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Analysis of single-pore behavior in a porous pellet of reactant is used 
to develop a new model for predicting the conversion-time relationship for 
gas-solid noncatalytic reactions. The model accounts for the influence of 
pore diffusion, diffusion through the product layer which builds upon the 
pore walls, and surface reaction. By focusing attention on one pore, it is 
possible to include the effects of the changes in pore geometry that occur 
during reaction. Thus, both pore-mouth cloxre and uniform deposition of 
product throughout the pellet can be predicted by using appropriate values 
for the diffusional and physical properties of the reaction system. The key 
parameters of the model are the effective pore length and effective diffu- 
sivity in the product layer. Numerical values of these quantities can be 
approximated from measurements of the pore volume and surface are of 
the unreacted and reacted forms of the pellet, or they may be evaluated 
from a limited amount of conversion vs. time data. The use of the model 
for predicting conversion-time curves is illustrated with available data for 
the reduction of nickel oxide pellets with carbon monoxide and for the 
reaction of sulfur dioxide with calcium carbonate. 

SCOPE 

Although the sharp interface model has been used ex- 
tensively to analyze the behavior of noncatalytic gas- 
solid reactions, it does not account for the structural 
characteristics of the solid. In recent years, models in- 
corporating these characteristics have been developed; the 
pore model (Szekely and Evans, 1970; Chu, 1972) and 
the grain model (Calvelo and Smith, 1971; Szekely and 
Evans, 1970) illustrate the key developments in this area. 
These models do not consider the effect of changes in 
structure during reaction, that is, changes in pore geom- 
etry caused by reaction, although such changes are im- 
portant in many instances. The only published papers 
accounting for changes in pore geometry appear to be 
those of Petersen (1957) and Hashimoto and Silveston 
(1973, 1973~)  who analyzed a gasification type of reac- 
tion. The reaction scheme studied was such that all the 
products were gaseous and hence the work has limited 
applicability to a general noncatalytic gas-solid reaction. 

Chemical reaction may result in a more open pore 
structure when the molal volume of the product formed 
is less than that of the reactant. Such a reaction scheme 

applies to reduction of some oxides and gasification types 
of processes. Alternately, the effect of chemical reaction 
may be to form a more dense pore structure resulting 
in a decrease in porosity. Examples are the hydrofluorina- 
tion of uranium dioxide and sulfation of calcium oxide. 
The rate of reaction and the conversion-time relations 
are significantly affected by such changes. In an extreme 
case pore closure can occur, resulting in incomplete con- 
version of the solid reactant. In the present paper a 
single-pore model. is developed to account for structural 
changes due to reaction. The key feature of this work 
is that by focusing attention on a single pore, a rather 
complex situation can be analyzed in a simple manner. 
Further, the parameters in the model can be approx- 
imated from measurement of the pore volume and surface 
area of the reacted and the unreacted pellet. Comparison 
with experimental data on the reduction of nickel oxide 
pellets with carbon monoxide and on the sulfation of 
calcium oxide provide tests of the model for systems 
involving structural changes. 

CONCLUSIONS AND SIGNIFICANCE 

The single-pore model provides a simple means of 
accounting for changes in pore geometry that occur dur- 
ing reaction. The main parameters of the model are the 
effective pore length and the effective diffusivity of the 
product layer. A further important parameter, determined 
by the characteristics of the chemical system, is the ratio 

( y )  of the molal volume of the porous product to that of 
the reactant. For y = 1, the pore geometry does not 
change. For y < 1, reaction leads to a more open pore 
structure. In this case, the single-pore model predicts 
that the time required to achieve a given conversion is 
reduced. The system nickel oxide-nickel has a value of 
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of about 0.7, and the experimental results for the reduc- 
tion of nickel oxide with carbon monoxide agree well with 
the model predictions. Values of > 1 result in a de- 

lead to pore-mouth closure which means that the conver- 
sion approaches an asymptotic value less than 100%. 
such asymptotic conversions have been experimentally 
observed for hydrofluorination of uranium dioxide and 
sulfation of calcium oxide. For the latter system, the model 

predictions agreed reasonably well with the conversion 
vs. time and conversion vs. porosity data presented 
Hartman and Coughlin (1974). 

of required parameters. These parameters can be evalu- 
ated from a limited amount of conversion-time data, or 
h e y  may be approximated by measurement of the Prop- 
erties of the reacted and unreacted forms of the pellet. 

crease in average pore and large Of Y can The main advantage of the model is the small number 

DESCRIPTION OF THE MODEL 

Consider a reaction scheme 

A ( g )  + b B ( s )  + @(g)  + 
and suppose that the solid pellet consists of a number 
of parallel cylindrical pores, each of finite length. Each 
pore would have some reactant solid ( U )  associated with 
it. For prediction of the rate of reaction and conversion- 

n 

Fig. la. Schematic representation of the single pore a t  time t = 0. 

T Iz 

Fig. lb. Geometry of the shrinking-pore case showing the definition 
of various distance parameters. Dotted line represents position of 
pore walls a t  t = 0, 5olid lines a t  time t. Dashed line represents 

centerline of original pore. 

time data, it is sufficient to concentrate attention on a 
single pore. Thus, the procedure is to analyze reaction 
in a cylindrical pore of initial radius r and length 1 and 
an associated concentric cylindrical solid reactant with 
an overall radius of h (see Figure l a ) .  The ieaction 
occurs along the pore walls, resulting in a buildup of 
product layer. The local radius of the pore itself changes 
owing to chemical reaction whenever the inolal volume 
of the porous pioduct formed is different from that of 
the reactant (for example, Figure lb ) .  The model con- 
siders diffusion along the axis of the pore, diffusion through 
the product layer formed upon the pore walls, and sur- 
face reaction at the boundary separating the product 
layer and the solid reactant. 

The main assumptions may be summarized as follows. 
1. The pore is cylindrical of finite length I and of uni- 

form original radius r. 
2. Each pore has a cylindrical solid associated with 

it with an overall radius A. 
3. The concentration of gas A does not vary radially 

in the pore. 
4. The concentration of gas A within the solid-product 

layer is assumed to vary only in the radial direction, 
and there is no axial diffusion of A in the product layer. 

5. The chemical reaction is irreversible and first order 
with respect to gas A and first order with respect to 
the interfacial surface of B .  

6. Isothermal conditions prevail. 
7. External mass transfer resistances are neglected. 
8. Solid reactant ( A )  is nonporous so that the reaction 

occurs at a sharp interface. This means that the original 
solid pellet consists only of macropores. 

The main differences between this model and model 
of Szekely and Evans (1970) are that the pore is of 
finite length so that conversion-timc l ~ l i a v i n r  can easily 
be predicted and that the pore geometry changes with 
reaction. The main differences with the model of Peter- 
sen (1957) are that the products are not entirely gaseous 
and that diffusion through the product layer (which may 
be dominating for certain reactions) is accounted for. 

MATHEMATICAL FORMU LATION 

In developing the conversion (of B)-time relation, 
the first step is to obtain the rate of reaction per unit 
volume of the pore. Two steps are involved in the reac- 
tion process: diffusion through the product layer and 
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surface reaction. With the pseudo steady state hypothesis, 
the overall rate is equal to the rate of the individual 
steps. Hence, the rate of reaction of A for a differential 
volume of pore of length Ax is 

RA (g  molehec) 

r +  82 -1 

+ ”..] De [ k(r  : 82) 
= 2n(AX)C 

The quantities and 62 refer to the thickness of the 
product layer on either side of the initial position of 
the pore wall (see Figure Ib for definitions). 

The concentration profile of gas A in the pores as a 
function of axial distance along the pores C = f (x )  can 
be established by a mass balance using Equation (1) 
for the rate of chemical reaction: 

d 
dx 

or 
d2C dS1 dC 

D ( r  - S1)2- - 2 ( r  - 81)D--  
dx2 dx dx 

r + 82 -1 

D, 
+ l n = ]  (3) = 2c 

The first term on the left side is the normal term arising 
from diffusion in the x direction, while the second term 
occurs because of the changes in the pore area in the x 
direction. In general, d&/dx is small so that the second 
term can usually be neglected. In Equations ( 2 )  and 
( 3 ) ,  S1 and S 2  are, for the general case, functions of x 
as well as of time. In Equation ( 3 ) ,  D is the diffusivity 
of gas A within the pore and includes contributions of 
both bulk diffusion and Knudsen diffusion. 

The variation of S1 and & with time can be formulated 
in the following way. The total thickness of the product 
layer is 6 = S1 + S p .  If this thickness changes by AS in 
time At, the volume of the product formed in time A t  
is 2a(r  + S2) (AS) ( A x ) .  If pG is the solid (skeletal) den- 
sity of the product and EG the porosity, the rate of product 
formation is 

PC A8 
2n-  (1 - EG) ( r  + &)Ax-ingmole/s 

M G  At 

and this would be equal to g ( R , )  by stoichiometry. 
Hence, we obtain 

dt dt + d t - P G ( l - < G )  ( r + 8 2 )  

dS dS1 d& - gMG C - --- 

-1 r + 82 

+ l n = T  1 (4) [ k ( r  1 S2) De 

An additional equation relating S1 and S2 is needed to 
complete the formulation of the model. This can be 
obtained from the requirement of conservation of mass 
during reaction. The product has a thickness 81 i- Sz 
at a given time, and this product has been formed from 

X 

zone of 
Complete 

Fig. Ic .  Single pore with region of complete reaction. 

a reactant solid of thickness 82. Since mass must be 
conserved 

b 
moles of B = - (moles of G )  

g 
or 

Simplifying, we get 

( r  - 6d2 = (1 - y )  ( r  + 8212 + v2 ( 5 )  
where y is defined as 

For y = 1, Equation (5) shows that S1 is zero, which 
means that there is no change in pore geometry with 
time. Equation (5) can also be expressed in differential 
form to achieve some computational advantages: 

Equation (5a )  indicates that for y > 1, S1 increases 
with time, which corresponds to a decrease in the pore 
radius with time. For y < 1, S1 will be negative, and 
physically this corresponds to an increase in pore radius. 

The boundary and initial conditions are 

At x = O  C=C, (7) 
dC 
dx 

At ~ = l  - = O  

At t = O  8 1 = 0 = 6 2  ( 8 )  

The local conversion 7 of the solid (€3) depends on 
S2 and is given by 

- ( r  + S z ) 2  
q ( x )  = 1 - P - r2 

The average conversion for the entire pore is 

(9) 

Under certain conditions, a zone of completely reacted 
solid will develop near x = 0 (Figure lc). This occurs 
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when the value of S2 becomes equal to h - r. For this 
case, Equation (3) has to be solved separately for the 
two zones 0 to l1 and ll to 1. For 0 to 11, the rate term 
on the right-hand side of Equation (3)  would be equal 
to zero, since no solid reactant is available for reaction 
in this zone. 

DIMENSIONLESS VARIABLES AND PARAMETERS 

sionless form using the following variables: 
Equations (3 ) ,  (4), and (5a) were cast in dimen- 

The resulting dimensionless equations are 

d&' 
t - 

dr 

and 

where 

Since Vg i s  related to the initial porosity to, the average 
pore radius can also be expressed as 

(16) 
2 C O  

P P S Q  
r = -  

where pp is the density of the pellet. 

Radius of the Associated Solid h 
?'he porosity of the single pore at t = 0 is 

nl.2 
€0 = - 

TA2 

Assuming that the porosity of the single pore at t = 0 
is the same as that of the unreacted solid, we have 

(18) 
x 1 -=- 
I G 

Effective Pore Length I 
This parameter is important since it determines the 

signilicance of diffusional gradients within the single pore. 
It is rational to choose it in such a way that the original 
pellet and the single pore of the model have the same 
diffusional characteristics. Such characteristics of the 
original pellet depend on the Thiele modulus. At iero 
time, this is defined for a spherical geometry as 

kppSgrf  1'2 

"( 3 De0 ) 
Equation (11) for a single pore at T = 0, (if we neglect 
the term involving dS1*/dxO) gives 

12 C' 
r2 (1  - S1*)2  

- - 2 -  

With average pore radius from Equation (16), Equation 
(19) becomes 

kr Bi = - 
D 

In dimensionless form, Equatioll (10) for the average 
conversion becomes 

I 
l-(;)2 

The main parameters are pore radius r, length of the 
pore I ,  the outer radius of the concentric associated solid 
A, the efiective difhsivity in the solid product layer D,, 
and the rate constant for sulface reaction k. Approximate 
values of these parameters can be estimated by the 
methods listed in the following paragraphs. Such esti- 
mates are useful for predicting conversion-time results in 
the absence of esperimental reaction data and as a start- 
ing point for more accul ate estimates by comparison 
with the experimental data. 

Average Pore Radius r 
Since the pore is assumed to be cylindrical, the aver- 

age pore radius €or a monodisperse pellet may be esti- 
mated from the expression 

v, 
SQ 

r = 2 -  

d2C* PkkppS, 
dx'2 COD 

C' - --- 

Thus, the equivalent Thiele modulus of the single pore is 
Z ( k p , S , / ~ , D ) 1 / 2 .  In order to have the same internal dif- 
fusional resistance, the effective length of the single pore 
of the model must be defined as 

(21) 
1=+ R 

The definition of I by Equation (21) ensures that the 
rate predicted by the single-pore model and that for a 
spherical pellet, at time t = 0, are the same for the 
same value of the rate constant k. 

The toituosity factor may be predicted, as a first ap- 
proaimation, by the random pore model (Wakao and 
Smith, 1962). Thus, if the pore structure of the original 
pellet is monodispcrsed, the effective pore length is 
given by 

R 1 = -  
3v;a 

Effective Diffusivity Through the Product Laver D, 
This key parameter is best obtained from experimental 

conversion-time data. In the absence of such data, an 
approximate value can be predicted using the random 
pore concept. Bv this method, D ,  is related to the porosity 
of the product layer CG by the following equation: 

D, = DEG' (23) 
Note that D, is not necessarily equal to DecG/rc since D 
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may not be the same in the main pores as in the porous, 
product layer. The value of EG can be obtained from the 
porosity of the completely reacted solid cf. The com- 
pletely reacted solid consists of the macropores arising 
from the original pores and the micropores in the product 
layer. The total porosity of the completely reacted solid 
depends on the local pore radius of the reacted solid 
and is given by 

€ j = l l  { € 0 ( 1 - 8 1 * ) ~ +  € C [ ~ - € O ( ~ - & " ) ~ ] } ~ *  

(24) 
An approximate value of CG in terms of cf, obtained by 
neglecting structural changes, is given by 

(25) 
6f - €0 

€G N - 
1 - €0 

Equation (25) is valid exactly for y = 1 and may 
serve as a starting guess for other cases. 

Reaction Rate Constant k 
This is the one parameter that must be obtained from 

experimental reaction data. It may be determined by 
considering the rate of reaction at t = 0. At this point, 
the conversion is zero so that the thickness of the product 
layer is negligible. Equation (20) is now applicable, 
and the rate of reaction is given by [Equation ( l ) ]  

(RA) kD = Cok(2fll) ( E F )  (26) 

where EF is the effectiveness factor for the single pore 
at t = 0. It  is given by 

tanh I$ 

4 
E F = -  

and 

Provided that EF can be determined, Equation (26) 
provides an expression for the rate in terms of k. For the 
case of no diffusional resistance within the pore ( 4  < 0.2), 
the value of EF is about unity. For the other extreme 
of large diffusional resistances (4 > 3), EF = l/+, and 
Equation (26) takes the form 

(29) 

Only for intermediate values of I$ need Equation (27) 
be used. 

Comparison of the experimentally observed initial rate 
with Equation (26) provides an estimate for the reac- 
tion rate constant. 

MAXIMUM CONVERSION OF SOLID 

In many gas-solid reactions, the maximum conversion 
of the solid reactant approaches a constant value less 
than 100%. This can be explained on the basis of the 
structural changes of the pores, and the maximum con- 
version can be predicted for a solid reactant of given 
porosity. The maximum conversion is reached when 
pore closure occurs. Consider, for simplicity, a pore with 
no diffusional resistance ( 4  < 0.2). When pore closure 
occurs, &* = 1, and Equation (5)  gives 

(30) Y (1  + 82*)?nax = - 
y - 1  

1.0 

5 2 0.8 
0 

w 

5 0.6 
I 
Y 

0.0 
0 10 80 I20 la ZW 210 ' 280 320 360 4M 

DIMEUSIONLESS TIME. T 

Fig. 2. Conversion vs. time for various values of y for 6i = 0.01, 
EO = 0.18, and D,/D = 0.0625 and for no diffusional resistance in 

the pore (+ < 0.2). 

I I I -  4 . 1  

DIMENSIONLESS TlME,T 

Fig. 3. Influence of y on conversion for the case when pore diffu- 
sion is  important for 6i = 2 x 10-6, D , / D  = 10-4, co = 0.64, 

I / r  1 200. 

Using this result in Equation (9)  or ( lo ) ,  and using 
Equation (18), we get for the maximum conversion 

Y 1 - €0- 

1 - €0 
(31) 

- Y - 1  

Equation (31) is applicable only for y > 1. 
'I'here is a further restriction that conversion can not 

be greater than 100%. This occurs at co = ( y  - l ) /y .  
Thus, complete conversion of the solid is ensured, pro- 
vided the initial porosity of the pellet is greater than 
( y  - l ) / y  and for the case of no diffusional resistance in 
the pore. When concentration gradients exist in the pores, 
the porosity has to be still higher in order to achieve 
complete conversion. An interesting application of this 
to the sulfation reaction of calcium carbonate follows 
from the work of Hartman and Coughlin (1974) and is 
discussed later. 

( -q )"lax = 1 - 

RESULTS 

Equations (11) to (14) with Equations ( 7 ) ,  (7a) ,  
and (8) can be solved numerically for the conversion 
as a function of time and the several parameters. Such 
calculations were made to show the effects of key prop- 
erties of the reaction system. 

Influence of y on Conversion and on Pore Structure 

The influence of y was studied over the range 0.5 
to 1.5 for cases without and with pore diffusional re- 
sistances. The results are shown in Figure 2 and 3 as 
plots of conversion vs. time. I t  is seen that the time 
required to achieve a given conversion is reduced as y 
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1- Initial Pus P I . / S O h d  

DISTANCE ALONG THE RADIUS OF THE PORE,al* 82’ 

Fig. 4. bevelopment of pore closure for no diffusional resistance, Bi  
= 0.01, y = 1.5, €0 = 0.18, DJD = 0.0625, I / r  = 1200. Solid 
lines indicate pore wall, and dotted lines indicate reaction interface. 

Solid -j 

0 0 2  0 4  0 6  O K  1 0  1 2  1 4  1 6  

OISTAIICE ALONG THE RADIUS OF THE PORE, 8; OR 8; 

Fig. 5. Development of pore closure for case of significant diffusional 
resistance, Bi = 2 x I / r  = 1200, 
€0 = 0.35. Solid lines indicute pore wall, and dotted lines indicate 

y = 1.5, De/D = 

reaction interface. 

-- Solid 

’ ”$, -10 1 1  1 2  13 1 4  I 5  1 6  1 7  

DISTANCE ALONG THE RADIUS OF THE PORE, 01’ u 8** 

Fig. 6. Development of an open pore structure for y = 0.66. Solid 
lines indicate pore wall, and dotted lines indicate reaction interface, 

is reduced. For y = 1.5, and no d8usional resistances, 
the conversion reaches a maximum of 51% in agree- 
ment with Equation (31). The decrease in pore radius 
with time for this case is shown in Figure 4. As there 
‘ire no diffusional effects, the rate of reaction is uniform 
along the pore walls and results in a uniform product 
layer thickness. Contrast this with the situation in Fiqure 
5 which is applicable to a case with significant diffu- 
sional resistance. The rate of reaction is now very large 

Bi = 2 x De/D = 10-4, €0 = 0.35, I / r  = 1200. 

0 20 40 60 IM loo 

DIYLNSlONLEff TIME. 7 

Fig. 7. Effect o f  pore length on the conversion-time relationship for 

near the pore mouth, while it is low at the end of the 
pore. As a result, the product growth is mainly near 
the mouth of the pore, and when pore closure occurs, 
a significant amouiit of material can remain unreacted 
near the end of the pore. For the parameter values used 
in Figure 4, this gives an asymptotic conversion of 39%. 

For y < 1, a more open pore structure develops with 
time. Such behavior is shown in Figure 6 for y = 0.66. 
The average pore radius increases with time. This in- 
crease is larger near the mouth than the end whenever 
there are diffusional gradients within the pore. The in- 
crease facilitates diffusion, resulting in a reduction in 

Bi = 1.6 x 10-9, EO = 0.6, y = 1.9, and De/D = 

time for complete conversion. 

1 .o 

o.a 

c z 
e c 
V - 

0.6 
e 
d z 
LL 0 

z 
2 0.4 
a Y) 

w 
> z 0 
V 

02 

0.0 
0 ZOO0 40#) boo0 

TIME. sa. 
Fig. 8. Influence of diffusion through product layer (D,/D) on the 
conversion-tim,e relationship for the reaction-dominated case; Bi = 

2 X y = 0.66, EO = 0.35, I / r  = 1.88 = 104. 

Page 358 May, 1977 AlChE Journal (Vol. 23, No. 3) 



I .o 

0.9 

0.8 

0.1 

0.6 

0.5 

0.4 

03 

02 

0.1 

0.0 
0 1000 2000 3000 4000 

Fig. 

TIYE. wc. 
9. Influence of D,/b when product layer diffusion controls the 
rate; 5i = 2 x 10-6, y = 0.66, €0 = 0.35, I/r = 1 200. 
1 .o 

0.8 

LL 0 

0.2 

1 .a 

0.8 

0.6 

0.4 

0.2 

0.0 

0.0 
0 40 80 120 150 200 240 

DIYENSIDNLESS TIME, 7 

Fig. 10. Influence of intrinsic reaction rote ( B i )  on the conversion- 
time relationship for the case when pore diffusion is unimportant; 

De/D = 0.66, y = 1.0, EO = 0.18. 

Influence of Effective Pore Length 

The influence of pore length was studied by varying 
the ratio f / r  over the range 1 4 0 0  to 140 000. For small 
values of Z/r (1.4 x 1 0 3  in Figure 7 ) ,  diffusional effects 
are not important. Hence, a tenfold change in this param- 
eter causes only a nominal change in conversion (Figure 
7 ) .  The diffusional gradients in the pore become dom- 
inant for l / r  greater than 1.4 x lo4 for the chosen values 
of the other parameters. A further tenfold increase in Z / T  
causes the conversion to diop drastically (Figure 7) .  
Thus the parametric sensitivity of the model to effective 
pore length is largest when 4 is large. 

Influence of Djffusicn Thrcugh the Product Layer 

The importance of the effective diffusivity through the 
product layer depends on the relative resistances of dif- 
fusion through the product layer and surface reaction. 
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dioxide reaction (Figure 13) Bi = 1.38 x 10-5. The 
large values in Figure 10 would correspond to a very 
slow intrinsic reaction rate. More likely values are those 
in the to l o p 8  region. 

0 1000 2000 3000 4000 

TIME, sec 

Fig. 11. Influence of intrinsic reaction rate when pore diffusion 
controls the rote; De/D = 10-6, y = 0.66, €0 = 0.35, I / r  = 1 200. 

At the start of the reaction, the process is entirely gov- 
erned by surface reaction. As the product layer thickness 
increases, the dlffusional effect is important whenever 
D,/D is small in comparison with the magnitude of Bi. 
For fast surface reactions and low porosity of the product 
layer, diffusion through the product layer is dominating 
and D ,  becomes an important parameter. The sensitivity 
of the model to variations in D,  was studied for two 
cases: relatively slow reaction with Bi = 2 x (Fig- 
ure 8) and relatively fast reaction (Bi = 2 x Fig- 
ure 9) .  Figure 8 shows that changes in D, do not affect 
the conversion-time relationship significantly; a hundred- 
fold variation in D, affects the conversion but slightly. In 
contrast, the system in the second case is very sensitive 
to changes in D,/D below D J D  - 10-6 (Figure 9).  
However, for D,/D > 10-6, the contribution of diffu- 
sional resistances is greatly reduced and so is the sens- 
itivity of the model to variations in D,. 

Influence of Reaction Rote Constant 

The effect of k was studied by varying Bi for two values 
of D,/D, 0.66 (Figure 10) and 10-6 (Figure 11). When 
D J D  = 0.66, the product layer would be highly porous 
so that the surface reaction controls the process. The 
influence of Bi on the conversion under such circumstances 
is very significant. A value of D J D  = 1 0 - 6  would be 
representative of systems where a relatively impervious 
product layer was formed. Hence, reaction resistances 
would be small, and changes in Bi do not greatly affect 
the conversion, as shown in Figure 11. 

The Biot numbers in Figures 10 and 11 range from 
0.05 to 2 x 10-6. Practical values of Bi probably vary 
widely; for example, in the nickel oxide system (Figure 
12) Bi = 2 x 10-6, and for the calcium oxide-sulfur 
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Fig. 12. Application to the reduction of nickel oxide with carbon 
monoxide. 

- Predicted Results 

TIME, min. 

Fig. 13. Application to the sulfation of calcium oxide. 

APPLICATIONS 
Reduction of Nickel Oxide with Carbon Monoxide 

Few publications on gas-solid reactions include suf- 
ficient infoimation about physical properties of the solid 
reactant to apply reaction models. Krasuk and Smith 
(1972) in their study of nickel oxide reduction with 
carbon monoxide, in a single pellet, stirred reactor, mea- 
sured such properties of nickel oxide and the reaction 
product as porosity, pore volume, and surface area. The 
data relevant to application of the single-pore model 
are as follows 

1. Reaction rate constant (estimated by Krasuk and 
Smith from the initial rate data) = 5.5 x cm/s. 

2. Diffusivity within the pore D = 0.715 cm2/s. 
3. Initial porosity of the reactant c0 = 0.35. 
4. Average pore diameter = 0.521 x cm. 
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5. Temperature = 767°C. 
6. Mole fraction of carbon monoxide = 0.113 to 0.333. 
7. Radius of the pellet = 0.85 cm. 
8. Effective pore length (estimated from R/3&3 = 

0.499 cm. 
9. y = 0.658/( 1 - L G )  N 0.658 since the porosity mea- 

surement on the final product indicated that the porosity 
of the product layer is likely to be very small. 

The predictions of the theory using these values of 
the parameters were compared with the experimental 
data, The value of D, which gave the best agreement 
with the data was 0.715 x 10-8 cm2/s. The predicted 
and experimental conversions are shown in Figure 12 
for various mole fractions of carbon monoxide in the gas 
around the pellet. It is seen that the single-pore model 
predicts the data reasonably well. The low value of D, 
in the product layer indicates that the product is almost 
impermeable to the reactant. If we used the random 
pore model, this diffusivity would correspond to a porosity 
of about 0.01% in the product layer. Such a low value 
is in agreement with the experimental observation that 
the porosity at the end of the run did not increase greatly, 
although the pore size was increasing. The final average 
pore diameter determined from the measured values of 
V, and S, was 0.860 x 10-4 cm. The predicted result 
(average value for the entire length of pore) was 0.690 
x 10-4 cm. 

Sulfation of  Calcium Carbonate 

Hartman and Couglin (1974) studied the reaction 
of sulfur dioxide with calcium carbonate, which occurs 
in two successive steps: 

CaC03+ CaO + COz 

CaO + SO2 + S O 2 4  CaS04 

The first reaction is assumed to be instantaneous, while 
the second reaction takes place at a finite rate. The 
molal volumes of the various species are as follows: 

CaC03 = 36.9, CaO = 16.9, CaS04 = 52.2, 

cm3/mole 

Thus, the first reaction leads to an open pore structure. 
If the starting material, calcium carbonate, is essentially 
nonporous and decomposes instantly to give calcium 
oxide, the porosity of calcium oxide formed is 1 - 
16.9/36.9, or 0.542. The second reaction has a value of 
y of about 3.08. The maximum theoretical conversions 
of calcium oxide for this 7, as calculated from Equation 
(31), is 57%. The porosity of the product formed as a 
result of the second reaction was measured by Hartman 
and Coughlin (1974) and found to approach zero for 
conversions approaching 57 % . The authors also reported 
fractional conversion of calcium oxide with time. This 
conversion reached an asymptotic value of about 37%, 
far less than the theoretical maximum. One possible 
explanation is diffusional resistance within the pores. We 
have compared the experimental data with those pre- 
dicted by the single-pore model using the following values 
for the parameters. 

1. Reaction rate constant = 0,102 cm/s (estimated 
from the initial rate data). 

2. Average pore radius = 1.02 x 10-4 cm (reported 
by Hartman and Coiiglin. 1974). 

3. Diffusivitv in the pore l3 = 0.75 cm2/s. (molecu- 
lar diffiisivity of siilfiir diovide in flue ~ R S ) .  

4. Porosity of the initial solid, e,, = 0.535. 
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Predicted Results 

0 E x p .  Data ( Hartman 

0 0.1 0.2 0.3 0.4 0.5 

CONVERSION OF CaO 
Fig. 14. Decrease in average porosity of calcium oxide pellet with 

conversion. 

5. Average radius of the pellet = 0.565 cm. 
6. Porosity of the product layer EG (from D, and 

7. Dilfusivity in product layer De (chosen to give 

8. y = 3.08. 
9. Temperature = 850°C. 
10. Effective pore length (from W3&) = 0.257 cm. 
The model predictions agreed well with the experi- 

mental data in the early stages of reaction, as sliown in 
Figure 13. Since the model takes into account diffusion 
within the pores, the asymptotic ( t  + to) conversion is 
46%, much less than the theoretical maximum. The 
experimental value is somewhat lower, 37%. This could 
be the result of other structural changes such as siiitering. 
Predicted values of the average porosity of the pellet 
for various conversions of calcium oxide were also made 
using Equation (24 ) .  The comparison of predicted and 
experimental results (Figure 14) is good. 

These examples show that the single-pore model may 
have some utility for accounting for the effect of struc- 
tural changes in  the porous solid as a result of reaction. 
Particularly, the model seems valuable for predicting 
maximum conversions less than 100%. 

random pore model) = 0.001. 

best agreement with data) = 0.75 x 1 0 P  cm2/s. 

NOTATION 

b 
Bi 

C* 
C 

C, 

D 
De 

g 
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= stoichiometric coefficient of solid reactant 
= Biot number for reaction at  the pore walls, defined 

= dimensionless concentration of gas A, C/Co 
= concentration of gas A at any point within the 

pore, g mole/cm3 
= concentration OF gas A in the external fluid sur- 

rounding the pellet, f mole/cm3 
= diffusivity OF qas in the pores, cm2/s 
= effective diffusivity of gas within the product 

= stoichiometric coefficient of solid product 

as k T / D  

layer, cm2/s 

1 
k 
M B  
M G  

p 
r 
R 
Ra 

mole/s 
S, 
t = time, s 
V, 
x 

x* = dimensionless distance, defined as x / l  
Greek Letters 

= effective pore length, cm 
= surface reaction rate constant, cm/s 
= molecular weight of species B 
= molecular weight of species G 
= stoichiometric coefficient of gaseous product 
= radius of the pore at t = 0, cm 
= radius of the pellet, cm 
= rate of disappearance of gaseous reactant A, g 

= surface area of the pellet per unit mass, cm2/g 

= pore volume of the pellet per unit mass, cm3/g 
= axial distance in the pore, measured from pore 

mouth, cm 

g P B  M G  

b pG MB(1  - ‘G) 
y = parameter defined as 

S = total thickness of the product layer (81 + 82) 

S1 = thickness of that papt of the product layer mea- 
sured from the initial position of the pore walls to 
the pore wall at  any time, cm 

= thickness of that past of the product layer be- 
tween the initial position of the pore wall and the 
reaction interface, cm 

S2 

S1* = dimensionless thickness, Sl/r 
S2* = dimensionless thickness, &/T 
Eo = porosity of the pellet at t = 0 
Ef = total porosity of the completely reacted solid 
EG = porosity of the product layer (layer of product G) 
p p  = density of the pellet, g/cm3 
p B  = density of the solid B, g/cm3 
pG = density of the solid G, g/cm3 

= local conversion Y 
7 = average conversion 
A = radius of the solid reactant associated with a pore, 

7 = dimensionless time, defined as 
cm 

(3 pGg(::::, 

7f 

4 
= tortuosity factor of the original pellet 
= Thiele modulus for the pore defined by Equation 

(28) 
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