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GAS FLOW THROUGH POROUS BARRIERS
Nathan S. Jacobson

Materials and Molecular Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Mineral
Engineering, University of California
Berkeley, California

ABSTRACT

In Part I the possibility of €O, surface diffusion through the

2

porous BaQ that results from BaCO, decomposition is examined. CO, and

3 2

He flow rates through a Bal barrier are compared and both are found to
exhibit similar behavior. Because He is known not to undergo surface
diffusion, it is concluded that COZ goes through Ba0 by ordinary Knudsen
flow,

In Part II the decomposition of 503 to SOZ and O2 in a porous

alumina barrier is studied. The goal is to determine if this reaction

will equilibrate in the barrier. A stream of 80, is run through the

3
barrier and the exit gas compositions are determined as a function of
temperature with a mass spectrometer. These compositions are found to

differ considerably from the calculated equilibrium values, indicating

the reaction does not equilibrate in the barrier.






Part I. CO2 and He through Porous Bal

INTRODUCTION
The products of a carbonate decomposition are COZ and a porous
oxide. In a single crystal decomposition, the porous oxide forms an

outer layer and the CO_, must escape through it. One important question

2
is how the CO2 passes through this porous layer. 1In the pressure range
of intevest the ratio of the mean free path of CO2 to the oxide pore
diameter i1s large and hence Knudsen flow is the expected mechanism of
CO2 transport. However, in a recent theoretical paper, Searcy and
Berutol suggest the possibility that a chemisorbed layer of CO2 forms
(as CO§ ions) and that surface diffusion may be the major mechanism of
CO2 transport through the oxide pores.

Differentiating volﬁme flow from surface flow is a problem
addressed by Barrer et al,Z and othersg, The behavior of a non-adsorbed
gas, such as He, is compared to the gas in question. Any additional
flow components are assumed to be a consequence of surface difgusion.
Such comparisons had apparently never been made with the porous oxides
produced in carbonate decompositions.

In these laboratories, Robertsé studied CO2 and He diffusion
through porous Ca0. Because the pores of Ca0 are very small, too small
to resolve with the scanning electron microscope (SEM), leakage around
the edges of the barrier was feared to be the primary path for gas

escape. Ba0 from the decomposition of BaCO_ has larger pOres,S so that

3

flow through the barrier was expected to make a larger contribution

relative to leaks. Therefore, the flow of He and CO, through porous Bal

2

were compared in this study.



In addition, pore diameters were estimated from these flow
experiments on the assumption that only Knudsen flow was important.
Comparison of these estimated diameters with estimates from BET surface
area measurements and from direct observations of pore dimensions with
the SEM corroborated the assumptions made in the flow calculations.

EXPERIMENTAL

The experimental apparatus consisted of a Nuclide model HT-12-60
mass spectrometer connected to a gas inlet system. The gas inlet system
was essentially the same as that described in Part II of this thesis, bﬁt
was constructed of stainless steel instead of glass and teflon. A BaCO3
disk was mounted on the end of a smooth ground alumina tube in the
Knudsen cell chamber of the mass spectrometer. This is shown in Fig. 1.
The disks were cut from single crystals of natural barium carbonate
(witherite). The impurities, revealed by spectrographic analysis, are
listed in Table 1. The porous Ba0O barrier was formed in situ by decom-

overnight at about 1200°K. CO, evolved was

posing these disks of BaCO 5

3
monitored with the mass spectrometer. This in situ decomposition avoid-
ed any problems with hydration of the oxide by exposure to the atmosphere.
The gas inlet apparatus allowed selection of either He or C025 which
was used to f£ill a ballast tank. The pressure was measured with a
Datametrics model 1173 capacitance manometer. A typical experiment was
initiated by filling a balliast tank with the desired gas to a pressure
of 100 microns. Next, the ballast tank was opened to the porous barrier
and the pressure drop from 100 to 1 Um'was recorded as a function of time

on a strip chart recorder. These experiments were performed at constant

temperatures. Temperatures were measured with a chromel-alumel
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Table 1.

Spectrographic Analysis of Barium Carbonate.

Ca
Sr
Mg
Al

Cu




‘thermocouple located on top of the alumina barrier holder.

An initial experiment was done at room temperature using He and an
undecomposed disk. This procedure was assumed to yield the leak rate.
Then the carbonate disk was heated to about 1200°K and decomposed over-
night. High temperature flow rates were measured for both COZ and He.
The leak rate was subtracted from these results. When the sample had
cooled to room temperature, the He flow rates were again measured.

Pore dimensions were estimated from BET surface area measurements
and were also observed and measured with the SEM. Problems were en-
countered with the barium oxide sample hydrating before it could be
examined. After some experimentation, an aluminum microscope stage was
notched and the decomposed disk was set vertically in the notch.
Immediately before placing the disk in the SEM vacuum chamber, it was
scraped to expose a fresh surface. Insulators generally must be plated
with a conductor before SEM examination, but the Ba0 could be examined
without first being plated.

RESULTS AND DISCUSSION
The flux demsity j of molecules striking a surface is given by the

Hertz-Knudsen-Langmuir equation6: j = mwgwww'where P is the pressure, M

vV 2TMRT
is the molecular weight of the gas, R is the gas constant, and T is the
temperature. The product JA, where A is the area of the particular sur-

face, gives the number of molecules which strike that surface per unit

] dn PA
time: —— = === ., However, in this experiment one has a porous
dt  /27MRT ’ P pot

barrier and not all molecules which strike the barrier will pass through.

So the area becomes an 'effective area' and the number of molecules per

dn _ Phefg

dt  /ITMRT

unit time passing through the barrier is given by:



Now consider the flow of gas from the ballast tank. This is given

v
. . ., don _ b dP
by the time derivative of the ideal gas law: T RT de where Vb and

b

Tb are the volume and temperature of the ballast tank. One now has two

expressions for the number of molecules passing through the barrier per
gg,vb - PAeff
dt RL,  omime

integrating gives the final expression for the effective area: Aeff =
v

b v2 MRT AlnP As shown by the previous equations, the effective area

R’I‘b At

is directly proportional to the number of molecules which pass through

unit time, and they can be equated: Rearranging and

the barrier. TFurthermore, it contains a correction for mass and temp=
erature and thus provides a good basis for comparing He and CO2 flow.

Effective areas are listed in Table 2. A leak run was done with a
BaCO3 disk. The effective area for this run was subtracted from the
effective areas for each Ba0 run, yielding the data in the table. The
essential feature of these data is that both He and CO2 exhibit similar
behavior. CO2 shows no short circuit path via surface diffusion.

Because He is known not to undergo surface diffusion, it can be concluded
that both gases go through the barrier by Knudsen flow.

The primary experimental problem was the leak rate. The porous
barrier was press fit, since no adequate high temperature sealent was
found. However, using an oxide with large pores and subtracting out the
leak rate minimized this problem. Another problem was that the alumina
barrier holder reacted slightly with the BaO barrier. This occurred only
on the edges and appeared to have no effect on flow through the major
portion of the barrier.

Pore diameters were estimated from the flow experiments. If the

porous barrier is approximated as a collection of parallel capillaries,



Table 2.

Transmission Properties of Ba0 from BaCO

3

Decomposition.

Expt. # Material Temp. °K Gas Effective Area Calculated Diameter
104 cm? um
1 BaCOB—leak rate 701 He 1.0 -
BaO 1300 He 1. 1.7
BaO 1300 CO2 1.4 1.4
Bal 295 He 2. 2.8
2 BaC03~1eak rate 293 He 2.5 -
BaO 1316 He 1.8 2.9
Bal 1316 C02 1.5 2.4
Bao 299 He 2.2 3.6
3 BaCO3~leak rate 349 He 1.1 -
BaO 1294 He 2. 2.6
BaO 1294 COZ o b 3.8
Ba0 295 He 4.9
4 BaC03~leak rate 339 He 1.7 -
BaO 1332 He 1.1 1.2
Ba0 1332 002 2.2 2.4
Ba0 310 He 1.6 1.8
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the effective area is given by: A@ff = n Ap %~where n is the number of

capillaries, Ap is the cross sectional area of a capillary, and-% is
the clausing factor with d the capillary diameter and % the capillary
length. Porosity is defimed as the ratio of pore volume to total volume
or € = 2%%&- where A is the total area of the barrier's end. Putting
this into the expression for effective area gives A.eff = Ag %u From this
expression pore diameters can be estimated. Values are listed in Table
2.

These pore diameters were compared to pore diameters estimated from
surface areas. This method, described Ey Satterfield98 is also based
on the assumption of cylinders in the porous medium. The ratio of cylin-

2 _ 2(arr’t)

der volume to cylinder surface area gives the pore radius: 5 < (a272L)

= r where n is the number of cylinders, & is the cylinder length, and r

is the cylinder radius. The volume used in the above equation is the

volume of the pores. This can be calculated from porosity and dénsity,

v
Porosity is defined as € = ;*ﬁ%” where Vp is the pore volume and VS is
P s
the solid volume. For a one gram sample, VS = %- where 0 is the density.
Making this substitution and rearranging gives Vp = i%g‘%, So the com-
) 2 e 1
plete expression for pore radii is r =g (l=€)'6'

The surface area for a solid with large pores is rather small and

BET surface area measurements are not very accurate in this range:

Measured BET Surface Area Calculated Diameter
2
n /er ’ Jm
.08 11.1

.25 3.5



However, these results are consistant with pore sizes calculated from
flow rates.

An SEM photograph of the pores is shown in Fig. 2. These pores
ranged from 2 to 10 um in diameter, in reasonable agreement with the
other data. Because the pores are irregular in shape and the three
methods of estimating average pore diameters havé different dependences
on pore dimensions, closer agreement is not expected.

CONCLUSTIONS

The major result of this study is the demonstration that CO2 does
not go through Ba0 by chemisorbed surface diffusion, but rather by
ordinary Knudsen flow, much in the same way He goes through Ba0. In
addition, the pores of Ba0 were estimated by each of three independent
methods to average several microns in diameter.

The possibility still remains that CO, strongly adsorbs on the

2
porous oxide decomposition product. It is possible that CO2 forms a
tightly held chemisorbed monolayer on the oxide and that additional CO2
gas, because it is not strongly bound to the monolayer, goes through the
barrier by Knudsen flow. Routh calculations indicate that if a strongly
adsorbed mqnolayer is formed there should be a noticable time delay
before CO2 introduced from the high pressure side of the barrier first
escapes at the other side. Delay should be especially apparent with an
oxide which has very small pores, sich as Ca0. Further experiments with

a pressure gauge on the exit side of the barrier would test this

hypothesis.
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Part II. SO3 Through Porous Alumina
INTRODUCTION

The effect of a porous barrier on a reactive gas mixture has been
studied by Searcy and Mohazzabiel They examined the dimerization of
NaCf% wvapor, a reaction which has a low activation energy. Their results
showed the reaction readily reached equilibrium in the barrier.

But suppose a reactive gas mixture with a high activation enérgy is
passed through a porous barrier. The question to be answered then be-
comes the extent to which the barrier will act as a catalyst and shifrt
the reaction to equilibrium. For this study the decomposition of sulfur
trioxide was chosen: SO3 = SOZ +-% 02. This reaction has a high acti-
vation energy and there is currently considerable interest in the sulfur
oxides.

The experiment consisted of passing SO, at a known inlet pressure

3
through a porous alumina barrier and measuring the exit gas composition
with a mass spectfomet@rn The barrier was varied in temperature from
room temperature to about 1000°K. SO3 to SOZ ratios were measured as

a function of temperature and they were compared to the calculated

equilibrium SO, to SO0, ratios. In addition, the experimental SO

3 2 pPres-

3
sure drop was compared to the calculated equilibrium pressure drop.
EXPERIMENTAL
The apparatus consisted of a Nuclide Model HT-12-60 mass
spectrometer and a glass and teflon gas inlet system. A porous alumina
barrier was mounted on the end of a mullite tube and heated from room

temperature to 1000°K in the Knudsen cell chamber of the mass spectro-

meter. This apparatus is shown in Figs. 1 and 2.
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The source of S0, was the vapor above fuming sulfuric acid. This

3

vapor is almost entirely 803 and contains negligible water, since water

reacts violently with 8030 Perry's Chemical Engineer's Handbook2 gives

the vapor pressures of SO3 above fuming sulfuric acid of different
strengths. Fuming sulfuric acid is available in three strengths from

MCB; the solution 12-187% free S50, was found to give the desired inlet

3
pressures of 50-100 um 803°
SO3 is a very corrosive gas. Initially, the stainless steel gas
inlet apparatus described in Part 1 was used. However, when the ballast
tank was filled, a steady pressure of 803 could not be maintained, pre-

sumably because S0, continuously adsorbed on the metal. In addition

3

some 803 was reduced to SOZ; a lower limit on the 803 to SO2 ratio was
set at about 3 with the mass spectrometer. In order to overcome these
adsorption and reaction problems, an inert inlet system was constructed,
somewhat similar to that of Krishan Lal Luthraa3 The system contained
no stopcock grease with which SO3 might react. Instead high vacuum
stopcocks with O-rings and teflon bodies were used. These are available
from Kontes of California. In addition O-ring seals were used for all
glass to glass connections.

Obtaining satisfactory O-rings was the major problem in the design
of the inlet system. Teflon O-rings will not react significantly with

dry 803 at room temperature, but they are not compressible enough for

3 k3 s /
high vacuum applications. The Parker O-Ring Handbook ' states that

ethylene-propylene O-rings are usually satisfactory for use with 8035

however, these were found to deteriorate rapidly in our SO system.

3

Viton O-rings seemed to react somewhat less with 503, so they were used
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and replaced frequently. It was also found that if the inner O-rings on
the stopcocks {(which were exposed to the highest concentration of 802)
were removed, adequate glass to teflon seals formed.

SO3 is readily adsorbed at room temperature. Therefore, the entire
gas inlet system was wrapped with heating tape and kept at 120°C. It
was found that when the ballast tank was filled with SOB’ a fairly
constant pressure could be maintained. With this inlet system a Jlower
limit of about 5 could be set on the SO3 to SO2 ratio. This result was
a definite improvement over that obtained with the stainless steel sys-
tem, but the inlet gas was still not pure SOB°

Selection of a pressure gauge for use with $0, posed a minor

3
difficulty. Nearly every type of pressure gauge contains exposed parts

made of metals, which would be corroded by the SO After some investi-

3°
gation, it was decided to simply use thermocouple gauges and replace
them frequently. Oddly enough Hastings gauges (which have base metal
cases) were found to last longer than Varian gauges (which have stainless
steel cases). At the time of wrilting this thesis, an all glass spiral
gauge was located. This gauge, which would be ideal for this study,
is available from Electronic Space Products, Inc.

Porous alumina barriers like those of Mbhazzabis were used. They
were mounted on the end of a smooth ground mullite tube, as shown in
Fig. 2. Two steps were taken to minimize leakage: 1) A thick walled
tube was used to lenghten the path through which gas molecules must
travel to escape between the porous barrier and the supporting mullite

surface. 2) The cap which held the barrier on the tube was spring

loaded to maintain a tight fit.
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The end of the tube was positioned in the center of a four inch
long furnace. The furnace was arranged to bring the molecules to
temperature before they entered the barrier and to be certain the
barrier was in the hottest part of the furnace. However, this put the
exit side of the barrier several inches from the mass spectrometer inlet
slit. This situation probably contributed to the large background.

This remark concerns the major experimental problem in this study.
The informationof interest ig the flux of SO3 and SOZ that leaves the
barrier and travels through a slit to the mass spectrometer ionization
chamber. TImmediately behind the slit is a shutter. This is a movable
metal plate, which can interrupt the molecular beam from the barrier.
Molecules which go around the plate are background. However, the differ-

ence between the unshuttered and shuttered beam is the SO. and SO2 flux

3

which leaves the barrier. Generally this should be greater than 50% for

reliable measurements. However, for SO2 the difference was sometimes

as low as 5%. This indicates that a large background pressure of SO2
accumulated in our vacuum chamber.

Fortunately, background SO, readily condensed on the walls of the

3

vacuum chamber. At room temperature the difference between the unshut-

tered and the shuttered SO3 beam was about 85%. When the walls were

warmer, the SO3 condensed less and the difference between the unshuttered
and shuttered beam was about 45%. These differences are large enough to

give reliable SO3 measurements.

The problem then is the large background pressure of SOZA Minor

modifications to reduce this pressure were not successful. A cap with a

small opening was placed over the porous barrier. It was thought this
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would direct the beam into the slit, but it made no significant
difference. A large tantalum heat shield was placed around the barrier.
1t was hoped that excess SO2 might be pumped off by forming tantalum
oxides and sulfides, but this did not occur.

The best solution to the S0, background problem would be to

2
increase the pumping speed between the barrier and the shutter. This
might be accomplished by building a vacuum chamber with walls which are
always at liquid nitrogen temperatures, despite the temperature of the
barrier. This approach would require major equipment modifications.
However, without these modifications, SOZ measurements are of question-
able reliability.

A typical experiment consisted of carefully pumping down and baking
out both the gas inlet system and the mass spectrometer. The gas inlet
system was maintained at 120°C throughout the experiment. Approximately
5 ml of fuming sulfuric acid were added to a tube, which was connected
to the gas inlet system. The air above the tube was slowly pumped off

and the entire system was filled with 80, vapor. The valve to the

3
fuming sulfuric acid tube was left open throughout the experiment. This
arrangement provided a constant pressure of between 50 and 100 uwm for
several hours. Temperature was measured with a chromel-alumel thermo-
couple mounted on the cap which held the barrier in place. Measurements

were taken every 50° from room temperature to about 1000°K. These

measurements were compared to the calculated equilibrium values to

determine if equilibrium had been reached. 1/2
16 ’s0, 70,
The equilibrium constant for SO, = SO0, + =+ 0, is K = ——~—u=

3 2272 Pso
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log K = 8.8537 - éﬁ%é;i -~ 1.21572 log T. Suppose one has a known inlet
pressure of S50,
Pg0, (1/2Ps0,) /2 .
K = b 2 or p3 - 2Kp:. + 4Kpil - 2Kpin =0
in Pso Pso P50 Pso Pso
PSOB”pSOZ 2 2 3 2 3

This polynomial wae solved for p using an inlet pressure of pln =
SO2 803
70 um, every 10° from 300° to 1300°K. The polynomial root finder MULLERC

in the CERN computer library was used. In addition the equilibrium

pressures of SO3 and the SO3 to SO2 ratios were calculated. These values

are only approximations. The inlet stream was not 1007 803 and we have

not considered the pressure gradient through the barrier. However, we
are making a rough comparison to major compositional changes over a wide
range of temperatures, so approximate equilibrium values are all that are
necessary.

RESULTS AND DISCUSSION

Initially we planned to compare experimental 803 to SOZ’ratios

to calculated equilibrium 803 to SO2 ratios., In order to obtain the

expevrimental ratios, we needed to correctly interpret the mass spectra

of 803 and SOZQ The difficulty here is that SOZ+ is formed both as the

parent ion of 80, and a fragment ion of SO There are two approaches

2 37

to the problem that results. One approach is to establish a mass spec-

trometer fragmentation pattern for SO but this was not possible be~-

39

cause we did not have a source of pure SO Another approach, used by

3°
. . , . 7.
Lau, Cubicciotti and Hildenbrand, 1s to turn down the energy of the

ionizing electrons to 17 eV so the S50, does not fragment. However, the

3

resultant signals were very weak and our instrument had too much noise

to give reliable readings. Therefore, we decided to use 70 eV ionizing
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electrons and simply regard the SO3 to SO2 ratio as a lower limitc. This

was acceptable because we were looking for large changes in the 803 £o

SO2 ratios.

The reaction of 803 and the alumina barrier to form A12(804)3
needs to be considered: AlZO3 (a? + 3 803(g) = A12(804)3 (s). At

lower temperatures the production of A12(804)3 is quite strongly favored,

but 803 pressures were little changed on passing through the porous

alumina barrier. Thus the 803 probably reacts with A1203

.tective coating of A12(804)3° Above 780°K the equilibrium pressure of

to form a pro-

503 from AlZ(SO4)3 decomposition drops well below 100 umg and the de-

composition of SO, can proceed unhindered. Thus the data from 780°K to

3

1000°K is of primary interest.

Table 1 shows the experimental and calculated equilibrium SO3 to

SO2 ratios for a porous barrier. These data are plotted in Fig. 3. The

essential feature 1s that the experimental ratios show relatively little
change compared to the equilibrium ratios. Thus it is quite probable
that the reaction is not equilibrating in the barrier. Note that the

absolute SO2 peak intensity increases and the difference between the

unshuttered and shuttered SO, beam becomes small at higher temperatures.

2

This is due to the accumulation of SO2 in the ion chamber, a problem

discussed previously. Fortunately, our conclusion can be verified by
another approach.

The difference between the unshuttered and shuttered 803 beam was

85 to 457% throughout the temperature range and therefore should yield

reliable measurements. A good test for equilibrium is to see if the

experimental SO3 pressure drops as rapidly as the calculated equilibrium



Table 1. SO

3

through a .8mm Thick Porous Barrier.

Inlet pressure = 70 microns

T°K

294
430
473
540
581
625
688
730
781
826
873
924
968

Iggt

Shutter Opened

<049
.039
.039
.038
. 043
045
037
. 040
.026
.018
.024
.025
.023

3
Shutter Closed

. 007
. 009
. 009
.012
.017
025
.019
020
.013
.010
011
.012
013

Lept
802

Shutter Opened Shutter Closed

e =R STRN SUR

125
. 235
. 225
410
. 370
. 225
420
.610
.020
. 230
. 080
.100
.250

.105
. 215
. 205
. 380
.330
. 205
-390
.580
.970
1.150
1.020
1.050
1.200

S03/509
Expt'l Equil.
2.1 6.4x10°
1.4 1.8x103
1.6 3.7x102
.87 4.1x10
.65 1.4x%10
1.0 5.9
.60 1.4
.66 6.8x10™1
.26 2.7x10"1
.10 1.2x10-1
.22 6.5x1072
.26 3.3x107°2
.20 1.7x10°2

N
et
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503 pressure on ralsing temperature. Pressure is related to mass
spectrometer intensity by P = kIng where P is the pressure, k is the
machine constant, I is the intensity, and T is the temperature. Figure
4 shows a plot of IT vs. T and a plot of calculated equilibrium pressure

vs. T. The experimental SO, pressure changes only slightly as compared

3
to the equilibrium SO3 pressure. This verifies the conclusion reached
from SO, to SO ratios - - the reaction does not equlibrate in a porous

3 2
alumina barrier.
CONCLUSIONS

It has been shown that the decomposition of SO3 does not
equilibrate in a porous alumina barrier. This is expected, since alumina
is generally not a catalytically active material.

Before continuing this study, it would be best to modify the
apparatus so more reliable SO2 measurements could be made. These modi-
fications involve increasing the pumping speed between the porous barrier
and the mass spectrometer inlet slit. The next step would be to examine
catalytically active porous barriers, such as Fe, 0, or Pt. These barriers

273

should push the reaction closer to equilibrium.
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