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SURFACE DIFFUSION OF HIGH TEMPERATURE 
VAPORS IN POROUS ALUMINA 

Elizabeth J. OpUa 

Abstract 

LBL-16735 

The purpose of this study was to determine whether surface diffusion 

contributed significantly to the transport of zinc vapor through porous 

aluminas of 0.6J.l.m and 0.07 J.LlIl average pore radii. Zinc and zinc sulfide 

solids were vaporized into vacuum from a boron nitride cell covered with a 

porous alumina barrier. Zinc vapor fluxes through the barrier were deter-

mined using a weight loss technique. The flux of helium through the 

alumina was also determined from the leak rate at room temperature. After 

correction for molecular weight differences, any flux of zinc greater than 

that of helium was attributed to surface diffusion. In all experiments, Knud-

sen flow was operative in the gas phase. The ratio of surface flux to Knudsen 

flux for Zn(g) from Zn(8) in alumina of 0.6J.l.m average pore size at 647 K was 

2.5. It was found that using alumina of 0.07J.l.m average pore radius under 

the same experimental conditions increased the surface to Knudsen flux 

ratio to 17. This increase was proportional to the inverse of the average 

pore radius as predicted. The flux of zinc vapor from Zn(8) at 592 K and 

ZnS(s) at 1092 K was measured where P;m was nearly equal using alumina of 

O.6J.l.m average pore radius. In both cases, the amount of zinc vapor 

transmitted and the ratio of surface to Knudsen flux for zinc was the same. 

It was concluded that the presence of S2(g) had no observable effect on the 

diffusion of zinc vapor in porous alumina. 
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Introduction 

The diffusion of vapors through porous media has several important 

consequences. Reactions in heterogeneous catalysis are often limited by 

diffusion of products or reactants within the catalyst pores.1.2 Decomposi-

tion reactions can be affected by the formation of a porous product layer 

which limits the diffusion rate from the reaction surface.3 Finally. mass 

separation techniques involving porous media depend on difierential 

diffusion rates of gaseous species.4 .5 All these processes can be better 

understood with an increased knowledge of diffusion in porous media. 

Diffusion in porous media can occur along two paths: through the gas 

phase or along the pore surfaces. In some cases both paths are important. 

The purpose of this study is to determine whether or not surface diffusion of 

zinc vapor is a significant means of transport through alumina barriers with 

pores of around 0.1 J.Lm or larger cross section. Two effects are specifically 

examined. First. the ratio of surface flux to gaseous diffusion flux through 

porous alumina barriers is determined for barriers of two different average 

pore sizes. Second. the interaction in porous alumina of the two vapor 

species produced from congruently vaporizing ZnS(I) and their subsequent 

change in diffusional properties are studied. Before these effects are exam-. 
ined in more detail. the basic theory of difiusion is described. 

Diffusion in the gas phase can be divided into several regimes which are 

differentiated from one another by the relative frequencies of molecule-

molecule and molecule-wall collisions. The mean free path of the molecules 

between molecule-molecule collisions can be calculated using the following 

expression:6 
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(1) 

where A is the mean free path, R is the gas constant, T is the absolute tem-

perature. a is the collision diameter, P is the pressure, and N is Avagadro's 

number. When the mean free path of the gas molecule is smaller than t.he 

pore dimension (AI'd. < 10) molecule-molecule collisions are more important 

than molecule-pore wall collisions and hydrodynamic flow occurs. On the 

other hand, when t.he mean free path of the gas molecules is large compared 

with the pore dimensions (AI d. > 10), molecule-molecule interactions are 

negligible compared to molecule-pore wall collisions and Knudsen flow 

occurs. When AI d. is near unity, flow characteristics intermediate between 

those of Knudsen and hydrodynamic flow are observed. It can be seen that 

by varying the pressure, the temperature, and the pore dimensions in a 

gas-solid system, the diffusion mechanism in the gas phase can be con-

trolled. In the present study, conditions were chosen so that Knudsen flow 

was t.he operative mode of gas phase diffusion. For this reason, Knudsen 

diffusion will be discussed in greater det.ail. 

Knudsen diffusion can be described in several alternative ways. On a 

microscopic scale, Knudsen diffusion can be envisioned as the random walk 

of a collection of noninteract.ing molecules through a pore. A gas molecule 

enters a pore with t.he average velocity, V, given by: 8 

-_[BRT]t v - --
rrM 

(2) 

where M is t.he molecular weight of the diffusing species. The molecule 

moves in a straight line until it. collides with the pore wall and eqUilibrates 

with it. The molecule then leaves the pore surface in a direction indepen-

dent of the incident direction and according to a cosine distribution. That 

is, the probability that a molecule will leave the surface in a given direction 
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is proportional to the cosine of the angle that this trajectory makes with the 

normal to the surface. The molecule repeats this process, diffusing ran-

domly through the pore until it is either transmitted through the pore or is 

returned to the pore entrance. 

The flux of molecules through the pore may be described by Fick's first 

law: 

Jx = -Vx [ ;~ L (3) 

where JK is the Knudsen flux, DK is the Knudsen diffusion coefficient, and 

[ ~l is the concentration gradient in the pore. The diffusion coefficient is ax K 

represented by the following equation: 

(4) 

where a is a geometrical constant, aK is the distance between molecule-pore 

wall collisions. and r is the frequency of collision. Diffusion down the con-

centration gradient does not result from any bias of the gas molecules 

toward movement in a particular direclion; rather. there is a net flux from 

the pore entrance to the pore exit only because there are more atoms at 

the pore entrance to diffuse to the exit than vice versa.? 

A more usual form for the Knudsen diffusion coefficient in porous media 

with cylindrical capillaries is derived from the kinetic theory of gases.B 

1 

D = 4 [2RT]2 
K ~ rrM 

(5) 

Here. T is the pore radius and all other terms have been previously defined. 

From another point of view. the diffusion coefficient need not be con-

sidered; instead. a unitless transmission coefficient. W. can be defined which 

expresses the probability that a gas molecule which enters a pore will be 



transmitted out of the other end of the pore. 

(6) 

where J is the flux leaving the pore and Jo is "the flux entering the pore. A 

method for determining the transmission probability is to measure the leak 

rate of a known volume of gas through a porous barrier. The transmission 

probability can then be expressed as follows: 

..j21TMRTb V MnP 
W=--------

AI: RTm llt 

where 

Tb = the absolute temperature of the gas in the barrier 
Ac = the effective cross sectional area of the pores 

= the cross sectional area of the barrier x porosity 
V = the volume of the gas in the manifold which is to diffuse 

through a porous barrier 
the temperature of the gas in the manifold T. = 

llln'P _ 
llt - the leak rate of the gas through the barrier 

(7) 

Equation 7 can be derived from the Hertz-Knudsen-Langmuir equation 

(Equation 8), the definition of the transmission probability (Equation 6), and 

the time derivitive of the ideal gas law, as demonstrated by Jacobson.g 

When the flux of molecules entering the pore is produced by the vapori-

zalion of a solid, Jo can be expressed by the Hertz-Knudsen-Langmuir equa-

tion: 10 

P 
Jo = "21TMRT 

(8) 

where P is the equilibrium vapor pressure established over the solid in a 

source chamber held at the temperature. T. and M is the molecular weight 

of the vapor species. The flux leaving the barrier. J, can be determined from 

the weight loss of the source chamber if the vapor can escape only through 

the barrier. 
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Thus far, two coefficients have been presented which both describe the 

Knudsen diffusion in porous media: Dx and W. The diffusion coefficient, Dx , 

expressed in cm2/sec, is the usual choice for characterizing a diffusion sys-

tern. Dx, as defined by Equation 5, is a useful term for comparing data for a 

specific gas which have been oblained from solids with different pore slruc-

tures since it is normalized by the factor of r in the equation. However, Dx 

has the disadvantage of being temperature and molecular weight dependent. 

The transmission coefficient, W, while depending on the geometry of the 

pore, can definitively describe the Knudsen diffusion in a given porous 

material regardless of the molecular weight and temperature of the diffusing 

gas. A relationship between Dx and W can be derived from the definition of 

the transmission probability (Equation 6), the Hertz-Knudsen-Langmuir 

equation (Equation 7), the ideal gas law, and Fick's first law. 

[ 
RT l~ Dx= Wl --

2rrM 
(9) 

Clausingll has found that when the length, l, of a cylindrical pore becomes 

long compared to its radius, r, for Knudsen flow 

for l »r (10) 

where We is the Clausing transmission probability. When l »r, Equation 10 

can be combined with Equation 9, and Equation 5 is obtained exactly. 

Although DK and W both describe gaseous diffusion in porous media equally 

well, the transmission probability, W, more usefully characterizes a system 

for which surface ditrusion is also important. 

Like Knudsen diffusion, surface diffusion can be described in several 

different ways. First. diffusion of molecules along a surface can be 

envisioned as the two dimensional analog of the three-dimensional random 
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walk which gases undergo. Again, Fick's law can be applied: 12 

Js = -Ds[EE-] ox s 
(11) 

where Js is the tlux of molecules along the surface, Ds is the surface 

diffusion coefficient, and [:~ls is the concentration gradient along the sur-

face of the pores. Ds can be defined from a random walk mechanism as Dx 

was defined in Equation 4: 13 

1 
Ds = -a~r 

4 
(12) 

where as is the surface diffusion jump distance and r is the jump frequency. 

Diffusion is now restricted to two dimensions so the geometrical factor is 

equal to 1/ 4. 

The surface diffusion coefficient can alternatively be formulated in 

terms of activation enthalpies. The temperature dependence of the diffusion 

coefficient is known to satisfy an Arrhenius type equation as follows: 13 

Ds = Ds.exp[ -~m ] (13) 

where Ds is the surface diffusion constant and 6Hm is the enthalpy of 
a 

migration. The enthalpy of migration is that thermal energy needed to over-

come the potential energy barrier for a jump to another site. This migration 

energy can vary between zero and the enthalpy of adsorption. Typically 

6Hm is one-third to one-half the heat of adsorption,14 which implies that 

diffusion is therefore by activated random jumps on the surface. 

Entropy considerations are also important in understanding surface 

diffusion. 14 The pre-exponential, Ds, from Equation 13 is dependent on the 
o 

entropy of migration, 65",,: 

'" 
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1 2 [flSm 1 Ds = -cxsvexp --
o 4 R 

(14) 

where v is the basic vibrational frequency of the diffusing molecule and all 

other terms have been previously defined. A molecule in the gas phase has 

rotational. vibrational. and translational degrees of freedom. When a 

molecule is adsorbed on a surface it loses entropy. Weakly bonded surface 

molecules behave as two dimensional gases with relatively high entropies. 

As the molecules become more tightly bound to the surface. translational 

and vibrational degrees of freedom are lost. When only rotational degrees of 

freedom are left the molecules no longer migrate along the surface. The 

entropy of migration is confined between these extremes. 

Chemisorption and physisorption of molecules are differentiated by the 

nature of the attraction between the gas molecule and the surface. l5 Chem-

isoption causes a change in the nature of both the surface and lhe adalom 

by lhe formation of a covalent. ionic. or a metallic bond. The heal of 

adsorplion is generally high (40-200 kJ/mole). Physisorplion. on the olher 

hand. is due to weaker van der Waals attractions. and the heats of adsorp-

tion are less than 40 kJ/mole in most cases. Because chemisorbed 

molecules are strongly bonded, diffusion of chemisorbed molecules occurs 

at higher temperatures or at slower rates than diffusion of physisorbed 

molecules. Chemisorption is site specific due to the nature of the bonds 

formed while physisorption is not. Although these distinctions are generally 

true. it is nol always clear which type of adsorption is occurring. 

De Boer l6 describes adsorption by considering the length of time. I. 

that a molecule is present on the surface: 

(15) 
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where '0 is the basic time of oscillation of an adsorbed molecule and Q~d.s is 

the heat of adsorption. The adsorbed molecule will halt on the surface 

between jumps for a fraction of the time, given by: 

T' = "oexp[~; 1 (16) 

where " is the halting time, "0 is an .oscillation time approximately equal to 

To. and /).Hm is the enthalpy of migration. 

The coverage of adsorbed molecules on the surface can also be com-

puted using this adsorption time concept. The fractional surface coverage. 

". can be expressed as: 

(17) 

where JK is the flux of molecules striking the surface, Uo is the number of 

molecules per unit area in a monolayer coverage. and N is Avagadro's 

number. 

Up to this point, surface diffusion has been considered separately from 

diffusion in the gas phase. It is obvious, though. that a surface molecule 

with enough energy can desorb from the surface just as a gas phase 

molecule can adsorb at the surface. The surface adsorbed molecules are . 

thus in equilibrium with the gas. 

In the past. the flux through a porous barrier has been typically con-

sidered as a sum of the gas phase flux plus the adsorbed flux. The gas phase 

flux can be determined by measuring the flux of a gas that undergoes negli-

gible adsorption. such as helium. through the porous material. The gas 

phase flux of the adsorbable species is then corrected for the molecular 

weights as follows:8 
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J~ = JIM [ :: ]t (18) 

where JKz is the Knudsen component of the flux for the sorbable species x. 

JHe is the flux of the helium. and M is the molecular weight of the respective 

species. The surface component of the flux. Js . can then be computed 

from: B 

Js = Jiotal - JK (19) 

Here. JiotCll. is the total measured flux of the sorbable vapor which is 

transmitted through the porous barrier. 

Several groups of investigators have proposed that the practice of using 

helium as a calibrating gas is not necessarily valid. Brown and his 

coworkers 17-20 have suggested that gas-adsorbate collisions will make a 

significant difference in lhe surface flux; however. lhis etIecl becomes negli-

gible at low surface coverages. 17•21 BarrerB stated that for diffusion through 

porous solids. the use of helium as a calibrating gas causes Jx to be 

underestimated and Js to be overestimated. This occurs because the sur-

face flux must be transferred across cracks and crevices through the gas 

phase. Also, at pore entrances of cross-sections comparable to molecular 

diameters. the surface species can completely block the gas flow. These 

effects should become negligible for larger pores. 

Nicholson and Petropoulos22.23 suggested that using the calibration gas 

technique to determine the gas phase flux for a sorbable gas is not very 

accurate. Two anamolies were noted in the work of Hwang and Kammer-

meyer24 for the diffusion of helium through porous glass at temperatures 

between 130 and 600 K. First. the ratio of the transmitted flux to the average 

velocity. which should be temperature and molecular weight independent. 

varied with temperature indicating that surface flow was significant. 
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Second, at high temperatures the ratio, JsI ii, for helium through the 

porous glass became greater than that of argon or neon. Using the helium 

flux to calibrate the flow of argon and neon in this case would result in 

"negative surface tlux" components. Nicholson and Petropoulos propose a 

new technique for characterizing the tlux of vapor through porous media 

when surface diffusion occurs. A quantity r,D. defined as the ratio of the !lux 

in the presence of an adsorbent field to that in the absence of the absorbent 

tleld. is determined. Use of this quantity avoids the necessity for dividing the 

total tlux into surface and gas phase components. With this technique, how

ever, the simplicity of the gas tlux calibration method is lost. Thus. because 

of its simplicity. the practice of using helium as a calibrating gas to deter

mine the contribution of surface !lux to the total flux of a sorbable vapor 

through a porous barrier is still generally used. 

Once the surface tlux has been isolated from the gas flux, it has been 

modeled in several ways:25.26 1) hydrodynamically, 2) mechanistically, and 

3) according to Fick's law. Hydrodynamic !low is considered applicable to 

those systems at gas pressures greater than those found in the Knudsen 

regime.27 The adsorbed gas is envisioned as a liquid film that wets and 

spreads along the solid surface. The mechanistic models all attempt to 

describe the process by which a molecule moves along the surface.26 .28 

Finally. Fick's law methods relate the surface tlux to the surface concentra

tion gradient by the surface diffusion coefficient. DS.B In this investigation. 

Fick's law is used to obtain an estimate of the surface diffusion coefficient; 

therefore. this method will be discussed further. 

The surface diffusion coefficent can be determined from the measured 

flux and a known surface concentration gradient using Equation 11. Since 
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the gas phase is assumed to be in equilibrium with the adsorbates at all 

points along the pore,25 the surface concentration gradient can be related 

to the pressure gradient in the gas phase by an adsorption isotherm. Vari-

ous isotherms have been observed for adsorbable vapors in porous media,29 

but it is generally accepted that at low coverages of the pore surface, a 

Henry's law isotherm is valid. so A Henry's law isotherm states that the ads or-

bate coverage on a surface is linearly related to the pressure in the gas 

phase by the Henry's law constant, kH.B 

kH = ~ = "0'0 = "0'0 1-[ RT ]t 
CfI NCg N JK 2rrM . 

(20) 

Substituting in Equation 16 for" 

kH = [2~~ ]t T,exp [ ~ ]. (21) 

where c. is the concentration on the surface, cg is the concent.ration in the 

gas phase, and all other terms have been previously defined. The surface 

flux at low coverages can then be described as follows: 

Js = -DskH [ :: t· (22) 

Normalizing for the cross-sectional area of a cylindrical pore, the tolal 

transmitted flux through a porous barrier is:S1 

(23) 

As mentioned previously when Knudsen flow alone was discussed, an 

alternative to Fick's law for describing the flux through porous media is the 

use of the transmission probability, W. This method can also be applied 

when both gas phase and surface fluxes contribute to the overall flow. When 

surface diffusion is significant, W represents the probability that a molecule 
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entering a pore will be transmitted through the pore by gas phase and/or by 

surface diffusion. In this case, however, the relationship between the 

transmission probability and the surface diffusion coefficient, Ds , is not sim

ple since the adsorption isotherm must now be considered. 

Little has been said up to this point about the structure of the porous 

medium. Modeling the pore properties is difficult since porous media typi

cally contain irregular pore networks, varying pore diameters, and dead end 

pores. Several simplified models have been developed to make predictions 

about pore structures and their relationship to diffusion. 

A model often used to describe porous media is the "dusty gas" model 

proposed by Evans, Watson, and Mason.52 The porous medium is visualized 

as a collection of uniformly distributed "dust" particles which are con

strained to be stationary. By considering the "dust" particles as giant 

molecules, the diffusion behavior of gases through porous media can be 

determined from kinetic theory for multicomponent mixtures. A second 

model which has been used to describe porous media is the random pore 

mode1.2 This model divides the pores into micropores and macropores and 

assumes that the diffusion through these pore groups occurs in series. This 

model is more useful for porous media with a wide pore size distribution. A 

third type of model assumes a specific lattice or network of pores. 8 ,51 The 

pore structure is varied to oblain statistical predictions of diffusional ft.ow. 

Finally, the simplesl model is the parallel pore mode12 ,3,53. 

In the parallel pore model. the pore geometry is idealized as a set of 

uniform parallel capillaries, all of average radius, r, running through the 

medium in the direction of ft.ow. The ft.ux through the pores can then be 

predicted by the theory already developed for a cylindrical capillary (Equa-

.. 

.t' 

.. 



.. 

.. 

13 

tion 23). Deviations from prediction are accounted for by a tortuosity fac-

tor, "'p. The tortuosity factor is conceived to be the ratio of the actual 

diffusion path length to the: straight line diffusion distance through the 

solid.33 The tortuosity can be determined by measuring the transmission 

probability for helium., WHe , through a porous barrier, and comparing this 

value to the transmission probability predicted by the Clausing theory 

(Equation 10). 

Br 1 ---
3l WHe 

(24) 

where in materials with random pores, rand l are ficticious average values 

that the pores would have if cylindrical tubes gave the solid its measured 

porosity and surface area. Tortuosities generally range from 1.5 to 10 for 

real porous structures3 and are typically constant for a given porous struc-

ture over a wide range of experimental conditions.2 Experimental ft.uxes 

should be multiplied by the tortuosity factor to obtain agreement with 

values calculated assuming a parallel pore model. Other models of porous 

media assume more realistic pore structures than the parallel pore model, 

but the increased accuracy in predicting difiusion behavior is usually small 

compared to the increase in complexity of the model. Because of its simpli-

city, the parallel pore model is most commonly used to describe porous 

media. 

Difiusion through porous media has been extensively studied by 

Barrer.e Carmen.S4 Satterfield,2 Gilliland.35 and Mason36 among others . 

Diffusion of permanent gases including rare gases, N2, CO2, S02' and hydro-

carbon vapors have been examined. Typical porous materials which have 

been used in these investigations include vycor. carbon, silica gels, silica 

aluminates, metals, and commercial catalysts. A variety of techniques have 
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been used to determine the diffusional characteristics of these systems. 

Barrer measured the diffusion of the vapor species through porous media 

using a time lag technique which accounts for dead end pores. Both Mason 

and Satterfield measured the interdiffusion of gases in a steady state 

method. Finally. Carmen also used a steady state technique for gas pres

sures in the hydrodynamic tlow regime. It was found in these investigations 

at low temperatures. generally 400 K or less. that surface diffusion may con

tribute to the tlux of gases through the porous media; and in the case of 

strongly physisorbed gases. surface tlow may entirely dominate gas phase 

diffusion. 

The surface diffusion of high temperature vapors through porous 

media. however. has not been well explored. Most of the work which has 

been done with high temperature vapors is concerned with possible errors 

that surface diffusion may cause in vapor pressure measurements by the 

Knudsen effusion technique. Studies with this orientation have been sum

marized by Cater.57 

The Knudsen technique enables the equilibrium vapor pressure of a 

solid to be determined from the measurements of the effusion of vapor 

through a small orifice in a cell containing the material to be studied. The 

vapor pressure of the solid can be predicted with the Hertz-Knudsen

Langmuir equation (Equation B) adjusted by the Clausing correction (Equa

tion 10) for an orifice of known geometry. Using these equations. the fiux 

through the orifice should be independent of the cell material. 

Dunham. Hirth. and Winterbottom58-40 have found evidence that the 

fluxes actually measured sometimes do not agree with those predicted by 

the Clausing theory. A model was proposed which slated lhat surface 

.. 
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diffusion contributes to the total flux leaving the orifice. In this case, the 

diffusion through the orifice would be dependent on the surface-vapor phase 

interactions in addition to the orifice geometry. There has been some ques

tion, however, whet.her or not surface diffusion was in fact responsihle for 

some of the experimental observations.57 

The relative importance of surface diffusion can be increased by reduc

ing the orifice diameter. A practical means of doing so is to use a porous 

barrier instead of a Knudsen orifice. Kumio has shown41 that increasing the 

surface area increases the surface flux. Therefore, decreasing the pore size 

while maintaining constant porosity increases the pore surface to volume 

ratio and should also increase the ratio of surface flux to Knudsen flux in a 

porous barrier. 

Nicholson and Petropoulos22 have shown that differences in the ratio of 

surface to Knudsen flux, JsI JK , can be explained by average pore size 

differences. They have also predicted an inverse square dependence of 

JsI JK on the average pore radius.23 From first principle calculations, the 

inverse power law was calculated; however, the exponent of the pore radius 

was the order of -4 rather than -2. 

By combining the high temperature effusion technique with the 

methods for the measurement of permanent gas diffusion through porous 

media, Jacobson9 has successfully shown that surface ditTusion is important 

in the transport of alkali halide vapors through alumina with ~0.6,u.m radius 

pores. The diffusion of LiF vapor through this alumina at 1080 K was found to 

be eleven times greater than the flux predicted by the Clausing theory for 

Knudsen flow alone. It is the intent of the present work to extend this 

method of study to investigate the possibilities that surface diffusion of zinc 



16 

vapor and the Zn(g) + *S2(g) mixture from ZnS(B) vaporization contribule 

significantly to transport of the vapors through porous alumina. 

Jacobson9 has shown that since the surface flux has units of material 

per unit length of pore circumference and the Knudsen flux is in material 

per unit of pore cross-sectional area, the surface flux must be normalized 

by the cross-sectional area of the pore: 

2rrrJ's 2J's 
~Qtal = JK + Js = JK + 2 = JK + --

1T"T r 
(25) 

where J's is the surface flux before normalization. The Knudsen flux com-

ponent is directly proportional to the pore size as seen from Equation 5. 

Consider a single pore. Decreasing the pore radius decreases the Knudsen 

flux, and simultaneously decreases the surface flux since they are related 

by the adsorption isotherm. These effects cancel out when the ratio of sur-

face to Knudsen tlux is calculated. 

At the same time, decreasing the pore radius over a whole system of 

pores at constant porosity will increase the surface area and also the sur-

face flux by a factor proportional to 1/ r. Js/ JK is therefore predicted to 

vary with the inverse of the average pore radius. In this investigation, the 

tlux distribution between the gas phase and the surface phase was measured 

for three porous materials of different average pore size to determine if the 

inverse relationship between the flux ratio and the pore radius could be 

observed. 

Measurements of the diffusion of the two component vapor mixture pro-

duced from the congruenl vaporization of ZnS(B) were undertaken to deter

mine if any interaction occurred between the two vapor species in the 

porous alumina. Because the experiments were designed to make Knudsen 

flow the mode of gas phase diffusion, vapor molecule interactions in the gas 

• 
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phase were negligible. Interactions of vapor species would necessarily occur 

on the pore surface. Several kinds of interactions are possible on the sur

face. but no measurements to test these possibilities have been made with 

high temperature vapors . 

De Boer ls pointed out that in multicomponent adsorption. vapor species 

compete for adsorption sites. If one component of the vapor mixture is pre

ferentially adsorbed. it poisons the surface for adsorption of the second. 

The ditIusional properties of the one species can therefore be at!ected by 

the other. Satterfield2 and Kaza and Jackson42 reported that dit!usion of a 

reactant within a catalyst is at!ected in multicomponent systems but no 

explanation was proposed for the nature of the interactions. 

Brown. Spencer. and BellIB.20 reported that when mixtures of adsorbable 

and nonadsorbable gases were counterdit!used in porous alumina. deviations 

from predicted dit!usion behavior occurred. Bell and Brown2o observed that 

the flux of helium was consistantly lower than predicted in nitrogen-helium 

and propane-helium counterdit!usion systems. Spencer and Brownie 

reported that in butene-helium and butene-argon counterdiffusing experi

ments. nonadsorbed gas fluxes were reduced. Also. at low pressures in the 

butene-argon system, adsorbed butene dit!used against the concentration 

gradient driving force. These deviations from predicted behavior were attri

buted to momentum transfer during the collisions between the gas and the 

mobile adsorbed phase. 

Winterbottom,4:! Grimley,44 and Mohazzabi45 found in separate studies 

that monomer-dimer vapors of alkali halides equilibrate on the wall of an 

effusion orifice or a pore wall. From statistical-mechanical calculations 

Asada and Musada4s predicted that the surface diffusion constant changes 
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drastically at surface coverages of one-half due to nearest neighbor interac

tions. But, Aylmore and Barrer47 found that the surface permeability of a 

gas in a binary gas mixture under Henry's law and near Henry's law condi

tions, where lower surface coverages are expected, was unaltered by the 

presence of the second gas. It is to be delermined in the present study 

whether any of these effects can be observed in the diffusion through 

porous alumina of a mixture of Zn(&) and S2(&) produced by the congruent 

vaporization of ZnS(8" Additional interactions to be considered in the dis

cussion section are diffusion of adsorbed ZnS molecules (ZnS is not a major 

vapor species, but could be formed in a reaction between Zn and S2 in the 

adsorption layer) and coupled surface diffusion of adsorbed Zn and vapor 

phase diffusion of S2. 

.. 
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F1:r:perim.ental 

The diffusion of zinc vapor through porous alumina was studied for zinc 

produced from two reactions: Zn(s) ... Zn(g) was studied at 592 and 647 K 

while ZnS(s) ... Zn(g) + *S2(g) was studied at 1092 K. 

It was important to chose cell materials. porous barriers. and vapor 

species that did not react significantly. ZnO. the first choice for a 

congruent gas mixture (Zng + ~2(g»' proved unsuitable because ZnO could 

react with the alumina barriers to form Zn~04' and oxygen could react wit.h 

both the cell material. EN. and the tungsten furnace windings. Instead. ZnS 

was chosen as a source of a congruent vapor. Calculations were made to 

ascertain if reactions between Zn or ZnS. and EN and Al20 S were thermo

dynamically possible at the experimental temperatures. No significant reac

tions were identified. Samples and cells were analyzed using a Picker x-ray 

diffractometer before and afler the diffusion experimenls t.o determine if 

any new phases had formed. The x-ray patterns showed no change after an 

experiment was run. Also. the alumina barriers were weighed before and 

after each experiment for evidence of a weight change due to reaction. No 

significant weight changes occurred. 

Three types of porous alumina barriers were used. The diffusion of zinc 

at 647 K was examined using all three types of alumina. The diffusion of zinc 

at 592 K and of the Zn + *S2 gas mixture were studied using only Type A 

alumina. 

Type A alumina had an initial particle size of 0.1 to 50 /-Lm and a purity 

of 99.5%. It was received from Wesgo in the green state combined with a 

resin binder. This alumina was fired at 12600 C for one hour. 
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Type B alumina was formed from Alcoa A-16 Superground alumina with 

an initial particle size maximum of 44 J.Lm (-325 mesh). an average particle 

size of 0.6 J.Lrn. and 99.5% purity. The alumina was isostatically pressed 

without a binder at 240 MPa (35 KPSl) for one minute. The pressed body was 

fired at 980°C for approximately one hour. 

Type C alumina was formed from the same alumina as Type B. The 

porous alumina was formed from 92 wt% A16-SG alumina and 8 wt% Car

bowax 3350 (polyethylene glycol). The Carbowax was first dissolved in 

ethanol at around 60°C. The alumina was then thoroughly mixed with the 

ethanol solution and dried. leaving the Carbowax dispersed within the 

alumina. The mixture was sieved with a 100 mesh screen to remove large 

agglomerates. Disks of approximately 0.5 cm thickness were pressed in a 1.9 

cm (3/4") steel die with a load of 3.1x104 N (7000 lbs.). The resulting applied 

pressure was 109 MPa (15.85 KPSI). The disks were pressed for two minutes 

to allow the release of air and then were fired at 12600 C for one hour. These 

Type C alumina barriers had inhomogeneous porosity and tended to fall 

apart when machined. 

All three types of alumina were machined to form porous lids of thick

ness 0.97 ± 0.04 mm.. and effective diameter 0.64 ± 0.01 cm. Each type of 

alumina was characterized by weight and dimensional measurements. BET 

surface area analysis. mercury porosimetry. and SEM. The properties of the 

porous aluminas are sununarized in Table 1. Scanning electron micrographs 

of the pore structures can be seen in Figures 1 and 2. 

Porosities obtained from the weight and the measurement of the bar

rier dimensions were calculated using the following expression: 

.. 
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r
l 

(wt. / vol. )meCISUre~ 1 
% porosity = 1 - P x 100 (26) 

where p is the theoretical density of alumina. These calculated porosities 

were not very accurate since the measurement of the barrier dimensions 

was not precise. 

Average pore radii, r, were determined from the BET surface area using 

the following equation: 

r = 2t 
(27) 

Sp(l-t) 
where e is the porosity determined by mercury porosimetry, S is the BET 

surface area, and p is the theoretical densily of alumina. 

The pore radii, r. were determined from the mercury porosimetry intru-

sion curves shown in Figure 3 using the Washburn equation:4B 

21'LV 
r = --cose 

P 
(28) 

for the pressure. P. at which intrusion occurred. where I'LY. the surface ten-

sion of mercury. is 485 mN/m. and e is the contact angle between the mer-

cury and the alumina. Generally a contact angle of 140° is chosen regard-

less of the material being examined;49 but the actual contact angle for mer-

cury was measured on dense alumina (to avoid the increase in the contact 

angle which occurs with rough surfaces). This angle, 162 ± 3°. was used in 

Equation 28. 

The average pore radii were determined by plotting the pore volume 

distribution. Dy • versus pore radius. The pore volume distribution is 

obtained from the intrusion curve by using the following expression::;o 

D = P[dV] 
Y r dP (29) 

where V is the pore volume and all other terms have been previously defined. 
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Typical pore size distributions for the Type A.B. and C aluminas are shown in 

Figures 4,5, and 6. 

Porosities were calculated from the volume of mercury intruded during 

porosimetry as follows: 

% parosity = [(wt.!:l + V 1 x 100 (30) 

where wt. is the sample weight, and p is the theoretical density of alumina. 

The Zn used in these experiments was granular 841 J.Lm (20 mesh) 

analytical reagent grade metal of 99.9% purity. The ZnS used was neutral 

reagent grade powder of 99.5% purity. 

To establish whether pressures in the barriers would be in the Knudsen 

flow regime, mean free paths were calculated for the permanent gases and 

the high temperature vapors using Equation 1. The mean free paths were 

then divided by the appropriate pore diameter. For the permanent gas leak 

rate experiments, pressures were used such that A/ d. varied between 

1.5xlO l and 3.6x103. For the high temperature vapors, experimental tem

peratures were chosen so that AI d. varied between 7.0xl02 and 2.7x105. In 

all cases AI d. was greater than ten and Knudsen flow was operative. 

The flux through the porous alumina due to Knudsen diffusion alone 

was determined by measuring the transmission probability of helium and 

argon. Surface diffusion is believed to be negligible for helium at room tem-

perature and through pores of much smaller diameter than those of this 

study.2.B 

The apparatus used to measure the transmission probability of per-

manent gases through the porous alumina is shown in Figure 7. The system 

consists of a glass manifold of known volume. The volume of the manifold 
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was determined by expanding a gas of known pressure, temperature, and 

volume into the evacuated manifold. The pressure in the manifold after the 

expansion was read from a capacitance manometer. The volume of the man

ifold was then calculated from the new pressure using the ideal gas law. The 

volume was found to be 4.B±0.lliters. 

The manifold has several valves connecting a gas source, the electronic 

manometer. a vacuum pump. and a bulb for gas storage to the fixture which 

holds the porous alumina to be tested. An alumina disk of 0.94±0.05 nun. 

thickness was mounted on a mullite tube which was connected to the mani

fold. A spring loaded cap was placed over the disk. to expose an area of 1.28 

cm2 to the vacuum chamber. 

To test the transmission of the porous alumina. both the manifold and 

the vacuum chamber were evacuated to ::::110-4 Pa (::::110-6 Torr). The manifold 

was then flushed with helium several times to clear the system of contam

inants and evacuated to 10-4 Pa again. The capacitance manometer was 

zeroed. a chart recorder was turned on. and the vacuum pump was valved off 

from the manifold. The manifold was filled with helium to a pressure of 200 

Pa (1500 J.Lm Hg). The leak rate of the gas through the alumina into the 

vacuum chamber was recorded for periods of ten minutes to an hour. 

depending on the gas and the barrier used. Measurements were repeated 

twice more for helium. The system was then flushed with argon and the 

transmission of argon through the porous alumina was measured three 

times . 

This procedure was followed for three porous barriers of each type of 

alumina. All transmission experiments with these inert gases were done at 

room temperature. The leak rates resulting from these experiments take 
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the form of exponential decay curves of pressure versus time. The natural 

logarithms of five to ten points from each curve were taken to determine the 

slope of lnP versus t. From this slope, the transmission probability, W, was 

calculated using Equation 7. Tortuosities were also calculated using Equa

tion 24. These data should be independent of the molecular weight and the 

temperature of the diffusing species, but are dependent on the porous 

alumina. The data are summarized in Table 2. 

Since zinc is a high temperature vapor, a powder sample must be 

heated to a temperature that yields vapor pressures of zinc greater than 

around 10-1 Pa (10-6 atm.) so that a significant weight loss can be measured 

in a reasonable amount of lime. A procedure and an apparatus different 

from those used for measuring WH8 and W AT were therefore used to deter

rIline the transmission probability of zinc. To determine the transmission 

probability for zinc the incident and exit fluxes were measured separately. 

The zinc vapor entering the porous alumina has a pressure equal to the 

equilibrium vapor pressure over the solid. A determination of this equili

brium pressure was made using the Knudsen effusion technique. A 

schemat.ic drawing of the apparatus can be seen in Figure 8. The zinc vapor 

in equilibrium with its condensed phase (Zn(lI) or ZnS(8» was allowed to !low 

from a covered EN cell through an orifice of known dimensions. The cell, in 

turn, was enclosed in a molybdenum liner. The cell assembly was then 

placed within a tungslen-wound alumina furnace. A controlling chromel

alumel thermocouple was fastened at the site of the furnace element. The 

furnace and cell assembly were situated within a chamber where a vacuum 

of about 10-5 Pa (10-7 Torr) was maintained. 

.. 
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Each weight loss experiment was conducted as follows. The powder 

sample, EN cell, and BN lid were weighed before and after each experiment. 

The fluxes through several dit!erent lids were measured. Each powder sam-

pIe, cell. and lid were reused several times to insure that water and other 

volatiles did not contribute to the overall weight loss. This was especially 

important for the ZnS experiments. If the weight loss was not constant with 

time. indicating the presence of volatiles. the data were discarded. The fur-

nace temperature was raised lOoe per minute and a timer was started when 

the furnace reached the set point. Each experiment was run between 15 

and 24 hours. The timer automatically turned the furnace off at the end of 

the designated time. The flux of the vapor species during heating and cool-

ing of the sample was found to be negligible compared to the total weight 

loss. 

The moles of Zn or ZnS vaporized per unit time per unit area of orifice 

were calculated from the weight loss by the following equation: 

where 

Jo 
flwt. = 

t 
A= 
M= 

J. - llwt. 
° - tAM 

molar flux of zinc in moles/ cm2 . sec 
measured weight loss in grams 
lime at temperature in seconds 
cross-sectional area of the orifice in the Knudsen lid 
molecular weight of Zn or ZnS 

(31) 

These weight loss data were also used to determine the experimental 

temperature. The mass fluxes of Zn(g) and of Zn(g) + ~S2(g) were calculated 

as a function of temperature using the following equation: 

(32) 

where Jrnaall is the mass flux in g/cm2 . sec and the subscript i refers to a 
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specific vapor species. The equilibrium vapor pressure of species i was cal-

culated from thermodynamic data5Ui2 as follows: 

I:!.GlI = - RT lnK (33a) 

for Zn: I:!. GII2JA = - RT lnPz",(g) (33b) 

(33c) 

where K is the equilibrium constant and I:!.GlI is the free energy for vaporiza-

tion. These calculated mass fluxes were then compared to the experimental 

mass fluxes: 

J. = I:!.wt. 
rnGaS tA (34) 

The temperature from the thermodynamic calculations at which Jrn4SS 

(theoretical) was equal to Jm4SS (experimental) was accepted as the true 

experimental temperature. These temperatures were between 30 and 90 

degrees less than the temperature indicated by the furnace controlling 

thermocouple, depending on the set point of the furnace. 

Mter the equilibrium flux from the condensed phase which enters the 

porous alumina barrier had been measured, the flux which is transmitted 

through the barriers was also measured. Again, weight loss experiments 

were conducted in the same apparatus shown in Figure 8, using the same 

technique except thal now the BN Knudsen lid was replaced by a porous 

alumina lid. The tlux through the porous alumina was calcuated from the 

weight loss using an equation similar to Equation 31: 

(35) 

In this case, however, Ac represents the effective cross-sectional area of the 

pores. Using the parallel pore model, the effective cross-sectional area of 
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the pores is defined as the cross-sectional area of the lid exposed to the 

.. zinc vapor multiplied by the porosity . 

Having measured the equilibrium flux of the Zn which enters the bar-

rier and the flux which is transmitted through the barrier. the transmission 

probability. W = J / Jo • was calculated using the results of Equations 31 and 

35. The ratio of the surface diffusion flux to the Knudsen diffusion flux was 

also detemined using the following equation: 

= (36) 

In this equation. WHa • Jo • and J are all experimentally determined quantities. 

Finally. the surface diffusion coefficient. Ds. was estlmated using Equation 

23. In these estimations. fluxes at the pore exit were used. where the very 

low pressures should insure that Henry's law would be valid. 
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RBsvlts and Discussion 

Leakage of vapor around the edge of the porous alumina barriers could 

introduce serious error to the results found here. In the permanent gas 

apparatus, leakage was determined to be negligible by two means. First, 

instead of a porous barrier, a dense alumina barrier was mounted on the 

mullite tube. The manifold was filled with argon to a pressure of 200 Pa 

(1500 J.Lffi Hg), the same pressure used during the leak rate experiments. No 

leakage was observed. Second, for Type A and Type B aluminas, the 

transmission probability decreased with pore size as predicted by the Claus

ing theory corrected for the tortuosity. (See Table 2). If leakage around the 

barriers occurred, the additional diffusion route would cause deviations 

from the predicted values when the pore size and porosity were changed. 

In the high temperature system, leakage is believed to be negligible for 

a similar reason. In the absence of leakage the ratio of surface ft.ux to 

Knudsen flux would be inversely proportional to the pore radius. The ratio 

of surface ft.ux to Knudsen ft.ux was found to agree with this prediction for 

Type A and Type B aluminas with two different pore sizes. (See Table 4). This 

surface ft.ux enhancement will be discussed in greater detail later. 

The work in this investigation was begun by studying the diffusion of 

zinc vapor through the Type A alumina with an average pore radius of 0.6 

J.J.ffi. The resulting values for JsI Jx, found in Tables 4 and 8, showed that the 

surface ft.ux exhibited by zinc vapor was nearly within the experimental 

uncertainty. Types Band C alumina were developed with approximately the 

same porosity and a smaller pore size in hopes of enhancing the surface to 

Knudsen flux ratio of zinc through the alumina. Using Type B alumina, the 
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surface diffusion of zinc vapor is shown, in Table 4, to be an important 

means of transport through porous alumina. 

The data which shows the effect of varying the pore size on the diffusion 

of zinc vapor in porous alumina is summarized in Tables 3 and 4. The raw 

data can be found in Appendix 1. It can be seen that the flux entering the 

barriers, Ja , is identical for all three barrier types since all experiments 

were conducted at the same temperature. The equilibrium flux over the zinc 

is the same at a constant temperature. Both the total flux transmitted 

through the barriers, I, and the transmission probability varied only slightly 

when the type of porous barrier was changed. 

From these results it might be inferred that the pore size has little 

effect on the transmitted flux. When the mode of transport is examined, 

however. as shown in Table 4. it becomes apparent that the pore size has a 

definite effect on the diffusion in porous media. Values for JK and Js were 

calculated using Equations 19 and 36. It can be seen that decreasing the 

pore radius by an order of magnitude decreases the Knudsen flux in the 

same proportion. as predicted by Equations 3 and 5. The surface flux. on 

the other hand. remains fairly constant. Although the number of molecules 

striking the surface. 'K. has decreased proportionally with the pore radius. 

the amount of surface (at constant porosity) which these gas molecules are 

striking has increased in proportion to the pore radius. Thus. the two 

effects cancel resulting in an unchanged surface flux. 

From the data obtained for Type A alumina. the ratio JsIIK was 

predicted for the other types of alumina as follows: 

TA _ (lsi JK )" 

T" - (JsI JK)A 
(37) 

where x is another type of porous alumina of average pore radius. T". It can 
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be seen in Table 4 that t.he experimental value of JsI Jx for Type B alumina 

agrees with the predicted value. Thus, the ratio JsI Jx is proportional to r-1 

rather than r-2 or r-4 predicted by Nicholson and Petropoulos.23 

The prediction that JsI Jx varies with 11 r is not as closely followed, 

however. for Type C alumina. The porosity in this alumina was found to be 

inhomogeneous due to the pressing technique used. A layer in the middle of 

the pressed disks did not sinter when the disks were fired. Greater porosity 

and larger pores were present in this layer. 

These large pores were not observed in . the mercury porosimetry 

results because the barriers had to be broken to fit in the porosimetry cell. 

When broken. they fractured along these layers, forming flakes. The large 

pores were seen in the BET surface area results, however, because the sur

face area was measured using whole barriers. The average pore radius cal

culated from the BET surface area was 0.1 /-Lm compared to 0.07 /-Lm 

obtained from mercury porosimetry. Use of the BET average pore size 

rather than the porosimetry average pore size to predict the ratio JsI Jx 

gave better agreement, 15 instead of 20, compared to the measured value of 

10. 

An additional source of error in the ratio JsI Jx for Type C alumina 

arises from the measurement of the transmission probability, WJig. Because 

of the inhomogeneous porosity, small areas of the porous disks used for the 

pressure leak rate experiments had pulled out during machining, reducing 

the thickness of the barrier in these spots. The amount of helium transmit

ted through these thin areas was greater than the amount which should 

have been transmitted had the thickness been uniform across the surface of 

the barrier. Since WH8 is used to determine the Knudsen component of the 

• 
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ft.ux fur zinc in Equation 36. the value obtained for the Knudsen ft.ux of zinc 

is larger than it should be. resulting in a smaller value for the surface ft.ux of 

zinc. The measured value. JsI Jx = 10. for zinc with Type C alumina is there

fore smaller than it would be if no pUll-out of the barrier surface had 

occurred. 

During the experiments with the Type B alumina. zinc condensed on the 

bottom of the porous lids. It was determined. however. that this condensa

tion occurred during the cooling of the cell and therefore did not affect the 

results. There is clear evidence that supports this conclusion. The ft.uxes 

measured with previously unused barriers were the same in two experiments 

lasting 10 and 36 hours. But. when the condensate was left on the porous lid 

and another experiment was run. the ft.ux was significanlly lower. This sug

gests that the condensate was not formed during the experiment. To avoid 

this ft.ux reduction. the zinc layer was removed between runs by peeling it off 

the porous barrier. These zinc layers were weighed. They had nearly the 

same weight regardless of the length of the experiment in which they were 

formed. This again implies that the zinc condensed as the cell cooled. To 

test this possibility the total ft.ux striking the lid in one minute was calcu

lated for the experimental temperature using Equation 34. assuming that 

this amount would approximate the ft.ux hitting the lid as rapid cooling 

occurred. The calculated weight was more than the actual weight or the 

zinc layers. 

The possibility that zinc might be transported through the barrier by 

capillarity forces. thus increasing the observed weight loss. was ruled out by 

two observations. First. when an experiment was conducted with a lid that 

already had a zinc layer on the bottom. the total ft.ux decreased. The zinc 
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condensate clearly did not enhance the transmission by capillarity. Second, 

the surface area of new and used barriers were measured. No significant 

difference between the two was found, indicating that zinc vapor had not 

condensed within the pores. 

A second set of experiments had been conducted by vaporizing ZnS to 

determine the effect of the presence of sulfur on the diffusion of zinc 

through porous alumina of 0.6 J.Lm average pore radius. Several alternative 

possibilities for the effect of the S2 vapor on the diffusion of zinc can be 

anticipated. It was known from the previous experiments done in this study 

that the surface diffusion of zinc vapor on alumina does occur. The diffusion 

behavior of S2 by itself, however, was unknown. The transmission probability 

of S2 through porous alumina could not be measured because sulfur vapor 

has many polymeric species which are stable, whereas, S2 is lhe only major 

sulfur-containing species from the vaporization of ZnS.53 Molecules that 

contain both Zn and 8 atoms have not been observed in ZnS vapor. Although 

the ditTusional behavior of 82(&) can not be determined directly, information 

about 8 2 diffusion can be gained by observing its ell'ect on lhe diffusion of 

zinc. 

If S2 ditTused by Knudsen diffusion alone. no interaction between the 

zinc and the sulfur vapor would occur. The zinc produced from the vapori

zation of zinc or zinc sulfide would undergo the same ditTusion steps in the 

porous alumina. In this case, an interesting problem arises. If the sulfur 

does not diffuse on the surface while the zinc does, the zinc would be tran

sported much faster through the porous alumina than the S2' The pressure 

of 8 2 within the sample cell would build up, shifting the equilibrium pres-

.. 
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sures in the cell from that of the congruent vaporization of ZnS in an open 

system. The pressure of the zinc would decrease and the activity of the sul-

fur would increase. The Zn and S2 vapors would be transmitted through the 

porous alumina in a two to one ratio. despite the differing diffusion modes, 

so congruent vaporization would continue. 

A hypothetical situation was envisioned in which the ratio of surface 

flux to Knudsen flux for zinc was 19 as is similar to the expected result using 

Type B alumina. The experimental temperature was chosen to be 1092 K. 

Initially. equilibrium pressures of zinc and S2 are supposed. JOS
2 

= *J;,~ at 

the entrance to the barrier. Therefore. PQs = *P0 2!n (Ms2" Mzn)*. From equili-
2 

brium data: 

PQ:ilA = 5.3x10-1Pn 
Pos = 2.6x10-1Pn 

2 

(5.3xl0-6atm) 
(2.6x10-6atm) 

But transmission through the porous barrier is not in this steady stale 

because zinc di1Iuses through the porous barrier much faster than S2. The 

pressure of the S2 increases as the pressure of the Zn decreases until a new 

steady state is reached. The ratio of the Zn to S2 in the transmitted flux 

must again be dictated by the Zn to S2 ratio from the ZnS(8) so that 

JSe = *JZn . It has already been assumed that (lsi JK)Zn = 19. Therefore. for 

every 19 moles of zinc transmitted by surface ditIusion. one is transmitted 

by Knudsen ditIusion. for a total of 20 moles. For every 20 moles of zinc 

transmitted through the alumina. 10 moles of S2 are transmitted by Knudsen 

diffusion alone. The flux of S2 in the gas phase must therefore be 10 times 

greater than the flux of zinc in the gas phase: Jx = 10Jx . Using the 
S2 ~ 

Hertz-Knudsen-Langmuir equation. the corresponding pressures can be cal-

culated: PSe = 10PZn (Msl M7:n, )*. Assuming equilibrium exists in the sample 
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cell at all times: pinPs = K. Using Munir and Mitchell's expression for the 
2 

equilibrium constant51 and PS2 = 10Fzn (MS21 Mzn )*, the new pressures can be 

calculated: 

PZn = 1.9x10-1Pa (1.9XlO-6atm) 
PS2 = 1.9.Pa. (1.9x10-5atm) 

Therefore, the 8
2 

pressure increases by seven or eight times while the Zn 

pressure decreases by two or three times. 

To summarize, if the sulfur produced from the vaporization of Zn8 

diffused by Knudsen flow alone, there are four results: 

(1) The fraction of the total zinc flux which occurs by surface transport for 

Zn vapor from Zn8(1) would be the same as the fraction for Zn vapor 

from Zn(8) at the same pressure, FQZn • 

(2) The total amount of Zn(g) + * 8 2(g) transmitted through the porous 

alumina would be greater than that expected for Knudsen flow alone. 

(3) The total amount of Zn(g) from Zn8(8) transmitted through the porous 

alumina is enhanced due to surface diffusion, but not as much as for 

Zn(g) from Zn(l) since the 8 2 lowers the activity of the zinc for both 

Knudsen and surface diffusion. 

(4) The decrease in the activity of the zinc in the presence of 8
2 

is depen-

dent on the pore size in the alumina. 

A second possibility is that the transmission of 82 through the barrier 

occurs primarily by surface diffusion. At low surface coverages, there would 

be few collisions between the Zn and 8
2 

surface species. Unless Zn8 (or 

some other Zn-8 molecule) forms on the surface, zinc diffusion would be 

unchanged by the presence of 8
2

, If the 82 did not surface diffuse at the 

same rate as the zinc, a shift in the activity of the zinc would again occur to 

.. 
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establish a steady state in which the total transmitted zinc flux was twice 

the transmitted S2 flux. However, at higher surface coverages the zinc and 

the sulfur could interact on the surface. If so, the heat of adsorption of the 

zinc would be expected to change. In this case, both a change in the 

amount of the zinc transmitted and the distribution of the flux between the 

surface and the gas phase would occur. 

If the coverage on the surface reached high enough amounts for 

interaction between the zinc and the sulfur surface species to occur, a third 

possibility arises. The Zn and S2 could react to form a zinc-sulfur surface 

molecule with surface diffusion properties different from either Zn or S2. 

This possibility can be explained by envisioning the surface molecules as a 

two-dimensional gas. If the two dimensional "pressure" or coverage of Zn 

and S2 is increased, at some point the formation of ZnS, for example, from 

Zn and }2S2 would become favored by LeChatelier's principle. The reaction 

Zn(ad90rbed) + ~2(adBorbed) .... ZnS(ad90rbed) would occur. In this case, both the 

transmission probability and the distribution of the total zinc fiux between 

the surface and the gas pbase could change. Surface diffusion might 

significantly increase the transport of ZnS from the cell over that expected 

from the transport properties of Zn and S2. A determination of the diffusion 

mechanism which is operating for Zn(g) + }2S2(g) would be complicated even 

further if some combination of Knudsen diffusion, surface diffusion and sur

face complex formation was to occur. 

In the introduction, past observations of the interactions between the 

gas phase and an adsorbed phase were reported. These types of interac

tions will now be considered in light of the Zn(g) + *S2(g) diffusion results. 
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De Boerl6 proposed that at high surface coverages, competition 

between two gas species for surface sites would occur. The surface cover

ages for zinc were estimated at the pore enlrance and at lhe pore exit using 

Equation 17 and are listed in Tables 5 and 6. At the pore exit, surface cover

ages are very low, so competition between zinc and sulfur molecules for sur

face siles would not be expected. At the pore entrances. however. the 

estimated coverages are in multilayers. These estimations agree with the 

results reported by Jacobson9 for LiF vapor diffusion in porous alumina. 

Using Auger electron spectroscopy (AES). LiF was only detected near the 

entrance side of a used porous alumina barrier. The resolution of AES is' 

such lhat only multilayer coverages would be delected. In this study. if the 

S2 interacted with the surface appreciably. the Zn diffusion would be 

affected near lhe pore entrance where the surface populations are greater. 

In Tables 7 and 8 the transmission probabilities and surface to Knudsen 

flux ratios are listed for zinc and for zinc in the presence of sulfur. The 

incidenl and t.ransmitted fluxes actually measured can be found in Appendix 

2. The experiments were designed so lhat the zinc pressures were nearly 

equal al the entrance side of the barrier regardless of whether Zn(B) or 

ZnS(B) was the source of the zinc vapor. Since the presence of S2 caused no 

measurable change in the total amount of zinc transmitted. it was con

cluded that the S2 was not competing with Zn for surface sites. 

It was proposed by Brown et al. lB .20 that momenlum transfer between 

the gas phase and a mobile adsorbed phase was possible. Thakur. Brown. 

and Haller l ? slale thal momentum lransfer does not affect lhe surface 

fluxes at surface coverages below 0.01 of a monolayer and in a number of 

cases is not noticeable even at moderate coverages. Lee and O'Connell2l 

• 



• 

37 

state that this effect is only expected for very high gas-phase densities. In 

this study, lhere is no evidence in the resulls lisled in Tables 7 and B thal 

collision of the S2 molecules with the zinc adsorbate influences its surface 

diffusion since the zinc surface !lux is unaltered in the presence of sulfur. 

S2 is unlikely to strongly adsorb on alumina at high temperatures; 

therefore. the most likely means of transport for the S2(g) species would be 

Knudsen diffusion. If so, the vapor pressure of the zinc entering the porous 

alumina should have been lowered by 30% in the presence of sulfur. A 30% 

decrease in the zinc !lux entering the porous alumina. Jo • would cause a 

similar decrease in the surface !lux since the surface concentration is 

dependent on lhe gas phase pressure. The decrease in Jo would therefore 

cause a decrease of approximately 30% in the total !lux transmitted through 

the porous barrier. This change is not observed for the transmitted !lux. J. 

in Table 7. However. the expected change in J is nearly within the experi

mental uncertainty. 

Surface diffusion of Zn-S molecules or S2 molecules is not important in 

~0.6.um radius pores. Efforts to determine if Zn-S molecule or S2 surface 

diffusion is important in Type B alumina were frustrated by sintering that 

changed the pore dimensions significantly in the time of a transmission 

measurement at 1200 K. 

Attempts were made to relate the data obtained here for the diffusion 

of high temperature vapors in porous media to the more familiar data 

obtained in the diffusion of permanent gases through porous media. Gen

erally. in studies of such systems.8 .17 ,2:5,:54,:5:5 the surface coverage, ". and the 

surface diffusion coefficient. Ds , are calculated from gas phase-adsorption 

layer equilibrium measurements. The surface coverages at both the barrier 
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entrance and the barrier exit were estimated using Equations 15 and 17 

(Tables 5 and 6). Coverages were estimaled at both lhe barrier entrance 

and the barrier exit. Since '" varies only with Jx along the length of the 

pore, and JK , according lo Clausing's theory, varies linearly along the pore, 

then ~ will vary linearly lhrough the barrier between lhe entrance and exit 

coverages listed in Tables 5 and 6. 

Several assumptions were made to estimate these coverages. According 

to De Boer's adsorption theory,16 the basic oscillation time of an adsorbed 

molecule, 7"0' is equal to 10-1S seconds. The number of surface sites in a 

monolayer of alumina, 0'0' has been estimated as 5xl014 molecules/cm2 by 

assuming the cross-sectional area for each surface site to be 2xl0'-15 

cm2/molecule. The number of molecules striking the surface has been 

assumed to be the flux in lhe gas phase, Jx . In addition lo these relatively 

typical assumplions, the heat of adsorption for zinc on alumina must be 

estimated lo determine the time of adsorption, T. Somorjai56 has staled that 

at high coverages, lhe heat of adsorption approaches lhe heal of liquefac

tion. At low coverages, however, the heat of adsorption may be several times 

the heat of liquefaction due to surface forces.56 Usually adsorption studies 

are made above the melting point of the adsorbing species. Because meas

urements were made below the melting point of zinc in this study, the heat 

of sublimation of zinc, 120 kJ (30 kcal), was used to approximate the heal of 

adsorption. 

Although these calculations yield only rough estimations of the surface 

coverage, they reproduce trends which have been reported in the literature 

and are qualitatively correct. Gregg and Singh57 have reported that surface 

coverages decrease with increasing lemperatures because adsorption is 
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exothermic. Because of the exponential function of the temperature in 

Equalion 15. this trend is followed in the eslimated values. It can be seen in 

Table 6 that the zinc surface coverage is much lower for the ZnS experi

ments (temperature = 1092 K) than for the zinc experiments (temperature 

= 592 K) although the zinc pressure in the gas phase is nearly identical in 

both experiments. 

Changing the pore size of the alumina also affects the coverage along 

the pore wall. A smaller pore cross-section decreases the number of vapor 

molecules transmitted through the pore according to Clausing's theory 

(Equation 10). Since fewer molecules impinge on the surface at any 

specified distance from the source side of a barrier, the coverage at any dis

tance inside the barrier decreases with decreasing pore radius. This effect 

is evident in the estimated coverages at the pore exit in Table 5. 

The calculation of the surface diffusion coefficient. Ds. requires more 

assumptions. Ds was estimated using Equation 22. after normalizing this 

equation by the average pore radius as shown in Equation 23. The estimated 

surface diffusion coefficients are reported in Tables 9 and 10. To obtain 

these values, it was necessary to assume that the surface flux and the Knud

sen flux were independent. It was also assumed that the gas phase and the 

surface phase were in equilibrium with each other at all points along the 

pore. This assumption allows the surface concentration gradient to be 

related to the linear gas phase concentration gradient by means of an 

adsorption isotherm. 

Following Barrer's example,e the Henry's law isotherm was chosen to 

relate the gas phase concentration to the surface phase concentration. The 

Henry's law isotherm generally holds for low surface coverages.so For this 
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reason, surface diffusion coefficients were calculated from a position near 

the barrier exil where the lowest concentrations of zinc existed on the sur

face. 

There are several sources in the literature which confirm the validity of 

Henry's law under the experimental conditions for which Ds is estimated in 

Tables 9 and 10. First, Adamson~o points out that the Henry's law adsorption 

isotherm is a two dimensional equation of state corresponding to the ideal 

gas law. Henry's law should be valid when the area of the surface covered by 

the molecules and the attractive forces among the adsorbates can be 

neglected. Deviations from ideality should be smallest at low surface cover

ages. Since no change in the surface dill'usion of zinc is seen in the pres

ence of sulfur, it can be assumed there are no important surface interac

tions between the zinc and the sulfur. Second, Somorjai56 has stated that 

Henry's law adsorption isotherms are valid at pressures less than 10-3 Pa 

(10~ Torr)~ All but one of the experiments were conducted at Pz", of less 

than 10-3 Pa al the barrier exit. When the diffusion of zinc vapor through 

Type A alumina at 647 K was measured, the zinc pressure, Pz"" was 7x10-3 Pa 

at the barrier exit. Thus, according to Somorjai's criterion, experimental 

conditions at the barrier exits were always in the Henry's law or "near 

Henry's law" range. Next, Reed and Butt30 have found that for 2-2 

dimethylpropane adsorbed on molybdenum sulfide, Henry's law is valid up to 

" = 0.02. In all cases in Tables 9 and 10 where the diffusion coefficients were 

estimated using Henry's law, the surface coverage was 0.01 of a monolayer 

or less. These regions of the barrier were probably also in the Henry's law 

range although the system studied here was different from Reed and Butt's. 
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There are other studies in the literature in which the authors con-

cluded that Henry's law is not valid under the conditions for which Ds has 

been estimated here. Hobson and Chapman58 , for example, found that 

Henry's law behavior was not even found for the adsorption of argon on 

porous silver between 77.4 and 110 K with argon pressures as low as 10-9 Pa. 

Despite the work of Hobson and Chapman58 with porous silver, the 

references by Adamson5o and Somorjai56 and the work of Barrer8 and Reed 

and Butt30 show that the Henry's law adsorption isotherm has been observed 

in different systems. Even if the experimental conditions here are only in 

the "near Henry's law" range, an extrapolation from the Henry's law range 

will result in an eslimation of the surface diffusion coefficient which can be 

qualitatively compared lo olher data. 

The Henry's law isotherm assumes the relation between pressure and 

concentration for any gas molecule a to be: 

Pa. = kHCa. (38) 

where kH is given by Equation 21. From Equation 21 it can be seen that kH 

varies only with the temperature and the heat of adsorption. In calculating 

the diffusion coefficenl, the experimental values of the average pore radii, 

the surface flux component, and the gas phase concentration gradient were 

available; the Henry's law isolherm was assumed valid, and the heat of 

adsorption for the Henry's law isolherm was estimaled. The assumptions 

used for the determination of Js. (oc / oX}9' and Ds are fairly standard; they 

were discussed in the introduction. 

Examination of the surface diffusion coefficients, Ds, found in Tables 9 

and 10 gives additional information about the surface diffusion of zinc in 

po~ous alumina. In Table 9 it can be seen that the diffusion coefficient 
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varies with the pore size under otherwise identical conditions. This effect 

may be explained by considering surface coverages. For smaller average 

pore sizes. the coverage at the pore exit is less since fewer molecules in the 

gas phase are able to diffuse to the pore exit and impinge on the pore sur-

face. Hayward and Trapnell1:; have explained that two different factors may 

change Ds at high coverages. First. repulsion effects between adsorbed 

atoms may increase as the coverage increases. Zinc atoms may diffuse by 

larger jump distances as they are repelled by like atoms. If this effect is 

responsible for the varying diffusion coefficients. then Henry's law can not 

be valid here. The Henry's law adsorption isotherm assumes that no interac-

tions occur between adsorbate molecules. However. a second explanation 

for the variation in Ds also exists: surface heterogeneity. At low coverages. 

those surface sites which have the most negative enthalpy of adsorption for 

zinc vapor will be covered first. As higher coverages are achieved. the 

adsorbates are less tightly bound to the surface and mobility increases. 

In addition to being coverage dependent. Ds also varies exponentially 

with temperature (see F.quation 13) because diffusion is an activated pro-

cess. By comparing Ds estimated for Reaction 1A in Table 9 with Ds 

estimated for Reaction 2 in Table 10. it can be seen that. under otherwise 

identical conditions. Ds increases with temperature. 

This temperature dependence of the diffusion coefficient was used as 

another means to examine whether S2(g) affects the diffusion of zinc in the 

Zn(g) + *S2(g) mixture. In Figure 9. the surface diffusion coefficients on Type 

A alumina for zinc vaporized at 592 and 647 K have been plotted versus 

inverse temperature. A value of the pre-exponential. Ds. was determined 
/I 

from these two points. Using this value for Ds and the values for the heat of 
/I 
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vaporization of Zn from the JANAF Tables52 as an approximation to the heat 

of migration. !:lHm • for zinc on alumina. surface diffusion coefficients for zinc 

were extrapolated to 1100 K using Equation 13. The diffusion coefficient for 

Zn in the presence of S2 was then plotted in the same figure and found to lie 

on the same line. indicating that the mobility of the zinc was not affected by 

the presence of the sulfur. However. this plot does not conclusively estab

lish the effect of S2 on zinc diffusion for two reasons. First. the linear extra

polation used is appropriate only if the mechanism of surface diffusion of 

zinc on porous alumina remained constant. with temperature. Surface 

diffusion mechanisms sometimes change with temperature.56 Second. the 

enthalpy of migration used in the estimation of Ds for Zn(g) from ZnS(s) and 

the heat of adsorption used in the estimation of the Henry's law constant. 

k H • were both assumed to be equal to the enthalpy of vaporization of zinc at 

1100 K. This amounts to assuming that: a) the Zn surface diffusion is 

unaffected by the presence of S2' and. b) that surface diffusion of zinc has a 

gas-like transition state. This second assumption is consistant with the 

measured behavior of LiF on porous alumina 9 and is consistant with the esti

mate of the activation enthalpy for Zn diffusion on alumina that can be 

obtained from the present measurements at 592 and 647 K. The plot shows 

only that the experimental quantity. Js . included in the calculation of Ds for 

zinc in the presence of sulfur, is consistant with the conclusion that the S2 

does not affecl the diffusion of zinc under these experimental conditions. 

When the temperature of a vapor-porous media system is increased. two 

effects occur. First. according to Equations 15 and 17. an increase in the 

temperature will decrease the surface coverage because the time of adsorp

tion for a vapor molecule decreases. Fewer molecules are now on the sur

face. But for these molecules on the surface. the mobility increases with 
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temperature as shown in Equation 13. These temperature effects oppose 

each other. This fact can be seen better in Fick's law (Equation 22). Ds 

incr~ases with temperature according to the exponent of (-!:::.Hml RT) while 

kH decreases with temperature according to the exponent of (Qa.d.sl RT). If 

the heat of migration, !:::.Hm, and lhe heat of adsorption, Qa.d.s' are approxi

mately equal, the resulting surface flux will be nearly proportional to the 

gas phase pressure. This cancellation of temperature effects has been 

demonstrated experimentally here (Tables 6,B, and 10). The zinc vapor from 

either Zn(8) or ZnS(8) diffuses through porous alumina with the same pres

sure gradient in the zinc gas phase. but at temperatures differing by 500 K. 

The low temperature zinc surface molecules have a high surface coverage 

and a low diffusion coefficient, while the high temperature zinc surface 

molecules have a low surface coverage and a high diffusion coefficient. The 

totallransmitted surface flux, however, is nearly the same. 

.. 
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Conclusions 

Surface diffusion was found to be a significant means of transport for 

zinc vapor in porous alumina. For porous alumina of 0.6 J.LrIl average pore 

radius, the ratio of surface flux to Knudsen flux was 2.5. To increase the 

relative importance of the surface flux, diffusion of zinc vapor through 

porous alumina of 0.07 J.Lm average pore radius was measured. The ratio of 

surface flux to Knudsen flux increased to 17. This increase was found to be 

proportional to the inverse of the average pore radius as predicted. 

The presence of S2 in a high temperature vapor mixture with zin c was 

found to have no observable effect on the diffusion of zinc through porous 

alumina of 0.6 J.Lm average pore radius. Both the total amount of zinc 

transmitted through the porous alumina and the distribution of the zinc flux 

between the surface and the gas phase remained unchanged in the presence 

of S2(&)" 
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Table 1 
CHARACTERISTICS OF ALUMINA POROUS BARRIERS 

Alumina Type 
Property 
Measured A B C 

VOLUME-WEI GHT MEASUREMENTS 

% Porosity 41.5 ± 0.2 36.9 ± 0.2 24.1 ± 1.8 

BET SURF ACE AREA ANALYSIS 

Surface 0.68 ± 0.13 5.35 ± 0.19 2.21 ± 0.12 
Area (m2/g) 

Average Pore 0.66 0.067 0.103 
Radius (urn) 

MERCURY POROSIMETRY 

Average Pore 0.61 ± 0.06 0.069 ± 0.005 0.075 ± 0.005 
Radius Cum) 

% Porosity 46.8 ± 0.5 41.4 ± 1.1 31.1 ± 1.1 
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Table 2A 
TRANSMISSION PROBABILITIES 

• 
Experimentally Determined Values 

Porous 
Alumina WH8 

• WAr • 
Barriers 

A1 (7.54 ± 0.68) x 10-4 (8.01 ± 0.02) x 10-4 
A2 (8.28 ± 0.02) x 10-4 (8.16 ± 0.05) x 10-4 
A3 (9.74 ± 0.03) x 10-4 (9.11 ± 0.04) x 10-4 
A4 (6.53 ± 0.06). x 10-4 (6.20 ± 0.07) x 10-4 

A (8.02 ± 1.26) x 10-4 (7.87 ± 1.10) x 10-4 avera,ge 

Bl (1.02 ± 0.01) x 10-4 (1.03 ± 0.01) x 10-4 
B2 (8.69 ± 0.22) x 10-6 (8.22 ± 0.02) x 10-5 

B3 (8.81 ± 0.08) x 10-5 (8.01 ± 0.03) x 10-5 

B (9.25 ± 0.76) x 10-5 (8.85 ± 1.11) x 10-6 avera,ge 

Cl (9.97 ± 0.05) x 10-:i (9.32 ± 0.06) x 10-5 
C2 (9.20 ± 8.92) x 10-6 (8.92 ± 0.04) x 10-5 

C3 (1.34 ± 0.01) x 10-4 (1.29 ± 0.01) x 10-4 

C (1.09 ± 0.19) x 10-4 (1.04 ± 0.19) x 10--4 average 

• Each value in these columns is an average of three experiments. 
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Table 2B 
TORTUOSITY r'ACTORS 

Calculated Values 

Porous 

Alumina Thickness 
8r We 

We = 3T i =--
P WHs 

Barrier (mm) 

Ai 0.983 1.66 x 10-9 2.2 
A2 0.993 1.64 x 10-9 2.0 
A3 0.973 1.67 x 10-9 1.7 
A4 0.980 1.66 x 10- 9 2.5 

A 0.982 1.66 x 10-9 2.1 average 

Bl 0.922 1.88 x 10--4 1.8 
B2 0.912 1.90 x 10--4 2.2 
B3 0.917 1.89 x 10--4 2.1 

B 0.917 1.89 x 10--4 2.0 average 

C1 0.950 2.11 x 10--4 2.1 
C2 0.864 2.32 X 10--4 2.5 
C3 0.894 2.24 X 10--4 1.7 

C a'nlrage 0.903 2.22 X 10--4 2.0 
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Alumina Type/ 

Average Pore 
Radius (JLm) 

A 0.6 

B 0.7 

C 0.075 

Table 3 

Reaction 1. Zn(B) -- Zn(g) at T = 647 K 

PoZn = 8.5 Pa (8.5 x 10-5 atm.) 

Jo (moles/cm2'sec) x 105 J(moles/cm2·sec) x lOB 

1.808 ± 0.730 5.084 ± 0.829 

1.808 ± 0.730 3.042 ± 0.413 

1.808 ± 0.730 2.150 ± 0.014 
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J 
W= -

Jo 

(xl03) 

2.81 ± 1.22 

1.68 ± 0.72 

1.19 ± 0.48 



Alumina Type/ 
Average Pore 
Radius (urn) 

A 0.6 

B 0.07 

C 0.075 1 

0.102 

Table 4 

Transmitted Flux for Reaction 1. 

Zn(8) .... Zn(g) at T = 647 K 

POZA = 8.5 Pa (8.5 x 10-5 alm.) 

JK 
(moles/cm2·sec) 

Js x lOB 
(moles/cm2·sec) 

(1.4 ± 0.6) x 10-8 3.6 ± 1.0 

(1.7 ± 0.7) x 10-9 2.9 ± 0.4 

(2.0 ± 0.4) x 10-9 2.0 ± 0.4 
" " 

(1) Calculaled from mercury porosimelry. 
(2) Calculaled from BET surface area analysis. 
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JS/JK 
JS/JK Predicled 

from "A" 

2.5 ± 1.4 --

17 ± 7 21 

10± 2 20 
" 15 
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Table 5 

Reaction 1. Zn(8) .... Zn(g) at T = 647 K 

Alumina Type/ " Estimated " Estimated 
Average Pore at Barrier at Barrier 
Radius (,urn) Entrance Exit 

A 0.6 25 2.1 x 10-2 

B 0.07 25 2.3 x 10-3 

C 0.075 25 2.5 x 10-3 

Table 6 

Reaction 2. Zn(8) .... Zn(g) at T = 592 K 

Reaction 3. ZnS(8) .... Zn(g) + *S2(&) at T = 1092 K 

Type A alumina: i = 0.6,um 

" Estimated " Estimated 
Reaction # at Barrier at Barrier 

Entrance Exit 

2 1 x 101 1 X 10-2 

3 4 X 10-:5 3 x 10-8 
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Reaction # 

2 

3 

Table 7 

Reaction 2. Zn(B) -. Zn(g) at T = 592 K 

Reaction 3. ZnS(8) -. Zn(g) + *S2(g) at T = 1092 K 

PoZn = 5x10-1 Fa (5 xl0-6 atm.) 

Type A alumina: i = 0.6JLm 

Jo J x 109 W = JI Jo 
(moles/cm2·sec) (moles/cm2·sec) ( x 103 ) 

(1.12 ± 0.20) x 10-6 3.14: ± 0.80 2.81 ± 0.87 

(8.91 ± 0.75) x 10-7 2.48 ± 0.35 2.78 ± 0.46 

56 



Reaction # 

2 

3 

Table 8 

Transmitted Flux for: 

Reaction 2. Zn(8) .... Zn(g) at T = 592 K 

Reaction 3. ZnS(8) .... Zn(g) + *S2(&) at T = 1092 K 

P02t\ = 5xlO-1 Pa (5x10-S atm.) 

Type A alumina: i = 0.6J.Lm 

JKx10 10 

(moles of Zn/cm2·sec) 
Jsx109 

(moles of Zn/cm2 ·sec) 

8.9 ± 2.1 2.2 ± 0.8 

7.1 ± 1.3 1.8 ± 0.4 

57 

JS/JK 

2.5 ± 1.1 

2.5 ± 0.7 
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Table 9 

Reaction 1. Zn(s) .... Zn(g) at T = 647 K 

.. 
Alumina Type/ {ae / aX)g Ds 
Average Pore kH at Barrier Exit 

Radius (,urn) 
moles/ems (em) (crn2/sec) 

em 

A 0.6 1.6 x 10-8 13 5.3 x 10-6 

B 0.07 1.6 x 10-8 13 4.9 x 10-7 

C 0.075 1.6 x 10-8 13 3.6 x 10-7 



.. 

Table 10 

Reaction 2. Zn(s) -+ Zn(g) at T = 592 K 

Reaction 3. ZnS(s)'" Zn(g) + *S2(&) at T = 1092 K 

Type A alumina: r = 0.6fLm 

Ds 

-

Reaction # 
(Bc/Bx)g 

kH at Barrier Exit 
moles/ems 

(cm) (cm2/sec) 
em 

2 9.1 x 10-10 1.1 X 102 6.6 X 10-7 

3 6.0 X 10- 10 4.8 X 10-4 1.6 X 10- 1 
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lAst 0/ Figures 

1. SEM micrographs of Type A and B alurninas. 

2. SEM micrograph of Type C alumina. 

3. Mercury porosimetry intrusion curves for Type A. B. and C aluminas. 

4. Pore size distribution for Type A alumina. 

5. Pore size distribution for Type B alumina. 

6. Pore size distribution for Type C alumina. 

7. Schematic drawing of permanent gas leak rate apparatus. 

8. Schematic drawing of high temperature weight Loss apparatus. 

9. The temperature dependence of the estimated surface difiusion coefficients 
for zinc on alumina. 

.. 
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A 

B 

XBB 836- 5000 

Figure 1 
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Figure 2 

2J,1m 

XBB 836-4999 
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APPENDIX 1 
Data for Zn(s) -. Zn(g) at T = 647 K 

KNUDSEN EFFUSION EXPERIMENTS 
Knudsen Lid Run # J. (moles / cm2·sec) x 105 

1. 1 1.508 
2 1.507 
3 1.615 

2. 4 0.841 
5 2.448 
6 0.936 

3. 7 2.167 
8 2.131 
9 3.116 

AVE. 1.808 ± 0.730 
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Data for Zn(a) .... Zn(g) at T = 647 K. cont'd . 

• 
POROUS BARRIER EXPERIMENTS TYPE A ALUMINA 
Porous Barrier Run # J(moles/cm2·sec) x lOB 
Thickness (mm) 

1. 0.932 1 5.493 
2 4.979 
3 4.917 

2. 0.955 4 4.064 
5 4.865 
6 3.990 

3. 0.975 7 5.121 
8 5.579 

4. 0.919 9 6.744 

AVE. 5.084 ± 0.829 

" 
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Data for Zn(B) ~ Zn(g) at T = 647 K. cont'd. 

POROUS BARRIER EXPERIMENTS TYPE B ALUMINA 
Porous Barrier Run # J(moles/cm2·sec) x 108 

Thickness (mrn) 

1. 1.057 1 2.455 

2. 0.955 2 3.198 
3 3.648 
4 3.127 

3. 0.968 5 3.125 
6 2.543 
7 3.201 

AVE. 3.042 ± 0.413 

POROUS BARRIER EXPERIMENTS TYPE C ALUMINA· 
Porous Barrier Run # J(moles/cm2·sec) x 108 

Thickness (rnm) 

1. 0.930 1 2.140 
2 2.160 

AVE. 2.150 ± 0.014 

• Only one porous lid could be fabricated due to the inhomogeneity of the 
Typ e C al umin a. 

• 

.L 

I 

• 
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APPENDIX 2 
Data for Zn(8) .... Zn(g) at T = 592 K 

KNUDSEN EFFUSION EXPERIMENTS 
Knudsen Lid Run II In (moles Icm2·sec) 

1. 1 9.284 X 10-7 

2 9.043 X 10-7 

3 8.476 X 10-7 

2. 4 1.304 X 10-8 
5 8.607 X 10-7 

6 9.302 X 10-7 

3. 7 1.335 X 10-8 
8 1.196 x 10-6 

9 1.085 x 10-6 

AVE. (1.118 ± 0.195) x 10-6 
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Data for Zn(8) ~ Zn(g) at T = 592 K 

.. 

. L 

POROUS BARRIER EXPERIMENTS TYPE A ALUMINA 
t 

Porous Barrier Run # J(moles/cm2·sec) x 109 

Thickness (mm) 

1. 0.996 1 4.937 
2 3.869 
3 2.746 
4 2.580 

2. 0.980 5 3.057 
6 3.118 
7 2.349 

3. 0.935 8 3.560 
9 2.384 

10 2.800 

AVE. 3.140 ± 0.798 
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Data for ZnS(B) .... Zn(g) + }!.S2(g) at T = 1092 K 

KNUDSEN EFFUSION EXPERIMENTS 
• Knudsen Lid Run H J" (moles of Zn/cm2 ·sec) 

1. 1 8.456 X 10-7 

2 8.680 X 10-7 

3 8.611 X 10-7 

2. 4 8.298 X 10-7 

5 7.956 X 10-7 

6 8.614 X 10-7 

3. 7 9.917 xlO-7 

8 1.005 xlO-6 

9 9.578 xlO-7 

-
AVE. (8.907 ± 0.748) x 10.-7 
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Data for ZnS(8) ~ Zn(g) + *S2(g) at T = 1092 K 

POROUS BARRIER EXPERIMENTS TYPE A ALUMINA 
Porous Barrier Run # J(moles of Zn/cm2·sec) x 109 

Thickness (nun) 

1. 1.029 1 2.069 
2 2.175 

2. 1.021 3 2.341 
4 2.075 

3. 0.978 5 2.828 
6 2.871 

4. 0.986 7 2.636 
8 2.840 

AVE. 2.279 ± 0.353 

", 
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