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A simple model was proposed for the prediction of tortuosity factor of porous solids with mono or 
bidispersed pore size distributions. Model predictions were presented in graphical form for quick 
estimation of tortuosity. The experimental tortuosity factors reported in the literature for porous 
solids of different pore structures and the corresponding predicted values showed good agreement. 
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The mechanism of mass transport within a porous solid is rather complex and 
depends on the nature of pore structure. The geometry of pores are usually 
irregular. The prediction of effective diffusion coefficient requires information on 
the pore size distribution and the tortuosity of the porous catalyst. A detailed 
review of diffusion of gases in porous solids was reported by Youngquist (1970). 
Scott and Dullien (1962), Evans et al. (1961), Wakao et al. (1965) derived 
diffusion equation in capillaries considering the combined effect of molecular and 
Knudsen diffusion modes. Do& (1986) reported a summary of diffusion models 
and experimental techniques to determine diffusivities in porous catalysts. 

Several models are proposed in the literature for the description of diffusive 
fluxes in porous solids. The random pore model of Wakao and Smith (1962, 1964) 
is proposed for predicting diffusion rates at constant pressure through a bidisperse 
porous media. In this model, diffusion through the pellet is considered to take 
place by three parallel paths, namely through macropores, through micropores 
and through macro and micropores in series. It was assumed that flux through 
macropores is proportional to the square of macroporosity. In the model 
proposed by Johnson and Stewart (1965), the diffusion rate through the porous 
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solid is predicted by the integration of diffusion rate in capillaries over the whole 
pore size distribution and a tortuosity factor of 3 was recommended. Considering 
converging and diverging pores, Foster and Butt (1966) proposed another 
diffusion model for isobaric binary mixtures. Recently Carniglia (1986) proposed 
another model which allows prediction of tortuosity from detailed pore size 
distribution data together with BET surface area values. Procedure requires 
lengthy calculations and it is necessary to estimate the pore shape factors from 
extended porosimetry and surface area data. 

Diffusion in porous solids was also studied by Feng and Stewart (1973) and 
Patel and Butt (1975). Pekula and Greenkorn (1971) reported an experimental 
study for the investigation of porous medium with non-uniform pores. Klusacek 
and Schneider (1981a,b) investigated multicomponent diffusion and shape factors 
on effective diffusion in porous solids. Satterfield (1970) reviewed transport in 
porous media and reported considerable amount of data in his fine book. 

Satterfield and Caddle (1968) reported totuosity factors obtained from steady 
state diffusion experiments in commercially manufactured pelletted catalysts. 
Their results show that tortuosity factors are between 3 and 7 .  

It is generally believed that the prediction of effective diffusion coefficients, by 
the integration of D,(r) over the pore size distribution would give satisfactory 
estimates (Wang and Smith, 1983). 
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For the prediction of D, from Eq. ( I ) ,  some researchers considered the whole 
pore size distribution including micropores. On the other hand, in some other 
publications, the major contribution to diffusion flux was considered to be in 
macropores and lower limit of integral was chosen as a characteristic radius 
separating micro and macropores. Consequently, the tortuosity factors estimated 
using total and macro pore size distributions differ. 

Many catalyst pellets are made by the agglomeration of microporous grains. 
Such catalysts have bidispersed pore structure. Macropores are formed between 
the agglomerated grains. Transport of species in such catalysts is generally 
represented by two species equations, one in the microporous particle and the 
other for the macropore region of the pellet. It was shown by Ors and Do& 
(1979) that, for such catalysts the effectiveness factor is a function of dimension- 
less group cr and particle Thiele modulus. The magnitude of cu is proportional to 
the ratio of diffusion times in the macro and micropore regions. 

In this work, using the pellet-grain representation of a porous catalyst, a simple 
model was proposed for the prediction of tortuosity factor. It was also shown that 
information about macroporosity is enough for this prediction in many cases. 

Modelling of Tortuosily 
In the development of the model, a unit cell of the catalyst pellet was defined as 
the smallest element representing the pore structure of the pellet. This unit cell is 
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F'IGURE 1 Presentation of unit cell of the grain 

considered to contain a single grain of radius rp (Figure la).  The void volume 
outside the grain is considered as macropore. If there are micropores within the 
grain, then the catalyst was considered to have a bidispersed pore structure. 
Macroporosity of the pellet is then expressed as 

Considering one dimensional diffusion, the effective concentration gradient in the 
dC 'z- The concentrations at x = - a12 and at unit cell was taken as - = - 
ak a 

x = + a12 (C2 and C , )  were considered to be independent of y within the cell. 
Diffusion flux through the unit cell was then expressed as, 

On the right hand side of this expression, the first term corresponds to the 
diffusion in the macropore (void space outside the grain) while the second term 
(integral expression) corresponds to series contribution through macro and 
micropores. Taking y = rp cos 0, x2 = 2rp sin 0 and x, = (a - x2)/2 integration is 
carried out. Expressing effective diffusivity in terms of macroporosity as D,, = 

D , 5 ,  tortuosity factor based on macroporosity was expressed as 
=a 



a 
(for r < - which corresponds to r. a 0.476). 

P - 2  
The order of magnitude of Di was reported to be in the range of 

cmZ/s (Hashimoto and Smith, 1973, 1974; Do@ and Ercan, 1983) while the 
order of magnitude of effective macropore diffusion coefficient is 10-2cmz/s 
Do@, 1986). Estimating the order of magnitude of DTa as lo-' it wouldn't be 
erroneous to say that for most practical problems the order of magnitude of 
DTa/Di is greater than lo3. For such cases the order of magnitude of third term in 
Eq. (5) becomes negligible. This corresponds to neglecting series diffusion 
contribution of macro and micro pores to the total flux which is a reasonable 
assumption for pellets with large macroporosity. This result is consistent with the 
assumption of grain-pellet approach proposed in the literature for the bidisperse 
porous catalysts. For the case of negligible contribution of micropore diffusion to 
the net flux through the pellet, the tortuosity factor expression becomes a 
function of macroporosity only. 

Em 

3 m' 
for E. 2 0.476. (6) 

ra = 1 - z [ ( l  - E'J 

For a pellet with a macroporosity smaller than 0.476, effective particle diameter 

becomes larger than cell size rp > - . As shown in Figure lb ,  for such pellets the ( 3 
volume of nonspherical grain can be written as 

The porosity expression was then written as 

Following a similar procedure as expressed by Eq. (4), flux expression was 
written and the tortuosity expression was obtained. 
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(for E, < 0.476), where 

and 

In Eq. (9) the first square bracketed term corresponds to diffusion in macropores, 
second square bracket corresponds to micropore diffusion and the last term 
corresponds to the series contribution of macro and micropores. Our calculations 

have shown that if &zld only the first square bracketed term of Eq. (9) 
Di 

becomes significant and Eq. (9) becomes, 

For pellets with small macroporosities and with close average macro and 
micropore radii, micropore and series contributions also become significant. 

Results 

Predicted tortuosity factors from Eqs. (6) and (9) are plotted in Figure 2 as a 
function of macroporosity. For most of the predictions, knowledge about 

macroporosity is sufficient. Knowing macroporosity, corresponding ratio is (4) 
estimated from Eq. (3) or  (8), and then tortuosity is calculated from the 
corresponding equation (Eq. (6) or (9)). In Figure 2 predicted curve for 
(DTe/Di) 2 Id and for smaller DTo/Di values are shown. As seen from this figure 
for smaller macroporosities and for smaller DTnlDi values micro and series 
contributions also become significant. For bidispersed pellets of average macro 
and micropore radii ratio greater than 10' it is not necessary to have information 
about the value of DTa/Di and the upper limit curve (DTa/D; z lo3) can be used. 
This upper limit curve can also be used for the prediction of tortuosity factors of 
pellets with monodispersed pore size distributions. Same analysis holds for such 
pellets by taking total porosity instead of macroporosity. We also recommend to 
use the total pore size distribution and total porosity for pellets with the ratio of 
average macro and micropore radii less than 10. 

Many of the experimental tortuosity factors reported in the literature are also 
shown in Fig. 2. For bidisperse catalysts E, and for monobidispersed catalysts 
total porosities are used. As shown in the figure, predicted and experimental 
tortuosity values are in good agreement. Experimental values taken from the 
literature were obtained using different techniques. Also, the pore radius 
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FIGURE 2 Predicted and experimental values of tortuosity 

Symbol Reference Type of Porous Solid E. or E 

Salterfield and Cadel (1968) 
This work 

Kim and Smith (1974) 
Hashimoto and Smith (1973) 
Hashimoto and Smith (1974) 

Moffat (1978) 
Biswas et ol. (1987) 

Villet and Wilhelm (1961) 
Dogu and Ercan (1983) 

Dogu and Smith (1975) 
Schneider and Smith (1968) 
Wakao and Smith (1%2) 

Masamune and Smith (1%2) 

Weaver and Metzner (1966) 
Henry EI d. (1967) 
Weisz and Schwartz (1962) 

Commercial catalysts 
Alumina pellets with 
€, / ( I  - E,) = 0.49 
NiO pellets 
Molecular Sieve Pellets (5A) 
Boehmite pellets with 
q / ( l -  EJ = 0.65 
Quartz Pellet 
y-alumina pellet with 
~ ~ / ( l  - E.,) = 0.62 
Silica alumina catalyst 
Boehmite pellet with 
~ , / ( 1  - E,) = 0.62 
Alumina pellet 
Silica gel 
Boehmite pellet with 
EJ(1 - E,) = 0.5 
Ag pelletized powder 
EJ(I - E.) = 0.67 
Porous Vycor 
Porous Vycor 
Silica alumina and 
Chromia alumina beads 

separating macro and micropores was chosen as different values by different 
researchers. Definition of macroporosity and selection of pore radius which 
separates macro and microporosities is very important for the correct prediction 
of to from this model. It was interesting to note that experimental tortuosities for 
both, pellets with monodispersed and bidispersed pore size distributions gave 
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FIGURE 3 Pore size distributions of alumina pellets. 

good agreement with the model predictions. Experimental values corresponding 
to pellets with macroporosities smaller than 0.08 were not included in Figure 2. 
Also, tortuosity values less than unity were not considered for this comparison. 
Such values are usually caused by the presence of surface difision or  by the 
incorrect selection of average pore radius and porosity of the pores contributing 
to the d ihs ion  flux. 

In this work, effective diffusivities of alumina pellets of different porosities were 
also measured using the single pellet technique reported in the literature (Do& 
and Smith, 1975, Do@ et al., 1986). Tortuosity factor values were then 
determined from Eq. (1). In these calculations pores with radii greater than 35 A 
were considered as macropores. As shown in Figure 3, up to 35 A all the pore 
size distribution curves coincide. With this selection, e i / ( l -  E.) values were 
found to be essentially independent of compacting pressure and were equal to 
about 0.51. The experimental tortuosity values determined in this work showed 
good agreement with the predicted values (Figure 2). 

In conclusion, the model proposed here allows quick prediction of tortuosity 
from Figure 2. It is a simple approach and the predicted values agree reasonably 
well with the experimental results. 

NOMENCLATURE 

a Unit cell size (Figure 1) 

00 Pore radius separating macro and micropores 

C Concentration 

DAB Molecular diffusivity 
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0, Effective diffusivity 
Di Effective micropore diffusivity 

D~~ Knudsen diffusivity 
DT Combined diffusivity defined by Eq. (2) 

D ~ m  Combined diffusivity in the macropores 
Fraction of pores volume between pore radii r and r + dr 
Molecular weight of A 

Effective diffusion flux 
Pore radius 
Grain radius 
Distance shown in Figure 1 

Distance shown in Figure 1 

Distance shown in Figure 1 

Mole fraction of A 

Greek Letters 

a;. 1 - (MAIMB) '~  
6 Angle shown in Figure l b  
E Total porosity 

Ea Macro porosity 
Ei Micro porosity 
t Tortuosity factor based on total porosity 

=a Tortuosity factor based on macropores 
e Angle shown in Figure l a  

61 Angle shown in Figure l b  

REFERENCES 

Biswas, J . ,  Do, D.D., Greenfield, P.F., and Smith, J.M.. "Evaluation of Bidisperse Transport 
Properties of a Reforming Catalyst Using a Diffusion Cell 11. Experimental Study". Appl. 
Coral., 32, 235 (1987). 

Carniglia, S.C., "Construction of the Tortuosity Factor from Porosimetry", I. Catal., 102, 401 (1986). 
Doiu G., "DiWsion Limitations in Porous Catalysts", in Handbook of Heat and Mass Transfer, ed. 

by Cheremisinoff, N.P. Gulf Publ. Co., Houston, Vol. 11, 433-484, 1986. 
D o h  G.. and Ercan. C., "Dvnamic Analvsis of Adsomtion on Bidis~erse Porous Catalvsts". Can. I .  - .  . . 

chim. Eng.. 61,660 (i983). 
Do&, G., and Smith, J.M., "A Dynamic Method for Catalyst Diffusivities", AIChE J., 21.58 (1975). 
D o h .  T.. Keskin. A.. D o h .  G.. and Smith. J.M.. "Sinele Pellet Moment Method for Analvsis of .,. . 

Gas Solid deactions'. AI&E I . ,  32, 743 (1986). 
- 

Evans, R.M., Watson, G.M., and Mason. E.A., "Gaseous Diffusion in Porous Media at Uniform 
Pressure", I .  Chem. Phys., 35, 2076 (1%1). 

Feng, C., and Stewart, W.E., "Practical Models for Isothermal Diffusion and Flow of Gases in Porous 
Solids", Ind. Eng. Chem. Fund., U, 143 (1973). 



GRAIN MODEL FOR CATALYST 
Foster, R.N., and Butt, J.B., "A Computational Model for the Structure of Porous Materials 

Employed in Catalysis". AIChE I., U ,  180 (1966). 
Hashimoto, N., and Smith, J.M., "Macropore Diffusion in Molecular Sieve Pellets by Chromatog- 

raphy", Ind. Eng. Chem. Fundam., U, 353 (1973). 
Hashimoto, N., and Smith, J.M., "Difhrsion in Bidisperse Porous Catalyst Pellets". Ind. Eng. Chem. 

Fundam, W, 115 (1974). 
Henry, J.P., Cunningham. R.S., and Geankoplis, C.J., "Diffusion of Gases in Porous Solids over a 

Thousand Fold Pressure Range", Chem. Eng. Sci., 22, 1 1  (1967). 
Johnson. M.F.L.. and Stewart. W.E.. "Pore Structure and Gaseous Diffusion in Solid Catalvsts", I .  . . 

Catal., 4, 248 (1%5). 
Kim, K.K., and Smith, J.M.. "Diffusion in Nickel Oxide Pellets, Effects of Sintering and Reduction", 

AIChE I . .  20. 670 (1974). 
Klusacek, K., and ~chneider, P., "Multicomponent Diffusion of Gases in a Model Porous Catalyst 

During Methanol Dehydration", Chem. Eng. Sci., 36, 517 (1981a). 
Klusacek, K., and Schneider, P. "Effect of Size and Shape of Catalyst Microparticles on Pellet Pore 

Structure and Effectiveness", Chem. Eng. Sci., 36, 523 (1981b). 
Kucukada. K.. and DoEu, T., "A Note on Generalization of Effectiveness Factor for Bidisversed - 

Porous ~ata l~sts ' :  AIChE I., 31,2086 (1985). 
Masamune, S., and Smith, J.M., "Pore Diffusion in Silver Catalysts", AIChE I . ,  8, 217 (1962). 
Moffat, A.J., "A Dynamic Method for Measuring Tortuosity and Knudsen Diffusion Contributions to 

Catalyst Diffusivities", I. Cafal., 54, 107 (1978). 
~ r s ,  N., and Dogu, T., "Effectiveness of Bidisperse Catalysts", AIChE I . ,  25,723 (1979). 
Patel. P.V.. and Butt. J.B.. "Multiwmwnent Diffusion in Porous Catalvsts". Ind. Ene. Chem. Proc. , , 

' ~ e s . ' ~ e u . ,  14,'298 ('1975). 
" 

Pekula, R.J., and Greenkorn, R.A.. "An Experimental Investigation of a Porous Medium Model 
with Nonuniform Pores", AIChE I., 17, 1265 (1971). 

Satterfield, C.N., "Mass Transfer in Heterogeneous Catalysis", MIT Press, Cambridge, 1970. 
Satterfield, C.N., and Cadel P.J., "Diffusion in Commercially Manufactured Pelletted Catalysts", 

Ind. Eng. Chem. Proc. Des. Dew, 7, 256 (1968). 
Schneider, P., and Smith, J.M., 'Chromatographic Study of Surface Diffusion", AIChE I . ,  14, 8% 

(1968). 
Scott, D.S., and Dullien, F.A.L., "Diffusion of Ideal Gases in Capillaries and Porous Solids", AIChE 

I., 8, 113 (1962). 
Vilet, R.H., and Wilhelm, R.H., "Knudsen Flow Diffusion in Porous Pellets", Ind. Eng. Chem., 53, 

837 (1961). 
Wakao, N., and Smith, J.M., "Diffusion in Catalyst Pellets", Chem. Eng. Sci., 17, 825 (1962). 
Wakao, N., and Smith, J.M., "Diffusion and Reaction in Porous Catnlysts", Ind. Eng. Chem. Fund., 

3, I23 (1964). 
Wakao, N., Otani, S., and Smith, J.M., "Significance of Pressure Gradients in Porous Materials: Part 

I: Diffusion and Flow in Fine Capillaries", AIChE I., 11, 435 (1965). 
Wane. C.T.. and Smith. J.M.. "Tortuositv Factors for Diffusion in Catalvst Pellets". AIChE 1.. 29. ". . , 

132 (i983). 
Weaver, J.A., and Metzner, A.B., "The Surface Transport of Adsorbed Molecules". AIChE I., U, 

655 (1966). 
Weisz. P.B.. and Schwartz. A.B.. "Diffusivitv of Porous Oxide Gel Derived Catalvst Particles". I. 

'carol.', 1, 399 (1962): 
Youngquist, G.R., "Diffusion and Flow of Gases in Porous Solids", Ind. Eng. Chem., 62, 52 (1970). 




