FURNACE 13. FUEL FLOWMETER 

2 CARBON MONOXIDE TANK 8 HEISE PRESSURE GAGE 14 AIR FLOWMETER 
3 HYDROGEN TANK 9 FLOWMETER 15 ATOMIC ABSORPTION SPECTROPHOTOMETER 
4 HIGH PRESSURE VENT 10 LOW PRESSURE VENT 16 AIR SUPPLY LINE 
5 ACTIVATED CHARCOAL AUTOCLAVE 11 FIBERFRAX FILTER 17 CHART RECORDER 
6 SPECIMEN AUTOCLAVE 12 ACTIVATED CHARCOAL FILTER 

Fig.  1. The Autoclave System and t h e  Atomic Absorpt ion Spectro- 
photometer Arranged as Shown w a s  Used t o  Measure t 6  vpb and k 1 . 2  vpb of 
I ron  and Nicke l  Carbonyls ,  Respec t ive ly ,  i n  Flowing Gases t o  6 .9  MPa 
(1000 p s i ) .  

705 nnn long.  The tes t  gas  from gas c y l i n d e r s  f lows cont inuous ly  through 

a bed of a c t i v a t e d  cha rcoa l  a t  room temperature  i n  t h e  f i r s t  au toc lave  

t o  remove any metal  carbonyls  t h a t  might be  p re sen t .  Steel  specimens 

are hea ted  t o  t h e  r e a c t i o n  temperature  i n  t h e  second au toc lave  and are 

then  allowed t o  react w i t h  t h e  gas l e a v i n g  t h e  cha rcoa l  t r a p .  The 

e f f l u e n t  gas  from t h e  r e a c t i o n  vessel is  cooled and depres su r i zed  t o  

normal temperature  and p res su re  (2OoC and 0 . 1  MPa) and analyzed f o r  

i t s  carbonyl  con ten t  w i t h  an atomic abso rp t ion  spectrophotometer  (AAS). 

P re s su re  r e g u l a t o r s  on t h e  gas  c y l i n d e r s  and a Heise h igh-prec is ion  

a b s o l u t e  p r e s s u r e  gage w e r e  used t o  c o n t r o l  gas  p r e s s u r e s  t o  k69 kPa 

dur ing  a run. The f low ra tes  were ad jus t ed  as d e s i r e d  by r e g u l a t i n g  

t h e  rate a t  which t h e  e f f l u e n t  gases  were vented  t o  t h e  exhaus t  system. 

The tes t  gases  w e r e  supp l i ed  i n  s t ee l  t a n k s  a t  10.3 MPa and were used 

wi thout  f u r t h e r  treatment except  as noted  above. 

t h e  gas  mixture ,  which were w i t h i n  2% of t h e  nominal,  were assumed t o  b e  

The vendors '  ana lyses  of 
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c o r r e c t .  The gas e n t e r i n g  t h e  r e a c t i o n  v e s s e l  w a s  preheated t o  w i t h i n  

5 O C  of t h e  a u t o c l a v e  temperature  wi th  h e a t e r  t a p e s  around t h e  f eed  

l i n e s .  A three-zone fu rnace  around the  specimen au toc lave  was used t o  

hold i t s  temperature  t o  w i t h i n  5 1 ° C  a long i t s  700-mm leng th .  

T e s  t Procedure 

The 1 / 2 %  Mo steel specimen c o n s i s t e d  of f o u r  l eng ths  of p ipe  each 

33.3  mm OD by 4.75 mm w a l l  t h i ckness  by 600 mm long and coated on t h e  

o u t s i d e  with water g l a s s  (NanSi0~)  t o  exclude c o n t a c t  w i t h  t h e  t e s t  

gases .  The specimen s u r f a c e  area exposed t o  t h e  gases  w a s  c a l c u l a t e d  

t o  be 1795 c m 2 .  Forty-eight  aluminum r o d s ,  a l s o  600 mm long,  f i l l e d  

t h e  bore of t h e  p ipes  and the  spaces  between t h e  p ipes  and t h e  auto- 

c l a v e  w a l l  t o  reduce t h e  void volume and area (2881  cm3 and 42.43 cm2) 

t o  i n c r e a s e  t h e  h e a t  c a p a c i t y  of t h e  au toc lave ,  and t o  reduce t h e  

temperature g r a d i e n t .  

I n  a t y p i c a l  run,  t h e  steel  p ipes  are p r e t r e a t e d  i n  1 .03  MPa 

(150 p s i )  s t a t i c  hydrogen f o r  a t  least  16 h r  a t  150°C o r  a t  t h e  t e s t  

temperature i f  over 150°C. Af t e r  t h e  system i s  vented and hydrogen 

i s  purged wi th  t h e  flowing test  g a s ,  t h e  system i s  p res su r i zed  and 

t h e  AAS i s  placed i n  ope ra t ion .  The carbonyl  concen t r a t ion  i n  t h e  

e f f l u e n t  t es t  gases  i s  cont inuously measured u n t i l  a cons t an t  va lue  

is  reached f o r  each gas  flow. 

a f t e r  1 .5  complete volume changes i n  t h e  au toc lave  gases .  

formation rate of i r o n  carbonyl  i s  computed as t h e  product of t h e  volume 

f r a c t i o n  of i r o n  carbonyl ,  as determined by t h e  AAS, and t h e  volume flow 

rate of t he  e f f l u e n t  gas a t  normal temperature  and p r e s s u r e  (NTP). 

t h e  conclusion of a run ,  t h e  system i s  depres su r i zed ,  and t h e  s t e e l  p ipes  

are recondi t ioned i n  hydrogen b e f o r e  t h e  nex t  run. 

Experimental ly ,  t h i s  p o i n t  w a s  reached 

The n e t  

A t  

C a l i b r a t i o n  of t h e  AAS 

B r i e f ' s  technique7 wi th  minor mod i f i ca t ions  w a s  used t o  c a l i b r a t e  

t h e  AAS. 

sample of a r e f e r e n c e  gas is  absorbed i n  an a p p r o p r i a t e  s o l u t i o n ,  then 

I n  t h i s  technique t h e  i r o n  o r  n i c k e l  carbonyl  i n  a 5 0 - l i t e r  
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complexed t o  form a colored s o l u t i o n .  

complexed metal i n  t h e  s o l u t i o n  is  measured w i t h  t h e  AAS i n  t e r m s  of 

abso rp t ion  u n i t s  and compared w i t h  s t anda rd  s o l u t i o n s  con ta in ing  known 

l e v e l s  of i r o n  o r  n i c k e l .  

as t h e  s t anda rd  t o  determine t h e  carbonyl  concen t r a t ion  i n  t h e  e f f l u e n t  

gas from t h e  au toc lave .  The u n c e r t a i n t y  i n  t h e  ou tpu t  of t h e  U S  w a s  

about +5 absorbance u n i t s ,  and a s e n s i t i v i t y  of 1 . 3  vpb p e r  absorbance 

u n i t  f o r  i r o n  carbonyl  g i v e s  an  a n a l y t i c a l  c a p a b i l i t y  of d e t e c t i n g  

26 vpb. For n i c k e l  carbonyl  t h e  s e n s i t i v i t y  w a s  0.3 vpb p e r  absorbance 

u n i t  o r  a c a p a b i l i t y  of d e t e c t i n g  51.5 vpb. 

The o p t i c a l  d e n s i t y  of t h e  

The c a l i b r a t e d  r e f e r e n c e  gas i s  thcm used 

RESULTS 

Flow Rate E f f e c t s  

Typ ica l ly  t h e  i r o n  carbonyl  Concentrat ion i n  t h e  e f f l u e n t  gas  from 

t h e  specimen au toc lave  decreased uniformly wi th  t h e  gas v e l o c i t y *  as 

shown i n  Fig.  2 .  

(expressed as vpb) and t h e  gas f low rate ( l i t e r s / m i n  a t  NTP) is t h e  

formation rate of i r o n  carbonyl  i n  u n i t s  of n a n o l i t e r s  ( a t  NTP) p e r  

minute. The s p e c i f i c  formation rate, r , is de f ined  as t h e  rate of 

i r o n  carbonyl  formation p e r  square cen t ime te r  of r e a c t i n g  s u r f a c e  

and is  determined by d i v i d i n g  t h e  formation rate ( n l  a t  NTP/min) 

by t h e  specimen s u r f a c e  (1795 cm2). 

r e a c t i o n  rates a l s o  g i v e  t h e  e q u i v a l e n t  grams of i r o n  removed per  

square f o o t  p e r  yea r .  The s p e c i f i c  formation rate, r, i n c r e a s e s  w i t h  

the  gas v e l o c i t y  up t o  a c r i t i c a l  v e l o c i t y  and remains c o n s t a n t  a t  

h ighe r  v e l o c i t i e g  (Fig.  3 ) .  The ranges of va lues  f o r  r above t h e  

c r i t i c a l  v e l o c i t y ,  V e ,  f o r  v a r i o u s  temperatures  and p r e s s u r e s  are 

summarized i n  Table 2 .  On t h e  average,  V is 10.2 cm/min i n  t h e  

mixed gases  and i n c r e a s e s  t o  2 7 . 8  cm/min i n  carbon monoxide and i s  

The product  of t h e  i r o n  carbonyl  c o n c e n t r a t i o n  

. 

For convenience, f i g u r e s  showing 

. 

e 

independent of temperature ,  p r e s s u r e ,  and r .  I n  t h e  h i g h e r  temperature  

*Gas v e l o c i t y  (cm/min) = flow ra te  a t  t h e  test c o n d i t i o n s  
(cm3/min> + 42.43 cm2 (void c r o s s  s e c t i o n  of a u t o c l a v e ) .  
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800 

__ - 

- 

- - @\ 

------_ 
600 - 

400 - 

Fig. 2. I r o n  Carbonyl Concentrat ion i n  Flowing Gases Decreases 
With t h e  G a s  Ve loc i ty  When the  React ion i s  Governed by t h e  Formation 
Rate. 
(170 p s i )  carbon monoxide a t  22OOC. 

( a )  I n  5.5 MPa (800 p s i )  mixed gases  a t  155°C. (b) I n  1 . 2  MPa 

200 - - 

- - 

h 

7, 

runs t h e  i r o n  carbonyl  c o n c e n t r a t i o n  w a s  independent of t h e  gas 

v e l o c i t y  [Fig.  4 ( a ) ] .  

i n c r e a s e  l i n e a r l y  w i t h  t h e  gas v e l o c i t y  as shown i n  Fig.  4 (b ) .  

behavior w a s  observed i n  runs 4 ,  20,  25, and p o s s i b l y  3 and 1 7  i n  

Table 2 .  

Under t h e s e  c o n d i t i o n s  P i s  c a l c u l a t e d  t o  
. 

This  
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Fig.  3 .  The Formation Rate, P, of I r o n  
Carbonyl I n c r e a s e s  wi th  t h e  Gas Ve loc i ty  t o  a 
L imi t ing  Value When t h e  Extent of React ion is 
Governed by t h e  Formation R a t e .  (a)  In  5.5 MPa 
(800 p s i )  mixed gases  a t  155°C. (b) In  1 . 2  MPa 
(170 p s i )  carbon monoxide a t  220°C. 

1 1 1 1 

O R N L - D W G  77-  2 0 7 7 6  

I a I 

co N c E N T RAT IO N 
(vpb l  

i 

1 8 

46 

0 -0 
(b) 2 4 6 8 40 112 44 

GAS VELOCITY (cm/minl 

Fig.  4 .  I r o n  Carbonyl Formation When t h e  
React ion Between t h e  S t e e l  and Carbon Monoxide 
i s  Governed by Equi l ibr ium. S t e e l  w a s  exposed 
t o  6.9 MPa (1000 p s i )  mixed gases  a t  177°C. 
( a )  The c o n c e n t r a t i o n  is  independent of t h e  gas  
v e l o c i t y .  
w i t h  gas v e l o c i t y .  

(b) t h e  n e t  rate > i n c r e a s e s  l i n e a r l y  

n P pr I a B 
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Table 2 .  Crit ical  V e l o c i t i e s ,  V,, f o r  t h e  Formation R a t e ,  $, 
of I r o n  Carbonyl Between a 1 / 2 %  Mo S t e e l  and 

Gases Containing Carbon Monoxide 

- 
; 

b (nl/cm2 m i d  
ve' 

(cm2 /min) 

P r e s s u r e  

( m a )  ( p s i )  

Temperature 
( " 0  

Run 

I n  Mixed Gases 
6 . 9  1000 11, 3 

4 

5 

1 6  

17 

1 8  

1 9  

20  

2 1  

22 

23 

25 

27 

200 

177 

1 2 0  

200 

200 

1 5 5  

98 

266 

17 7 

17 7 

44 

225 

1 5  5 

6.9 1000 

4.8 7 0 0  

3 . 4  500 

6 . 9  1000 

6 .9  1000 

6 . 9  1000 

6 . 9  1000 

4 . 8  7 0 0  

3 . 4  500 

6 . 9  1000 

6 . 9  1000 

5 .5  800 

Not observed 

1 2  

10 

10, 

9 

10 

Not observed 

10 

1 4  

4 

Not observed 

8 

5.38  

7 . 0 1  

4.65 

0 . 1 3  

3 .92  

4 .52  

3.44 

0.09 

1 . 7 1  

0 . 7 3  

d 

d 

0 . 5 0  

1 . 4 5  

3 .99  

d 

1 3  5.33 28 155 3 . 4  500 

Av.  = 1 0 . 2  

I n  Carbon Monoxide 

2 . 1  300 22 6 .28  

1.1 1 6 0  28 1 .76  

17 0 28  1 . 7 1  

1 . 2  170 33 8.29 

37 200 

38 200 

39 220 1 . 2  

40 242 

Av.  = 27.8  

Gas v e l o c i t y  above which r i s  independent of flow rate.  a 

b A t  2 O o C  and 0.101 MPa (1 atm). 
e 
d 

Questionable.  

For a gas v e l o c i t y  = V, (av.). 
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Temperature E f f e c t s  

For the  mixed gases  a bell-shaped curve i s  obtained when is  

p l o t t e d  a g a i n s t  temperature  (Fig.  5 ) .  

skewed t o  the r i g h t ,  shows t h a t  $ i n c r e a s e s  w i t h  temperature  t o  a 

maximum at  177"C, then decreases  sha rp ly  absve t h i s  temperature  t o  a 

very  low va lue  a t  266OC. 

monoxide; however, $ reaches  t h e  maximum a t  about 246OC and f a l l s  

o f f  more r a p i d l y  wi th  temperature  than i n  t h e  mixed gases .  

formation rate of i r o n  carbonyl  f o r  each gas  a t  a Pco of 1 . 1 7  MPa 

(170 p s i )  are compared i n  Fig.  6 t o  i l l u s t r a t e  t h e  l a r g e  e f f e c t  of 

t h e  gas  composition. 

This  curve ,  which is  s l i g h t l y  

A similar p l o t  is  obta ined  f o r  carbon 

The 

O R N L - D W G  7 7 - 2 0 7 7 5  

0 400 2a0 300 
TEMPERATURE ( " C )  

Fig.  5. I r o n  Carbonyl Formation is  Governed by t h e  Surface  
React ion Rate Below 177OC and by Equi l ibr ium Above This  Temperature. 
The bell-shaped curve i s  a r e s u l t  of t h e s e  competing processes .  
are f o r  t h e  mixed gases  a t  6.9 MPa f lowing a t  10.2 cm/min. 

Data 

4 

R1 
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ORNL- DWG 7 7  -20774 

*O 7 
MIXED GASES 

0 CARBON MONOXIDE 

10 

5 

- 

0 
300 

\ 
0 4 00 200 

T E M P E R A T U R E  PC) 

Fig. 6 .  I r o n  Carbonyl Formation Between 1 / 2 %  Mo S t e e l  and Carbon 

Comparison i s  f o r  Pco = 1 . 1 7  MPa (170 p s i ) .  
Monoxide i s  Promoted o r  Retarded by H 2 ,  CHI,, and/or  C o n ,  Depending on 
t h e  React ion Temperature. 

P r e s s u r e  E f f e c t s  

The dependence of > on t h e  p r e s s u r e  of t h e  mixed gases  w a s  

determined from several s e p a r a t e  runs  ( 3 ,  4 ,  16,  1 7 ,  2 1 ,  and 22 i n  

Table 2 ) ,  and t h e  r e s u l t s  are p l o t t e d  i n  Fig.  7 .  
p r o p o r t i o n a l  t o  P 3 * *  a t  177°C and t o  P5.0 a t  200°C. 

as P2" a t  o r  below 200°C and v a r i e d  as "Eo3 a t  240°C (Fig.  8 ) .  

The v a l u e  of $ i s  

I n  CO, v a r i e d  

co 

E f f e c t  of T e s t  Gases on l / 2 %  Mo S t e e l  

Af t e r  t h e  tests desc r ibed  above were completed, t h e  steel p i p e s  

s t i l l  had an adherent  c o a t i n g  of Na2Si03 on t h e  e x t e r n a l  s u r f a c e s ;  

however, t h e  i n t e r n a l  s u r f a c e s  were covered w i t h  a b l ack  loose  d e p o s i t  

assumed t o  be carbon. 

i n s i d e  s u r f a c e  of t h e  p i p e s  showed t h a t  t h e  o r i g i n a l  carbon con ten t  of 

0.05 w t  % had inc reased  t o  0.30 w t  % a f t e r  t e s t i n g  i n  t h e  gases .  

Analyses of t u r n i n g s  0.51 mm t h i c k  from t h e  



ORNL-DWG 7 7 - 2 0 7 7 3  

MIXED GAS PRESSURE ( p s i )  

200 500 1000 2000 5000 

0. t 

0.05 200oc  - i o'2 

0.4 

0.02 ' 
i 2 5 i o  20 5 0  

M I X E D  G A S  PRESSURE (MPo) 

O R N L - D W G  7 7 - 2 0 7 7 2 R  

CO PRESSURE ( p s i )  

200°C 4 :: 
I, 2 0  

2 0  5 0  400 200 500 4000 
5 0  2 0 0  

5 

~~~ 2 i 1 1 " ' 1 ' '  I ' 1 1 1 1 1 "  ' 
(nl/cm' min) 

0.2 

0.04 

P 
N 

- 0 R U N  36 
0.4 

0.02 
0.4 0 .2  0.5 + 2 5 10 

CO PRESSURE (MPo) . 
Fig.  7. The Formation R a t e ,  ??, of  I r o n  F ig .  8. The Formation Rate of I r o n  Carbonyl 

Between 1 / 2 %  Mo S t e e l  and Carbon Monoxide Depends 

S l i g h t l y  w i t h  Temperature. 

Carbonyl Between 1 / 2 %  Mo S t e e l  and Mixed Gases 
Depends on t h e  P r e s s u r e :  $ Pn. A t  1 7 7 " C ,  on t h e  P r e s s u r e :  0~ Pn, where n W 2 But I n c r e a s e s  
n = 3 . 8 ,  and i t  i n c r e a s e s  t o  n = 5.0 a t  200°C. 

Q b 



1 3  

7 F s '  8 ' -  
6 9 MPo M I X E D  GASES 

6 - 

5 - 

- 
N I  (C0)q  

C ONC E N T RAT I ON 
( v p b )  

Carbonyl Formation from Type 316 S t a i n l e s s  S t e e l  

The r e a c t i o n s  between type  316 s t a i n l e s s  s tee l  and t h e  test  gases  

were s t u d i e d  t o  determine whether t h e  a u t o c l a v e  system w a s  i t s e l f  a 

source of carbonyls .  No i r o n  carbonyl  w a s  de t ec t ed  wi th  e i t h e r  t h e  

mixed gases  o r  carbon monoxide a t  temperatures  t o  300eC; however, a t  

200°C n i c k e l  carbonyl  w a s  measured i n  t h e  e f f l u e n t  gases  a t  concen t r a t ions  

j u s t  above t h e  d e t e c t i o n  l i m i t  as shown i n  F ig .  9. 

of n i c k e l  carbonyl between type 316 s t a i n l e s s  s teel  and t h e  mixed gases  

a t  6.9 MPa i s  about 10 pl/cm2 min (0.04 g / f t 2  yea r )  a t  200°C and 

dec reases  t o  about 7 pl/cm2 min a t  155°C. 

The formation r a t e  

i 
0 
0 2 4 6 8 4 0 4 2 4 4  

GAS VELOCITY ( c m / m l n )  

Fig.  9 .  Nickel  Carbonyl Near t h e  Detect ion L i m i t  of t h e  AAS Forms 
No Between Type 316 S t a i n l e s s  S tee l  Autoclave and 6.9 MPa Mixed Gases. 

i r o n  carbonyl  forms a t  200OC. 

DISCUSSION 

The p resen t  r e s u l t s  confirm t h a t  t h e  formation ra te ,  $, of i r o n  

carbonyl between steels are carbon monoxide depends s t r o n g l y  on t h e  

gas flow rate ,  p r e s s u r e ,  temperature ,  and steel  composition; however, 
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t h i s  s tudy  f u r t h e r  shows t h a t  t h e  s p e c i f i c  e f f e c t s  of t h e s e  v a r i a b l e s  

are s i g n i f i c a n t l y  a l t e r e d  by t h e  gases  a s s o c i a t e d  w i t h  t h e  carbon 

monoxide, as d i scussed  below. 

Two d i s t i n c t  responses  of G t o  t h e  gas v e l o c i t y  are observed, 

depending on t h e  temperature .  

t o  a l i m i t i n g  v a l u e  (Fig.  3 ) ,  then becomes independent of t h e  gas  

v e l o c i t y .  

A t  t h e  lower temperatures  ? i n c r e a s e s  

This sugges t s  t h a t  G is  d i f f u s i o n  l i m i t e d  up t o  a c r i t i c a l  

v e l o c i t y ,  t hen  becomes l i m i t e d  by a s u r f a c e  r e a c t i o n .  These c r i t i c a l  

v e l o c i t i e s ,  Vc,  i n  t h e  mixed gases  and i n  carbon monoxide were on t h e  

average 10.2 and 27 .9  cm/min (Table 2 ) ,  r e s p e c t i v e l y ,  and were ev iden t  

only i n  t h o s e  tests run  a t  t h e  lower temperatures .  That t h e s e  v e l o c i t i e s  

are i n  t h e  same r a t i o s  as t h e  molecular weights  of t h e  test gases  ( i . e . ,  

1 1 . 9  and 28.0 g/mol) sugges t s  t h a t  Vc is  determined by t h e  i n t e r d i f f u s i o n  

c o e f f i c i e n t s  of carbon monoxide o r  t h e  i r o n  carbonyl i n  each gas .  

t h e  h i g h e r  temperatures  G i n c r e a s e s  cont inuously wi th  t h e  gas v e l o c i t y  

and e x h i b i t s  no tendency t o  s t a b i l i z e  a t  a f i x e d  formation ra te  (Fig.  4 ) .  
This c h a r a c t e r i s t i c  appears  t o  be a s s o c i a t e d  w i t h  t h e  carbonyl  r e a c t i o n  

reaching equ i l ib r ium,  as d i scussed  i n  t h e  fo l lowing  tex t .  

A t  

The i n c r e a s e  i n  G with temperature  i s  a t t r i b u t e d  t o  an i n c r e a s e  i n  

t h e  ra te  of carbonyl  r e a c t i o n ,  and t h e  s h a r p  dec rease  i n  G wi th  tempera- 

t u r e  a t  t h e  h ighe r  temperature  sugges t s  t h a t  t h e  r e a c t i o n  i s  approaching 

equi l ibr ium. The competing processes r e s u l t  i n  the curves shown i n  

Fig.  6. I n  Fig. 1 0 ,  logari thms of i r o n  carbonyl  p r e s s u r e s  a t t a i n e d  

i n  our tests w i t h  t h e  1 / 2 %  Mo s t e e l  i n  carbon monoxide a t  1 .17  MPa 

are p l o t t e d  a g a i n s t  1/T and are compared wi th  t h e  e q u i l i b r i u m  i r o n  

carbonyl p r e s s u r e s  c a l c u l a t e d  from published8-' 

f o r  t h e  r e a c t i o n  of pure i r o n  wi th  carbon monoxide. 

temperatures our  d a t a  g i v e  P v a l u e s  one t o  t h r e e  o r d e r s  of 

magnitude g r e a t e r  t han  t h e  v a l u e s  based on publ ished e q u i l i b r i u m  d a t a ;  

however, t h e  temperature  dependence is  almost t h e  same as t h a t  p r e d i c t e d  

by Syrkin' o r  B r i e f .  

t h e  l o g  P 
sugges t s  t h a t  t h e  p r e s s u r e s  are l i m i t e d  by t h e  s u r f a c e  r e a c t i o n  ra te .  

The equ i l ib r ium cons tan t  f o r  t h e  formation of i r o n  carbonyl  between 

equ i l ib r ium c o n s t a n t s  

A t  t h e  h ighe r  

Fe (CO) 5 

The f a l l o f f  of our  i r o n  carbonyl  p r e s s u r e s  from 

v e r s u s  l/T r e l a t i o n s h i p  a t  t h e  lower temperatures  
Fe (CO) 5 

a 
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O R N L - D W G  7 7  - 2 0 7 7 0 R  

TEMPERATURE ("C) 
2 9 0  2 8 0  270 260 250 2 4 0  230  2 2 0  

t /  d d l  

5 
'Fe CO I 

4 0 - 8  

5 p' 

40-9 
4.76 4.80 4.84 4.88 4.92 4 96 2 0 0  2.04 

4000 
/T ( O K )  

Fig. 10. I n  Equi l ibr ium wi th  1 . 1 7  MPa Carbon Monoxide, P F ~ ( c o )  is  
One t o  Three Orders of Magnitude Greater Than Published Data. 
from l o g  P F ~ ( ~ ~ ) ~  v e r s u s  1/T r e l a t i o n s h i p  below about 25OoC i s  due t o  
nonequilibrium cond i t ions .  

F a l l o f f  

1 a t m  = 0.10 MPa. 

t h e  1 /2% Mo s tee l  and carbon monoxide above 245'C, based on our  test  

d a t a  and assuming t h a t  t h e  r e a c t i o n  i s  Fe + 5CO + Fe(C0)5, i s  c a l c u l a t e d  

t o  b e  

(1) l o g  K = 9681/T - 28.188 , 

i n  terms of p r e s s u r e s  expressed i n  atmospheres. S i m i l a r  c a l c u l a t i o n s  

f o r  i r o n  carbonyl  formation between t h e  s teel  and t h e  carbon monoxide 

i n  t h e  mixed gases  above about 1 7 7 O C  r e s u l t e d  i n  an expression s i g n i f i -  

c a n t l y  d i f f e r e n t  from Eq. (1) even i n  terms of i t s  temperature dependence. 

This sugges t s  t h a t  t h e  carbonyl  formation r e a c t i o n  i n  t h e  mixed gases 

involves  a d i f f e r e n t  chemical sequence than  i n  pure carbon monoxide. 
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Figures  7 and 8 show t h a t  $ depends very s t r o n g l y  on t h e  gas 

p r e s s u r e  and can b e  expressed by an  equa t ion  of t h e  form 

; = l C p n ,  

where 

5 = formation ra te  of Fe(C0)5, 

k = c o n s t a n t ,  and 

P = p a r t i a l  p re s su re  of CO. 

Our r e s u l t s  f o r  tes ts  i n  carbon monoxide show t h a t  n i s  n o t  c o n s t a n t  

b u t  i n c r e a s e s  w i t h  temperature  between 98 and 2 4 0 O C  ( i . e . ,  from 1.96 

t o  2.30); however, t hese  va lues  are i n  g e n e r a l  accord wi th  a p r e s s u r e  

dependency of approximately P2*’ as found by S t o f f e l . 6  

n a l s o  i n c r e a s e s  wi th  temperature  i n  t h e  mixed gases ,  t h e  p r e s s u r e  

dependence be ing  3.8 a t  1 7 7 O C  and 5.0 a t  200OC. 

A s  noted ea r l i e r ,  co 

I f  t h e  equ i l ib r ium r e a c t i o n  f o r  i r o n  carbonyl  formation i s  

Fe + 5CO * Fe(C0)5 , (3) 

then t h e  equ i l ib r ium cons tan t  i s  

/P . ‘Fe(C0)s CO K =  ( 4 )  

Thus, under cond i t ions  where t h e  r e a c t i o n  ra te  t o  form i r o n  carbonyl  

i s  s u f f i c i e n t l y  f a s t  f o r  t h e  specimen s u r f a c e  t o  approach e q u i l i b r i u m  

wi th  t h e  gas b e f o r e  i t  leaves t h e  r e a c t i o n  vessel ,  t h e  l i m i t i n g  p res su re  

of i r o n  carbonyl ,  1 i s  given by t h e  product  K(PCo)5. S ince  [‘Fe (CO) 5 eq’ 

then 

$ = [PFe(C0)5] Flow Rate , 
‘Total 

r = [ (:iy;cO] Flow Rate, max 

(5) 
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o r  

. = KX(Pc0)' Flow Rate, r max 

where 

X = mol f r a c t i o n  of CO. 

( 7 )  

Under t h e s e  l i m i t i n g  c o n d i t i o n s ,  r should va ry  w i t h  t h e  f o u r t h  power 

of t h e  carbon monoxi.de p r e s s u r e  ( a t  a given flow r a t e ) ,  or  when n = 4 ,  

t h e  i r o n  carbonyl  c o n c e n t r a t i o n  is  presumably approaching t h e  e q u i l i b r i u m  

va lue .  

On t h e  o t h e r  hand, t h e  n e t  r e a c t i o n  between i r o n  and carbon monoxide 

must r e s u l t  i n  t h e  formation of bo th  i r o n  carbonyl  and f r e e  carbon as 

experimental ly  observed. 

of carbon, a p o s s i b l e  chemical sequence s a t i s f y i n g  t h e  obse rva t ions  

might be as fo l lows :  

Since Fe3C is  formed dur ing  t h e  d e p o s i t i o n  

3Fe + 2CO + Fe3C + C 0 2  , 

Fe3C + 15CO f 3Fe(CO) 5 + C , 

which when added g ive  

3Fe + 1 7 C O  =+ 3Fe(C0)5 + C + C 0 2  . (10) 

Reca lcu la t ion  of t h e  p r e s s u r e  dependence of i r o n  carbonyl  formation 

on P i n  t h e  manner desc r ibed  i n  E q s .  (5) through ( 7 )  and assuming t h a t  

t h e  r e a c t i o n  proceeds as i n  Eq. (10) gives  n = 4.7 as t h e  upper l i m i t ;  

t h a t  i s ,  r should t h e o r e t i c a l l y  vary as  t h e  4.7 power of t h e  Pco under 

cond i t ions  approaching equ i l ib r ium.  

co 
. 

The r e a c t i o n  sequence given by Eqs .  (8) and (9 )  is  reasonably 

c o n s i s t e n t  w i t h  our  test r e s u l t s  f o r  t h e  mixed gases .  I n  Fig.  6 w e  

assumed t h a t  r a t  temperatures above t h e  maxima is  governed by thermo- 

dynamic equ i l ib r ium.  

t h a t  y.1 = kP;b7, compared wi th  a measured va lue  of > = kP;;,' i n  t h e  mixed 

gases  under cond i t ions  approaching equ i l ib r ium.  

. 
This  conclusion is  corroborated by our p r e d i c t i o n  

Since our measurements 



. 
of t h e  p re s su re  dependence of r i n  CO were i n  t h e  temperature  range 

assumed t o  b e  governed by t h e  s u r f a c e  r e a c t i o n  ra te ,  v a l u e s  of n < 4 .7  

(e .g . ,  n = 2.0 t o  2.3) should be expected.  

SUMMARY AND CONCLUSIONS 

A 1 / 2 %  Mo steel  w a s  exposed t o  high-pressure carbon monoxide and 

t o  a gas mix tu re  con ta in ing  1 7  C w 5 1  H2-30 CH4-2 CO2 (vo l  %) t o  measure 

t h e  ra te  of formation of i r o n  carbonyl i n  s t ee l  p i p i n g  l e a d i n g  t o  a 

methanation r e a c t o r .  The v a r i a b l e s  a f f e c t i n g  t h e  formation rate,  r ,  
were confirmed t o  be t h e  gas v e l o c i t y ,  temperature ,  and p res su re .  This  

s tudy a l s o  shows t h a t  t h e  presence of H 2 ,  C H 4 ,  and/or CO2 i n  CO can 

s i g n i f i c a n t l y  promote o r  r e t a r d  t h e  r e a c t i o n  of s teel  w i t h  CO,  depending 

on t h e  test c o n d i t i o n s :  

. 

. 
1. Rate r i n c r e a s e s  l i n e a r l y  w i t h  t h e  gas v e l o c i t y .  Under equi- 

l i b r i u m  c o n d i t i o n s ,  r is  p r o p o r t i o n a l  t o  t h e  gas v e l o c i t y ,  b u t  i t  

reaches a l i m i t i n g  va lue  above a c r i t i c a l  v e l o c i t y  when t h e  r e a c t i o n  

i s  governed by t h e  s u r f a c e  r e a c t i o n  rate. . 
2. Between 44 and 2 6 6 " C ,  t h e  formation rate,  P, of i r o n  carbonyl  

i n c r e a s e s  wi th  temperature  t o  a s h a r p  maximum a t  2 4 5 ° C  i n  100% CO. 

maximum occurs  a t  1 7 7 ° C  when t h e  CO i s  mixed wi th  H 2 ,  C H 4 ,  and C 0 2 .  

Ex t r apo la t ion  of t h e  rates t o  h ighe r  temperatures  i n d i c a t e s  t h a t  no 

i r o n  carbonyl should form above 2 7 O o C  f o r  t h e  mixed gases  o r  above 

285°C i n  carbon monoxide. 

by t h e  r e a c t i o n  r a t e  up t o  t h e  temperature  of t h e  maximum formation 

The 

. 
The d a t a  f u r t h e r  sugges t  t h a t  r i s  governed 

ra te  b u t  t h a t  thermodynamic equ i l ib r ium i s  achieved above t h i s  tempera- 

t u r e .  The expres s ion  f o r  t h e  e q u i l i b r i u m  cons tan t  f o r  t h e  r e a c t i o n  

1 / 2 %  Mo s t ee l  + CO * Fe(C0)5 w a s  c a l c u l a t e d  t o  be 

l o g  K = 9681/T-  28.188 i n  100% CO,  

when t h e  p r e s s u r e s  are expressed i n  atomospheres. 

3 .  The equat ion = <o d e s c r i b e s  t h e  p r e s s u r e  dependence of 

co ' I n  e i t h e r  gas ,  n i n c r e a s e s  t h e  formation of i r o n  carbonyl on P 

moderately w i t h  temperature  t o  a probable  l i m i t i n g  va lue  of 4 .7  under 
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cond i t ions  approaching thermodynamic equ i l ib r ium.  

r i s  governed by t h e  r e a c t i o n  r a t e ,  n i s  approximately 2.0. 
I n  c o n t r a s t ,  when 
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