
Evolution of Pore Volume Distribution During 
Gasification 

A general equation is derived that predicts the evolution of pore volume distri- 
bution during isothermal gasification in the regime of kinetic control, starting 
from a given initial condition. The development takes into account pore enlarge- 
ment as well as pore intersections. Equations are also derived for the special cases 
of (1)uniform pore size and (2) bimodal distribution. The results are used to interpret 
the experimental data of Tomkow et al. (1977) and Kawahata and Walker 
(1962). 
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SCOPE 

When a gasification reaction occurs within a porous solid the 
pore structure of the reacting solid changes with conversion. 
Such changes are especially important for the production of a 
solid product (e.g., activated carbon) whose adsorption perfor- 
mance is closely associated with the pore structure that is de- 
veloped. To quantify such changes, a general equation is derived 

that predicts the evolution of pore volume distribution during 
gasification from a given initial condition. This development 
is an extension of the previous random pore model (Bhatia and 
Perlmutter, 1980; Gavalas, 1980) for isothermal reaction in the 
regime of kinetic control. It considers pore enlargement as well 
as the effects of pore intersections. 

CONCLUSIONS AND SIGNIFICANCE 

A general equation is derived that predicts the evolution of 
pore volume distribution during gasification from a given initial 
condition. The special cases of uniform pore size and bimodal 
distribution are also considered. As reaction proceeds the pore 
volume first increases, the smaller pores growing faster because 
of the larger surface to volume ratio. However, at higher con- 
versions the pore volume increase due to pore growth is reduced 
by pore intersections, resulting eventually in net decreases in 
surface area and pore volume in particular pore size ranges. This 
development provides the background that can be useful for 

designing or tailoring the pore structure of activated carbons 
for specific uses. 

For solids with uniform pore size, the results closely follow 
those predicted by the Petersen (1957) model over a range of 
conversions. For solids with a bimodal pore volume distribution, 
the evolution of large and small pore volumes occurs at different 
relative rates, producing a minimum ratio of volumes at a spe- 
cific converison level. The results of this study are applied to 
interpret the experimental data reported by Tomkow et al. (19'77) 
and Kawahata and Walker (1962). 

lNTRODUCTlON 

One distinctive feature of a char gasification reaction is the 
change in pore structure of the solid reactant that occurs contin- 
uously as reaction prooeeds. This evolution of pore structure affects 
not only the gasification kinetics (Dutta et al., 1977; Dutta and 
Wen, 1977), but also the properties of the unreacted residue, 
notably its adsorption capabilities (Hashimoto et a]., 1979) and 
resistance to gas diffusion (Pate1 et al., 1972; Walker, 1980). Such 
changes are of special importance in the production of activated 
carbons whose adsorption performance is closely related to their 
pore structure, and many experimental studies (Cameron and 
Stacy, 1958; Cameron and Stacy, 1959; Kawahata and Walker, 
1962; Tomkow et al., 1977; Hashimoto et al., 1979) have been de- 
voted to measurement of changes during gasification with the 
ultimate objective of obtaining suitable pore structures for specific 

The pore structure of such a material is usually characterized 
by its pore volume distribution, obtained experimentally by mer- 
cury porosimetry and adsorption-desorption methods. Other in- 
tegral properties of the pore structure, such as total surface area 
and total pore volume, can also be obtained directly from BET 
adsorption techniques and mercury-helium densities measure- 
ments; however, the pore volume distribution represents the most 

uses. 

detailed pore structure information from which all the integral 
properties can be derived. 

The characterization of the pore volume distribution is also 
critical in carbonaceous materials that possess pore structures 
similar to molecular sieves, for a slight enlargement of pore size 
by gasification can result in a drastic increase in adsorption capacity 
for particular adsorbates (Lamond and Marsh, 1964), even though 
the increase of total surface area and total pore volume are not 
otherwise significant. 

Among proposals to model pore structure during gasification, 
one of the early models was by Petersen (1957), who assumed the 
solid to be comprised of cylindrical pores of uniform size. Using 
Petersen's formulation, Szekely et al. (1976) have derived equations 
that predict conversion in terms of the development of pore radius 
as 

where G is the solution to the cubic equation 
4 

- c 0 G 3 - G  + 1 = o  27 (2) 

Later models have attempted to incorporate pore volume distri- 
butions. Hashimoto and Silveston (1973) adopted a population 
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balance technique to analyze the evolution of pore volume distri- 
bution with consideration of pore intersections. The results were 
expressed as a set of integral equations containing several param- 
eters to be estimated from the experimental results. As a conse- 
quence, the model does not lend itself to a priori prediction of the 
evolution of pore structure. A pore-tree model was proposed by 
Simons and Finson (1979) and Simons (1979), also requiring several 
empirical relations on the pore structure. 

As reaction proceeds the pore volume first increases as pore size 
is enlarged by reaction. However, at higher conversions the pore 
volume increase due to pore growth is reduced by pore intersec- 
tions, resulting eventually in net decreases in total surface area and 
pore volume in particular pore size ranges. Bhatia and Perlmutter 
(1980) and independently Gavalas (1980) have shown that if the 
pore overlap is taken into account the evolution of surface area can 
be obtained in terms of overall conversion as: 

(3) 
S 
- = ( l  -X)dl - $ l n ( l  -X) 
S O  

and the conversion dependence on time as 

with initial pore structure parameters $ defined as 

(5) 

This model allows an arbitrary initial pore volume distribution 
within the solid, but does not explicitly predict its evolution. In the 
analysis that follows, the random pore model is extended to predict 
the development during gasification of the pore volume distri- 
butuion from a given initial condition. 

MODEL DEVELOPMENT 

Consider the isothermal gasification reaction of a particle of 

aA(g) + W) - p P ( g )  (6) 
If the diffusional resistances are all negligible, the reaction will take 
place uniformly on all the pore surfaces. As reaction progresses, 
reactant B will be depleted and each pore will grow in radius at the 
rate 

porous solid B with a fluid A according to 

dr - = k,R(C)  dt  (7) 

For a pore with initial radius ro, Eq. 7 integrates to 

r = 70 + k,Rt (8 )  

Neighboring pores will ultimately intersect as the solid B separating 
them is consumed by reaction. 

The actual pore volume of solid reactant B at any time may be 
considered to be the net result of the random overlapping of a set 
of cylinders of length distribution f(r). If the cylinders did not 
overlap, f(r)dr would be their total length per unit volume of space 
having radii between r and r + dr. The actual total pore length 
is less than the length of the hypothetical noninteracting cylinders 
because of the pore intersections and overlaps. 

Pore Volume Dlstributlon 

overlapped pore system can be defined by: 
The pore volume distribution function of a hypothetical non- 

U E ( l , t )  = ?rr2f(r,t) (9) 
with uE(r,O) as its initial distribution, and 

LE = J-f(r,t)dr (10) 

and 

as the total length, total surface, and total enclosed volume, re- 
spectively, of the hypothetical nonoverlapped cylindrical 
system. 

As reaction proceeds, non-intersection pores initially having 
radius ro and total length f(r0,O) will become pores with radius (ro 
+ ksRt)  and with the same length. Therefore 

f(ro + k&J) =f(ro,O) (13) 

Consequently, 

The evolving pore volume distribution follows Eqs. 8 ,9  and 13 in 
combination to give 

U E ( f , t )  = a(r0 + ksRt)2f(r,t) 

with the initial distribution 

ue(ro,O) = d M O . 0 )  

Combining Eqs. 15 and 16 gives 

which describes the evolution of pore volume distributiuon of the 
nonoverlapped system. It remains to relate this distribution to the 
corresponding pore volume distribution of the actual system u(r,t) .  
To this end, Gavalas (1980) has shown in a slightly different context 
that on the average the volume enclosed by the actual (or over- 
lapped) system is only a fraction of the volume enclosed by the 
nonoverlapped cylindrical system: 

Taking the lower integration limit of Eq. 18 to be r = 0 gives a 
well-known relation derived earlier by Avrami (1940) from a dif- 
ferent perspective and without the limitation of pore shape: 

V = 1 - exp(-VE) (19) 

VO = 1 - exp( -VEO) (20) 

with initial condition: 

where 

Differentiation of Eq. 18 with respect to r yields 

or 

which describe the relationship of pore volume distribution 
function between overlapped and nonoverlapped systems. 

Structure of Uniform Pore Slre 

The simplest pore structure exists in a solid if all the pores have 
the same radius. In this case, Eqs. 9 and 16 reduce to: 
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VE ( t  ) = ?rr2LE (24) 

vEO = ?rrt LEO 125) 

and 

Combining these relations with Eqs. 14,19 and 20 leads to: 

= (1 - ~~ lWr0)e - l  (26) 

Total pore volume can be related to the fractional conversion of 
solid B by 

Therefore, Eq. 26 may also be written as 

with pore volume equal to 

v = 1 - (1 - €0)(1 - X) (29) 

where €0 = 00 is the initial porosity. 

comparison with the case of nonintersecting pores, for which 
This result is shown in Figure 1 in a form that lends itself to 

With small initial porosity (€0  = 0.1) the effect of pore intersection 
is not significant in the early stages of reaction: the (r /ro) results 
differ by less than 12% at X < 0.20. The differences do become 
larger, however, at the higher conversion levels for all values of 
initial porosity, and because of significant intersections considerably 

0 I I I I 1 
0 0.2 0 . 4  0.8 0.8 1.0 

CONVERSION, X 

Figure 2. Efled of convemlon on uniform poro a e .  Prediction8 of random pon 
model and Petersen (lBS7) modal aro solld and daohed llm, respectlveiy. 

larger pore enlargement is needed to obtain the same increment 
of conversion. 

Petersen (1957) also analyzed the evolution of pore s i z e  for a solid 
comprised of pores of a single size, and the result predicted by Eqs. 
1 and 2 are shown for comparison in Figure 2. The results of Pet- 
ersen’s model follow closely the prediction of Eq. 28 except at 
conversionx X 2 0.60. The deviations are to be expected, for while 
the Petersen model allows intersections, it does not attempt to ac- 
count for the collapse of reaction surface by overlap. 

Blmodal Pore Size Dlstributlon 

For the simplest bimodal distribution the solid reactant may be 
considered to contain initially pore volumes Vlo and V20 located 
in narrow ranges centering about pore sizes 710 and 7% respec- 
tively, with r20 > 110. Following Eq. 22 one obtains 

and 

where it is to be noted that the volumes V1 and V2 are approxi- 
mated as also being located at specific r l  and 22, although they in 
fact cover a narrow range of pore sizes. Dividing Eq. 31 by Eq. 
32: 

Since (VIE + Vw) = VE = -h(l - V), Eq. 33 reduces to: 

(34) 

By using Eq. 27 this relationship can also be expressed in terms of 
conversion as 

2,h- V 1 
vl VIE- 

with initial condition 

(35) 
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(36) 

By dividing Eq. 35 by Eq. 36 and substituting from Eq. 17 one can 
obtain 

v w  v2Eo 1 
VlO v m o m o  
-=-- 

which together with 

v1 + v2 = v = 1 - (1 - €o)(l- X) (38) 

allows one to calculate the evolution of pore volumes V1 and V2 
with respect to conversion or reaction time from the given initial 
pore structure V ~ O ,  V ~ O ,  rlb r20. The reaction time can be related 
to conversion by Eq. 4. 

The primary interest in a bimodal distribution attaches to the 
relative volume changes of the two size groups as converison in- 
creases. Typical results are shown in Figure 3, computed for a range 
of initial porosities from Eqs. 37, 38 and 4, and for a choice of 
(r,&lo) = (V&,o) = 10. In general, small pore volume increases 
much faster than large pore volume at the early stages of conver- 
sion. This trend is reversed at the higher range of conversions when 
the small pore volume increased by further reaction is greatly re- 
duced by intersection. It is noteworthy that at 80% or higher con- 
version levels the small pore volume can actually decline even 
though large pore volume continues increasing. This is emphasized 
in Figure 4: the ratio of pore volumes decreases sharply during the 
first 30% of conversion, as small pores outgrow large pores, and 
remains relatively flat between 30 and 70% conversion where pore 
volumes of both sizes increase at similar rates. After 70% conversion 
the ratio starts increasing again as small pore volume is lost by in- 
tersections. Tested by various Vzo/Vlo and rzo/rlo values, these 
trends are generally valid regardless of the initial pore structure. 
For comparison and possible use in designing structures of specific 
character, the evolution of corresponding surface area is also shown 
in Figure 4, obtained from Eq. 3. 
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0 0.2 0.4 0.8 0.8 1.0 

C O N V E R S I O N ,  X 

Figure 4. Effect of converslon on the ratios of pore volumes and total surtace 
areas in a solid with bimodal pore size dlstrlbutlon. 

Generalized Distrlbutlon 

In order to generalize the treatment of evolving porosity to an 
arbitrary initial distribution, it is necessary to return to Eqs. 17 and 
22. Combining these gives 

(39) 
where U E ( ~ O , O )  can be related to the experimentally measured 
initial pore volume distribution u(ra0) by Eq. 23. Replacing ro by 
the general variable r gives 

(40) 

When the initial porosity is small 

uE(7,O) a u(r,O) (41 1 
and Eq. 40 can be simplified to 

u(r + ~ t , t )  = (1 + --) k,Rt 2 o(r,o) 

Page 970 November, 1984 AlChE Journal (Vol. 30, No. 6) 



0 6  

0 5  

m 0 4  

E 
. 
0 

" 
W 
I 
3 0.3 
2 
0 
> 
W 
LT 
0 
a 0 2  

I K E Y  I 
I 1 S Y M B O L  R A N G E  O F o  1 

P O R E  S I Z E , A  

0 010 15 j 
0 0 t o  30 ' 
A 0 lo 50 ! 
0 T O T A L  j 

-1 I I 1 I I I 1 1 
0 0 1  0 2  03 0 1  0 5  0 6  0 7  0 8  09 1 0  

C O N V E R S I O N , X  
Figure 5. Comparison of model predictions on the evolution of pore volume distribution to the experlmental data of Tomkow et ai. (1977). 

Equation 40 predicts the evolution of pore volume distribution 
of an actual pore system at any reaction time t from the given initial 
distribution u(r,O). The combination of Eqs. 40 and 4 allows one 
to calculate the evolution of pore volume distribution with respect 
to the extent of reaction. 

DATA INTERPRETATION AND DISCUSSION 

Experimental data obtained by Tomkow et al. (1977) may be 
used to test Eq. 40 as a model for the evolution of pore volume 
distribution. By measuring benzene vapor adsorption at 298 K, 
these authors determined pore volumes at different levels of 
burn-off (conversion) as they oxidized a semi-coke previously 
generated by heating a xylitic brown coal under argon at 773 K. 
Cumulative pore volumes were reported for five ranges of pore 
radius: less than 15 A, 15 to 30 hi, 30 to 50 A, 50 to 100 A, and 100 
to 1,OOO A. The initial total pore volume of the semicoke before 
oxidation was 0.12 cm3/g and the total pore volume at 90% burn- 
off was 0.57 cm3/g. The initial porosity can therefore be calculated 
as 0.194, even though not given explicitly. To establish a continuous 
initial pore volume distribution, the reported cumulative pore 
volumes within each range of pore size were evenly subdivided to 
cover the entire size range. The increment of pore size chosen for 
computation was 3 A from 0 to 30 A, and 5 from 30 to 50 A. For 
pores larger than 50 A, the pore volume was assumed to be con- 
tributed completely by pores with radius of 55 A. 

Having established the initial distribution and porosity, the 
ensuing evolution of pore volume distribution with respect to 
conversion can be calculated from Eqs. 40 and 4. The computed 
results are shown in Figure 5 and compared with the reported 
experimental data. The agreement is remarkable in view of the 
uncertainties that are usually incorporated in the experimental 
technique for measuring pore volume distribution. The pore vol- 
ume within the range of 0 to 15 A reached a maximum at 50% 
burn-off. Since most of the surface area is contained in this mi- 
cropore region the total surface area measured by Tomkow et al. 
(1977) also showed a maximum at 50%. 

Another source of test data may be found in the work of Kawa- 
hata and Walker (1962), who conducted an extensive study of the 

pore structures of an Anthracite char during its reactions with CO, 
at temperatures between 800 and 950°C. In contrast to the samples 
studied by Tomkow et al. (1977), the Anthracite char contains 
mainly pores smaller than 30 A diameter, which account for more 
than 92% of the total pore volume. The pore structure of this char 
can therefore be approximated as having a single pore size. The 
authors reported the evolution of average pore diameter at dif- 
ferent levels of burn-off under various reaction conditions. As 
shown in Figure 6, the experimental data closely follow the pre- 

25  

2 0  
"a- 

2 
K 

w 
I 

0 
w 
P 
0 

1 15 

a 
w 10 
0 
a 
K 
w > a 

5 

0 

KEY - 
SYMBOL TEMP.,OK PARTICLE SIZE _ _ _ -  

AVG. prn T Y L E R  ME5 H 
0 1123 2 2 0  - L 2 . 6 5  
A 1173 2 2 0  - L2.65 
0 1223 2 2 0  - 4 2 + 6 5  
0 1173 86 - 100+150 

I I I I I 
0 . 2  0.L 0.6 0.8 1 .D 

CONVERSION, X 

Figure 6. Comparison of model predlctions on the change of pore size to the 
experlmental data of Kawahata and Walker (1962). 

AlChE Journal (Vol. 30, No. 6) November, 1984 Page 971 



3 -5 

3 s 
z 
0 
I- 

Q 
2.5 

O 

0 
a a 
n 3 2.0 
I- u) 

0 
z 
a 
w 1.5 
N 
In 
W 
Lz 
0 a 
z 
w 
I 

1 a 
a 

0 5  

0 

SYMBOL R E A C T I O N  
T E M P . ,  "K 

1123 
1173 

0 0  

I I I I I 

C O N V E R S I 0 N . X  

Flgure 7. Effect of conversion on mean pore slze and standard devlatlon, as- 
sumlng a log-normal dlstrlbutlon of pore sizes. Experimental data are from 

Kawahata and Walker (1962). 

dictions of Eq. 28, even though the reaction might be expected to 
exhibit some pore diffusional resistance in the temperature range 
used in these studies. The model calculations were based on initial 
porosity co = 0.113, which again was obtained from the total pore 
volumes reported at zero and 65% conversion. 

Although the pore size distribution of this Anthracite char is 
narrow enough to be modeled as a single pore size, Kawahata and 
Walker also offered an alternative approach. They approximated 
the pore volumes over the pore diameter range from 3 to 30 A by 
a log-normal distribution: 

where p and a are the mean and standard deviation, respec- 
tively. 

Kawahata and Walker estimated means and standard deviations 
from the experimental measurements at different burn-offs. For 
comparison with the data-generated means and standard devia- 
tions, these parameters were also obtained from distributions cal- 
culated via Eqs. 4 and 40 starting from an initial log-normal shape, 
even though it is understood that the shape of the distribution must 
change with conversion since the small pores grow faster than the 
large. 

For example, the reported p and (T at 8% burn-off are given as 
1.52 and 1.30, respectively, corresponding to a log-normal distri- 
bution with 95% of all pore volume contained within the approx- 
imate range -1.0 I ln(2r) 5 4.0. At 21% conversion, although the 
computed distribution is no longer a log-normal curve, this pore 
size range would evolve to -0.02 I Zn(2r) 5 4.00, corresponding 
to /I = 1.99 and u = 1.00 in a log-normal fit if 95% of the pore 
volume were within this range. The results shown in Figure 7 
compare the experimental and computed values obtained in this 
fashion, supporting the proposed technique based on Eqs. 40and 
4. It should be noted that the calculation was based on the fit at 8% 

conversion, since the p and u of the initial pore structure were not 
provided in the reference paper. 

The development of this work can be useful for designing or 
tailoring the pore structure of activated carbons for specific uses. 
Some activated carbons are intended for example to be used as 
molecular sieves to selectively adsorb only certain molecules 
(Walker et al., 1966). Such capability is closely associated with the 
amount of pore volume contained in pores of certain sizes, and as 
a result too much or too little pore size enlargement may result in 
a loss of this ability to discriminate by adsorption. For a material 
with a given initial pore structure, Eqs. 40 and 4 can be used to 
determine an optimal reaction time or conversion level for maxi- 
mum pore volume within the desired size ranges. Similarly, they 
can also be used to select initial pore structures that are most ap- 
propriate for activation. Finally, it should be noted in justification 
of the assumptions made above that carbon activations are typically 
endothermic reactions operated in or near the regime of chemical 
kinetic control. 
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NOTATION 

= stoichiometric coefficients 
= gas reactant 
= solid reactant 
= concentration of gas reactant 
= length distribution of nonoverlapped system at any 

= quantity defined by Eq. 2 
= rate constant for surface reaction 
=total pore length of a nonoverlapped system 
= L E a t t  = o  
= pore radius 
= initial pore radius 
= small pore size in a solid with bimodal pore size dis- 

tribution 
= large pore size in a solid with bimodal pore size dis- 

tribution 
= r 1 a t t  = O  
= r 2 a t t  = O  
= reaction rate per unit surface area 
= actual surface area per unit volume 
= S a t t = O  
= surface area of nonoverlapped system, per unit 

volume 
= S ~ a t t  = O  
= reaction time 
= actual pore volume distribution at time t 
= pore volume distribution of a non-overlapped system 

= actual total pore volume per unit volume of space, 

= V a t t  = O  
= pore volume vithin small size pores in a solid with 

= pore volume within large size pores in a solid with 

= V l a t t  = O  
= V z a t t  = O  
= total pore volume of a nonoverlapped system, per 

= VE at t = 0 
= conversion 

time t 

at time t 

equivalent to porosity 

biomodal pore size distribution 

bimodal pore size distribution 

unit volume of space 
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Greek Letters 

= initial porosity 
= pore structure parameter defined by Eq. (5) 
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