
Gas-Adsorbate Collisional Effects and 
Surface Diffusion in Porous Materials 

If gas-adsorbate momentum transfer is ignored, calculated surface fluxes 
within porous materials often can be grossly incorrect. Methods are introduced 
for including these interactions when calculating surface fluxes in permeability 
studies. Developments are carried out for systems with porous materials having 
both uniform and heterogeneous surfaces. These methods complement one de- 
veloped earlier for Wicke-Kallenbach experiments, using porous materials with 
uniform surfaces. Some previous studies are then considered. In one system, 
including gas-adsorbate momentum transfer changes the proposed surface- 
diffusion mechanism_from a “hopping” phenomenon to the mobility inherent in a 
two-dimensional gas. Consideration of other systems shows that, while very 

where they are not. A criterion is developed for indicating when this momentum 
transfer is significant and its inclusion in surface-flux determinations is necessary. 
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SCOPE 
Transport of a substance within an adsorbed phase is known 

as surface diffusion; it has the possibility of being important in a 
variety of fields, such as adsorption, catalysis, and membrane- 
separation processes. In addition, understanding of this type of 
transport could give significant insight into the molecular struc- 
ture of adsorbed phases and how this structure varies as cir- 
cumstances change. Unfortunately, at the present time, in 
spite of numerous studies over the last several decades, there 
still exists no model adequate for predicting the surface- 
diffusion behavior of an adsorbed phase within a porous mate- 
rial. The best correlation thus far developed can predict a 
surface-diffusion coefficient to within only about 1% orders of 
magnitude (Sladek et al. 1974). 

One factor which has been ignored in most previous investi- 
gations of surface diffusion is the effect of collisions between 
gas molecules and the mobile molecules in the adsorbed phase. 
It has been shown recently that momentum transfer during 
these collisions has two effects which should be important in 

any study of surface migration in pores. One is concerned with 
calculating the actual flux of material on the surface. In studies 
of surface diffusion in porous materials, only the sum of the gas 
and surface fluxes can be measured, and theoretical consider- 
ations are necessary to separate the two components. Taking 
the momentum transfer between the colliding gas and adsor- 
bate molecules into account in these theoretical considerations 
can make a significant difference in the calculated surface 
component of the total flux. The other effect concerns the 
impact of momentum exchange from these collisions on the 
migrational behavior of the adsorbed phase. 

The present work is concerned with the first of these 
effects--calculation of the surface flux and how considering the 
momentum transfer during gas-adsorbate collisions will affect 
this calculation. Surface diffusion over both energetically uni- 
form and nonuniform surfaces is considered. An example illus- 
trates what can happen to earlier conclusions when the original 
surface fluxes, calculated without taking these collisional phe- 
nomena into account, are revised. 

CONCLUSIONS AND SIGNIFICANCE 

In previous studies, the existence of gas-adsorbate collisional 
effects has been demonstrated in surface diffusion systems 
containing both uniform and heterogeneous adsorbent sur- 
faces. Equations were developed for describing these effects, 
when studies were carried out using a porous material with a 
uniform surface in a Wicke-Kallenbach experiment. 

In the present work, equations are developed for describing 
gas-adsorbate interactions in permeability experiments, which 
make up the majority of previous studies of surface diffusion in 
porous materials. In addition to developing equations for ex- 
periments involving uniform surfaces, a method is proposed 
for describing these effects on nonuniform surfaces. As a re- 
sult, surface fluxes can be calculated for permeability experi- 
ments, using porous materials with both uniform o r  
heterogeneous surfaces when gas-adsorbate momentum trans- 
fer is significant. 

If gas-adsorbate collisional effects are used in calculating 
surface fluxes, values for these fluxes can be markedly different 
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from those obtained when these effects are ignored, and these 
different values may lead to quite different conclusions about 
the behavior of the mobile phase. An example is presented of 
some surface-diffusion measurements in a system where the 
adsorbed phase should be portrayable as a two-dimensional 
gas. Nevertheless, it had been concluded that surface transport 
occurred by molecules “hopping” from one site to another, 
because the activation energy for the transport was too high to 
result from the inherent mobility of a two-dimensional gas. 
When gas-adsorbed molecule momentum transfer is taken into 
account in determining the surface fluxes, and an activation 
energy then determined based on the revised values of the 
fluxes, the new activation energies are much lower than the 
earlier ones. 

The new energies are well within the range that would be 
observed if the adsorbed phase could be characterized as a 
two-dimensional gas. 

A number of other studies of surface diffusion in porous 
materials are scanned, and at surface coverages as low as 0.01 
mono-layer, gas-adsorbate momentum transfer may begin to 
affect the value of the calculated surface flux significantly. Yet 
this is not always so; in other studies, the effect is not noticeable 
even at moderate coverages. 
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A criterion is developed for predicting when gas-adsorbate 
collisional effects will change the calculated value of the surface 
flux significantly. A modified error  is defined as 

When & is below 0.05, gas-adsorbate momentum transfer does 
not affect the calculated value of the surface flux significantly. 
When & is above 0.10, it does affect the calculated value. When 
0.05 < & < 0.10, the situation is uncertain, and further calcula- 
tions must be made. 

Surface diffusion within porous materials often has been in- 
vestigated using either a zero-pressure-gradient Wicke- 
Kallenbach apparatus (e.g., Reed and Butt 1971) or a permeabil- 
ity experiment in the Knudsen-flow regime (e.g., Horiguchi e t  
al. 1971). In these experiments it has always been necessary to 
use a theoretical model for separating the gas and surface com- 
ponents of the total mass transport. In studies of nonadsorbing 
gas flow usingapparatus ofeither type, the flow rates ofthe gases 
are inversely proportional to their molecular weights. When 
surface diffusion was to be studied, the transport ofa nonadsorb- 
ing gas was first measured or calculated for the desired tempera- 
ture, pressure, and pressure drop. Then, when the behavior of 
an adsorbing gas was being tested, the gaseous portion of the 
total transport of the adsorbing gas was determined by multiply- 
ing the flux of the nonadsorbing gas by the inverse ratio of the 
two gases’ molecular weights, i.e., 

The negative sign would apply to the Wicke-Kallenbach coun- 
terdiffusion experiments, and the positive sign to the permeabil- 
ity tests. In Eq. (l), N B  is the flux of the nonadsorbed gas, and 
takes place only in the gas phase. Having calculated the flux of 
the adsorbing substance in the gas phase, NB, the surface flux 
was taken as the difference between the total transport and the 
calculated gas-phase flux of the adsorbing gas: 

Horiguchi and his coworkers (1971) point out that this as- 
sumes no molecular shear between the gas and the moving 
adsorbate. This can be examined more closely. When the gases 
are nonadsorbing, the inverse-square-root-of-molecular-weight 
relationship results from impinging molecules rebounding dif- 
fusely from a surface; this is realistic when the surface has not 
been rigorously cleaned and/or has not been maintained under 
ultrahigh vacuum conditions (e.g., de  Boer 1968). When this 
relationship is used .to calculate the gaseous portion of total 
transport in the presence of a surface-diffusing gas, it also as- 
sumes dffuse refiction (relative to the pore wull) of the imping- 
ing gas molecules after collisions with the mobile surface 
molecules. At first sight, this appears indefensible, especially if 
a significant portion of the surface is covered with the mobile 
adsorbate. It is our purpose in the present work to define areas 
where the errors caused by making this assumption may be 
negligible, and to define other areas where they may not. To this 
end, we examine some existing surface-diffusion studies to see 
in which region their data lie. Only effects associated with 
surface coverages less than a filled inonolayer are treated; gas- 
adsorbate collisional effects in multilayer systems are not con- 
sidered here. 

PREVIOUS WORK 

Thus, calculating the gaseous portion of the total transport in 
the presence of surface diffusion by combining the inverse- 
square-root-of-molecular-weight relationship with the flux of a 
nonadsorbing gas seems obviously questionable. Yet the first to 
express doubt concerning this method appears to have been 
Field et al. (1963) in their review of surface diffusion. They 
caution that surface-diffusion coefficients should be  regarded as 

unreliable until the gas-adsorbed phase interactions could be 
investigated more fully. 

The first to actually observe disparities between results which 
he obtained and those predicted by the use of the inverse- 
square-root relationship seems to have been Bell (1971, Bell and 
Brown 1973; 1974). When he counterdiffused helium through 
porous Graphon against nitrogen and propane, the flow rates of 
helium did not show the same pressure or temperature depen- 
dence as they did in another system where the counterdiffusing 
gas possessed no mobile adsorbed component. 

Bell concluded that momentum transfer between the gas and 
the mobile adsorbed phase affected the gaseous flow in his 
system significantly. Furthermore, a model which assumed 
elastic collisions between the gas and adsorbate molecules mar- 
kedly improved the predictability of the helium-transport be- 
havior over that given by the model which assumed diffuse 
reflection. An additional point concerned a comparison of the 
surface fluxes, calculated using the elastic-collision model, and 
those calculated assuming diffuse reflection of the gas molecules 
which collided with the adsorbed phase. If the surface coverage 
of the mobile adsorbed phase were at all appreciable, the two 
calculated surface fluxes could be drastically different. 

This means that if the diffuse-reflection model does not de- 
scribe the momentum-transfer characteristics of the impinging 
gas molecules where a mobile adsorbed phase is present, then 
the gas-phase component of the total transport determined 
using the inverse-square-root-of-molecular-weight relationship 
may be in serious error. Bell’s Graphon possessed a reasonably 
uniform surface; more recent work using porous materials with 
heterogeneous surfaces found significant effects of gas-adsorbate 
collisions on both gaseous and surface diffusion behavior 
{Spencer and Brown 1975, Wan 1977). 

It does not necessarily follow that the presence of a mobile 
surface phase always affects the gaseous transport. In a study of 
simultaneous diffusion and reaction (Stoll and Brown 1974), 
helium was counterdiffused through porous alumina under 
Knudsen-flow conditions in sequence against non-surface- 
diffusing nitrogen and then against surface-diffusing butenes. 
With a freshly activated catalyst, the helium flow rates against 
the two gases were identical. If momentum-transfer effects re- 
sulting from collisions between the helium and the mobile sur- 
face butenes had been significant, the two flow rates would not 
have been equal. In this particular situation, the surface flow 
rate of the butenes was small, but still noticeable. In later runs, 
carried out after the catalyst had been used for a period, the 
helium flow rates were affected by the presence of the mobile 
butenes. 

In spite of the possibility of gas-adsorbate collisions modify- 
ing the gaseous transfer within the porous materials when a 
mobile surface phase exists, present practice still ignores these 
interactions. Not long ago, a far-ranging study of surface diffu- 
sion within porous materials (Gilliland et al. 1974) used the 
inverse-square-root relationship may sometimes be valid, and 
on other occasions leads to serious error, it would be desirable if 
Jackson (1977) still recommended this practice to determine the 
surface flux when studying surface diffusion within porous mate- 
rials. Since the experimental evidence indicates that the 
inverse-square-root relationship may sometimes be valid, and 
on other occasions leads to serious error, it would be desirable if 
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some means were found for judging this from the experimental 
data. One of the goals of the present work is to provide this tool. 

CALCULATING TRUE SURFACE FLUXES 
The Basic Momentum Balance 

In this section, we create a method of calculating the surface 
flux N i  without ignoring gas-adsorbed phase collisional effects. 
The development here refers primarily to permeability mea- 
surements, which are the usual experimental means for study- 
ing surface diffusion within porous materials. An analogous de- 
velopment has been carried out for Wicke-Kallenbach experi- 
ments (Bell and Brown 1974), but although the principles are 
essentially the same, the resulting equations for the permeabil- 
ity tests are much simpler than these earlier ones. 

Since permeability experiments used in studying surface dif- 
fusion are carried out in the Knudsen-flow region, an adsorbing 
gas A flowing down a single capillary in the Knudsen regime will 
be considered. A momentum balance on the gas phase along the 
capillary is the starting point. To apply the balance along a single 
capillary to a porous material, the single-capillary momentum 
transfer is multipled by the tortuosity factor T and divided by the 
porosity t (Satterfield 1970). In Knudsen flow, there are no 
molecule-molecule collisions in the gas phase, and so the total 
momentum lost by the gas phase is equal to the sum of 
momentum losses to the wall and to the adsorbed phase 

(3) - (Lir)/dL) = (dE)(Miu + h ! f i A )  

To obtain Mi, , . ,  the momentum transferred from the gas phase 
directly to the wall, we assume that the molecule reflects dif- 
fusely, and on the average all the axial momentum possessed by 
the molecule is transferred to the wall. Justified earlier, this 
assumption has been used successfully to derive equations de- 
scribing gaseous diffusion in porous materials (e.g., Scott and 
Dullien 1962). To obtain the number of molecules striking the 
wall, the number of molecules impinging on the surface must be  
multiplied by the fraction of surface that is not shielded by the 
adsorbed phase. With these principles, the momentum trans- 
ferred to the wall is 

M i w  = (n45~/4) (2h)  (3Tm~Uf:/8) (1 - OAA) (4) 

in which the first term in parentheses is equal to the number of 
molecular collisions per unit time per unit area, the second term 
is the surface area per unit volume of a pore, the third is the 
average momentum lost by a gas molecule under conditions of 
Knudsen flow if it were nonadsorbing, and the last term in 
parentheses is the fraction of surface that is not shielded from 
gas-phase molecules impinging on the surface. 

Calculating Surface Fluxes on Uniform Surfaces 

The other term in Eq. (3) which must be obtained is the 
momentum transferred from impinging gas molecules to the 
adsorbed phase, MiA.  The first situation which will be con- 
sidered is the one in which the surface is uniform. The adsorbed 
phases appear to behave as two-dimensional gases. On uniform 
surfaces, two-dimensional condensation phenomena have been 
observed and described (e.g., Hudson and Ross 1964, Broekhoff 
and van Dongen 1970), two-dimensional equations of state 
characterize the adsorbate behavior well (e.g., de  Boer and 
Broekhoff 1967) and calculations of entropy change upon 
uniform-surface adsorption without exception show agreement 
between that observed experimentally and that predicted for 
formation of a completely mobile adsorbate (e.g., de Boer and 
Kruyer 1952, 1953a-c, 1954, 1955, Ross 1955). 

When a system involves a uniform surface, therefore, it will 
b e  assumed that the  adsorbed phase behaves as a two- 
dimensional gas. We shall also assume that elastic collisions take 
place between the gas and adsorbed molecules, with the former 
rebounding freely in three dimensions and the latter in two 
dimensions. This collisional behavior is the appropriate analog 

to the simple theory of dilute gases in the three-dimensional 
case. These ideas have been developed in greater detail in an 
earlier paper (Bell and Brown 1974), with reasonable experi- 
mental confirmation. 

When free recoil occurs in three dimensions, a good approxi- 
mation to the momentum transfer is obtained by multiplying the 
collision rate by the average momentum transfer per collision 
(Present 1956). This approximation will be used here, and it will 
be assumed that there is diffuse rebound from the center-of- 
mass system, which has been shown to be true for purely three- 
dimensional collisions. With these  assumptions, the  
momentum-transfer term for gas-mobile adsorbate collisions 
takes the form 

MSA = (nf:oA/4)(2/r)(m*,A) I ( 3 ~ ~ 2 / 8 )  - u : I ( O A A )  

(5) 

N4 = n4uj/nA, (6) 

N$ = nsui/nAr (7) 

Let 

C#J = nilnf: 

N: = N: + N f :  

and 

DAK = 2EAr/3 

in which 

6. = (8kT/rmA)) 

Equations (4)-(11) can be substituted into Eq. (3) ,  and some 
manipulation of the result can yield 

N4 = [-(dp/dLj(DA~dRT7) 
( ~ ~ A A N ~ / ~ T C # J ) ] / { ~  - ( O A A / ~ ) [ ~  - (8/3~C#J)l} (12) 

The only quantity in this equation which is not immediately 
obtainable from experimental isotherm, pore structure, and 
permeability flux data is the fraction of surface shielded by the 
adsorbate from impinging gas molecules, 8 A A .  It is shown in the 
Appendix that a reasonable expression for OAA is 

If the pressure change over the length of the porous pellet is 
small enough so that no significant change in C#J or OAA occurs, 
then all the parameters in Eq. (12) are invariant and therefore so 
is the quantity (dp/dL). In this case, the ideal experimental one, 
numerical values for N f :  can be  obtained very simply from ex- 
perimental data using Eq. (12). If a large enough change in the 
pressure of A does occur within the pellet, 4 and O A A  become 
functions of p and cannot be  assumed invariant. A numerical 
solution of Eq. (12) is then usually necessary. Once NX is found, 
the usual means for obtaining N i  is followed; it is obtained by 
subtracting N% from the measured NI, [Eq. (2)l. 

Calculating Surface Fluxes on Heterogeneous Surfaces 

When the adsorbent surface is not uniform, the mobility of 
the adsorbed phase can be restricted in various fashions, and the 
gas-adsorbate momentum transfer term in Eq. (3), MiA, will not 
be the same as when the surface is uniform. The approach 
adopted for this situation comes from Lee and O’Connell(l972, 
1975), who divided the adsorbate into a portion which was 
completely localized and the remainder which had unrestricted 
mobility over the surface. This is also equivalent to regarding 
the adsorbate molecules as spending a fraction of their residence 
time on the surface as localized molecules and the remainder of 
the time in a mobile fashion. 

In order to calculate M i a ,  an assumption must be made about 
the gas-adsorbate momentum transfer to both the localized and 
mobile portions of the adsorhate. Gas molecules which impinge 
upon localized adsorbate molecules probably rebound diffusely; 
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the diffuse reflection of molecules from contaminated surfaces, 
mentioned earlier, and the behavior of helium when counterdif- 
fusing against nitrogen in porous silica (Bell and Brown 1973) 
would suggest this. The collisions between gas molecules and 
adsorbate molecules in the mobile fraction are assumed to be 
elastic and exhibit free recoil, as in the uniform-surface situa- 
tion. This conception has not had the experimental corrobora- 
tion that the model for uniform surfaces has had, but it is a logical 
extension of the uniform-surface approach. 

Letfbe the fraction of the adsorbate that is mobile, and (1 -f, 
the fraction that is localized. The momentum transfer upon 
diffuse reflection can be obtained from Eq. (4), and that upon the 
collision of gaseous and mobile-adsorbate molecules from Eq. 
(5). Combining these expressions with the assumptions in the 
previous paragraph gives the following equation for the  
momentum transfer between impinging gas molecules and an 
adsorbate on a nonuniform surface: 

Mi4 = (n4.A/4)(2/.)(e4,){(3~m,~4/8)(1 - fl 
+ ( m ~ m ~ 8 )  - u510) (14) 

The first product within the curved brackets on the RHS of this 
equation is the average momenturn lost by a single gas molecule 
striking a localized molecule multiplied by the probability of its 
striking a localized molecule. Similarly, the second product 
within the curved brackets i s  the average momentum lost by a 
molecule striking a mobile adsorbed molecule multiplied by the 
probability of its striking a mobile adsorbed molecule. Combin- 
ing this equation with Eqs. (3), (4), and (6)-(11) together with 
some manipulation can yield the following expression for the 
gas-phase flux within a porous material having a heterogeneous 
surface 

N4 = [-(dp/dL)(D,,&RT7) 

+ (8 fO~~N%.lr$)] / { l  - (fe4,/2)[1 - (8/3~$)1) 

This equation converges to Eq. (12) asf approaches one, as it 
should. 

The only term in this equation for which no expression has yet 
been given is the fraction of the adsorbate which is mobile, f. 
Lee and O’Connell calculated their mobile fraction from a 
statistical-mechanical model of the adsorbed phase. Here, the 
fraction of adsorbate which is mobile will be determined by 
comparing entropies of adsorption (evaluated from adsorption 
isotherms) with theoretical values determined for localized and 
mobile adsorption. The methods used here for entropy-of- 
adsorption calculations have been detailed by Kemball (1950) 
and by de Boer (de Boer and Kruyer 1952, Scholten and Kruyer 
1970), and these techniques have given significant insight into 
characteristics of adsorbed phases. 

To determine the value off using entropies of adsorption, 
three adsorption-entropy changes are needed. One would occur 
if the adsorbed molecules were all localized and immobile, 
another would occur if the adsorbed molecules were completely 
mobile, and the actual entropy change is determined from ex- 
perimental data. The fractionf of the adsorbed phase which is 
mobile can then be calculated 

(15) 

The expressions for determining the various AS’S where taken 
from the workofde Boer and Kruyer (1952). It was assumed that 
the molecules upon adsorption gained no external vibrational 
degrees of freedom, preserved their rotational and internal 
vibrational degrees, and lost only translational degrees; 
localized adsorbate molecules lost all three translational degrees 
offreedom, and mobile molecules one translational degree. The 
specific formulas used for calculation are given in the list of 
notation. 

Some selected results from applying Eq. (16) to systems in- 
volving heterogeneous adsorbent surfaces are presented in 
Table 1. There is asignificant degree of mobility in the adsorbed 

TABLE 1. FRACTIONAL MOBILITY OF PHASES ADSORBED ON 
NONUNIFORM SURFACES FROM ENTROPY-OF-ADSORPTION 

CALCULATIONS 

Fractional 
Coverage, AS,,, AS,, IS<, 

System O A  e.u.  e.11. C . I I .  f 
~ - _ _ _ _ _ _  

Physical adsorption of 
C2Hs on Vycor 
(Horiguchi, 1969) 0.18 -21.7 -15.6 -32.6 0.64 
Physical adsorption of 
CsH, on molyhdeiiiim 
sulfide 
(Reed and Butt, 1971) 0.027 -19.4 -11.8 -30.1 0.59 
Physical adsorption of 
SOz on Vycor 
(Gilliland et al., 1974) 0.46 -19.6 -18.6 -37.9 0.95 

phases at all coverages. At even a fractional coverage as low as 
0.03, over one-halfof the adsorbed phase is envisioned as being 
mobile. This agrees with the results of Kemball (1950) and 
Scholten and Krnyer (1970) in similar situations. The latter 
found that physically adsorbed molecnles approached localized 
behavior only at fractional coverages below lo-‘, and that the 
degree of mobility increased with coverage. This predicts that 
momentum-transfer results similar to those seen on uniform 
surfaces would also be seen on those which are nonuniform. 

It should bc pointed out that there are simplifications in- 
volved in calculating the value off that may affect its value 
somewhat. For example, there are undoubtedly rotational re- 
strictions and vibrational freedoms that are unaccounted for in 
calculating the various values of AS, and so the results should be 
viewed with caution. Nevertheless, Eq. (16) is a practical and 
simple way to calculate the approximate mobile fraction of ad- 
sorbate on a heterogeneous surface, which is necessary for tak- 
ing gas-adsorbate collisional effects into account. 

w i t h  the ability to calculate the mobile fractionf, it is now 
possible to use Eq. (15) to calculate the gaseous flux within a 
porous material having a heterogeneous surface when gas- 
mobile adsorbate collisions are significant. As in using Eq. (12) 
for uniform surfaces, Eq. (15) can be solved very simply if the 
pressure change within the porous material is sufficiently small 
that the factor $ does not change significantly. The surface flux 
follows immediately by using Eq. (2). 

APPLICATIONS TO PREVIOUS STUDIES 
n-Butane on Graphitized Carbon 

An example of how the inclusion of gas-adsorbate momentum 
transfer can alter conclnsions in an investigation of surface diffu- 
sion can be found in a re-analysis of the data of Ross (195.5). In a 
series of careful experiments, he measured the adsorption of 
n-butane on a graphitized carbon surface and then measured the 
transport of the butane through a porous plug of the carbon in 
permeability tests at various pressures. The gaseous component 
of the total transport was calculated using the inverse-square- 
root relationship, and the surface component was found by 
difference. The entropy change upon adsorption was consistent 
with that which should occur if a two-dimensional gas were on 
the surface, but the apparent activation energies of the surface 
diffusion coefficients, based on constant fractional coverage, 
ranged from 4500 to 10000 cal/gmole. This was too high for a 
two-dimensional gas to exist on the surface. Ifa two-dimensional 
ideal gas were on the surface, and the surface flow were propor- 
tional to the drop in two-dimensional pressure, then the effec- 
tive surface diffusivity should display an apparent activation 
energy ofapproximately 600 callgmole in the temperature range 
where Ross’ experiments were carried out. Ross and Good 
(19.56) concluded that the principal mechanism for surface 
transport was probably a “hopping” of the adsorbed molecules, 
which has been postulated by many investigators in this field 
(e.g., Weaver and Metzner 1966, d e  Boer 1968). 
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TABLE 2. SURFACE DIFFUSION OF n-BUTANE THROUGH GRAPHITIZED CARBON AT 30°C; SOURCE: ROSS, 1955. 

Surface Diffusion 
Coefficient Gas-Phase Flux” Surface Flux” Mean Fractional 

Pressure, Coverage Prev Calc.,’ True, ’ Prev. Calc., True, Prvv. Calc., True, 
D,, cm21s D i ,  cin21s Torr 8, ~ 2 ’  x 109 NP, X 10’ Nit X 10’ N; x 1 0 9  

11.2 0.26 2.73 4.85 16.3 14.2 0.524 0.455 
26.3 0.54 2.73 5.51 14.8 12.0 0.750 0.606 
50.7 0.76 3.65 7.42 15.6 11.8 1.55 1.18 
82.4 0.88 4.09 8.27 13.0 8.79 2.33 1.57 

104.3 0.93 5.75 11.6 16.8 11.0 2.91 1.89 

a All fluxes are reported in g moles/(cm’)(s). 
The “previously calculated” values are from using the inversr-siiuare-roi)t relationship; the “true” valurs are those rrwilting froin E,]. (12), which takv\ thc~ gas-adsorlrate 

collisioual effects into account. 

TABLE 3. SURFACE DIFFUSION OF n-BUTANE THROUGH GRAPHITIZED CARBON AT41.7”c;  SOURCE: ROSS, 1955. 

Surface Diffusion 
Mean Fractional Gas-Phase Fluxa Surface Fluxa Coefficient 

Torr @A ~ 2 ‘  x 109 NZ X 10’ N i ’  X 10’ N :  x 109 DI,  cm’/s D,, cm21s 
Pressure Coverage, Prev. Calc., True, Prev. Calc., ’ True, Prev. Calc.,’ Truc, ’ 

10.7 0.15 2.63 3.93 11.8 10.6 0.623 0.552 
20.4 0.28 2.60 4.78 10.7 8.53 0.764 0.482 
40.6 0.50 3.93 7.93 13.8 9.84 0.985 0.550 
79.8 0.72 5.00 10.1 16.1 9.70 2.16 1.06 

All fluxrs are reported in g rnoles/(cm2)(~) 
The “previous calculated” values are those from using the inverse-square-nii~t relationship; the “true” values are those from E q  (12), which takes the gas-adsorbate collisional 

eflects into account. 

The uniform-surface adsorption studies mentioned earlier, 
which emphasized that a two-dimensional gas or liquid almost 
certainly exists on these surfaces, were generally carried out 
using graphitized carbon. This substance has been shown on 
many occasions to exhibit a very high degree of surface 
homogeneity (e.g., Beebe and Young 1954, Cochrane et  al. 
1967) and is the material commonly used when studying phe- 
nomena associated with uniform surfaces. Thus in the work of 
Ross and Good, there was most probably a two-dimensional gas 
on their graphitized carbon surface. Yet there remains the prob- 
lem of the activation energies they calculated, which clearly are 
not consistent with two-dimensional gas behavior. 

The answer can be found in a recalculation of Ross’ surface 
fluxes, taking gas-adsorbed phase interactions into account. If 
this is done, using Eq. (12), then a surface-diffusion coefficient 

TABLE 5 .  ERRORS RESULTING FROM USE OF 
INVERSE-SQUARE-ROOT RELATIONSHIP FOR SYSTEMS WITH 

UNIFORM SURFACES. 

1 Prev. Calc. Sfc. Flux* 

Coverage, True Sfc. Flnx 
System e A  N 2 I N i  

Physical adsorption of 
n-butane on graphitized 
Spheron 6 (Ross, 1955) 
Physical adsorption of 
NZ on Graphon 
(Horiguchi, 1969) 
Physical adsorption of 
CzH6 on Graphon 
(Horiguchi, 1969) 
Physical adsorption of 
Nz on Graphon 
(Bell, 1971) 
Physical adsorption of 
CHC& on Graphon 
(Lee and O’Connell, 1975) 

0.26 

0.93 
0.00055 

0.020 
0.16 

0.49 
0.006 

0.10 
0.014 

0.092 

0.87 

0.65 
0.996 

0.88 
0.75 

0.46 
0.81 

0.23 
0.985 

0.925 

* The “previously calculated surface flux’’ is that determined using the inverse- 
square-root relationship; the “true surface flux” is that using Eq. (12). which takes the 
gas-adsorbate collisional effects into account. 

TABLE 4. ACTIVATION ENERGIES FOR SURFACE DIFFUSION ON A 
UNIFORM SURFACE [TRANSPORT OF ti-BUTANE WITHIN 

PELLETED GRAPHITE, SOURCE: R o s s ,  19553. 

D,  at D, at Activation 
Fractional 30°C, 4 1.7”C, Energy 

Coverage, 8 cm’ls cm2/s caYg mole 

0.26 0.46 0.49” 1400 
0.50 0.5Sa 0.55 0 
0.72 1 . 0 3 a  1.06 600 

a Interpolated value 

can be evaluated in the usual manner (see Horigiichi e t  al. 1971; 
the formula for obtaining D, is presented here in the Notation). 
The results of such calculations are shown in Tables 2 and 3. 
Ignoring the gas-adsorbate collisional effects caused a consistent 
error of33-51% in the calculated gas-phase fluxes, which in turn 
caused errors of 12-66% in the calculated surface fluxes. 

TABLE 6. ERRORS RESULTING FROM USE OF 
INVERSE-SQUARE-ROOT RELATIONSHIP FOR SYSTEMS WITH 

NONUNIFORM SURFACES. 

1 Prev. Calc. Sfc. Flux* 
Coverage, True Sfc. Flux 

Physical adsorption of 
C& on Vycor 
(Horiguchi, 1969) 0.18 0.52 
Physical adsorption of 
C3H8 on molybdenum 
sulfide 
(Reed and Butt, 1971) 0.027 0.90 
Physical adsorption of 
SOz on Vycor 
(Gilliland et  al., 1974) 0.46 0.91 

* The “previously calculated surface flux” is from using the inverse-square-root 
relationship; the “true surface flux” is from Eq. (15), which takes the gas-adsorbate 
collisional effects into account. 

AlChE Journal (Vol. 26, No. 3)  May, 1980 POW 359 



The surface-diffusion coefficients obtained from these surface 
fluxes can be plotted as a function of surface coverage, and 
activation energies can be derived from the temperature de- 
pendence of these coefficients at constant coverage. Values of 

axial momentum from 
actual transfer of 

gas phase 

would be helpful if a simple criterion could be developed to 
predict the circumstances when such considerations would be 
necessary. In this section, such a criterion is developed. 

'momentum transfer calculated if gas-phase flux 
were estimated using inverse-square-root-of- 

An error is defined: 

(17) 
1-i molecular-weight relationship 

(actual transfer of axial momentum from gas phase) 51 = 
~ 

these calculated activation energies are shown in Table 4. When 
gas-adsorbate interactions are considered, the energies are 
found to vary between 0 and 1400 cal/gmole. These are far less 
than the earlier values and now well within the rangethat might 
be expected if a two-dimensional gas were on the surface ofRoss' 
carbon, considering the scatter in the calculated activation 
energies. It is interesting that errors of 12-66% in the calculated 
surface fluxes can lead to a change in the mean activation energy 
by a factor of ten. 

Other Surfoce Diffusion Studies 

The examination and recalculation in the previous section 
shows that ignoring gas-adsorbate collisional effects can lead to 
false conclusions about molecular behavior in surface diffusion, 
which in turn can cause errors in modeling. W e  looked at a 
number of other previous investigations in this area to see the 
range of the errors introduced by ignoring these interactions. 
Surface fluxes for these were recalculated using either Eq. (12) 
or (15), depending on whether the study was carried out using a 
uniform or nonuniform surface, respectively. 

Results are presented in Tables 5 and 6. The former considers 
some studies using uniform surfaces, the latter, some using 
nonuniform surfaces. Data were chosen which seemed typical of 
very low, low, and moderate surface coverages. Looking at the 
results for uniform surfaces, the errors in the surface-flux calcu- 
lations are not significant when the coverage is very small, as 
might he expected. Nevertheless, when the coverage begins to 
exceed a mere 1% of the total surface, errors in the calculated 
surface flux can exceed acceptable limits if gas-adsorbate inter- 
actions are ignored, as shown by the results using the data of 
Horiguchi (1969) and Bell (1971). This is not invariably true, 
however. The results of Lee and O'Connell are within accept- 
able error bounds, even at a coverage of almost 10%. 

Table 6 shows much the same behavior for some studies 
involving nonuniform surface If the inverse-square-root-of- 
molecular-weight relationship s used to calculate the gaseous 
portion of the total flux, the error can become significant at quite 
low coverages. On the other hand, at even moderate coverages 
under different circumstances the effect may not be  significant 
and error in calculating the gas flow will not affect the calculation 
of the surface flow appreciably. 

The extent to which gas-adsorbate momentum transfer affects 
a calculation of the surface flux is a complicated function of the 
comparative flow rates, the amount of material on the surface for 
a given amount in the gas phase, the relative axial velocities of 
the materials in the two phases, etc. An example of this can he 
seen in Table 6, where data from the last two studies cited result 
in almost identical errors, in spite of there being more than an 
order of magnitude difference in surface coverage. Thus 
generalizations are difficult. It does appear that when there is a 
high ratio of N 4  to N S ,  as in Bell's and Horiguchi's systems, a 
small error in the calculation of the gas-phase flux can cause a 
large error in the surface flux. When the ratio is low, as in the 
system of Lee and O'Connell, the converse is true. This 
phenomenon was postulated by Lee and O'Connell in their 
argument for ignoring these interactions in the calculation of 
their surface fluxes. 

A PROPOSED CRITERION 

Since the data indicate that the consideration of gas-adsorbate 
momenturn transfer on occasion may be  necessary for the calcu- 
lation of the true surface flux, and other times may not be, it 

This definition is a typical normalized difference between real 
and calculated values; multiplying it by 100 converts it to a 
percentage error. I t  is an error in calculating the momentum 
transferred from the gas phase, which makes it an error essen- 
tially in this phase. To get an indication of the error in the 
calculated value of the surface flux, it is necessary to multiply the 
value of by some factor allied to the relative magnitudes of the 
gas and surface fluxes. Ifthe error defined in Eq. (1) is multiplied 
by the ratio of the calculated gas-phase axial momentum to the 
calculated surface-phase axial momentum, a reasonable error 
criterion for the surface flux may result: 

gas-phase axial momentum 
" = (") ( surface-phase axial momentum 

We recognize that more rigorous measures of error may be 
derived, but it is desirable that one which is simple to apply 
should be developed. In the following, the point at which the 
modified error 52 becomes significant will be determined from 
the treatment of existing data. Before doing this, a method for 
determining the value of t2 from surface-diffusion data must be 
developed. 

Since the calculated gas-phase axial momentum is n4mAu$' 
and the calculated surface-phase axial momentum is ndmAuJ', 
Eq. (18) can be expressed as 

The actual momentum transfer M9, is equal to 

M i  = (n~~a/4)(2/r)(3~m,u4 ' /8)  (20) 

because it is assumed that the entire pressure drop is caused by 
collision of the gas-phase molecules with the wall, and uj' is 
calculated from that assumption. 

Expressions for MZu, and M i ;  can be obtained from Eqs. (4) 
and (14), respectively, using us' and us' instead of us and us. 
Then, combining these expressions with Eqs. (6)-(9) and (20) and 
using uj' ,  uf', NX', and NS' instead of the unprimed quantities, 
some manipulation can be carried out together with substitution 
into Eq. (19) to yield 

When the system contains a homogeneous surface, and the 
adsorbate has unrestricted two-dimensional mobility, then f = 1 
and 

52 = 
&la( g + ") 3 7 4  

Equations (21) and (22) were applied to the systems discussed 
earlier, and the results are presented in Table 7. One observa- 
tion stands out: At errors of about 50% and below, the absolute 
error in the calculated flux Ns(' ranges between roughly equal to 
and about twice that of the proposed error t2. If a maximum 
acceptable error in the calculation of the surface flux is lo%, 
then a criterion can be proposed: When the value of the 
modified error & is well below 0.05, then no compensation need 
be made for gas-adsorbate collisional effects, and the inverse- 
square-root relationship may be used in the determination of 
surface fluxes. When the value of t2 is well above 0.10, then 
some compensation must be  made for gas-adsorbate collisional 
effects. If 0.05 < Ez < 0.10, then the error in the calculated 
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TABLE 7. COMPARISON OF ERROR IN PREVIOUSLY CALCULATED 
SURFACE FLUX WITH 5 2  

System 

Fractional 
Coverage, 

e, 

Physical adsorption of 
n-hutane on graphitized 
Spheron 6 (Ross, 1955) 
Physical adsorption of 
Nz on Graphon 
(Horiguchi, 1969) 
Physical adsorption of 
CZHs on Graphon 
(Horiguchi, 1969) 
Physical adsorption of 
Nz on Graphon 
(Bell, 1971) 
Physical adsorption of 
CHC& on Graphon 
(Lee and O'Connell, 1975) 
Physical adsorption of 
CzHs on Vycor 
(Horiguchi, 1969) 
Physical adsorption of 
C3H8 on molybdenum 
sulfide 
(Reed and Butt, 1971) 
Physical adsorption of 
SOz on Vycor 
(Gilliland e t  al., 1974) 

0.26 

0.93 
0.00055 

0.020 
0.16 

0.49 
0.006 

0.10 
0.014 

0.092 

0.18 

0.027 

0.46 

Fractional 
Error in 

Prev. Calc. 
Sfc. Flux* 

-0.13 

-0.35 
-0.004 

-0.12 
-0.25 

-0.54 
-0.19 

-0.77 
-0.015 

-0.075 

-0.48 

-0.10 

-0.09 

Modified 
Error 

G 

0.075 

0.18 
0.0044 

0.122 
0.167 

0.287 
0.214 

1.84 
0.015 

0.058 

0.38 

0.10 

0.048 

* The fractional error in the prrviously calculated surface flux is defined as (N? - 
N:)Ni .  

surface flux is likely to be in the range of lo%, and, depending on 
the accuracy desired, it may be advisable to make some compen- 
sation for gas-adsorbate collisional effects. 

DISCUSSION 

We pointed out earlier that no model has yet been proposed 
which is adequate for predicting the behavior of a significant 
amount of the existing data on surface diffusion within porous 
materials. We suggest that a cardinal factor in the inability to 
create a satisfactory model for this phenomenon is the lack of 
recognition accorded to gas-adsorbed phase collisional effects. 

Ignoring the gas-adsorbate interactions has had two results. 
We have shown that not considering this type of momentum 
transfer most probably has created significant errors in the 
calculation of surface fluxes within porous materials in past 
studies. Since models based on erroneous surface fluxes are 
themselves likely to be erroneous, as demonstrated earlier, it is 
not surprising that the models cannot predict the behavior of 
more than a small amount of data. 

Another factor causing the search for a reasonable model to be 
unsuccessful might well be  a second aspect of the gas-adsorbed 
phase interactions-how the momentum transfer modifies the 
behavior of the adsorbed phase itself. It has been shown that 
there can be significant and sometimes even startling ways that 
gas-adsorbate momentum transfer &ects how the adsorbate acts 
under various conditions (Spencer and Brown 1975). In one set 
of experiments, it was observed that the adsorbed phase could 
move counter to the gas phase, against the concentration gra- 
dient, because of momentum transfer from the gas phase. 
Therefore, in addition to the inclusion of gas-adsorbate inter- 
actions in the calculation ofsurface fluxes, the momentum trans- 
fer resulting from these interactions probably needs to be in- 
cluded in any successful model describing the behavior of a 
surface-diffusing phase. 

Including gas-adsorbate collisional effects is thus necessary in 
the analysis of many, if not most, studies of surface diffusion 

within porous materials. Perhaps, considering these effects will 
provide a beginning understanding of this bewildering, per- 
verse, and fascinating phenomenon. 
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NOTATION 

A 
C 

? 
h 
AH 
k 
m 
M 

n 
n A v  
N 
P 
r 
R 
As 

T 

a 
V 

U 

2 

ff 
E 

r )  
0 
4 

51 

52 

7 

= area per molecule, cm' 
= concentration, gmoles/cm3 of porous material 
= surface diffusion coefficient, cm% [ = -N: .r/(dC'/dz)] 
= fraction of adsorbed phase which is mobile; remainder 

= Plancks constant; 6.626 X 
= change of enthalpy upon adsorption, cal/gmole 
= Boltzmann's constant-1.38 X 10-'6ergs/(molecule) (K) 
= mass of a molecule, g 
= rate of momentum transferred from gas phase per unit 

volume, (g) (cm)/(s') (cm3) 
= concentration, molecules/cm3 
= Avogadro's number, 6.022 x loz3 molecules/gmole 
= molar flux, gmoles/(cm2) (s) 
= pressure or partial pressure of adsorbing subtance, Pa 
= radius of a capillary, cm 
= gas constant, cal/(gmole) (K) 
= entropy change upon adsorption, e.u. [cal/(gmole) (K)] 

is localized 
erg-s 

AS,,, = ( A W T )  - R ln(p/pO) 

AS,,, 
ASl = R{ln(2amkT)3'2V"/h3 

= R{ln(2.rrmkT)1'2Vo/ho - 1/2} + R In(AdAo) 

= temperature, K 
= average axial velocity of all molecules, cm/s 
= average speed of a molecule, cm/s 
= volume per molecule, cm3 
= axial distance along porous material, cm 
= area of adsorbent surface, cm2 
= void fraction or porosity of porous material 
= number of molecules adsorbed on surface 
= fraction of surface covered by adsorbed substance 
= ratio of surface concentration ofa  substance to gaseous 

concentration; obtained from adsorption isotherm 
= error in calculation of momentum transferred from gas 

phase, defined by Eq. (17) 
= modified momentum-transfer error, defined by Eq. 

(18) 
= tortuosity factor 

- 5/2} + R In[0/(1 - O)] 

Subscripts 

A 
AA 

Aw 

exp 
1 
m 
0 

= referring to substance A 
= resulting from impinging A molecule colliding with 

adsorbed A molecule 
= resulting from impinging A molecule colliding with 

the wall 
= obtained from experimental data 
= referring to localized adsorbate molecules 
= referring to completely mobile adsorbate molecules 
= amount available per molecule 

Superscripts 

g 
0 

= occurring in gas phase 
= referring to the standard state or to total momentum 

transfer 
S = occurring in surface or adsorbed phase 

= primed values refer to those calculated using the 
T = total; sum of gas and adsorbed-phase contributions 
I 

inverse-square-root-of-molecular-weight relationship 
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DERIVATION OF THE SURFACE-SHIELDING FUNCTION 0.~4 

The amount of surface shielded from molecules impinging from the 
gas phase by those which are adsorbed is greater than the projected area 
of the adsorbed molecules. This is true because gaseous molecules 
approaching from any direction other than normal to the surface are 
prevented from striking a portion ofthe surface not covered by adsorbed 
molecules, as illustrated in Fig. A l .  When no mutual sharing of the 
surface shielded by adsorbed molecules is considered, the average area 
shielded by adsorbate has been shown to he six times thc projected area 
(Bell and Brown 1974). This means that 

(Y f f  

The total area shielded can, however, be shared among the adsorbed 
molecules (Fig. A2). When only two molecules are allowed to share any 
shielded area, the surface-shielding function becomes 

in which yo is the total snrface area that would he shielded by two 
adsorhed molecules if there were no mutual sharing of shielded areas, 
-q(u - b )  is the shielded empty space available for mutual coverage, and 
[-q(u - b ) ] / [ f f ( l  - O A ) ]  is the probability of any portion of empty surface 
being covered by a shielded empty space. The factory M occurs because 
otherwise each molecule would be counted twice. 

M o l e c u l e  i m p i n g i n g  on 
&’ s u r f o c e  f r o m  gas p h a s e  

Molecule d 
::st::f:ce 1 

+Region o f  s u r f a c e  shielded 
f r o m  impinging gos m o l e c u l e  
Region o f  sur foce covered by I- ri p r o j e c t i o n  o f  adsorbed m o l e c u l e  

Figure A l .  Why surface area shielded from impinging gas molecule is 
greater than proiected area of absorbed molecule. 
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Figure A2. Sharing of total shielded area among absorbed molecules. 
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With the possibility of three molecules sharing the shielded area, the 
expression becomes 

In like fashion, when a simultaneous shielding of a portion of the 
surface by a very large number of molecules is considered, one obtains 

Adding and substracting Vbla, together with some further manipula- 
tion, yields 

Since +/a = 8, and u = Sb, then -q(u - h) /a  = 50, and we can write 

or 

8.4.4 = @A + (1 - @,){I - eXp[-5@~/(1 - @ A ) ] }  

('47) 

(A8) 

A further simplification gives the final result: 

@AA = 1 - (1 - 8.4) exp[-58~/(1 - @ A ) ]  

Manuscript received September 1, 1978; revision received August 8, and accepted 
August 30, 1979. 

A Channel Flow Analysis for Porous Beds 
Moving Under High G Forces 

An analysis is made of centrifugal flow of compacted porous beds through J. W. MEYER 
channels against high gas backpressure. One-dimensional compressible gas flow 
solutions are presented for concurrent and countercurrent soliddgas motion 
through the variable area channels. The physical process analyzed represents the 
flow through a newly developed centrifugal pump for feeding dry pulverized 
material against a pressure harrier. The objective of the analysis is to gain a basic 
theoretical understanding of this type of device. Good agreement is found be- 
tween analytical predictions and test data obtained with an experimental pump 
feeding coal. 

Applied Mechonics Laboratory 
Lockheed Polo Alto Research Laboratory 

3251 Hanover Street 
Palo Alto, Colifornio 94304 

SCOPE 
A new centrifugal pump has been recently developed for 

transporting dry pulverized material across a gas pressure 
barrier (Bonin et al., 1977). The experimental 1 tonhr scale 
machine has successfully pumped coal from atmospheric 
pressure to delivery pressures as high as 2.8 MPa (400 Ib/in.' 
gauge). The heart of the pump is a high speed rotor that 
contains many converging radial channels or sprues. Pul- 
verized material is transported into the eye of the rotor and 
centrifuged outward into the sprues. A compacted moving plug 
of porous material forms in the sprues and creates a seal 
against the high pressure gases. The sealing action is a com- 
bined effect of both the motion of the plug and its relatively low 
permeability. 

The objective in the present paper is to develop a theoretical 
description of the basic operation of this new device, as well as a 
capability for predicting its performance. Specifically, the 
pump channel flow is analyzed, and solutions to the basic 
porous media flow problem are presented. A one-dimensional 
gas flow model is developed representing concurrent or coun- 
tercurrent soliddgas motion through the variable area chan- 
nels at high pressure ratios. Experimental data obtained in 
tests of the experimental machine pumping pulverized coal are 
presented, and comparisons with the theory are made. Atten- 
tion here is focused exclusively on the rotor channel flow. Other 
aspects of the design of practical pump hardware are discussed 
elsewhere (Bonin et al., 1977; Lockheed, 1977a, b). 

CONCLUSIONS AND SIGNIFICANCE 

A theoretical approach has been developed to describe the 
porous media flow situation in the flow channels of a pulverized 
material pump. Theoretical model predictions based on uni- 
form bed properties are in good agreement with operational 

ooO1-1511-803684-036$01.25. 0 The American Institute of Chemical ~ ~ ~ i ~ ~ ~ ~ ~ ,  
1980. particular sets of requirements. 

experience with an experimental machine. The apparent per- 
meability of the flowing material in the pump channels is found 
to be somewhat higher than measured in tests on static material 
plugs. 

The theoretical model can be taken to be sufficiently vali- 
dated to be USefUl in designing solids pumping machines to 
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