
Studies in Gas-Solid Reactions: Part I. A Structural 
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A structural model is presented for describing the reaction of a porous metal oxide pellet 
with a reducing gas. It is suggested that the pellet is made up of a large number of grains 
and the overall rate of reaction is computed by summing the contributions of all these in- 
dividual grains. The model thus incorporates structural parameters, such as grain size, 
porosity (pore size distribution) and allows a quantitative assessment of the role played 
by these quantities in determining the rate of progress of the reaction. 

T H E  reac t ion  of porous me ta l  oxide agg rega t e s  with a 
reducing gas is of c o n s i d e r a b l e  technologica l  impor -  
taslce arid has consequent ly  r ece ived  a g rea t  deal  of 
at tent ion.  A la rge  p ropor t ion  of these  s tudies  was con-  
cerned  with i ron oxide reduc t ion  but many other  s y s -  
t e m s  have a lso  been ex tens ive ly  studied.  

Most of the inves t iga to r s  to data have in te rp re ted  
the i r  r e su l t s  by using a sui table  va r i an t  of the " s h r i n k -  
ing c o r e  m o d e l " .  1"8 This  mode l ,  sketched s c h e m a t i c -  
a l ly  in Fig.  1 is based on the assumpt ion  that a f t e r  
some  reac t ion  had o c c u r r e d  the solid phase  cons i s t s  of 
an unreac ted  c o r e ,  sur rounded  by a r eac ted  shel l .  
These  two zones  a r e  sepa ra t ed  by a sharp  phase bound- 
a ry  where  the chemica l  reac t ion  takes p lace .  As the 
reac t ion  p r o c e e d s ,  the r eac t ed  shel l  expands and diffu- 
sion of the r eac t an t s  and products  through this region 
may become one of the r a t e  l imi t ing f ac to r s .  

The shr inking co re  model  {model based on " t o p o -  
chemica l  r e a c t i o n s " )  has been r e m a r k a b l y  success fu l  
for the in te rpre ta t ion  of expe r imen t a l  r e s u l t s ;  in gen-  
e r a l ,  the equations based on this r ep re sen ta t ion  de-  
sc r ibed  the ove ra l l  r a t e  in t e r m s  of a " 'd r iv ing  f o r c e "  
and th ree  se ts  of r e s i s t a n c e s ,  namely:  

i) Gas phase mass  t r a n s f e r .  
if) Diffusion of r eac t an t s  and products  through the 

r eac ted  shel l .  
iii) Chemica l  reac t ion  o c c u r r i n g  at the in te r face  

separa t ing  the r eac ted  and the unreac ted  reg ions .  
Of these  quant i t i es ,  the gas  phase m a s s  t r ans f e r  

coeff ic ient  and the r a t e  of po re  diffusion may be p r e -  
d ic ted,  o r  at least  e s t ima ted .  The p a r a m e t e r s  c h a r a c -  
t e r i z ing  the c h e m i c a l  k i n e t i c s ,  however ,  have to be 
m e a s u r e d  expe r imen ta l l y .  Indeed, the fo rm of the r a t e  
equation and the n u m e r i c a l  va lues  of the ra te  constant  
s e rved  as the p r inc ipa l  ad jus tab le  p a r a m e t e r s  which 
i l lowed the matching of expe r imen t a l  and " t h e o r e t i c a l "  
r e su l t s .  

While the shr inking c o r e  model  has been ve ry  widely 
ased,  it su f fe r s  f rom two m a j o r  shor t comings :  

a) The important  pos tu la te  of " t o p o c h e m t c a l  r e a c -  
t i o n " ,  i . e . ,  the ex i s tence  of a sharp  boundary between 
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the r eac ted  and unreac ted  zones  is not un ive r sa l ly  
supported by expe r im en t a l  evidence .  In the i r  study of 
hemat i te  reduc t ion ,  Gray  and Henderson ~ found that the 
reduced and unreac ted  sec t ions  w e r e  separa ted  by a 
t r ans i t ion  zone ,  which contained both total ly reduced 
and only pa r t i a l ly  reduced g ra ins .  S imi la r  findings 
w e r e  r epo r t ed  by Weisz  and Goodwin t~ in the i r  inves -  
t igat ion concerned  with the combust ion of carbon de-  
posi ts  in porous  ca t a lys t s .  

b) Pe rhaps  the most  s e r i ous  drawback of the shr ink-  
Lag c o r e  model  is the fact that s t ruc tu ra l  e f fec t s ,  such 
as poros i ty ,  g ra in  s ize ,  and so forth,  a r e  impl ic i t ly  
incorpora ted  in the c h e m i c a l  ra te  constant and do not 
appear  expl ic i t ly .  It follows that any m e a s u r e m e n t  
made  of reduc t ion  k ine t ics  is n e c e s s a r i l y  spec i f ic  to 
a given m a t e r i a l  o r  even to a given batch of m a t e r i a l ,  
and no unique reac t ion  p a r a m e t e r s  can be ass igned to 
a given o r e  o r  s in ter .  The shrinking core  model  p ro-  
v ides  l i t t le  guidance on the ro le  played by s t r u c t u r a l  
p a r a m e t e r s  in de te rmin ing  the ove ra l l  reac t ion  ra te .  

INREACTED CORE 

/ -  / I/C.EM,CA _ REACT,ON AT 
/ / '  T.E P.ASE .OONDARY 

/ REACTED ZONE 
' - P O R E  DIFFUSION , 

I I GAS PHASE MASS TRANSFER 

OF REACTANTS AND PRODUCTS 
Fig. t--Schematic represen~tion oftheshrinkingcore model. 
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These  apparent  shor tcomings  of the topochemical  a s -  
sumption prompted a number  of r ecen t  studies,~x-x4 of 
which the work repor ted  by Ishida and Wen"  is p rob-  
ably the most  noteworthy.  These  au thors  regarded  the 
porous  solid ma t r ix  as a homogeneous medium and de- 
sc r ibed  the gas - so l id  react ion in t e r m s  of a "homo-  
geneous rate  cons t an t . "  This r ep re sen t a t i on  led to a 
diffuse react ion front but s t i l l  would not allow the a 
p r i o r i  predict ion of the reac t ion  r a t e s  in t e r m s  of 
s t r u c t u r a l  cons idera t ions .  

F ina l ly ,  in a recen t  paper  the au thors  proposed a 
s t r u c t u r a l  model  ts for the reac t ion  between a s e m i -  
inf ini te  porous medium and a gaseous  reac tan t .  
Through this model  it was poss ib le  to identify some 
of the s ignif icant  s t r uc tu r a l  p a r a m e t e r s ,  but the geom-  
e t ry  chosen precluded d i rec t  compar i son  with m e a s -  
u r e m e n t s .  

The work repor ted  in the p resen t  s e r i e s  of papers  
was  under taken with a view of developing a s t r u c t u r a l  
model  which can be compared d i rec t ly  with expe r imen-  
ta l  m e a s u r e m e n t s .  The u l t imate  object ive  of the inves -  
t igat ion is  to define the p h y s i c a l  c r i t e r i a  that affect the 
reac t iv i ty  of porous sol ids ,  and hence to define the 
op t imal  condit ions for effecting these  reac t ions .  

In Pa r t  I we shal l  p resen t  a mathemat ica l  model ,  
which is a fur ther  development  of that descr ibed  in the 
e a r l i e r  publ icat ion,  and in the subsequent  Pa r t  II the 
pred ic t ions  based on the model wi l l  be compared with 
expe r imen ta l  m e a s u r e m e n t s  obta ined,  using the sys -  
tem NiO-H2. 

FORMULATION 

Let us cons ider  a spher ica l  pel let  of the solid r e -  
ac tan t ,  made up of a large n u m b e r  of spher ica l  g ra ins  
of uni form rad ius ,  r s ,  Let the poros i ty  of the sample  
be P ,  and the d is tance  from the cen t e r  (macroscopic  
r ad i a l  coordinate)  be designated by R.  The sample  is 
brought  into contact with a gas ,  A,  with which it r eac t s  
to form a solid product and a gaseous  product ,  B.  

The following major  a s sumpt ions  a re  made: 

i) The ini t ia l  physical  s t r uc tu r e  is mainta ined 
throughout the reac t ion ,  and 

ii) the reac t ion  of each gra in  proceeds  f rom the 
outs ide toward the cen te r ,  so that the posit ion of the 
reac t ion  front w i t h i n  e a c h  g r a i n  exhibi ts  spher ica l  
symmet ry - - th i s  behavior  may be descr ibed  as the mi -  
c roscopic  shr inking  core .  Thus the ra te  at which each 
g ra in  reac t s  is propor t ional  to the sur face  a r ea  of 
the reac t ion  front at any given t ime .  The radius  of 
this  microscopic  react ion front  is designated by r ,  
which is a function of t ime and of  R ( i . e . ,  radia l  posi-  
t ion within the sample) .  

The model descr ibed  above is sketched in Fig.  2 
where  it is seen that the reac tan t  gas is t r a n s f e r r e d  
f rom the bulk gas s t r eam,  diffuses between the g ra ins  
and then through a solid product l ayer  within each 
g ra in  and reac ts  at the spher ica l  react ion in ter face .  
The product gas thus genera ted  diffuses back through 
the solid product l ayer  and between the g ra ins  before 
undergoing a mass  t r a n s f e r  s tep into the bulk gas 
s t r e a m .  

At this stage it may be worthwhile  to comment  
br ie f ly  on the appropr i a t eness  of these  a s sumpt ions .  
Assumpt ion  i) is r e s t r i c t i v e ,  none the less  it is thought 

to be valid for a range  of p rac t i ca l  condi t ions .  It is 
agreed  that s in t e r ing  or  agg lomera t ion  of the reduced 
phase wil l  occur  in many ins t ances ,  hut it is suggested 
that these more  complex s i tua t ions  a r e  best  descr ibed  
in t e r m s  of an appropr ia te ly  modified model .  

Assumpt ion  ii) is thought to r e p r e s e n t  a r easonab le  
approximat ion  to r ea l i ty ,  at least  in a macorscopic  
sense .  

Let  us now proceed by stat ing the appropr ia te  con-  
se rva t ion  equat ions for the gaseous reac tan t s  and 
products .  

A m a s s  ba lance  on component A yields  the following 
d i f fe ren t ia l  equation desc r ib ing  diffusion of A between 
the g ra ins  : 

D_s a (R a C A /  - (1-~O)p,  . ~ = 0 i l l  
R "~ a--R- \_.z ~R / 

where  

P m =  t rue  mo l a r  densi ty  of r eac tan t  solid. 

= ra te  of d i sappearance  of gaseous  reac tan t  per  
mole of in i t ia l  solid r eac tan t .  

DJi = the effective diffusivity of the gaseous reac tan t  
between the g ra ins  of the porous solid. 

CA = mola r  concen t ra t ion  of the gaseous reac tan t  in 
the i n t e r s t i c e s  between the g ra ins .  

A s i m i l a r  equation may be wr i t t en  for the gaseous  
product :  

R a 8R 8R 

where  n s is  the moles  of B formed by the reac t ion  of 
one mole of A. Subsequently,  n s wil l  be taken as  uni ty ,  

Bulk gas s/ream 

Fig. 2--Schematic representation of the structural model. 
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but the modificat ion to account  for o ther  values  of n s 
is s t ra ight forward .  

Eqs.  [1] and [2] a re  valid for equ imola r  counter  dif-  
fusion (the present  case)  or  where  diffusion between 
the g ra ins  is purely of the Knudsen type. It is to be 
noted that no accumula t ion  t e r m s  appear  in the two 
equat ions,  thus the ' quas i - s t eady  s ta te '  a s sumpt ion  is 
impl ic i t  in this formula t ion .  The q u a s i - s t e a d y  s ta te  
a ssumpt ion  is readi ly  just i f ied on physica l  grounds 
because  the amount  of gaseous  reac tan t  within the 
pores  is negl igible ,  compared  with the net input and 
the ra te  of react ion.  

Before we can proceed fu r the r ,  the reac t ion  t e r m ,  
has to be re la ted  to the concen t ra t ion  of the r e a c -  

tants  and products and also the ra te  of p rog re s s  of the 
reac t ion  front ,  within the g ra in s  at a pa r t i cu l a r  loca-  
t ion, R �9 

We shal l  make the following fur ther  a s sumpt ions :  

lit) The react ion between the gas and the solid is of 
f i r s t  o rde r  in both the forward and r e v e r s e  d i r ec t i ons ,  
and 

iv) the re  is negl igible  r e s i s t a n c e  due to diffusion 
through the product layer  with in  the gra ins ;  thus the 
concent ra t ion  at the r eac t ion  sur face  within a gra in  is 
ident ical  with that in the i n t e r s t i c e s  at the same rad ia l  
coordinate .  

The assumpt ion  regard ing  f i r s t  o r d e r  k ine t ics  is 
r e s t r i c t i v e ,  nonethe less  it wil l  apply to many s y s t e m s ,  
in pa r t i cu l a r  it will  hold as a r easonab le  app rox ima-  
tion in the vic ini ty  of equ i l ib r ium,  i . e . ,  in the mixed 
cont ro l  r eg imes .  Nonl inea r  kinet ic  expres s ions  could 
be readi ly  accommodated  but in view of the much 
l a rge r  demand on compute r  t ime  this  poss ib le  r e f ine -  
ment  was not incorpora ted  at this s tage.  

Assumpt ion  iv) is thought to be reasonab le  for sma l l  
g ra ins  as the diffusion path through the (porous} g ra ins  
is ve ry  much s m a l l e r  than the diffusion path through 
the bulk of the porous solid.  

With these a s sumpt ions ,  ill) and iv), the advance-  
meat  of the reac t ion  front within a gra in  is wr i t t en  as :  

dt  Prn A - KE 

where k is the chemica l  reac t ion  ra te  constant  and KE 
is the equi l ib r ium cons tant .  

g,  the reac t ion  t e r m ,  may now be readi ly  re la ted  to 
the advancement  of the reac t ion  front within a g ra in ,  
as follows: 

For  the ease  where  one mole of A reac t s  with one 
mole of solid,* we have: 

*Ready allowance could be made for other stoidaiometries through the use of 
aa appropriate constant of proportionality. 

4~ r  z" dr  (C _ C_~) [4] 
- ~  P m =  4 nr2k  A KE 

Thus 

. . . .  3 A - [5]  
Pmrs  K E  

On subst i tut ing for 9 f rom Eq. [5] into Eq. [1] and [2] 
we obtain:  

OR 3R / rs K E 

R ~ a-~- a R J  §  ~ -  - - 0 1 7 ]  

Here  ment ion  may be made of a more  genera l  case 
where the g ra ins  a re  not of uniform size.  Let 
f ( r  s) �9 dr  s be the weight fract ion of g ra ins  with radi i  
between r s and ~r s + dr  s) and a s sume  t h a t f  is inde- 
pendent of R .  Now 

( 
prnr~ \ CA "I-~E 

and Eq. [3] becomes:  

d r ( r s , R )  _ k (C A - K~E) [9] 
d t Pm 

Clear ly ,  this addit ional  sophis t ica t ion would be appro-  
pr ia te  only if accura te  informat ion  were  avai lable  on 
the gra in  s ize  d i s t r ibu t ion .  

INITIAL AND BOUNDARY CONDITIONS 

The initial and boundary conditions for the governing 
Eqs. [3], [6], and [7] have to express the following 
physical  cons t r a in t s :  

a) the ini t ia l  posit ion of the reac t ion  front  within 
each g ra in ,  i . e . ,  that no reac t ion  had taken place be-  
fore t = 0 

b) the fact that the concent ra t ion  prof i les  a re  sym-  
me t r i ca l  about the cen te r  of the pel le t ,  and 

c) the continuity of the mola r  fluxes at the outer  
sur face  of the pel let ,  i . e . ,  diffusive flux ac ros s  the 
ou te r  sur face  of the pellet  = couvective flux through 
the "gas  f i l m "  sur rounding  the pellet .  

These  boundary condi t ions  a re  given in Eqs.  [10] 
through [14]: 

r = r s for a t l R  at t = 0 [10] 

~CA = 0 a t R  = 0 [11] 
OR 

~cz = o a i r  : o [12] 
~R 

D~4 ~ = h(CA o - CA) a t R  =Ro [13] 
~R 

D[3 ~ = h(CB o - CB) a t R  =Ro [14] 
3R 

where  Ro is the radius  of the spher ica l  sample ,  h is 
the mass  t r ans f e r  coefficient  f rom the bulk gas s t r eam 
to the solid sample ,  CAo and CBo a r e  the concen t ra t ions  
of the gaseous reac tan t  and product in the bulk gas 
stream. 

CORRECTION FOR NONI~K)THERMAL BEHAVIOR 

In general, the temperature of the pellet will differ 
from that of the gas stream, because of the heat gen- 
erated or absorbed by the chemical reaction. For 
relatively small heats of reaction ready allowance 
may be made for non-isothermality, by assuming that 
the pellet is at uniform temperature at any given 
time; ~6 then the unsteady state heat balance yields the 
following: 
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d T  H de 3 
dt Cp dt Ro(1 - P) pmCp 

• [ht(T - TE) + ea(T ~ - T~)]  [15] 

w ith 

T = TE at t = 0 [16] 

where  T and T E a re  the pel let  and env i ronment  t em-  
pe ra tu re s  in absolute uni t s ,  H is the heat of reac t ion ,  
and the other  quant i t ies  a r e  defined in the l is t  of 
symbols .  

F rom the knowledge of d~/dt  the pellet t empe ra tu r e  
may thus be computed and the proper ty  values  may 
then be evaluated at this co r r ec t  t empe ra tu r e .  For  the 
pract ical  sys tem to be cons idered  in Pa r t  H, this co r -  
rec t ion amounted only to a max imum of about 20 ~ to 
30~ so that the pr inc ipa l  effect was confined to the 
reac t ion  ra te  constant .  

Eqs.  [3], [6], [7], and [15], together  with the bound- 
a ry  condit ions contained in Eqs.  [10] through [14] 
r ep r e sen t  a complete  s ta tement  of the p rob lem.  The 
subsequent  manipula t ion  of these equations and the 
n u m e r i c a l  technique used for the i r  solution is d i s -  
cussed in the subsequent  sect ion.  

THE TECHNIQUE OF SOLUTION 

Rearrangement of the Equations 

The governing equations may be rearranged on noting 
that in the absence of coupled fluxes Eqs. [6] and [7] 
are not independent and one of them may be eliminated 
by the following procedure: 

Stoichiometry dictates that: 

fu r the rmore  on combining Eqs.  [6] and [7] we have: 

On in tegra t ing  Eq. [18] once,  with respect  to R ,  and 
using Eq. [17 ] yields a f te r  a fur ther  in tegrat ion:  

D~4 (Constant - Ca ) = D~ CB [19] 

which is valid for al l  va lues  of R .  
C B may now be expressed  with the aid of Eqs.  [17] 

and [19] to obtain:  

( D A  - 1) �9 , [20] CB = CAo + \D~ CARo-- CA D~ 
D B 

Thus on subst i tu t ion Eqs.  [3] and [6] to [7] a re  t r a n s -  
formed to Eqs. [20] and [21], respectively. 

d r  k { C A ( l +  ~ 1 

R aR/ 

• [221 

In generating a solution, we seek values of CA (and 
also CB) and r ,  for all values of R and t. However, in 
order to compare the computed results with experi- 
mental data, it is convenient to define a quantity, 
termed the extent of reaction which bears a direct 
relationship to experimentally measured weight change 
of the specimen. 

The overall extent of reaction e may be expressed 
as follows : 

3 R z 

Ro ~ rs  

- (r / rs) ]  may be cons idered  a local e x -  the quanti ty [1 3 
tent  o f  reac t ion  and wil l  be designated ~. Thus the 
r ight  side of Eq. [21] is the weighted average value of 
O/. 

c is not a funct ion of R ,  but is ,  of course ,  a function 
of t. 

The Numer ica l  Solution 

In o rde r  to put the governing equations in a f inite 
d i f ference fo rm,  let us es tab l i sh  a two-d imens iona l  
grid in R and t, designat ing the mesh spacing in R by 
AR and the t ime  step by At. 

The values  of R at the va r ious  grid points wilt  be 
designated by subs t i tu t ing  appropr ia te  numer ica l  
va lues  into the index i of the q u a n t i t y R i ,  which now 
denotes d i sc re t e  va lues  of the spat ia l  coordinate .  The 
index i is so chosen that: 

i = 1 a t R  = 0  

i = n  a i r  =Ro [24] 

The index of any mesh  value of R differs  from its 
neighbors  by uni ty .  

Eq. [21] may now be replaced by n equations of the 
type 

dt Pm DBKE] KE 

where  the subsc r ip t s  i denote values  of the appropr ia te  
va r i ab l e s  at rad ius  Ri .  

If the values  of CAi were  known as  a function of 
t ime ,  the set of equations r ep resen ted  by Eq. [251 
could be readi ly  in tegra ted ,  e . g .  by the Runge-Kutta  
method. 

In o rde r  to obtain CAi , let us reca l l  Eq. [22], which 
may be wr i t t en  as  follows: 

[ R 2 OR R=R i rs 

The left hand side of Eq. [26] may be expressed in a 
f ini te  dif ference form as :  

0R ~ R ]  -~-~ + 2R ~R ~ AR2 

Ri 
• [CAi__ 1 -  2CAi + Cai+l ] + L2",J 
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i 

I COIl PROPS tO store 
initial 

physical parameters 
i 

co,, Aux,4 io co.~a,, i 
I initial 
[concentration praf es J 

- 

Call RKSTEP 1o advance Call AUXI4 to compute 
solution by one time 1 I concentration profiles 

step , , [ ' -- '1 at each RUNGE-KUTTA 
[ | derivative evaluation 
�89 

Call AUXI4 to coml~te concentration 
profiles a t e ~  of t me step 

Call SIM,IMZ to find"] 
new reaction extent J 

t Coil TEMP to find 'I 
new temperatur s [ 

Coil PROPS to find 
propert ies 

at new temperature 

Fig. 3--Block diagram of the computer program. 

where 

H e r e R i  a r e  s e l e c t e d  such  that  the  m e s h  spac ing  (AR) 
is  u n i f o r m .  On r e a r r a n g e m e n t  Eq .  [27] m a y  be w r i t t e n  
as:  

N %__ 

_ ~i CAo [28] 
KE 

3(1 - P ) r } R } k  [29] 
~xi = " , 3 

DA r s 

Eq .  [28] ho lds  fo r  a l l  the  i n t e r n a l  g r id  po in t s ,  i . e . ,  
i = 2, 3 , 4  . . . .  ( n -  1). 

The  boundary  cond i t i ons  a r e  a l s o  r e a d i l y  e x p r e s s e d  
in a f in i t e  d i f f e r e n c e  f o r m ,  thus  we have :  

3 CA, - 4 CA2 + CAa = 0 [30] 

and 

CAn_2- 4CA,,_ 1 + (3 + 2'~)CAn = 2~CAo [31[ 

( r e p i n c i n g  Eq .  [13 ]) 

w h e r e  

= ~3h~A- �9 AR [32] 

Solution may now proceed as follows: 
I) Starting with given initial values of r i and comput- 

ing the initial values of CAi, the position of the reac- 
tion front is advanced by one time step through the 
integration of Eq. [25]. 

2) The resultant new values of r i may then be sub- 
stituted into Eqs. [29], [30], and [31] which then yield 
n simultaneous equations for CAi, i = 1, 2, 3, . . . n. 

3) The new values of CAi are then used for advancing 
the reaction front by a further time step. 

The actual computation was performed on the Control 
Data Corporation 6400 computer at the State University 
of New York at Buffalo, using Fortran IV. The numer- 
ical solution of Eq. [26] was performed by a subroutine 
labeled AUX14. Calling parameters for AUX14 were 
the n values of R i and of r i together with the value of 

and for the physical properties h, P, k, D~, D~, 
KE,  CAo and ,r s . The n values of CAi constituted the 
output from the subroutine. 

Another subroutine, RKSTEP, advanced the solution 
of Eq. [23] by one time step using the fourth order 
Runge-Kutta technique. This subroutine had as input 
parameters the present n values of r i and CA i, together 
with  k, Pm , D ~ , D~ , KE , CAo , and the  s i z e  of  the t i m e  
s t ep .  The  new v a l u e s  fo r  r i c o n s t i t u t e d  the  output .  F o r  
f u r t h e r  c o m p u t a t i o n a l  d e t a i l s  the  r e a d e r  is r e f e r r e d  
to the  t h e s i s  upon which  th i s  p a p e r  is b a s e d .  ~7 

A b lock  d i a g r a m  of the  c o m p u t e r  p r o g r a m  is  shown 
in F ig .  3. 

COMPUTED RESULTS 

In view of the numerical procedure used for solving 
the governing equations, numerical values were re- 
quired for the parameters appearing in the equations. 
These quantities may be divided into two groups, 
namely: 

a) Parameters which are readily available for a 
given application, or at least, may be easily calculated. 

b) Parameters, the evaluation of which required 
further measurement. 

a) Pellet size,Ro, porosity, P, molar density of the 
solid gaseous reactant and product concentrations, CAo, 
C ~ ,  and the gas film heat and mass transfer coeffi- 
cients, h t and h, fall in this first category and there- 
fore no further comment will be made on the techniques 
used for their evaluation. 

b) The parameters that are not very readily meas- 
ured or evaluated are the reaction rate constant, k, 

I 

the effective diffusion coefficients, D~4, DB, and the 
grain size, r s , or the grain size distribution. 

Of t h e s e  q u a n t i t i e s ,  h,  the  react ion rate constant has 
to be m e a s u r e d  e x p e r i m e n t a l l y ;  k w i l l  depend  on t e m -  
p e r a t u r e  and on the  cond i t ion  o e the s u r f a c e ,  but w i l l  
no l o n g e r  be a f f ec t ed  by the  m a c r o s t r u c t u r e  o f  the 
so l id .  

D'A and D~,  the ef fect ive dif fusion coef f icients ,  d e -  
pend on the  t o r t u o s i t y  and a r e  m a d e  up of the  Knudsen  
d i f fus ion  c o e f f i c i e n t  and the m o l e c u l a r  d i f fu s iv i t y .  

On denot ing  t h e s e  by D~4K and DBK r e s p e c t i v e l y ,  D~ 
m a y  be e s t i m a t e d  by the  B o s a n q u e t  i n t e r p o l a t i o n  
f o r m u l a :  

1 i i [331 
m~ D~4B + DAK 
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C H E M I C A L  R E A C T I O N  
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Fig. 4--Typical plot of the local extent of reaction and of the 
concentration profile for chemical control. 

The mo lecu l a r  diffusion coefficient may be es t imated  
from the molecu la r  theory of gases ,  and the Knudsen 
diffusion coefficient may also be es t imated  if the pore 
s ize  d i s t r ibu t ion  (grain s ize  d is t r ibut ion)  and the po r -  
os i ty  a r e  known. 

Al t e rna t ive ly ,  D.~ may be measu red  exper imenta l ly  
through both the reacted and unreac ted  ma t r i ce s .  

F ina l ly ,  r s , the gra in  size may be e i ther  measu red  
d i rec t ly  by e lec t ron  microscopy,  o r  X - r a y  diffract ion 
techniques ;  a l t e rna t ive ly ,  a value for r s may be de-  
duced from pore size d i s t r ibu t ion  m e a s u r e m e n t s .  

It is s t r e s s e d  that the effective diffusion coefficient  
and the g ra in  s ize  may be s t rongly  in t e r re l a t ed  if the 
component  due to Knudsen diffusion is s ignif icant .  

A fu r the r ,  more  detai led d i scuss ion  wil l  be presen ted  
in P a r t  ]I of the paper  regard ing  the techniques ava i l -  
able  for es t imat ing  and m e a s u r i n g  D ~ ,  k and r s .  

In view of the ve ry  large n u m b e r  of p a r a m e t e r s  that 
have to en te r  the computat ion,  any set  of computed 
r e su l t s  will '  be specific to a pa r t i cu l a r ,  given appl ica-  
t ion.  At this stage it is thought de s i r ab l e ,  to defer the 
p resen ta t ion  of detailed computed cu rves  to Pa r t  II of 
the paper  and to confine ou r se lves  to a d i scuss ion  of 
the genera l  fea tures  of the solut ion.  

F igs .  4 to 6 show sketches  of the concent ra t ion  p ro -  
f i les and of the spat ia l  d i s t r ibu t ion  of a ,  the extent of 
reac t ion ,  at some in te rmedia te  t i m e s ,  cor responding  
to va r ious  types of asymptot ic  behavior .  

The prof i les  of a and of C A ,  sketched in Fig.  4, c o r -  
respond to sys t ems  where  the ove ra l l  ra te  is control led 
by chemica l  k ine t ics ;  in p rac t i ca l  s i tua t ions  chemica l  
k ine t i cs  tend to control  at low t e m p e r a t u r e s ,  at high 
poros i t i e s ,  and in the case  of sma l l  pe l le ts .  Inspect ion 
of Fig.  4 shows that both the concen t ra t ion  and a pro-  
f i les  a r e  un i fo rm.  

Fig.  5 shows sys tems  where  in te rna l  diffusion is the 
ra te  cont ro l l ing  step, which is rea l ized  at high tern-  

I N T E R N A L  D I F F U S I O N  

Extent 

I-O 

Radial  Variation 
of Extent of 
Reaction ( = ) : 

C O N T R O L  

Cone, 

Co 

0 , I- 

0 Ro 
Distance from Centre 

Concentration 
Profile : o 

o R= 
Distance from Centre 

Occurs : High Temperatures 
Low Porosities 
Large Spheres 
Towards End of Reaction 

Fig. 5--Typical plot of the local extent of reaction and of the 
concentration profile for pore diffusion control. 

M I X E D  (chemical reaction 4- internal diffusion) C O N T R O L  

Extent 

I.o 

Radial Variation / 
of Extent of 
Reaction ( ~ ) : o - I !b 

0 Ro 
Distance from Centre 

Conc. T 

Profile : o ' , �9 
O Re 

Distance from Centre 
Fig. 6--Typical plot of the local extent of reaction and of the 
concentration profile for mixed control. 

p e r a t u r e s ,  low poros i t i es ,  and for la rge  pel le ts .  It is 
seen that the profi le  of c~ undergoes  a step change f rom 
unity to zero at some in t e rmed ia t e  value of R ,  which of 
cou r se ,  co r responds  to a sharp  reac t ion  boundary.  In-  
spect ion of the concent ra t ion  profi le  shows that g r a -  
dients  in concent ra t ion  a r e  confined to a region between 
Ro and the react ion f ront ,  i . e . ,  to the reacted shell .  

F ina l ly ,  the behavior  of a r eg ime  of mixed control  
(chemical  react ion + in te rna l  diffusion) is sketched in 
Fig.  6. It is seen that the prof i le  of a is a smooth 
curve ,  a s ignif icant  por t ion of which fa l ls  between 0 
and 1; it follows that this s i tua t ion co r responds  to a 
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Fig. 7--Plot of the overall extent of reaction against time for 
nickel oxide reduction with hydrogen. The numbers on the 
curves correspond to: 

No. Temp, ~ R 0, cm P, Initial 
1 299 0.770 0.729 
2 301 1.178 0.734 
3 303 0.800 0.384 
4 293 1.128 0.384 

dLffuse r eac t ion  zone. The concent ra t ion  p rof i l e  shown 
also r e f l e c t s  this behavior .  

Inspect ion of Figs .  4 to 6 shows that a sharp  r eac t ion  
front  ex is t s  only in one p a r t i c u l a r  c a se ,  when the p r o c -  
ess  is con t ro l led  en t i r e ly  by in terna l  diffusion;  in a l l  
o ther  c a se s  the reac t ion  zone wil l  cons is t  of a diffuse 
reg ion ,  the width of which Ls de te rmined  by the r e l a t i v e  
magnitude of the va r ious  p a r a m e t e r s .  

Since F igs .  4 to 6, l ike al l  p receding  i l l u s t r a t i ons ,  
w e r e  ske tches  of computed behav io r ,  it may be of in- 
t e r e s t  to show actual  computed r e su l t s .  This  is done 
in Fig.  7 on a plot of the o v e r a l l  extent of reac t ion  
agains t  t ime .  The p a r t i c u l a r  sys tem cons ide red  is in 
the i n t e rmed ia t e  r e g i m e  whe re  both diffusion and 
chemica l  k ine t i cs  a r e  s igni f icant .  The four  c u r v e s  
shown indicate  that both poros i ty  and pe l le t  s i ze  have 
a s ignif icant  effect  on the o v e r a l l  react ion r a t e .  

DISCUSSION 

In the paper  an a l t e rna t ive  is proposed to the con-  
vent ional  " sh r i nk ing  c o r e "  mode l ,  ex tens ive ly  used 
for desc r ib ing  the reduct ion  k ine t i cs  of sol id,  porous  
meta l  oxides .  

The model  p resen ted  in the paper  d e s c r i b e s  the 
o v e r a l l  ra te  of the reac t ion  by summing the con t r ibu-  
t ions f rom the individual g ra ins  that make up the po r -  
ous solid ma t r i x .  

On assuming  that the solid s t ruc tu re  is not modified 
in the c o u r s e  of the r eac t ion ,  the sys tem is r e p r e -  
sented by two se ts  of s imul taneous  d i f fe ren t ia l  equa-  
t ions ,  one se t  desc r ib ing  the reac t ion  of individual 
l aye r s  of solid g r a in s ,  and the o ther  desc r ib ing  the 
diffusion of r eac tan t s  and products  within the porous 
ma t r ix .  

A sa t i s f ac to ry  n u m e r i c a l  scheme  was developed for 
the solution of these  equat ions ,  and thus c u r v e s  w e r e  
genera ted  giving the app rop r i a t e  t rans ien t  concen t r a -  
t ion prof i les  and the extent of reac t ion  with t ime .  

The potent ia l  a t t r a c t i v e n e s s  of the p resen t  model  is 
twofo ld : 

a) The p rof i l es  genera ted  for the local  extent of r e -  
act ion a r e  in qual i ta t ive  ag reemen t  with expe r imen ta l  
f indings;  a c e r t a i n  combinat ion of c i r c u m s t a n c e s  can 
lead to diffuse reac t ion  zones ,  whereas  t he r e  a r e  con- 
di t ions (when pore  diffusion controls)  w h e r e  the r e -  
ac ted  and unreac ted  zones a r e  separa ted  by a sharp 
reac t ion  boundary.  

b) A m o r e  s ignif icant  fea ture  of the model  is that it 
i n c o r p o r a t e s  s t r uc tu r a l  p a r a m e t e r s ,  such as pore  
diffusion coef f ic ien t ,  g ra in  s i ze ,  poros i ty ,  and the l ike,  
into the o v e r a l l  reac t ion  scheme.  These  quant i t ies  
may be m e a s u r e d  independently,  and if adequate  infor-  
mat ion is ava i lab le  on the chemica l  k ine t i c s ,  it should 
be poss ib l e  to p red ic t  the behavior  of ce r t a in  sy s t ems  
f rom pure ly  phys ica l  m e a s u r e m e n t s .  

A b e t t e r  unders tanding of the ro le  played by s t ruc -  
tu ra l  p a r a m e t e r s  in the o v e r a l l  r eac t ion  s c h e m e  could 
lead us to spec ia l  techniques ,  o r  to the modif ica t ion  of 
ex is t ing  techniques  of sol ids  p repara t ion  with a view 
of ach iev ing  opt imal  p e r f o r m a n c e  of the r e a c t o r  unit 
in which they a r e  p r o c e s s e d .  Ul t imate ly ,  t a i l o r - m a d e  
s t r u c t u r e s  may be evolved to suit a g iven,  p a r t i c u l a r  
g a s - s o l i d  reac t ion .  

It is noted,  that in its p resen t  s tate the model  is 
r e s t r i c t i v e ,  because  of the assumpt ion  made for the 
r e t a inm en t  of the o r ig ina l  s t r uc tu r e .  

Within the f r amework  of the model ,  a l lowances  could 
be made for  s t ruc tu ra l  changes o c c u r r i n g  in the cou r se  
of the reac t ion .  The incorpora t ion  of these  f ac to r s ,  
through addi t ional  equat ions ,  is quite s t r a igh t fo rward  
in concept  but would, of c o u r s e ,  i nc r ea se  the complexi ty  
of computat ion.  At present  t h e r e  is not enough in fo rma-  
tion ava i lab le  on s in te r ing  k ine t i cs  for  m e t a l - m e t a l  
oxide s y s t e m s  of i n t e r e s t  to make such an effor t  wor th -  
whi le .  None the l e s s ,  future work both in the a u t h o r s '  
l abora to ry  and e l s ew he re ,  could tend to the cons t ruc t ion  
of m o r e  gene ra l  mode l s .  
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