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The purpose  of this  paper  is  to r epo r t  expe r imen ta l  
m e a s u r e m e n t s  on the ra t e  of n ickel  oxide reduc t ion  
with carbon monoxide over  the t e m p e r a t u r e  range  
847 to 1099~ The main  mot iva t ion  for the work was 
provided by the need for k inet ic  in fo rmat ion  in  this  
t e m p e r a t u r e  range  in conjunct ion with an inves t iga t ion  
a imed  at the study of the r eac t ion  between sol id n icke l  
oxide and sol id carbon,  where  the gaseous  reduc t ion  
step could be a component  of the ove ra l l  r eac t ion  
s cheme . :  While the r eac t ion  between NiO and CO has 
been studied, at t e m p e r a t u r e s  below 796~ 2-8 the be-  
havior  of this  sy s t em at higher  t e m p e r a t u r e s  has not 
yet  been inves t iga ted .  

The appara tus  was so cons t ruc ted  that n ickel  oxide 
d isks ,  suspended  f rom one a r m  of a r e c o r d i n g  ba lance  
in  a wi re  mesh  basket ,  could be r eac ted  with a s t r e a m  
of carbon  monoxide at cont ro l led  t e m p e r a t u r e s .  The 
gas flow r a t e  was fas t  enough that ex t e rna l  m a s s  t r a n s -  
fer  was not ra te  l imi t ing  and the p r o g r e s s  of the 
r eac t ion  was mon i to red  by r eco rd ing  the weight change 
of the sample .  F u r t h e r  de ta i l s  of this  s t andard  exper i -  
men ta l  a r r a n g e m e n t  a re  ava i lab le  e l sewhere . :  

The carbon  monoxide used was CP grade,  supplied 
by the Union Carb ide  Corporat ion;  the n ickel  oxide 
was F i s h e r  cer t i f ied  grade.  The m e a n  d i a m e t e r  of 
the n ickel  oxide powder,  as d e t e r m i n e d  by X - r a y  dif-  
f rac t ion :  was 0.102 ~ and the t rue  dens i ty  was 6.88 
g / c m  s. The n icke l  oxide was r eac t ed  in the fo rm of 
c i r c u l a r  d i sks ,  28.58 m m  in d iam,  the th ickness  of 
which va r i ed  f rom 1.8 m m  to 2.6 m m .  The in i t i a l  
poros i ty  of the u n s i n t e r e d  pe l le t s  was ranged  f rom 
0.474 to 0.518. The actual  e x p e r i m e n t a l  p rocedure  
was s i m i l a r  to that r epor ted  in e a r l i e r  papers  deal -  
ing with gas - so l id  r eac t ions .  9 

The sample  was brought  to the r eac t i on  t e m p e r a -  
tu re  in a he l ium s t r e a m  and then the sol id d isk  was 
al lowed to r eac t  with carbon  monoxide un t i l  the r e a c -  
t ion  was completed.  In a typical  run  the p r e p a r a t o r y  
s tage took some 2 to 3 h, while the r eac t ion  i t se l f  was 
completed in  about 3 to 7 min,  depending on the ex- 
p e r i m e n t a l  condi t ions .  After  the comple t ion  of the 
r eac t i on  the sol id product  was examined  and no evi -  
dence was found of carbon deposi t ion .  

In m e a s u r e m e n t s  involving g a s - s o l i d  r eac t i ons  it  i s  
cu s tomary  to d e t e r m i n e  the chemica l  r a t e  constant  
by conducting expe r imen t s  under  such condit ions that 
ne i the r  ex te rna l  m a s s  t r a n s f e r  not pore  diffusion play 
a ro le  in d e t e r m i n i n g  the ove ra l l  rate.9 In the p r e s e n t  
study, the r e s i s t a n c e  due to ex te rna l  m a s s  t r a n s f e r  
could be e l imina ted  by us ing  a gas flow ra te  in excess  
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of 16,000 c c / m i n  as is  i l l u s t r a t e d  in  F ig .  1. The effect 
of pore  diffusion was diff icult  to e l i m i na t e  in spi te  
of ve ry  thin pe l le t  used.  F o r  this  r ea son ,  the chemi-  
cal  r a t e  constant  was deduced f rom the m e a s u r e m e n t s  
of the in i t i a l  ra te ,  when the con t r ibu t ion  of pore  dif-  
fus ion  was at i ts  m i n i m u m .  

The i n t e r p r e t a t i o n  of the r a t e  data was c a r r i e d  out 
us ing  the g ra in  model .  9':~ If we a s s u m e  f i r s t  o rde r  
r eac t ion ,  s lab l ike  geomet ry  for  the d i sk  (which is  
r e a sona b l e ,  because  of the s m a l l  value of the ra t io :  
t h i c k n e s s / d i a m e t e r )  and pos tu la te ,  f u r t h e r m o r e ,  that 
the g ra ins  a re  sphe r i ca l  in shape,  the conse rva t ion  
equat ions  d e s c r i b i n g  the s y s t e m  may be wr i t t en  as:  

d2Cco 3 ( 1 -  E)k (___~iO)2 = C c o  = 0 .  [1]* De CO dR 2 rNiO 

*For the definition of the symbols see the nomenclature. 

Since in i t i a l ly  r = ~'NiO, at the in i t i a l  s tage we may 
r e w r i t e  Eq.  [1 ] in the fol lowing fo rm:  

d2Cco I' 3 ( 1 - e ) k ~ , ~  
dR2 = \DeCOrNio]~CO. [2] 

The conse rva t ion  of the sol id  r e a c t a n t  is  wr i t t en  as :  

dr 
--PNiO ~t- = k CCO. [3] 

The in i t i a l  and boundary  condi t ions  a r e  given as :  

At t = 0, r = rNi O. [4] 

At R = Rp, CCO = CCO s .  [5a] 

dC CO 
A t R  : 0 , ~ = 0 .  [5b] 

In the i n t e r p r e t a t i o n  of the m e a s u r e m e n t s  it  i s  con- 
ven ien t  to use ~, the e f fec t iveness  fac tor ,  which is  
f requent ly  employed in  he te rogeneous  ca ta lys i s  .:2 In 
e s s e n c e  the e f fec t iveness  fac tor  des igna tes  the f r a c -  
t ion  of the tota l  su r face  a r e a  within the porous  sol id 
which pa r t i c ipa t e s  in the r eac t i on .  When the ove ra l l  
r a t e  is  chemica l ly  cont ro l led ,  ~ = 1; when diffusion 
con t r ibu tes  to the ove ra l l  r e s i s t a n c e ,  ~ < 1. 

It was found that the value of b, g a s - s o l i d  r eac t i on  
modulus ,  

~r -~ Rp 2 Deco rNi O 
[6] 

plays  an i mpor t a n t  ro le  in d e t e r m i n i n g  the con t ro l l ing  
r a t e  m e c h a n i s m .  11 When ~ < 0.3 the r eac t i on  is  l a rge ly  
chemica l ly  control led;  when ~ > 3, the ove ra l l  r a t e  
is  l a rge ly  diffusion cont ro l led .  

It is  s een  in  Fig .  6.7 of Ref.  12 that when ~ < 1/2,  
i t s  value may be approx imated  by the following r e l a -  
t ionsh ip :  

1 

1 ( r N i o D e c o ~  :]2 
= ~pp 3 (1 - E)k / [7b] 

Upon r e c a l l i n g  that in  the chemica l ly  con t ro l led  r e -  
g ime the extent  of r eac t ion  is  r e l a t e d  to t ime  by the 
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Fig .  1 - - C o n v e r s i o n  u s  r e a c t i o n  t i m e .  The  e f fec t  of gas  f l ow  
rate .  Notat ion:  

Gas  F l o w  Rate  
C u r v e  N u m b e r  e m  3/rain 

1 16 ,000  
2 20 ,000  
3 10 ,000  
4 5,000 

t O  

00 -8  

~ 0 6  

"~ 0 4  

0 2  

0 

, , , , , i 

~ , A ~ 6  AI5 

z x ('C) {cm) (xlO=cmZ/sec) I 68 
AI5 847 OOBZ 0518 6.08 180 

I / I I I I J I 

5 0 I00 150 200 

T i m e  , t ($ec) 

Fig .  2 - - C o n v e r s i o n  v s  r e a c t i o n  t i m e .  
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Fig .  3 - - C o n v e r s i o n  v s  r e a c t i o n  t i m e .  
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Fig .  4 - - C o n v e r s i o n  v s  r e a c t i o n  t i m e .  

following express ion:  z~ 

(l k CC~ ) 3 
X = I -  t 

PNiO ~'NiO 

and that the ef fect iveness  factor may also  be ex- 
pre s sed  in t e r m s  of the experimental  data, viz: 

= -~- t = 0, observed 

~ t = O ,  C c o  = C c o  s 

after s o m e  manipulation we obtain the following ex-  
pres s ion  for the reaction rate constant, in t e r m s  of 
the experimental ly  determined initial rate: 

Is] 

[9] 

= 0, observedl 2 • r  NiO(1- ' ) ]  
- L % : s  I ol J 

For a given application, al l  the t e r m s  appearing in 
Eq. [10] are known, except for Deco, the effective dif- 
fusivity.  The method of est imating the value of Deco 
i s  s imi lar  to that d i scussed  in Ref. 9 except that the 
tortuosi ty  was assumed to be equal to the reciprocal  
of poros i ty .  

Figs .  2 to 4 show typical plots of the extent of 
reaction against t ime.  To calculate the extent of re-  
action, the following equation was employed.  

Measured weight loss  at t ime  t 
XNiO = Theoret ical  total weight lo s s  [11] 

It is  seen  in the captions that the gas - so l id  reaction 
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Fig. 5 - -Tempera tu re  dependence of the r a t e  c o n s t a n t  of the  
r e a c t i o n  of  n i c k e l  oxide  w i t h  c a r b o n  m o n o x i d e .  
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modulus was l a r g e r  than 1.8 in a l l  c a se s ,  which indi-  
ca tes  that po re  di f fus ion would play an impor t an t  r o l e  
in the (complete)  r e a c t i o n  for  the e x p e r i m e n t a l  condi-  
t ions .  

F ig .  5 shows an A r r h e n i u s  plot  of the r e a c t i o n  r a t e  
constant  deduced f r o m  the m e a s u r e m e n t s ,  which indi -  
ca tes  an a p p r e c i a b l e  s c a t t e r .  The  apparen t  ac t iva t ion  
ene rgy  i s  seen  to be qui te  sma l l ,  of the o r d e r  of about 
4 K c a l / g  mo le .  Th i s  f inding s e e m s  cons i s t en t  with 
that  r e p o r t e d  by K r a s u k  and Smi th  3 who found a z e r o  
ac t iva t ion  ene rgy  fo r  the s a m e  r e a c t i o n  o v e r  the t e m -  
p e r a t u r e  r ange  682 to 796~ 

NOMENCLATURE 

ANi 0 ,Ap 

CCO 

CCOs 

D e c o  

FNi 0 ,Fp 

k 
R 
Rp 

r NiO 
VNi 0 , Vp 

t 
X 

Sur face  a r e a s  of n icke l  oxide g ra in  and 
pe l le t ,  r e s p e c t i v e l y ,  cm 2 
Mola r  concen t ra t ion  of carbon  monoxide,  
g - m o l e / c m  3 
M o l a r  concen t ra t ion  of ca rbon  monoxide  at 
pe l l e t  su r f ace ,  g - m o l e / c m  3 
Ef fec t ive  d i f fus iv i ty  of carbon  monoxide ,  
cm2/s  
Shape f a c t o r s  of n icke l  oxide g ra in  and pe l -  
let ,  r e s p e c t i v e l y  
Reac t ion  r a t e  constant ,  c m / s  
P e l l e t  coord ina te ,  cm 
P e l l e t  ha l f - t h i cknes s ,  cm 
Gra in  coord ina te ,  cm 
Gra in  r ad ius  of n icke l  oxide,  cm 
Volume  of n icke l  oxide g ra in  and pe l le t ,  
r e s p e c t i v e l y ,  cm 3 
Reac t ion  t ime ,  s 
Extent  of r eac t i on .  

GREEK L E T T E R S  

PNiO 

P o r o s i t y  
E f f e c t i v e n e s s  f ac to r ,  def ined in Eqs .  [7a] 
and [Tb] 
Densi ty  of n icke l  oxide,  m o l e / c m  3 
G a s - s o l i d  r e a c t i o n  modulus ,  def ined in Eq.  
[6]. 
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Reactions Between Particulate Solids: 
Viscous Flow and Knudsen Diffusion 

Y. K. RAO and Y. K. CHUANG 

Reac t ions  be tween  so l id  oxide p a r t i c l e s  and c a r -  
bonaceous  m a t e r i a l  unde r l i e  the d i r e c t  r educ t ion  p r o -  
c e s s e s  for  i r o n - m a k i n g  and the c a r b o t h e r m i c  r e d u c -  
t ion p r o c e s s  for  the m a n u f a c t u r e  of z inc .  Ca r e f u l  
s tud ies  of the m e c h a n i s m  have e s t ab l i shed  that  the 
r educ t ion  of oxide p a r t i c l e s  by so l id  carbon  o c c u r s ,  
fo r  the m o s t  pa r t ,  v i a  gaseous  i n t e r m e d i a t e s  CO and 
CO2. The  reduc t ion  of h e m a t i t e  by ca rbon  p r o c e e d s  
in t h r ee  s u c c e s s i v e  s t a g e s .  

3Fe203(s) + CO(g) = 2FesO4(s) + CO2(g) [ la]  

FesO4(s) +CO(g) = 3 " F e O "  + CO2(g) [lb] 

" F e O "  (s) + CO(g) = Fe(s )  + CO2(g). [ lc ]  

The  gas i f i ca t ion  of ca rbon  p a r t i c l e s  by the i n t e rna l ly  
gene ra t ed  CO2 gas p r o c e e d s  s imu l t aneous ly  but at a 
r e l a t i v e l y  l e s s e r  speed  as c o m p a r e d  to Reac t ions  [ la]  
to [lc1. 

C(s) + C O z ( g ) -  2CO(g). [2] 

Reac t i on  [2] r e s t o r e s  the r educ t ion  po ten t ia l  of the 
g a s - p h a s e .  

The  " c h e m i c a l  k i n e t i c "  m o d e l  due to Sohn and 
Szeke ly  1 and the " p h y s i c o c h e m i c a l "  mode l  f o r m u -  
la ted  by Rao 2 have been  appl ied  with v a r y i n g  d e g r e e s  
of s u c c e s s  to the i n t e r p r e t a t i o n  of ava i l ab le  da ta  on 
the k ine t i c s  of r educ t ion  in the Fe2Os + 3C s y s t e m .  
The p r e s e n t  c o m m u n i c a t i o n  r e p o r t s  a modi f ied  " p h y s i -  
c o c h e m i c a l "  mode l  which c o n s i d e r s  i) h e t e r o g e n e o u s  
Reac t ions  [1] and [2]; if) Knudsen dif fus ion and i i i)  the 
v i s cous  flow of gases ,  a l l  of t he se  o c c u r r i n g  s i m u l -  
t aneous ly  within a compac t  of i ron  oxide and carbon .  
One of the ob j ec t i ve s  of th is  work  has  been  to demon-  
s t r a t e  the s ign i f ican t  e f fec t  of v i s c o u s  f low of gaseous  
spec i e s  on the p r e s s u r e  p r o f i l e s  of CO2 within the 
compac t .  The  m a s s - t r a n s f e r  of gases  CO and CO2 
through the p o r e s  of the compac t  i s  e x p r e s s e d  by the 
K o z e n y - C a r m a n  law. 3'4 A s s u m i n g  that  the d i f fus iv i t i e s  
of CO and CO2 a r e  n e a r l y  equal ,  

BI(I+K) [aP#O ] DK [aPco l 
- J c o  - R T  [ . ~ J  + ~ [ . ~  J [3a] 

and 

- J c 0 2  - R T K  L--T2--J + R-T L ~ A "  [3b] 

M a s s  ba l ances  for  CO and CO2 p rov ide  the fol lowing 
r e l a t i o n s h i p s  .2,4 

B,(I+K) [~2P~o I DK [ a2PCO ] 
R T  L---~A + ~ L a--~J 
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