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~ ABSTRACT o
‘This thesis is a report on an éxpérimental'étudy of the

flow of the'gasAmixtures ammonia-helium,rammonia;hydroéen,
. ammonia-nitrogen, and nitrogen-hydrogen fhrough a microporous
" membrane prepared by compacting a carbon powder commercially
-'knownlas Carbolac I. The work required an ancillary study fov
be made of the flow through the same membrane of the individual
"components>of the gas mixture together with the necessary data
of gas adsorption on the membrane material. Using this same
membrane a comparison was made between the hydrogen adsofptidn
and flow resulis and those of its isotope deuterium. In
addition a study was made of the helium flow over the wide
temperature range 300 to - 200.00 tﬁrough a membrane prepared
from the more thermélly stable“microporous carbon commercially
. known as Graphon. Gaseous fluid flow throdgh microporous
media may be accompanied by an additional flow of material
adsorbed onto the surface of the membrane. Of all the gaseé ‘
investigatead only-helium proved to have no surface component.
Significant differences were foupd~betWéen the hydrogen and
dedterium results. ’Evidence was obtained that ammonia gas
would tend to form a cépillary condensate well below thé
saturatlon vapour pressure p01nt of amnionia for the temperature
' of the experiment; this was attributed to heavy ‘adsorption on
‘to the surface of the membrane. This condensate was capable
"of significantly reducing the flow of material through the

- membrane. Due to the exbessive surface flux 6f,amﬁohia
’:large separation factors were obtained with the ammonia‘systems,
but the method could not be recommended as a purification
-technique for the nitrogen—hydrogen_éystem. Novel gas |
adalysis techniques are descfibedfin the experimental section,
and finally suggestions are made for possible applications

"o0f the unusnal results.
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CHAPTER 1 INTRODUCTION

The discovery that the individual components of a gas
mixture had specific rates of flow when diffusing through
a porous merbrane formed the basis of several.patents
taken out in the early part of the nineteenth century for
the separation of air (Mitchell, 1831). 1In commercial terms
the process has never successfully competed with
conventional means of separation in conventional applications,
for as Benedict (1947) pointéd'out "Gaseous diffusion
requires so much more energy than distillation or adsorption,
that it is not likely to_replaée them except when gaseous
diffusion has a much larger separation factor. This,
of course, i1s the case in isotope separation, which will be
the piincipal field of application of this process.m

However more recent experiment has brought to light -
the e%istence of surface flow accompanying the diffusive
- flow of many gases and vapours. Under suitable conditions
this additional surface flow may be very much larger than the
gaseous flow, and for certain systemé form the basis of an
economical separation frocess. _

The work reported here was designed to gain further
insight into the nature of this surface flow, and its
possible utilisation in the separation of gaé mixtures.

The phenomenon of diffusion was first placed on a
‘.qua;titative basis by Graham (1846), who from experiments
with several gases derived the empirical law '"that the
velocity of diffusion of a.gas is inversely proportional
to ‘the square root of its density relative to . air".

Further experiments by Knudsen (1909) indicated that



Grahanm's lgﬁ_is limited to the region where the mean free
path of the gas molecules is much greater than the capillary
radius of the pore through which they are flowing. Iﬁ this
region Knudsen argued that the molecule-wall collisions
controlled the rate of trénsport, and was able to develop a
_fheoretical equation which was equivalent to Graham's law.
Diffusive gas flow which obeys the Knudsen eqguation is
known as Knudsen or free-molecular flow.

Further development arose from the Manhattan project.
This utilised the diffusion processhfor the enrichment of.
uranium 2§§ By the gaseous diffusion of uranium hexafluoride
in a multistage cascade arrangement. In the theoretical
background to this project Present and deBethune (1949)
re—exémined the Knudsen equation for the separation of a
gas mixture flowing through.a singlé capillary. Their final-
' working equation included a term for the non-separative
' flow.of the mixture dﬁe to molecule-molecule collisions.
However models based on cylindrical capillaries are a
far cry fronm the real geometry of the porous membrane, and

fail to éxplain why separation factors higher than the

ideal value of (MA/MB)% have been observed. -As an alternative

approach Mason et al (1961, 1962, 1963, 1964, 1967)
developed a 'dusty gas' theory in which the porous

medium was described as a uniform suspension of spherical

. particles (or macronolecules considered as a third

comﬁonent of the mixture) in the binary gas mixture. This
approach was refined by Breton and Massigon (1963) so that
actual properties of the media such as the radius of the
particles, the surface area, the porosity, and the mean pore
radius could be included in the working equation.

These theoretical equations were derived principally

10



'for_uranium‘isotope separation by:gaseous diffusion,.where
‘diffusive flow is solely in the gas phase. The separate
addition of a surface flow contributing to the total flow
was derived from the work of Clausing (1930), DamkBhler (1935)
and Volmer et al (1921, 1925, 1926), to be used later by
Wicke et al (1941, 1947) to account for abnormally high
flow rates in the Knudsen region. Since then many papers
describing‘surface diffusion have been published mainly from
fhe schools of ﬁarrer, Carman, Flood, and Kammermeyer.

The mechanism of surface flow is still open to debate.
The twb extreme views are.that surface flow occurs b& a
viscous, hydrodynamic mechanism only; or that this transPort
takes place 5y a diffusive, random walk mechanism only
(Aylmore and Barrer, 1965). The diffusive mechépiém has been
considered to be dominanf for dilute.adsorbed films. This
‘allowed Hill (1956)-to develop a theoretical equation for
- surface flow. This equation formed the basis of a correction
term applied by Ishida, Shimokawa, and Yamamoto (1961) to
the Present and deBethune equation, and by Fiocchi (1966,
1967) to the Breton and Massigon equation.

The hydrodynamic mechanism was pfoposed by Gilliland
et al (1958, 1962) bvased on the ideas of Babbit (1950,
1951 a and b, 1955, 1958). They assumed that the adsorbed
layer acts as a two dimensional fluid with two-dimensional
properties analogous to the properties of thrée—diménsional
fluids. In a review by Field, Watts and Weller (1963)
it was considered that this mechanism was dominant even
"for the dilute adsorbed films.

Irrespective of mechanism, the flow of gases through
pofous membranes may be formulated in terms of Fick's law
Wthe flux is proportional to the concentratioﬁ gradient!

(Fick, 1855). Providing the boundary conditions are



caréfull& défiﬁed for the'mathematiéél manipulations of

this léw, thén considerable information can be derived from
"flow experiments without recourse to rather restfictive models.
This procedure has been mainly developed by Barrer and

Carman, and is reviewed in the following chapter.



2.1.1

CHAPTER 2 _REVIEY AND THEORETICAL

2.1 FLOW OF GASES IN MICROPOROUS MEDIA

2.1.1 The region of flow
Fluid flow is divided into the regions of turbulent

_ flow; orifice flow; streamline (viscous or Poiseuille) flow;-
slip flow; and molecular streaming (free-molecular or
‘Knudsen flow) which may also have an associated surface flow.
In‘the present work the membrane was prepared by
compacting a fine carbon powder. This produced a membrane
with a mean pore radius of 1.0 x 1077
Since the mean free péth for any of the gases investigated
was of the order of 1 x 1072 cm at the in-going side of the
membrane, only molecule-wall collisions will be significant
in controlling the gas phase transport, and the gas phase

flow may be considered as pure molecular streaming.'

From experimental studies in this region, Knudsen (1909),

Gaede (1913), Clausing (1932), and later Adzumi (1937)
showed that for siqgie'capillaries in the absence df surface
flow the rate of flow is proportional to the pressure
gfadient but independent of the gas pressure. Knudsen,
arguing that the molecule-wall collisions were the
predominating factor, derived an expression for the flux

of a gas in a single capillary. It was necessary to assume
that all the molecules striking the surface were reflected
randoﬁly. The expression for the flux was then obtained by
- considering the number of‘molecules passing through a given
crbss-section from an element of surface on the tube wall,
and integrating over the entire tube wall. From the

equation for the flux the following expression for the

em (see section 5.1.8).

15



Knudsen permeability, KK, of a gas flowing through a single

capillary is obtained

K, = her, zt.R.'r:)’é = 3%t o 2.1
3 "M 2 o :
N.r".AC

where r is the capillary radius in cm, J° is the steady state -~
flux in molecules per second, ! is the capillary length
in cm, and. AC is the concentration drop between the ends

3

of the capillary in molecules per cm”. The other symbols

have the conventional meanings. '
Smoluchowski (1910) corrected this equation for the

case where only a fraction f of the molecules is reflected

randomly, leading to

3 M £
Huggi%%ﬂl952) and Berman and Lund (1958) reported that
)

this factor)can be as high as 5% in certain cases,

K = ke, (2;R.T)”.(2 - 1) - | 2.2

‘The perheability equation for molecular streaming in
porous media is very similar to the ideal model of a single
capillary. This is despite the random pore structufe, the
tortuég and intercqnnected channels, and the existence of
blind pores. However there are some differences, and the
bfollowing terms should be included into the equation for the
Knudsen permeability of gases in porous media.

(1) = The porosity, & .

In the unit area of the cross-section of. the porous

medium the area of actual pores intersected is € , the

3 =3

"porosity. in cm” c¢m ~ of porous media.

(ii) The hydraulic radius, L
.~ To generalise the equation for various cross-sectional
shapes of the pores, the capillary radius, r,‘is replaced by -

twice the hydraulic radius r, given by



z.rh

r = = 2. area of cross-section = 2.8 2¢3
circumference of cross-section A
where A is the surface area of the porous medium in
2 -
cm™ cm ;.

(iii) The tortuosity and structure factor, }X.

Because in a porous medium there are frequent changes
in diféction of the flow paths then. the long axial flights
. of molecules are no longer possible. Hiby and Pahl (1956)
considered the case for pure molecular streaming in a series
of repeatedly bent tubes, by an extension of the molecular -
path tracing énalysis of Pollard and Present (1948). If the
straight sections of each tube are 2h and the radius r.
Then the ratio of the Knudsen permesbilities in the

repeatedly bent tubes, K., to that of an infinitely long

h’
tube of the same radius is given in table 2.1

Table 2.1
Ratios of Knudsen permeabilities in repeatedly bent tubes,

Kh, to that in an infinitely long straight tube, KK.

h/r 2 3 4 . 5 10

0.672  0.766  0.820  0.855  0.925

b
1 Bk

- The table shows'that as the porous medium becomes more
tortuous then the permeability is reduced. Because the
actual degree of tortuosity is unknown for poroﬁs media
the value for the structure factor factor is somewhat empirical,
and it covers the following contingencies:
(a) Channels having irregular cross-sections.
(b) Variation in the shape of the channels along their lengths.
(c¢) .The tortuosity of the channels.
(d) The presence of bottlenecks,
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(e) The presence of blind pores.
(£f) A range of values for the hydraulic radius amongst the
' channels., |
(g) Non-random reflection for molecule wall collisions.
(Barrer, 1963 b, 1967).
When these additional factors are included in the
equation,'the Knudsen permeability for gases flowing throﬁgh

- porous media{LKk, is

Kk = E'KK = .8_0 EZQ(ZORIT)% = 'Jol L
A X 3 &.A \ M A_.£.AC

where Ac is the cross-sectional area of the porous medium in
the direction normal to flow. As capillary size, or gas
pressure is increased, then the terms for slip, and viscous
flow become significant. Clint (1966) who was using a
_similar membrane and operating conditions to those reported
in this work, calculated from Weber's formulae (Weber, 1954)
that there is an increase of about 1.3% in Kk at an average
pressure of 1 atmosphere when these extra terms are included.
The permeability coefficient is a quantity defined to
suit the mathematical formulation of the problem. For
formulation of flow in térms of Fick's law the permeability
coefficient defined by equation 2.4 is sometimes inconvenient.
for this work a better definition which allows direct
application in equations derived from Fick's law is the
definition used by Ash, Baker and Barrer (1967):
K = _J.L
A0
where J is the flux per unit area of porous media normal to the
X direction of flow, and the units of flux and concentration

are chosen so that the permeability, K, is in cm2 sec‘l. - This
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definition will be used from here on. Other specific
deflnltlons of the permeability coefflclent are dlscussed

in section 2.1, 8.

‘2.1.2 Formulation of flow in terms of Fick's laws.

One of the properties of molecular streaming is that
it may be formulated in terms-of_Fick's laws (1855), that is
"for steady state flow the flux J is proportional to the

concehtration'gradient dac/dax".

J _=_ —D-_(_i_g_
dx

wheré D is the coefficient of proportionality known as the
diffusion coefficient. Barrer (1963 a) emﬁhasised that
‘Fick's law was formally équivalent to Darcy's law (1856)
"the flux is proportional to the pressure gradient", and
that both laws were specific examples of the more general
phenomenological idenfity derived from irreversible o
the;modynamics, "that for isothermal diffusion the flux is

proportional to the gradient of chemical potential Q}L/bx".

J = - L.
ax
where L is the phenomenologlcal coefficient.

For steady state flow w1th a diffusion coefficient
independent of concentration and distance, and with the
boundary conditions C = Co at x = 0 for all time, and
C=0C at x =1 for all time, the flux may be written as

t
J = Do(CO - CL)
l |
When equation 2.8 is compared with the revised definition

of the permeability coefficient, equation 2.5, it can be seen
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that under these conditidns of flbw the permeability and

diffusion coefficients are identical. If the permeability

is written in terms of equation 2.4 we obtain, for CA

that other property of molecular streaming

JA(MA)” = JB(MB)”_ = e
originally discovered by Graham.

In the work reported here the éoncentration at the
out-going side of the membrane (subscript L ), although
measufable, is effectively zero when compared with the
concentration at the in-going side (subscript o). For
steadyrsf;te flow, and using these boundary conditions,
equation 2.6 may be integrated to

* D-dc

C J'C x=0,C=
0 X-"-L,C:

[J’]o°.L_ = °

C
0

o

This is assunting D is a constant or a function of C only.

c

Under these experimental conditions the flux will only vary

with the in-going side céncentration. Consegqguently

differentiéting the flux in equation 2.10 with resbect to

the concentration at the in-going side yields:

| [ég]-t - b,

» dCJc o
0

Thus a plot of the observed flux through the membrane EI]C
0

against the concentration at the iﬁ-going side Co, as 1

figure 2.1 will either be linear (case b), or if the diffusion

n

coefficient varies with the in-going side concentration the

plot will be curved (cases a and ¢). The slope for a

B’

particular value of Cy will be, from equation 2.11, [D]C /L.
: o

Equation 2,10 may be rearranged to

c

k = el . __;_J%p.‘dc
o Co 0o

18
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2,10

2.11

2.12
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(a)

Figure 2.1 Evaluation of {D]C
o

from which it may be seen that the permeabiiity is the
‘integrated form of the diffusion coefficient. Substituting

- for the diffusion coefficient from equation‘a.ll

k- .t - _;_JCO as]  .dc
- . Co © Co Vo [aC],
(o]

it may be seen that the condition for the permeability to
remain constant is -that (dJ/dCy) is a constant.
It is important that the concentration limits are

clearly defined. When the diffusion coefficient is

independent of the concentration at the in-going side then the

diffusion coefficient and permeability are equivalent as in

case b of figure 2.1. If however the diffusion coefficient

becomes dependent on the in-going side concentration then it is
no'longer equal to the permeability, and the gquotient [bJCO/l is
now the tangent to the curve at Co = C) as shown in figure 2.2,

if in addition the concentration at the out-going side is not

effectively zero then the permeability becomes a function of

both the in-going and out-going side ¢ongentrations. The

19
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7
P
£
. 4 i
{J]co // 1 KAat ¢ = Cl, CL = C2
0 _ | c 0
/ —
- . — Kfrtat C, =C»6 =0

- Figure 2.2 Illustration of difference between

alternative definitions of permeability

permeabilities reported here are as defined by Barrer, that
"is with the out-going side concentration effectively zero.
This is shown as KB in figure 2.2. Other workers such as
Carman (1956), and McIntosh (1966) choose a real value for

the out-going side concentration and so report the term Kc

as the permeability. This will only be equal to the diffusion
coefficient or KB for fhe linear case of figure 2.1, that is
to say when the diffusion coefficient is independent of
concentration. Once concentration dependency arises the
Carman type permeability will take on an intermediate

value between K, and [D]C , as shown in figure 2.2.
' o

B

2el.% Surface flow

As indicated in the introduction it is now recognised

that a separate surface flow can accompany molecular .
streaming. The flow arises from transport of molecules that
have adsorbed onto the surface of the porous media, and, like

the gas phase flow, this surface flow may be formulated in
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terms of the Fick laws. This enables us to evaluate the
'respectlve diffusion coefficients and permeabllltles for each
- component. To derive the equations the surface concentratmons
will be deflned in terms of the surface excess, as this
definition does not require an estimation of the volume of

the adsorbed phase. The surface excess is illustrated below in

figure 2.3
% N
% R
¥ ¥ e
~ % | e
Y K N
* \1( . Vel 7
% O C) X g;
.f//i//j:;// ///g;lld - //‘/
Figure 2.3 1Illustrating the surface excess
X Gas phase molecules '
(O Molecules at the surface in excess of the
gaé phease
Defining

A as the éuffaée area of the membrane in cm2 cm"3 of
- porous media. _
E as the pore volume in cm3 cm—30f porous medium,
C as the total quantity of adsorbable material in the gaseous

-3

of porous medium.

-3

and adsorbed phase in moles cm
C as the gas phase concentration in moles cm of porous medium.
This concentration includes those molecules that will be
présent in the vicinity of the surface irrespective of

whether adsorption takes place or not. The gas phase
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‘molécules are represented by X in figure 2.3.

3

c as the surface excess in moles cm ~ of porous medium.
The excess is formed by the molecules present due to

adsorption and is shown as (O in the diagram.

Cg as the gas phase concentration in moles cm"'3 of pore space.,
’ S -2 -
Cg as the surface excess in moles cm -~ of surface.

The concentrations are related to each other by the

following equatiouns

s = C - G 2.1%

s = Ao | 2.15

- _ . g : Vd

_ cg = s.cg _ 2.16
P = R.T.C§ - ' 2,17

An adsorption isotherm is a measure of C: for a given
pressure, consequently all the terms in equations 2.14 to
2.17 are directly measurable quantities. In the Henry law
region of adsorptibn the amount:adsorbed is airectly proportional

to the prevailing pressure (Henry, 1922)

Cs = ke.cf ' | 2.19
or . Cs = kscéocg ‘ 2.20
. B )

The degree of surface’flow controls the nature and
_quahti%y of information revealed by experiment. In the
Henry law region, where the flows are independeﬁt_of each
other, we obtain information about .the mechanism of
transport and the physical naturé of the surface. As
adsorption increases the adsorbed layer begins to block off
the gas phase flux. This blockage allows one to study the
range of pore diameters of the membrane, and to suggest

possible gas separation systems.
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X o = —_
— X : X J' Jg
x X _ X R _|°E
= T T T — -
SN O _ON— — — ___lfe;l N
— — — \
00T T oo o 1. |
7 //,, R G o A R Js s
S AT D 0 Y
_’;.f__', ‘ s « r'v>_ T y "_ l; ,‘7,;:-/
'Figure 2.4 Diagram illustrating various fluxes
X  Molecules of the gas phase
O Molecules present due to the surface

There are two ways of dividing up the total flux, as
shown diagramatically in. figure 2;4. The first method divides
the total flux J into the gas phase flux J_, and the surface

flux JS whichiis prgseht due to the surfac: excess. As.long
as the adsorbed film does not block the membrane then the gas
phase flux Jg can be determined using a non-sorbed calibrating
gas normally helium, flowing through a sorbate free medium

(Barrer and Gabor, 1960). Then from equation 2.9

J = . ghe Mﬁer 2.20
g &' (57

J. = J - 3 2.21
5 ) g

Blockage, which‘occurs at higher adsorption, may be
determined by using a non~-sorbed indicator gas in the presence
of the adsorbing gas (Ash, Barrer and Pope, 1963). However
i,this does not necessarily measure Jg’ for the pore system

may become sealed to the indicator gas by capillary condensate
cat theibottle-necks.

"Jd _, for gas transport will still occur across the unfilled

This results in an under-estimation of

pore sbace before and_affer the restriction.
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.The.surface flux J; is the whole flux called into
existence by the presence of mobile adsorbed films with a
concentration gradient. However the surface of many porous
membraneé is broken up by blind pores, cracks, and crevices.
At these points it is necessary for part of the surface flow
to evaporate into the gas phase and condense back on to the.
surfacé beyond the point of interruption. Consequently the
. gas phase flux is enhanced to the detriment of the surface
flux. So theré is an alternative division of the total flux J
into the flux J' through any cross-section for all the molecules
in the gas phase including those moleéules making evaporative
flights from the surface:‘and Jé, the flux through any cross-

section for the moleéules moving only along the surface,
J = - J' + J ‘ ‘ 2.22
_ g 5

From what has been said, and as shown in the diagram
Jé;>Jg and J_> Jl. This latter formulation is of greater
interest for proposing theoretical models of surface flow
and was in effect used by Hill (1956) and Higashi et al (1963,
1964, 1966).for deriving model surface diffusion coefficients.
However while Jg aqd'J; are readily obtainable by the use of
.helium as a calibrating gas, no general method for measuring
va and Jé has so far been developed, and direct comparison
.betwgen models formulated in terms of Jé and Jé and experiments
formulated in terms of Jg and Js is inadmissible. Ash, Barrer
and Pope (1963) calculated values for Jé and Jé from the
experimental values of J _ and Js for the particular case of a
partially blocked medium; also Barrer and Gabor (1960)
obtained an equation relating the respective diffusion

~coefficients Dé and Ds for the Henry law region of adscrption.
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- 2.1.4 Relationship between J. and Ji.

Both Js and Jé may be formulated in terms of Fick's laws

- 4c
JS = - DSS. S
dx

acC
B
dx

where Dss and Dés are the respective'steady state diffusion

J?t = - D' .
s . 88

coefficients. TFor an ideally smooth surface Jé will equal Js,

and a decrease in Jé'is a measure of the surface roughness.
To_evéluéte Jé an expressioh must be found for its diffusion
coefficient D;S in terms of Dss, since only Dss can be '
measured by experiment. Barrer and Gabor (1960) applied the
following argument to surface films in the Henry law region
of adsorption. | _ 7
In the Henry law region of adsorption any progressive

. flux interconversion down the length of the membrane of the
surface phase into the gas phase is absent. Consequentl&
fbr any cross-section fhe number of evaporative flights is
constant. However the summatidn of all the evaporative
flights is equivalent to a fraction X of the length L. of
- the membrane'for which Js has joined the gas phase. This

allows us to rewrite the flux for the evaporative flights
-_Je in terms of Jg anéle. .
e = De.(Jg + Js).AqE

: , Jg L

Re-arranging the expressions for the total flux from

J

<y
+
cy
It

Jt + J!
g 5 g s

to Cd_ o+ Jg (1 - X)(Jé + Jé) + X.J,
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- and with the siﬁplifying assumption that

D = .D' - = D

gs gs : e
one obtains
Dés = . Dss :
. (1 - X) - (Js/Jg).X

The value of X is unknown, but is limited to a certain
range of values by the following conditions.

“(a) It must lead to positive values of DL .

(b) In this region of adsorption the diffusion coefficients
obey an Arrhenius equation (ﬁés = Do.exp(—EVRT), (Barrer
1963 b, Clint 1966), so the value of E*must be positive
and ;ccording to Glasstone (1941) should lie between
% and ¥ the sorption energy mAR",

(c) X should lie in the range in which the decrease of
- EVWAE"Vbecomes abrupt. (Barrer 1963 b).

This analysis has been applied to the surface diffusion

coefficients of methane, ethane,. and propane flowing through-

cracking catalyst (Barrer 1963 b). Fairly high values for X
weré fbund suggesting that for cracking catalysts the surface
flow is mainly govefnéd-by evaporative flights across the
_ qracks,vcreviceé, and blind pores, the sufface being vefy
broken.

' In the above derivation the fraction X, of the length
of the membrane L, for which the surface flux has passed
into the gas phase, is a summation for all the evaporativé
flights across microscopic lengths of the membrane. The
majority of the flights end in condensation back onto the
surface, and the actual macroscopic length X does not exist
as a single length. This is because the following conditions
"are operative:

(1) Onlyvsteady stafe fluxes are measured, and the rate of
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flow fer-each phése is the sane for'any point along the
membrane.
(2) Both the gas phase and surface phase‘concentration

gradients are linear .
ac . AC ac_ AC
—£

= —8 i -5 = —S
dx l Tdx L

(3) There is local equilibrium between the surface and gas
| ' phase at ail points along the membrane.

These conditions only apply in the Henry law region of
adsorption. .Once the adsorption isotherm becomes curved the
diffusion coefficient becomes a function of concentration
and equation 2.29 is no longer valid.

When there is very heavy adsorption the membrane
becbmes‘partially blocked to the'gas phase flux, and in ordeﬁ
to retain local eqﬁilibrium’the surface phase will convert
"into thefgas phasé past the point of blockagé. This resuits
in progressive flux interconversion along the length of the

membrane,

2.1.5 Flux interconversion
) Evidence for fiux interconversion was found by Ash,
Barrer and Pope (1963) in their studies of the flow of
'hydrogen-sulphur dioxide mixtures through a similar membrane
to the one reported here. The hydrogen flux was liﬁited to
" the gas phase and the sulphur dioxiae flux was completely
dominated by the transport of the densely adsorbed .film
(only 0.3% was in the gas phase). For these exferiments it

was possible to calculate the concentration profiles for each

- phase by the method to be out-lined in section 2.1.7. Assuming

local equilibrium existed for all points along the length of

the membrane, the gas phase concentration profile for
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12 ‘curve i

PresSure profile for Jé
'qm Hg g
4_;' curve ii
profile for Jg \\\;\
0 . i ] ‘l\“‘-—
) 0 . 02 .l" .6 08 l.o

x/l

— TFigure 2.5 Gas phase concentration profiles

after Ash, Barrer and Pope (1963).

sulphur dioxide (curve i in figure 2.55 was calculated from
the sorbed phase concentration profile and the adsorption
“isotherm. This profile was associated with the flux Jé (s02).
The flux Jg(soz) may be evaluated from the hydrogen flux by

34(305) ) ( 2 )

MSOa

80 we may calcdlaté the profile associated with the flux
Jg(SOZ) since it will be identical with that for hydrogen at
the same in-going side pressure. This is shown as curve ii,

which shows that there is progressive interconversion of the

fluxes along thellength of the plug.

2.1.,6 Relationship between J and Jg;

=]

a éurface, but it is immaterial as to whether it is actually
on the.surface or in the gas phase. Assuming that the
membrane is isotropic and that anomalies due to blockage

are absent, then Jg is independent of x since Jg = J =~ Jg

J. is the flux called into existence by the presence of

28
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and bofh-J>apd Jg are independent of x. . Barrer and '
co-workers in a series of papers (Barrer 1954, 1963 a, Ash,
Barrer and Nicholson 1963, Ash, Barrer and Pope 1963, Ash,
Baker and Barrer 1967) showed that under these conditions the
ratio of the surface to gas phase diffusion coefficients
Dss/Dgs varies with the inverse slope of the isotherm 1/r.

- Formulating the steady state fluxes Jg and Jg per unit

Aafea normal to the x direction of flow in terms of the Fick law:

dc , : acs
Js = - DSS' 5 = - DSS.A' 5 2031
dx dx
.. dc ac® ?
Jx = - D, = - D .E, 2.32
g s*—>B : —E =2
. ) Kl o 8% :
The ratio JS/Jg is necessarily»a constant independent‘of X
So combining equations 2.31 and 2.32
5
EE = Dss.é_.dcs = constant _ 2.33
: Deo £ ack |
When the out-going side concentrations are effectively zero,
then at the out-going side dc:/dcg = kg, the Henry's law
adsorption constant, and Dy 2nd D assume their limiting
values DZS and D:s;- The constant may then be expressed as
- . : Do
ss5.A.ks = constant
DS ¢
. gs .
and the ratio of the’'diffusion coefficients becomes
o o
Des = ke 1 where k = . Dss.ks 2.34
D o ’ ’ DO
g5 gs

In the Henry law region of adsorption dcz/dcg is also a
constant and so the ratio of the diffusion coefficients is
‘independent of surface concentration. This is in agreement
fwith the experiments of Barrer and Strachan (1955), and
Aylmore and Barrer (1966). Outside the Henry law region the

ratio of the diffusion coefficients will vary as the inverse
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slope of the isotherm, and this has recently'been»demonstrated

by Ash, Baker and Barrer (1967).

T 2.1.7 Concehtration gradients along the mémbrane

It is possibie to calculate the total, gas phase, and
surfaée rhase concentration profiles within the membrane
from the respective steady state fluxes. This is assuming'

“that the membrane is isotropic and is not blocked by

- adsorbed ?hase,-the diffusion coefficients béing a function
only of concentration. There is also the additional assumption
,that-thefe is local adsorption equilibrium so that surface
concentrations may be determined from static adsorption
experiments. - ' .

Only the equation for the total concentration profile
will be derived, the proceduré being identical for either the
gas phase or surface phase concentration. The boundary
‘conditions will be those used in the present work, that is to.
say the concentration at the out-going side is effectively
zero, although this 1imitatioh is not necessary for the
general result as long as the boundary donditions are clearly
defined. For‘steady’stéte flow, the total flux J per unit
érosS—sectioﬁ is formulated by Fick's law as

J = | - D.dC B 2.35
: dx '

where J = Jg + Jg,'and C = Cg + Cg, and D is the overall
diffusion‘coefficiént defined by equation 2.35.:
For a series of experiments the in-going side total

concentration Co is

1 2 n '
Co = C, +C, , ci S A ’2.36
and the corresponding fluxes are
g =gt 3,32 ,F , ..., ete 2.37
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Figure 2.6 Illustrating calculation of concentration. profiles

Now for the nth experiment the integral of equation'2.35.
between the limits x = 0, C ='CE, and x =L, C =0, is

n

Co CO
[g] °.L = J D.dc 2.38
. N 0 ’
At point x along the membrane the total concentration is

Cx, and the corresponding integral of equation 2.35 up to

this point x will be between the limits x = 0, C = 02, and
x = x, C = C*, However the flux will still be flowing
under the same concentration gradient 02 to 0, so

' n n

CO
[J] X 2039

1]
——
. Q
o
o
2
Q

[
L_"__)
Q
oB
=)
0.
Q
-
!
Q
»
o
o
Q

2.40

. ' ot éx _
= [[J] ° - {J] —‘.L 2.41
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x = RGN 2.b2
Cn

fale

-Now we may plot J versus C_ for a series of experiments

(figure 2.6). Then for the nth experiment
. . n

C
0] © e

. and for any concentration Ci which is less than Cz
n

c c*
Wl - [B1° o x
and this concentration Cﬁ wil also be eQuivalént to the
concentration C* for the point x along the membrane when the
in-going side concentratidn‘is Cz. .Proceeding in this way we
may evaluate C against x/UL for the length of the membrane for

each experiment.

2.1.8 The pefmeability

‘ The physical properties of the membrane exercise a largé
degfee of control over the flow of material through it. This
degree of control may be coﬁpared for different membranes by
. évaluating the flux for a given gas that would occur through
a standard membrané under standard conditions. This
standardised flux is known as the permeability and is defined
as: 'the quantity of material flbwing per unit time through
unit length of porous medium of unit cross-sectional area under
a unit concentrafion gradient'. This rather general.
description allows a number of different permeabilities to
be defined according to one's choice of units. The range
covers any combination of the followiﬁg:

(1) The quantity of material may either be the total flux J,
or the gas phase fluxes Jg,of Jé, or the surface fluxes

Js or Jé.
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'(2)' If the membrane swells on adsorption the unlt length may
A elther be the orlglnal length, or the swollen length.
.(3) The unlt ‘area may either be the cross-sectlonal area of
o the membrane A ot -OF the cross-sectional area of the pore
spdce EA y Or a swollen area. )
Ty (4) The concentratlon gradlent may be for the total A
-_cdncentratlon C, or for the gas phase concentration Cg or
Cg or P, or for the concentration on the surface C or C:.
Irrespectlve of one's choice of units the general

‘equatlon for permeability in terms of the above definition is

- K = Je L : 2.43
, ’ AC .

and as shown in section 2.1.2 it is the integral of the

'graaient'(dJ/dCO). It is when this gradient departs from
linearity that the permeability becomes concentration

. dependent. However, the variation of permeability with
concerntration is very suecepfible to the choice of units,

as is demonstrated with the following examples. .

. The flux is the total flux J per unit area A normal to

the x direction of flow, and we assume the membrane does not swell.

_Case 1 For concentration gradient AC
‘= J.L./AC

Permeablllty K

T
Following the procedure out-lined in section 2.1.2
J = - D.dC and [_clg_"lg = Dl /A
dx dCJc e
o

Then the gradlent at the point x along: the membrane is glven by

[2) - o _[%. (g_:;} | 2.bk

ac ¢ L dac

and so the total permeability KT will remain constant so long as

the inverse of the'total concentration gradient (dx/dC) is constant.



' Case.2 For the gas phase concentration gradient AC

Permeability K§ = J. L./aC,

. . dc - . ' ‘
J = -D,. g and aJd = D L
aLdx [dc] [a]cg,o/
g C
g0

and for the point x-along the membrane
) ) . ° # . R
: %0
.‘E] - !JI 5. 1ax 2.45
daCc —
g1Cy,0 L ng .

Here the permeability is a function of the reciprocal gas

phase concentration gradient (dx/ﬁCg). As;long as this gradient
is linear then the permeability'K% remains a constant., When
the permeability becomes a function of the gas phase
concentration, then referring back to section 2.1.5, it is to
- be expected that flux 1nterconverslon is occuring along the
length of the membrane.

Case 3 For- the surface phase gradlentzﬁc

,Permeab;llty KT = J.L./AC_

. 4ac -
J = -D . Vs and - aJ = D] /
| .dx ‘ o &CJCS o [ 500 ’

and for the point x along the membrane

¥

dc_ L ac_
o c" . -
or aJ - - _lal ®ax \ . dcg) 2.47
| ac |- 1 ac ac_| .
sl glx 5/
- Equation 2.47 shows that the permeability Ko will only

. R T
remain constant while the slope of the isotherm is linear.

So it is to be expected that I\_ will take a functional form
with the in- g01ng side surface concentratlon as soon as
adsorption is outside the Henry law region. Consequently

s , . g . .
KT is much more sensitive to its concentration tern CS than
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Kg since Kg ohly fékes on a fﬁncticnal form when there is
‘very heavy adsorption causing blockage and flux inter-
conversion. Similar conclusions would be reached for the
permeabiiifies of the gaS'phASe flux.and surface phase

flux defined as:

J = -D . g e o o o o K = s 2-48
& 85 3x € Aac :
g
Js- - =‘ "_Dsscdcs « o o ¢ o K: ‘ = JS.L 2049
' dx ALCS :

2.1.9 The diffusion coefficient

The diffusion coefficient is defined by Fick's equation

and may be regarded as the coefficient of the identity
J = -.D 2C
. ax
in the general case D may be a function of concentfation
.C{'distance x, and time t. The present work is limited to
steady state flow through a uniform membrane (for a
discussion on the .isotropy qf'the membrane see section
5.1.9), so we may consider the diffusion coefficient to be
indepehdent of time, and in the absence of blockage, membrane
,8we11ing and flux interconversion D is also independent of
distance. Each flux has its own individual diffusion
céefficient, and evaluation of.these separate quantities is
cutlined below.
(1) No surface flow
In the absence of surface flow ﬁhe total flux and gas
'phase flux are one and the same. The concentration gradient
is 1inear} and as indicated in section 2.1.2 the diffusion

coefficient is equal to the permeability K.

K = D = J.L 2.50
AC :



Clint (1966) showed that for a similar membfane to the one
reported hére, only helium has no measurab1e surface flow.
(2) 1Independent surface and gas phése flow: -
- (a) Total diffusion coefficient D '

The total diffusion coefficient D is readily evaluated

| from equation 2.11, the quotient D/, at C = Co being the slope
at Co'of the plot of total flux versus total in-geing side

. concentration, Co.

(b) Gas phase diffusion coefficient Dgs

While the fluxes are independent of each other the gas
phase diffus;on coefficient may be evaluated by the helium |
calibration method:

D Dg: Sy /% S
(c) Surface phase diffusion coefficient Do '
Having measured the total flux, and evaluating the gas

phase.flux by helium calibration, the surface flux will be

J = J - 4J
The surface concentration at the in-going side may be found
from the adsorption isotherm and hence Dss nmay be similarly
evaluated as for caée (2) where DSS/L at Cs o is the slope of
: L] .
the plot of surfaceé flux versus in-going side concentration,
bs ) for a series of experiments:
By : . . ‘ '
[D ] /L = dJ , 2.52
ss|C —
5,0 ac
s |C
. . 5,0 :
The total diffusion coefficient D may be related to
the surface diffusion coefficient D.. in the following
manner. If the total concentration is split up into its
individual parts C_ and CS, then the total concentration

gradient may be expressed as

5 g. v
a = 2.9+ 0 where I 2.53
ax ax .A

ac

n o
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Since J = - D.(dc/dx) = JS + Jg, we may write, using
equations 2.33 and 2.53 '

s s o s : ,

oo+ g0y = b8 %% DSS.A.dcs.Dgs.gd 2.54
dx A dx dx D A ‘ -

- . j=3=3
co A - _ Dss.(Aa‘ + sngs/nss) 2.55

- - (A0 + E)
or D = D.(Ac + E) - £S 2.56
585
Ao

(3) Predominating surface flux

When the surface flux is very much largef that the gas
phase flugithen blockage may start to occur. The evaluation
of Dgs by the helium calibratipn method is no longer yalid,
but if a non-sorbed gas is mixed with the sorbing gas as
indicated in éection 2.1.5, then both Dgs and Dés may be |
. determined along with DSs and Dés. In these conditions
the total diffusion coefficient is effectively the surface
diffusion coefficient. From equation 2.56 the condition
for D to approach pss is AO‘§>£’and S(DgS/Dss).

2.1.10 Flow of gas mixtures

The'équations derived in the previous sections for
single gas flow equally apply to the diffusion of gas mixtures
through a microporous membrane. Consequently from the
flow data for single components of the mixture we may predict
the separation efficiency of the membrane.

The separation factor is defined as

r - (2]3), ’ =

where the x's denote mole'fractions of the gases A and B,

and the subscripts o and | denote the_values at the in-going
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and out-going sides respectively. This may be rewritten aéy

t : | <§§)0'.(;—E)L

.where C is the respective concentration at the in-going side,
and J the respective flux through the membrane.

Gas'mixtureé from the view point of diffusion fall into
three groups, although the dividing llne is not sharp.

Group 1 This group comprises mlxtures made up of weakly
or non-sorbed components. ProV1d1ng the flow is in the Knudsen
region, both components will flow independehtly of one
another in the gas phase. If the components also flow
1ndependently of one another 1n the surface phase we may
conclude that the transport is by a diffusive mechanism
(Aylmore and Barrer 1966, Ash and Barrer 1967).

Group 2 This group comprises mixtures made up of one
strongly sorbed and one weakly sorbed or non-sorbed component.
For strongly sorbed gases the surface flux in high area, -
microporous media is very much larger than the gas phase flux,
and very large separations can be achieved. In addition the
sorbed phase can block off the gas phase flux by capillary
condenéation at bottle-necks and the medium effectively
becomes a éemi-permeabie membrane for the sorbed species. As
pointed out in section 2.1.5 this group also yields valuable
information on flux interconversion (Ash, Barrer and Pope 1963).

Group 5 This group comprises two strongly sorbed gases.
In this case it is difficult to predict the degree of
',separation. However work in this region would‘give valuable
information on the transport mechanism for strongly sorbed

films.

38
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2.2 ADSORPTION

2.2.1 The adsorption isotherm.

An adsorption isotherm is a plot of the amount adsorbed,

C:, as a function of the prevailing pressure, P, or Cg,

. ¢S = £ (cg)
and 1t is to be intuitively expected that the nature and
quantity of adsorption will have some bearing on the surface
" flux. The various regimes of adsorption are controlled by
the surface concentration, the énergetic heterogeneity of
the surface, mobility of the adsorbed species, and inter-
actions between the adsorbed species, thus forming the
following groups.

(i) Henry law adsorption

This is the simplest type of adsorption in which the
amount adsorbed is proportional -to the equilibrium pressure.
The regime is limited to the region of very high dilution in the
adsorbed phase, but the other variables have no controlling |
influence.

(ii) Xocalised adsorption below monolayer coverage

~ Fowler (1936) laid down the conditions for localised
adsorption as::"thé atoms (or mblecules) of the gas are adsorbed
as wholes on to definite p01nts of attachment on the surface
of the adsorber, that each point of attachment can accommodate
one and only one adsorbed atom, and that the energies of the
states of any adsorbed atom are independent of the presence
or absence of other adsorbed atoma on neighboﬁring points
of attachment". Adsorption in zeolites is probably the
closest approach to thessrather stringent conditions, but
several model isotherms have been deﬁeloped, notably the
Langmuir isotherm, and modifications of it to take into account
possible surface heterogeneity and sorbate-sorbate

interactions (Young and Crowell 1962, pp. 106).
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(iii) Mbbile'adsorption below moholayer coverage

In localised adsorption migration across the surface is
restricted (but not pre#ented) by the potential ehergy barrier
separating neighbouring sites. If this festriction isvl
removed then the adsorbed molecules will be able to enjby
an unrestricted two-dimensional mobility. Thus the area
oécupied by each molecule is determined by the size, concentration
and orientétion.of the adsorbed speciés, whereas in the
localised modelAthe site area is fixed by the lattice
parameters of the solid. Once again a numbér of model
isotherms have been derived according tb the various
conditions of adsorption (Young and Crowell 1962, pp. 110).

(iv) Multilayer adsorption

The isotherms for multilayer adsorption vary from the
'monotonous to the fantastic', although Brunauer et al (1940)
have-élassifiéd thei into five t&pes. Brunauer et al (i938)
also derived the B.E.T. équation for multilayer adsorptidn from
which’the-surface area can be derived. However there is no
heuristic equation describing'mutilayer adsorption, and it
-would be defeating’the purpose to substitute a model
‘equation into equation 2.3% which relates, entirely on
heuristic'arguﬁents, the ratio of the diffusion coefficients
to the reciprocal slope of the isothern. The only pfactical
teét-of equation 2.34 is to fit the experimentallisotherm to
a polynomial equation by éomputer, and compute the slope for
particular values of pressure.

In addition to providing the surface concentration data
‘for the flow experiments, adsorption isotherms‘also provide
informatibn about surface forces and surface heterogeneity.
Such information is derived from the thermodynamics of
adsorption. Since there are now a number of reviews on the
subject (e.g. Hill, 1949, 1950, 1952; Everett, 1950a, b, c,
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1952; Young and Crowell, 1962; Ross and Oiivier, 1964), only
the results, definitions and limitations in the context of the

present work need be mentioned in the following section.

2.2.2 The thermodynamics of adsorption

There are three approaches to the thermodynamics of
adsorption. The first 'Solution Thermodynamics' considers the
‘~sttem as a solution of adsorbate and adsorbent, and the solution
is in equilibrium with the gaseous phase. Application of the
Clausius~Clapeyron method leads to a heat of adsorptioh being

defined by the following equation

'(—?—P) R S ' 2.59
aTx | PV - TV)

_ s s g
AH = The partial molar heat of adsorption

Vs = The partial molarAvolume of the adsorbate in solution

Vg = The molar volume of the gas phase

X, = The mole fraction of adsorbate in solution

P = The prevailing pressure in the gas phase

T = The absolute temperature

At very low coverdges we must decide how to apply the
;estfictioﬁ in equétion 2.59 of constant mole fraction of
adsorbate, Xgo and how to interpret the partial molar volume
of .the adsorbate in solutlon, V . This was discussed in detail
by Clint (1966) who showed that if the adsorbed phase is
considered as a solution of gas dlssolved 1n51de the adsorbent

as in clathratlon, then equation 2 59 reduces to

(%%¥)Xs ) (é%%)h % _ ) é?

where‘r is the surface excess. On the other hand the sorbed

- 2.60

<} izl
)

phase may be defined as occupying a specific volume above the
surface as this represents a more valid picture of physical
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'adsorption. However, this sorptidn.volumé will include those
moiecules of the gas phase that.would be present whether '
‘adsorption %akes place'or not. Only above 0.1 of a monolayer
will this gaseous term becone insignificant enough to allow

the aproximation

(_a_P.) = (_2_2)' = (_9.2) = . _pE 2.6
3';' Xs 97T r 27 n T'Vg : :

: né‘-= Moles of adsorbate _
So above 0.1 of a monolayer the models become equivalent

which allows equation.2.61 to be re-arranged to

- (d in P) o - _OH 2.62
ar/p R.T¢

IR

where the approximate equality is used to indicate the
application of the perfect gas law.. Equation 2.62 serves as .
a definition for the isosteric heat 9,,i that is the isosteric
heat is the negative partial molar heat of adsorption at

constant surface excess

(d 1n P) = 9st : 2.63
ab /g R.° .
or more generally
et = - NH 2.65
: Vs
1--=
-V
: &
‘We may also define an integral heat of adsorption Aff as
) n ‘
AH ' = }_ AHodnS 2066
n .
5

0
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'this heat may be found from calorimetry after-correcting for
any expansion or compression wofk done on the gas phase.

The secohd approach 'Adsorption Thermodynamics' regards
the adsorbate as forming a pure one component sorbed phase on
a completely inert surface of adsorbent. All the thermodynamlc
quantitiesrare molap_quantitieé which allows another heat of

adsorption to be defined as

(_&g) = PNt 2.67
2T/ g () -v)
Al = The molar heat of adsorption at constant spreadlng ‘
pressure
¢ = The two-dimensional spreadlng pressure of the adsorbed -
phase

~
v

¢ can be evaluated exactly from the experimental isotherm data
by following equation (see Clint 1966, p. 148)

= The molar volume of the adsorbed phase

p _
g = R.T'J [ .dP ' 2.68
0 P
s0 equation 2.67 reduces to '
(ci in P) = - AR 2.69
aT g : . vs
R.T l - N_
' v
g

However an estimation has to be made for VS. At high surface
coverage the film density is approachlng that of the llquld state-
and so the term V /V is very small and may be neglected. At
very low coverages the film density is approaching that of the
gaseous state and the term‘75/§g can’become significant. An

example of this situation will be shown in section 5.2.2.
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Clint (1966) discussed the s@ecial'relationships that
'apply in the Henry law region of adsorption, and showed that
the heat of adsorption "AH" and ene:gy'of adsorption "AE" of

‘Henry law adsorption is given by

mEY = - R.T2.4 1n(v/P) = NG 2,70

| dT Q-7 M) |

wgn = - gopd,d 1n kg - Al 2.71
. - aT (1 - vs/qg)l

v = The up-take in cc at NTP per g

and within this region the heat and energy are related by

AR =  MAH" 4+ R.T _ 2.72
- The third approach is by 'Total SystemJThermodynamics'
~ which was discussed in some detail by Tykodi (1954). The system
is considered in tofal as a two component system gas and solid
which-form a surface excess. The thermodynamic properties of
‘the excess are evaluated as the difference between the
properties of the -system in the adsorbed state and the properties
of the system prior to adsorption, this is called the calibrated
state. The chemical potential of thé adsorbent in the adsorbed

Btate is defined as

. o ° ‘ ' ' _
/ua'_: Pa * )lf 273

Chemical poténtial of the adsorbent in the adsorbed

Ja

(o]

‘_ )ﬁa

state

]

Chemical potential of the adsorbent in the

calibrated state A '

FT = Chemical potential ofrthe surface excess ‘

A result of this definition is that for any process which takes
place at constant P the differential coeffiéients of the solid

are the same under adsorption conditions as under calibration



conditiens. ‘Thus the resulting thermodynamic properties of
the excess are a function purely of the adsorbed species, and
are the properties for the ideal adsorption process:

constant

i (gas) — i (adsorbed) [

environment)
The differences between the thermodynamic properties
eﬁalueted at constant)uf and the experimentally evaluated
thermodynamic properties at constant surface excess, represent
thevdegree of departure from ideality for the process.

Tykodi derived a molar heat of adsorption at constant

chemical potentiai of the surface excess as

ATE & - R-TZ(_E.HI_P> 2.74
. 7T },Lf .

(The nomenclature used here is that of Barrer, and Clint,
in Tykodi's derivations superscript bars were used to
designate molar gquantities.) .
This heat was related to the isosteric heat by
-q = -—AIJ—@ .+> T .(‘az.f) 2075
. r 2T A )

This extra term was considered to represent the work for
swelllng the solid and is to be considered in more detall

in section 5.2.4.,

2.2.3 Evaluation of the Heats of Adsorption

To determine the isosteric heqt, Agpr e have to assune

(1) The gaseous phase is ideal, _

(2) There is equilibrium between the adsorbed'and gaseous
phase, thus the calculations will not be valid in the
hysteresis reglon. ' A

(3) The coverage is high enough to neglect the v /V term

(4) The isosteric heat is independent of temperature.
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Integration of equation 2.63 leads to

“(1n P)ﬁ = - 9%t + ce - 2.76
: : R.T '
which in application is
' (loglo f;), = %t ( 1 ) | 2.77
| P2 r . 2.303 R ,T2 Tl : }

Qg DY either be dete;mined from the values of the pressure
~at the same up-take from the adsorption isotherms at different
temperatures, or if several isotherms are available a plot of
log P versus i/T at constant coverage will be linear with a
slope of q_,/2.203 R .
.As a first step in determining the molar heat of adsorption,
‘Aﬁ, the spreading pressure is gvaluéted from equation 2.68
- , P

& = R.T .dP ' 2.68

L
P

0
This integral may be determined from the experimental isotherm
data, @ being the area underneath‘the graph for a plot of _
v/P versus P. The disadvantage with this method is that large
errors occui in the Ioﬁ pressure region. To avoid this
difficulty the experimental isotherm v versus P was fitted to
aitwelve term polynomial by.cdmputef, and from this
'polynomial values for v/P computed in 1 com Hg pressure
increments., Then the computed v/P versus P isotherm was in
turn fitted to a twelve term polynomial, this second polynomial
was then integrated and values for ﬁhe integrated polynomial
(i.e. #/R.T) computed in 1 cm Hg steps of pressure. Uéing
the same assumptions as in the evaluation of isosteric heat,

equation 2.69 may be integrated to

(1n P)ﬁ' o A+ o R 2.78
‘ R.T .
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'ioglof; = - N [1 ]
. P, g ,2'303 R|T, TlJ

OH may then Be determined either from values for the pressure
at the same ¢ from graphs of ¢ versus P at different
temperatures, or if several graphs are available a plot of
log P versus 1/T at constant & will be linear with a slope

of -0¥/2.303 R .

T

2.79
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CHAPTER 3 EXPERIMENTAL

3.1 GENERAL DESCRIPTION

~ The final apparatu§ was the result of evolution
according to the needs of the experiments over a period of
‘three years. It ultimately consisted of two high vacuun
pumping units and a separate low vacuum line serving a
volumetric adsorption‘system, a gas mixture diffusion uhit,>
a single gas diffusion unit,_a gas analysis system and a
set of gé§'1ines. Pyrex glass was used throughout. The -
complete apparatus was mounted on a 6 ft by 2% ft table '

and supported with Chemiframe rod.

3.1el The pumping system

The pumping system is shown in figure 3.1. An old
rotéry pump provided the rough vacuum needed for adjusting
manometer lgvels énd lowering‘mercury levels in lcLeod gauges.
A triple stage mercury diffusion pump backed by an Edwards
two-stage fotary oil pdmp (type 25 C 20 A capable of pumping
down to 1 x 1077 em Hg) was used to provide a high vacuum of
1 x 10f6 cm Hg. Bach oil pump was provided with a non-return
valve, a one litre oil trap, and an air vent. A line
by-passing the mercury diffusion pump system was included so
that large gquantities of gas need not be drawn through the
diffusion pump. By providing isolating taps and a 5 litre
buffer volume, the o0il pump could be serviced while the
diffusion pump discharged into the buffer.volume; The liquid
nitrogen traps either side of the diffusion pump collected |

vagrant mercury and prevented the high vacuum line from
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bécoming contaminated with low vapbur pressure residues from
the pﬁmp 6il and tap grease. A connection bet&een the low
and high vacuum lines enabled the rough pump initialiy to
evacuate the'whole apparatus. A separate high vacuum system
was made for the single gas diffusion apparatus. Experience
.indicated that the most efficient assembly would be for the
hiéh vacuum lines of each individual unit to be separately
connected to a parallel pair of pumping units; this would
allow each unit to be out-gassed independently of the other
units. Efficient pumping speeds were achieved by using wide
bore glaés tubing (minimum 12 mm diameter) and wide bore high
vacuum taps (15 mm diameter openings). 12 mm internal
diameter rubber pressure tubing was used to connect the

rotary pumps to the rest of the apparatus.

3.2 VOLUMETRIC ADSORPTION APPARATUS

A conventional volumetric adsorption apparatus was built
to operate independéntly-qf_phe other units and is shown in
figure 3.2;_ The manometer limbs were made from 1 ém bore
Veridia tubing to avoid capillary depression effects.

The volume of each burette buldb was chosen so that a

éhange from one bulb to another doubléd the total volune.

The burette was thermostatted to 25 °¢ by circulating water
tarough the surrounding jacket from a large thermostat tank.
The lead from the adsorption bﬁlb was lightly packed with
glass wool to prevent loss of adsorbent during any sudden
pressure fluctuations and the bulb made detachable—with a

B 7 Quickfit joint so that the sawumple could be out-gassed to
constant weight. 1In order to eliminate unnecessary dead
space 1 mm internal bore high vacuum capillary taps were used

in conjunction with 2 mm internal bore capillary tubing. At

50
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' Figure 3,2 ADSORPTION APPARATUS
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~ the pressureé_ﬁsed any therinal transpirationleffécts could
be neglected (Bennett and Tompkins, 1957). The experimentalv
method followed closely the descriptions of Young and Crowell
(1962), p. 284, and Ross and Olivier (1964), pp. 29 and 66.
The burette bulb volumes were determined by mercury ﬁeighings
and the dead space volumes by helium expansion. There are
three temperature regions (1) the burette at 25 °C (2) the
dead space at ambient (3) the adsorption bulb, together with
a temperature gradient between each region. With the tap to
the adsorption bulb closed the dead space at ambient
temperature was first evaluated. Since in the calibration
the amount of gas is constant we mayvsum for each region at
different temperatures when changing from one burette volume

to the next. Initially

Povd = fizg + EZXE + P'og
Td . Td Tb
where o, = Z g is the summatlon of the volume elements
divided by the 'réspective temperature of the element in the

temperature gradient. This. quantity we may consider to be
constant and be included in the experimental value obtained
: fbr the dead space., The mean value for the dead space for a
series of burette readings was obtained by the method of least
squares., The calibration was then repeated with the tap to
the adsorption bulb open. Gé for the adsorption bulb is
dependent on the temperature of the adsorption bulb and so a
calibration was carried out for each isotherm température.
The total quantity of gas present is the sum of the
volumes foz each reglon corrected to N.T.P.; the amount
adsorbed is the total volume before adsorption minus those
gaseous volumes remaining after adsorption and is expressed

"as cc at N,T.P. per g of adsorbent. Errore for the adsorption

Se
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‘ experiments,ére discussed in section 3.9. In préctice where
there was no hysteresis the adsorption and desorption branches
were co-incident. vPellets for the adsorption sample of
similar porosity to the diffusion membrane were prepared by
compressing the powder in a steel cylinder split length-ways,
during the compression the two halves being retained in an
outer casing (Clint 1966, Gabor 1957).

5.5 DIFFUSION UNITS

3.3;1 Single gas diffusion unit

This unit, figure 3.3, is a modified form of similar
units used within these laboratories (Baker, 1966, Pope, 1961
Gabor, 1957). The membrane was a plug of compressed carbon
powder. The plug assembly was of the same form as that used-
in. the gas mixture diffusioﬁ unit thus. allowing the plugs to
be interchanged. A description of this will be given in
section 3.3.3. Pressure at the in-going side was measured
with a‘merCury-in-glass manometer with limbs 6f 1l ¢nm bore
Veridia tubing. A balance line across the limbs also served
as the out-gassing line for the in-going side of the plug. A
tap isolating the plug from the rést of the in-going side was
incorporated so that 'time-lags‘ could be nmeasured. The in-
going side vressure was kept reasonably constant (= 1%) by
the 300 cc Toepler punmp used in conjunction with é 500 cc
buffer ?olume. The gases were stored in 1 litre gas bulbs
on the gas liné., The out-going side pressure was neasured
with a lcLeod gauge of range 1 x 1077 to 5 x 1072 ¢m Hg. By
using four 5 litre buffer volumes which could be separately
out-gassed a series of experiments could be run using each
. buffer volume in turn while out-gassing the idle or previously

used volumes, this allowed continuous use of the unit.
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3.3.2‘:The gas mixture diffusion unit

This unit (figure 3.4) is similar to tﬁé single gas
diffusion unit but has to include a means of circulating
the gas mixture past the in-going face of the plug. The
design was based on Pope's apparatus (Pope, 1961) but with
special consideration being given to eliminating stagnant

pockets of gas mixture.

3.3.3 The plug assembly 7
This is shown in detail in figure 3.5 and plate 3.1.

The plug holder Qas a stainless steel tube of overall length
9 cm and outside diameter 1% cm. It was manufactured in the
departmental workshops. The ends had an internally tapped
thread and a heat flange. The internal diameter of the
centre section (0.203 cm) was measured accurately by resting
the plug holder on a compression plunger and adding weighed
amounts of mercury into the holder. The length of the
mercury colunn was then measured by lowering a needle attached
vto the teleséope of a cathetbmeter until it touched the
mercury, the point bﬁtqontact being found by making the needle,
plug holder and'conseqﬁently the mercury, part of an electric
light circuit, the buib lighting up on making contact.
Corrections for the error dhe’to the mercury meniscus ﬁere
taken from the table given by Vogel (1951), p. 783.

| The sidé port for the in-going side was théh drilled out
and a 0,24 ém internal diameter copper tube joined on with
silver solder. The plug was made by conmpressing the carbon
into the plug holder using hardened steel compression
plungers and a 1% ton Dennison press. Because it was necessary
to lacate the face of the in-going side just above the side port
thé plug holder‘was‘seated on a compression plunger whose shaft

extended just beyond the port. - Then three accurately weighed

56
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apprcxiﬁately 0.02 g quantities of powdér were added and
compressed in turn to the required porosity.  The length of

- each increment was found by measuring the distance between

the ends of the compression plungers with vernier caiipers.

By building the plug in increments from the in-going face

in this way it was possible to obtain a reasonably uniform
membrane. Three layers of stainless steel 100 mesh gauze
(kindly given with the compliments of R. Cadish and Sons)

were packed against both plug faces. Finally the stainless
steel, length-wise grobved‘retaining plungers were inserted
and screwed home against the mesh to prevent the plug from
swelling. "A 5 cm wide coil»made‘from 0.3 cm internal diameter
copper tubing wasvthen silver soldered on to the bottom of \
the plug holder and XKovar metal-glass seals silver soidered

on to the three assembly outlets., During the soldering
operations the outlets were'stoppered and the assembly
inmersed in water in order to prevent excessive heating of the

plug. The heat flanges also provided additional protection.

S ."3.,3,4 The circulating pump

To counteract variable composition occuring in the
region of the in-going side due to preferential adsorption
and differing flow rates, the gas mixture had to be streamed
past the face of the in-going side with the aid of a
circulating pump. The general specifications.reqﬁired for
the pump were :- - - ‘
(1) At N.T.P. it should pump 500 cc/min of gas across the plug
face; this was 1 x 107 times the largest flux through
the membrane.
(2) It should be vacuum tight, and capable of being out-gassed.
(3) In operation the pump should cause the minimum of

pressure fluctuations.

29
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Figure 3.6  THE CIRCULATING PUMP 60
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Pumps ﬁsing copper or P.T.F.E. bellows, or turbines ,
proved to be inadequate, and finally the all-glaés reciprocating
pump recommended by Pope (1961) was used. It is illustrated in
figure 3.6. The piston was a 2 cm diameter glass tube filled
with lengths of soft iron rod, packed tightlyrwith asbestos
wool, and sealed at both ends. The cylinder was surrounded
by a 2,300 turns coil made from 30 s.w.g. enamelled copper

wire, and the piston reciprocated in the cylinder under the
| action of the magnetic flux associated with an intermittent
current of 0.2 A supplied to the coil from the power unit
shown in the'diagram. Damage to the cylinder was prevented
by breaking the fall of the piston with a spring, and
gas-tight valve seals were achieved byAgrinding in the glass
shanked valves into the vaive éeatings. Pressure flucfuations
were reduced to a minimum by adding a 250 cc buffer volume to

each side of the punmp.

3.3.5 Remaining units of the in-going side. : -

Constant pressure and, to within 1%, effectively constant
composition at the iq;going side, was maintained with a 200 cc
Toepler pump used in conjunction with a 1 litre buffer. The
lines were arranged so that the gas mixture flowed through the
buffer instead of past it. For small fluxes through the plug
the buffer was isolated out and the flow diverted through the
by-pass line. The stagnant volume of the manometer limb was
eliminated by making the pressure limb in the’éhape of a 'U!
attached to a short tail so that the gas would flow around the
'U' and across the fop of the mercury in the tail. 1 cm
diameter Veridia glass tubing was used for the tail and the
vacuum limb. The mercury level was adjusted into the tail by
varying the'pressuré in the meréury reservoir., A by-pass line

across the top of the 'U' was included so that the limbs of
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the 'U* could be balanced to equal pressure when the mercury
level was abéve the tail. A by-pass line to the vacuum limb'
also sérved as an out-gassing line. o ’

The gas was pre-cooled in a glass spifal before entering
the plug assembly. Taps were provided either side of the
- punmp system so that it could be isolated during single '
gas experiments and like-wise the plug assembly could also
- be isolated for 'time-lag' measurements and while making up
the gas mixtures. A by-pass line across the plug assembly
allowed the gas mixture to be thoroughly ﬁixed before the
start of eachbexperiment. The in-going side composition
was analysed by taking a 0.4 cc sample between two straight-
through 2 mm bore taps and expanding this dose into the

out-going side for analysis.

3.3.,6 The out-going side

The out»going side consisted of a set of eight buffer
volumes, a McLeod gauge with a Smail condensing limb attached
and anbanalysis system. The McLeod gauge was designed to
operate between 5.0'3‘10—2 and 1.0 x 1077

was maintained in this region by switching in the series of

cm Hg. The pressure

buffers allowing the total volume of the out-going side to be
varied from 500 to 25,00 cc.

3,3.7 Gas analysis

In the pressure region of 1 x lO—3 cm Hg there is no
instrument capable of acting as an accurate continuous
monitor of the gas composition and batch techniques had to be
used., The ammonia systgms (NHB/He, NH3/H2, NHB/Nz) were
conveniently analysed by measuring the total pressure,
isolating the Mcleod, freezing out thg.ammonia into the

condensing limb with liguid nitrogen and measuring the residual
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pressure Qf'fhe non-condensable gas. A check run with Pure
‘ammonia showed that in this pressure region all the ammonia
was removed within five minutes. A small correction for the
different temperature of the non-bondensdble gas in the
condensing limb was applied from a calibration run for each
non-condensable gas. '

For thle' non-condensible gas pair (NZ/HZ) a modified version
of Pope's thermistor unit was used (Pope, 1961). The thermistor
bead is a thermally sensitive resistor made from semi-conductor
material. 1In the present application the resistance change
is due tqﬁtﬂe heat generated internally because of the change
in the rate at whichtit may dissipate power to the surrounding
atmosphere. Between 2 and 10 cm Hg pressure the rate of _
working is fairly insensitive to pressure fluctuations but ié
very sensitive to conposition, prodﬁcing a not guite linear,i
large variation of resistance with gas'éomposition. Although
it was operated at constant voltagerand constant ambient
temperature, fluctuations due to these variables could be
reduced to a minimum by comparing thé resistance of the
analysipg thermistor Qia a wheatstone bridge with the resistance
of a matched standard thermistor enveloped in one of the pure
Eompoﬁents of the mixture under the same conditions of pressure,
ambient temperature and at constant voltage. The unit is
shown in figure 3.7.together with an insert diagram of the
thermistor mountings. : _

The P23/MP thermistors Weré.supplied by Stantel, Ltd.,
as beads mounted between copper leads which in turn were
sealed through.a glass tube. They were bought as a matched
pair and table 3.1 lists some of their properties. To increase
their stability they were aged for three weeks at 100 °¢

prior to use.
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Figure 3.8 BRIDGE CIRCUIT FOR GAS ANALYSIS UNIT
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Table 3.1

- Properties of the P23/IP thermistor

Manufacturers code No. Type Pé}/MP
Resistance at 20 °C _ 2000 SU
Matching to '+ 1% at 20 °C
Maximum power dissipation 20 mw ’
Sensitivity 11.5 °C per mw
Activation energy "5.6 Keal

for conducticen

_ The‘ééuge>was similar in design to a McLeod gauge with
the analysing thermistor mounted in 'Araldité' cement to the
top of fhe closed 1limb. The standard thermistor was s:mllarly
mounted in a separate capillary along51do the HMcLeod
capillaries and the top end of this capillary led off with

the minimum of &olume'to a 100 cc graduated Toepler pump and
thence to a gas line. The lower end of the caplllary was led
by a w1der tube into the mercury reservoir of the theod
gauge. The three caplllarles were of 2 mm bore Veridia

tubing and were joined together by a glass tie bar at the top
of the gauge for added strength, Thevends of the reservoir
leads were separated to prevent the mercury meniscus allowing
air to creep ‘around the botiom of the leads. To calibrate

the analysing thermistor an accurate mercury manometer was
included on the gas line together with a 200 cc dalibrated
volume on the gas line side of the Toepler pump. Mixtures

of known composition could then be prepared and admitted to

a 0.5 cc doser volume that could be expanded into the analysing
side of the gauge. The gauge capillaries were enclosed in a
small perspex cabinet which was thermostatted to 25 I 0.05 %.

To obtain maximum sensitivity for change in resistance
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with thermal conduct1v1ty of the surroundlngs the gauge was
operated at a constant voltage of 1.55 v across the standard
thermistor. This is just below the maximum value of 1.6 v

in the voltage/cufrent characteristics curve supplied by the
manufacturers for a P23 thermistor dissipating heat at a
steady rate. The necessary bridge circuit is shown in figure
3.8. The bridge could be balanced to % 0.15\, the maximum
sensitivity required of the galvanometer being l.OjLA.

The gauge was calibrated by making up gas mixtures of
known composition with the aid of the Toeplér punp and the
calibrated volume and expanding'a dose of this mixture ihto
the analyéing side of the gauge. =

To analyse the mixture the mercury was raised until there
was a pressure dlfference of 5 cm Hg between the open- and
'closed limbs. One of the pure components of the mixture was
admitted to the standard thermistor limb and the mercury level
adjuéted to the same level as in the analysing limb with the
aid of the Toepler pump‘(fhe pressure between each limb would
then be eqﬁal). To.operate'the standard thermistof at constant

voltage the standard cell was switched in and D, adjusted to

balance. The mixture was then analysed by switihing the
galvanometer to bridge circuit and adjﬁsting D2 to balance.
The composition was interpolated from the calibration curve
of D2 versus percentage composition.

3.4 FURNACES AND THERMOSTAT BATHS

300 to 200 °¢

This range of temperature was covered with electric

furnaces made by winding resistance wire around an asbestos

former. The various temperatures within the region were

obtained by adjusting the voltage to the furndcé with a Variac

transforumer. Once the steady rate of working was achieved
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the temperature would remain constant to within 1.0 %
(¥ 0.2% °K) without any further adjustment being required.

These furnaces were also used for out-gassing at BOO_and 200 °c.

200 to 75 °%C

This range was covered using an o0il bath made from a

2 litre beaker wrapped in asbestos cloth for insulation and
contained in a tin can for safety. As a check, experiments
at 200 °C were performed with both the o0il bath and furnace
as the thermostat. The temperature was controlled to within
"2 0.5 °C with a 'Sunvic Bi-metallic Strip' regulator which
switched in &ia a 'Hot Wire Vécuum Switceh' relay a 300 watf
'Red~-rod! heating'element. When the regulator and relay was
operated in conjunction with the heater at mains voltage the
reguiator contacts were rapidly corroded by the high voltage
sparks. The usefulAiife and stability of the regulator was |
improved-by running the regulator and }élay from a separate
30 v ac supply. The ﬁos@ suitable oil for this temperature
range was the Hopkins and Williams silicone fluid fMS 550"
which has a low viscosity af room temperature and does not
degrade until well above 200 °c. A uniform temperature across
the bath was maintained with a paddle stirrer.

(o]

50 C

A similar bath to the one described above was used for
this temperature but with the 300 watt heater replaced by a
50 watt heater. v . .

o

25 "C

For this temperature an uninsulated beaker of water was
used in conjunction with a 25 watt heater, regulator, relay,
and stirrer. ' |

o %

The apparatus was thermostatted to this temperature with
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mélting ice contained within a'dewaf vessel. .
- 10 to - 50 %

Accurately controlled temperatures were obtained using

the 'leaky-dewar' system. The leaky-dewar was wfapped with
a sheet of'copper foil to reduce temperature gradientgiaﬁd A
was contained within a sound outer dewar. For this teméeréture
range the intervening space between the two dewars was filled
with crushed 'Cardice' and, providing this space was large ,
enough, the bath could be held at the desired tenmperature

for up to 15 hours with one charge of Cardice. Well-stirred
methanol was used as the thermostatting fluid and the )
temperatufé controlled to = 0.2 °C wiﬁh the previously
described fegulator/relay system and a 25 watt heating lamp.

The leaky-dewar was operated at atmospheric pressure.

- 75 to - 110 %

The same system was used as described in the previous

paragravh but~with the Cardice refrigerant replaced by liquid
nitrogén and an evacuated inner dewar. Below - SO,OC methanol
becomes highly viécoﬁs and so was'replaced by 40/60 petroleum
ether containing a smail amount of methanol to dissolve any ice

crystals that formed around the inside of the dewar.

90 and 77 °Kk

The apparatus was thermostatted to these temperatures

with boiling liquid oxygen and boiling liquid nitfogen

v respectively.

3.5 THERMOMETERS

Once again the range of temperature demanded a range

of instruments. For out-gassing a O to 200 % mercury-in-glass
thermometer was quite adeguate, but for the experiments

between 100 and 300 °C an iron/constantin thermocouple was:
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uéed. The thermocouple was made and calibrated éﬁ the
international temperature p01nts of 100 232, and 327 °c by
Spembly Technical Products Ltd., and the thermocouple enf
measured on a calibrated Doran Thermocouple Potentiometer.:
The emf could be measured to 0.01 mv corresponding to
a temperature difference of 0.2 °c.
vTemperafures between 100 and O oC were measured to
2 0.05 °C with a calibrated NPL mercury-in-glass thermometer,
To cover the range O to - 110 °C three vapour préssure
thermometers were made following the generai method ouflined
by Dodd and Robinson (1954). The reglons covered by the
appropriate vapours were: O to - 40 C, n-butane; - 20 to - 80 C
ammonia; - 70 to - 115 C, carbon dioxide. Vapour pressure
data were téken from the Chemical Engineers Handbook, an ed.
(1941), the Handbook of Chemical and Physical Consténts,
48th g, (1967), Physico-Chenmical Constants of Pure Organic
Compdunds (1950). The purest gases available were used in
preparing the gauges and no difference could be detected for the
value 6f the temperature when measured by the different thermometers.
The ligquid oxygen and liquid nitrogen boiling points '

were assumed to be those quoted in the above references.

3.6 VOLUME CALIBRATIONS

McLeod gauges

The radius of the Veridia capillary tubing was checked
by adding small weighed quantities of mercury into the
capillary and measuring the length of the mercury thread with
a cathetometer. The volume of the bulb was measured by

weighing the bulb empty and when filled with water.

-Buffer volumes

The leads to the buffer volumes were constructed as a
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sub-assembiy»prior to joining to the rest of the‘apparatus

and this éllowed the volume of the leads to be méasufed by

filling them with watér. There was also the additional

advantage that the sub-assembly could be‘completely annealed’

in an annealing oven. The buffer volumes were also calibrated

by filling with water. o
The remaining volumes of the out-g01ng side were callbrated

" by helium exPan81on from the known volumes.

3.7 GASES

Amponia 99.99% pure and anhydrous, and deuterium 99.5%
pure was éhppliéd by Cambrian Chemicals Co. Ltd. as ‘
conpressed gas in small steel cylinderé. 1 litre sanmples of
the gases were stored on the gés line by attaching thevsteel
cylinders to the gas line via a reduction valve, rubber
pressure tubing, a B 10 cone and socket 'Quick-fit' joint
end a 4 mm high-vacuum glass tap. A typical assenbly is
included in figure 3.7. The assembly down to the main cylinder
valve would hold a vacuum of 1 x ].O—3 cm Hg for at least 10
minutes which was qﬁite adequate for transferring the gas.
Ammonia could be drawn back into the 1 litre storage bulb
at the end of the experiment by surrouﬁding with liquid nitrogen
2 small condensing limb attéched to the bulb. Any suspect
impurities were then removéd by pumping out the system while
the ammonia was frozen.

Helium, nitrogen, carbon dioxide and hydrogen were
obtained as 'spectrally pure' from the British Oxygen Co. Ltd.
in 1 1itré glass bulbs. Similarly n-butane was obtained from
the National Physical Laboratbry as 99.9% pure by

mass-spectrometric analysis.
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3,8 SUNDARY EXPERIMENTAL DETAILS

The individually ground high vacuum taps manufactured

by Springham.Co;'Ltd. were used throughout the apparatus.
In general 4 mm internal bore taps were preferred, although
smaller taps had to be used in confined spaces. Before working,
the glass tubing and taps were washed with water and detergent -
to remove surface dirt and glass dust. Where possible the
' apparatus was constructed in sub-assemblies so that they could
. be annealed in the departmental glass-blower's annealing oven.
This eliminated many potentially dangerous strain zones whiéh
always occur in blown glass;

Permanent cone and socket joints were sealed with Picein -
wax. At room temperature this,wax provides'a vacuum tight

° cm Hg.

seal while its own vapour pressure is below 1 x 10~
Two greases were available for the taps: Apeizon N and

Silicone. The Apeizon N grease has a vapour pressure of

1l1x lO—9 cm Hg at 25 OC, but while ﬁroviding a good vacuum seal

it is slightly too viscous at room temperature, and the tap

has to be genily hegfed with a hot air-blower before it may

be safely turned. The Silicone grease has a vapour pressure

of 1 x 1077

It has the added advantage of non-Newtonian viscosity which

cm Hg 5t room temperature and is a good sealent.

allows the tap to be edsily turned at room temperature, but

experience showed that this property also allowed the grease

to either slowly flow out of the cylinder leaving a dry,

unturnable tap, or to streak acroés the barrei of the tap and

break the vacuum seal., Eventually after several disasters

caused by the use of Silicone grease only Apeizon grease was used.
To a large extent many of the ercors associated with

ménometers and Fcleod gauges can be elimiﬁated using

ultra-pure mefcury; such purity was obtained by the following
method of chemical cleaning. About 500 cc of the dirty
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mercury waé’filtered through a pin—holed filter paper into a
2 litre Buckner flask. This initial filtration removed any’
~large particles. Then two spatular ends of sbdium peroxide
were added together with 500 cc of water, and the mixture
agitated over-night. This alkaline wash remo#ed all acid
impurities. The aqueous liquor was decanted off and the

" mercury washed by decantation until free of alkali. Metal

~ impurities were then removed by agitating the mercury
over-night with 500 cc of acidified potassium permanganate
solution. This treatment formed an oxide scum which was
dissolved in a 2 N Nitric acid‘wash leaving a mirror-bright
mercury surface. The mercury was then washed with distilled
water by decantation until the washingé had no detectable
trace of nitrate radicals or okidising agents when tesﬁed
with diphenylamine reagent (limit 1 part in 10,000 Vogel
1954, p. 365). The remaining water was mopped-up with clean
tissue paper, and the pure mercury dried by heating to ilO °c
for half an hour. It ﬁas-finally filtered into a clean

storage bottle.

3.9 ERRORS

Errors may be considered in two fornms:-

(i) The absolute error. This is the sum of the errors between

the observed and the true values of all the measured quantities,

73

and it is the error to be considered when comparing the results for

different samples, plugs, and operators.

(ii) The relative error. This is the sum of the errors betﬁeen

the obserﬁed‘and true values for only those quantities which
change when repeating the experiment. It is a measure of the

reproducibility of an experiment.
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-3.9.1 Errors in the adsdrption isotherm

A difficulty in discussing adsorption 1sotherm errors is
that they are constantly changing, but 1n general the lower
the pressure and the less adsorbed then the greater is the
" percentage error., The main errors may be listed as:
(i) Calibrated Volumes. These only affect the absolute error.
The burette volumes were calibrated by mercury weighing to an
error of better than : 0.1%, but the dead space volume which
was callbrated by helium expansion would have an error of at
least Z 1.0%. )
(ii) Pressure. The cathétometer could be read to ¥ 0.001L mm,
so at 0.1 cm Hg the error was at least I 2% of préssure, but at
60 cm Hg the percentage error would have dropped to = 0,01%.
(iii) Error in dose. Ross and Olivier (1954) show that this
can be reduced to a minimum by arranging the dosing volume at
N.T.P. to be egquivalent to the remaining volume at N.T.é.
after adsorption, under these conditions the error becomes
very small. V
(iv) Temperature. . This random error has two effects. The
first is the error involved in calculating the volume of gas
in the adsorption space corrected to N.T.P.; this is only a
small effect since the'temperature'is measured to t'0.5 0C, or
p 0.2% °K. The second effect is that the amount adsorbed depends
on the temperature of the adsorbent which can cause an error in
reproducibility of up to = 2%.
(v) Adsorbent. The adsorbent could be weighed to <.0.0001 g
" with a corresponding absolute error of : 0.1%, but there aré
other causes for error that can only be estinmated in a
qualitati?e manner. These relate to the actual nature of the
adsorbing surface and whether it undergoes any permanent change
on beirg heated or on adsorbing an acidic or basic adsorbate for

the first time. There was some evidence found that ammonia
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altered the surface of Carbolac I, this will be discussed in
‘chapter S. ' _ _

In the circumstances it is clearly difficult to quote a
figure that haé any meaning for the absolute error of an
adsorption isotherm. As far as the relative error is concerned,
in practice it was observed to be around I 2% for ammonia

isotherms and less than = 1% for the other gases investigated.

. 29,2 Errors in flow experiments

‘These may be listed as follows:
(1) In-going side manometer. The pressure at the in-going side
was measured between the range 5 to 60 c¢m Hg, so the percentage
error varied over the range t b.l to £ 0.01%. An additional
error however was the'préssuré drift due to material diffusing
through the membrane, This was reduced tb a minimum by'
buffering the in—going side volume and adjusting the volume
to constant pressure with a Toepler pump. Even so this drift
would cause an error of up to b l%.
(ii) Temperature.,  The error in temperature in the worst case

vas = 0.2% °K. Once again there were two effects: the first

caused an error in -the calculation of the flux and permeabilities

and the second effeCtlwaé to alter the true value of the flux
and permeability.

(iii) Calibrated Volumes. The out-going side caiibrated volumes
were measured to an accuracy of ¥ 0.5%.

(iv) McLeod Gauge.. By taking suitable precautions the many
'vreported errors that occur in a Mcleod gauge were reduced to
manageablé proportions. Sticking of the mercury thread was
prevented by using the carefully cleaned mercury, and 2 mm bore
capillary tubing. Electrostatic and surface tension effects
were eliminated by tapping the limbs with one's fingers. '

Pressures were measured at room temperature with gases that
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showed very little deviation from ideality at these
temperatures. By restricting the ouf-goiﬁg side volume it
was not necessary to perform the experiments at préssﬁres of
lower than 1 x 1072 cm Hg at the out-going side, so the large
" errors that start to occur in this pressure region were
avoided. Taking all theée factors into account the total error
for the HMcLeod gauge was around - 1%.
(v) Composition. Errors in composition for both the
in-going and out-going side were the same because a common
method of measuring coﬁposition was used. Lnalysis by freezing
‘out a condensible component will have the same accuracy as the
McLeod gaﬁge for each component, the sum being I 2%. The
thermistor gauge had a similar overall percentage error.
Summing for all these errors produces a relative error of
: 2% for the single gas experiments’ and z 5% for the mixture’
experiments. The absolute error is much larger because errors
for the membrane dimensions have to be included; this requires
an estimate of the out-gassed weight causing the absolute error
to rise to'the region of I 10%., 1In practice thé'ekperimgntal
errors proved to be less than I 2%. This value was for the
;iperimental measurements and did not include irreversible
changes occuring within the membrane which were considered to

be a separate phenomenon,
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CHAPTER 4 RESULTS

4.lv THE POROUS MEDIA

4,1.1 Adsorption samples

One sample'of compfessed Carbolac I was prepared, the
powder being éompressed in 0.145 g increments inté the split
cylinder to a porosity of just below 0.5. After breaking
open the cylinder and-traﬁsferring the chippings to the
adsorption bulb, the sample was out-gassed at 200 °c at a
vacuum of better than 1 x 1072 cn Hg to a final weight of
0.5719 g. The out-gassed porosity was 0.5. This was »
calculated using the value.of 2.12 g cm-3
density of Carbolac I (Barrer and Strachan, 1955). Out-

ga851ng ‘lasted 48 hours with a weight loss of 8.1%. This

for the absolute

sample was too small for measuring hydroven and deuterium
isotherms satisfactorily over the range - Lo to + 25 C.
For these particular isotherms the 9.432 g sample of
Carbolac I chippings prepared by Clint (1966) was used.

4,1.2 Diffusion membranes

Three diffusion meinbranes were prepared. The major part
of thé'work reported here refers to the membrane made from
Carbolac I. A membrane made from Graphon powder was
- prepared for examining the permeability of helium over the
temperature range 300 to - 200 °c. a similar membrane was
prepared from graphitised Black Pearls 2 for future work
and is reported here to act as a source reference for the
membrane data. The data for the three membranes is listed
in tables 4.1, 4.2, and 4.3. While Carbtolac I loses around
10% weight on out-gassing, neither Graphon nor graphitised
Black Pearls 2 has a measurable weight loss on heating‘

at 1000 OC in vacuum.



" Table 4,1 Carbolac I Diffusion Membrane

Weight

g

Ingoing face  0.0253

section

Middle section 0.0265

OQutgoing face ~0.0244
section :

Final Properties of Membrane

Length

cm

0.306
0.330

0.340

Cross-sectional area

Length

Weight of Carbolac I

Estimated out-gassed weight

Estimated out-gassed porosity

' Unoutgassed Gauge

porosity pressure
1b/sq in
0.452 600
- 0.468 ' 700
0.525 1100

0.07119 cm2

0.9?6 cm
0.0762 g
0.0694 g
0.528

(Estimated weight loss (Clint 1966) 9%)

Table 4.2 Graphon Diffusion Membrane

Weight

g

Ingoing face 0.0235
section

Middle section 0.0265

| Outgoing face 0.0244

. section

Final Properties of Membrane

Length
cm
0.332

0.340

0.299

Cross-sectional area

Length

Weight of Graphon

Porosity

Porosity

lb/sq in
0.497 80
0.503 © 100
0.456 100

0.07146 cm®
0.971 cm
0.0692 g
0.49ok

Gauge pressure
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" The graphitised Black Pearls 2 diffusibn membrane was
designéd fbr single gzas flow experiments in either direction.
It was built up in ten compression inéfemenfs starting from
the centre, each section being added from a particuiar end

in the order shown in the accompanying sketch.

Bottom [10 {9187 {1|2|3|%|[5|6 | Top

Table 4.3 Graphitised Black Pearls 2 Diffusion Membrane

Weight Lehgth Porosity Gauge pressufe
g - cm - 1b/sq in

1 0.1371 ~ 0.510 0.505 460

2 0.1360 0.501 0.500 460

3 0.1380 0.499 0.491 460

4 0.1343 0.449 0.449. 460 -

5  0.1356 . 0.500 0.501 200

6 0.1403 0.546 0.529 - 200

2 0.1371 0.52k4 0.519 200

8  0.136h4 0.496 © 0.493 350

9  0.1365 0.502 0.500 350

10 0.1346  0.498 0.503 350

Final Properties of Membrane

Cross-sectional area 0.3177 cm
Length 5.054 cm
Weight of membrane C o 1.3637 g
Porosity | . 0.503

The 'Carbons' were mahufactured by Cabot Corporation,
125 High Street, Bostqn,'Mass., U.S/A,, and the following

information is taken from the company's technical data sheets.



Carbolac I is a fluffy High Colour Channel Black.
Graphon is a graphitised form of the pelletised Regular Colour
Channel Black known as Spherbn 6; the code number of fhe
graphitised form is S6-D4.  The other Carbon Black used was
a graphitised form of the pelletised High Colour Channel
Blackrknown as Blackrpearls'2; the code number of the . _
graphitised form is BP-D4. Both graphitised.blacks were prepared
"by the manufacturers by heating the parent black to between
2800 - 3000 °C in vacuum. Table 4.4 1ists the properties of
the blacks mentioned.

Table 4.4 Properties of several Carbon Blacks

Carboiac Spheron ; S6-D4 Black BP-D4 | units
I 6 (Graphon)| Pearls 2 S
Surface | 950 110 90 1 850. 212 ue/g
area (N2) .
l.' by . ’

electron : 26k - 117 - - 295 "
microscope ' -
Particle _ )
size (N,) 3.5 | 30.0 36.0 3.9 1 15.3 | mp
| by . . ’
electron 9 25 28 : 12 11 "
microscop% . ‘ :
Volatile 16.0 5.0 0.06 13.0 0.0 %
content : '
Ash 0.05 0.05 | 0.08 0.05 0.06 | %
pH 3.0 4.5 110.6 3.0 1 10.0
Helium 2.12 - 1.97 - - i 1.71 ] g/en’
density ' %
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4L,1.3 Electron microscove Dhotbgraphs

A sefiés-of electron microscope photographs of the
Carbolac I and Graphon powder were taken and the clearest
examples obtained are shown in plates 4,1 and 4.2. The

structures will be discussed in section 5.1.2..

4,1.4 Infra-red spectra of Carbon Blacks

Infra-red spectra of Carbolac 1 and of the graphitised
form of Black Pearls 2 were run on a Grubb Parson's Spectromaster
Infra-red spectrometer, the samples being smears held between
potassium bromide windows. Direct tracings of the '
relevant.ﬁérts of the spectra are shown grouped together in
figure 4,1, and the frequencies of the observed peaks are

listed in table 4.5.

Table 4.5 Infra-red spectra of Carbon Blacks

. _ Spec. £ em™t £ cnt
Carbolac I in Nujol 1 1766 w 1597 s
Graphitised Black Pearls 2 - -
in Nujol .
Carbolac I free powder .3 1703 w 1579 s
Carbolac I in Fluorolube oy ? 1579 s
Shift in wavenumbers cm : 63 18
Carbolac I in Nujol Garten 1957 1760 w1600 s
Ukhta Channel Black in petrolatum : 1750 w 1585. 5
Lygin et al 1960
Carbonised coal in Nujol ' - - 1600 s

Browp 1955

The spectrum of Carbolac I mulled in Nujol (a straight-
chain paraffin oil) shows a strong peak at 1597 cm_l and a
 weak peak at 1766 cm_l, but these peaks are absent in the

spectrum of graphitised Black Pearls 2. The intensity of
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the peaks ig.;imited'by the massive'Nujol‘signal, but
because Carbolac I is a very fine powder, it was found to be
unnecessary to dispefse the powder in>Nﬁjol, an adequate
spectrum being obtained with just the free powder smeared
between the ﬁotassium bromide windows. In this free powder
épectrum the two peaks found with the mulled sample again
occurred but with a shift in frequency. This shift proved
to be genuine on repeating the spectra with fresh samples.
To see if this effect was specifgc for a Nujol mull a
further sample was mulled in Fluorolube (Nujol that has been
completelz_fiuorinated) and no shifts were observed, the

spectrum comparing well with that for the free powder.

4,2 Adsorption isotherms

4,2.1 Nitrogen isotherms on Carbolac I

Figure 4,2 shows the nitrogen adsorption isotherm at
77.% °K (liquid nitrogen boiling point) after out-gassing
the 0.5 g Carbolac I chippings Sample to constant weight
(run 1). The isotherm was repeated (run 2) after the ammonia
adsorption experiments to sée if any change had occurred.
The slight difference in up-take was probably due to
temperature fluctuations. B.E.T. plots using the o form
of the B.E.T. equation (see Young and Crowell (1962), pp 190
and 231) are shown in figure 4.3. Both isotherms formed
identical B.E.T. plots and the surface area A, and the
monolayer capacity v was calculated from the initial
linear portion of the graphs. Values obtained were

A = 960 n® g-l v, = 220 cc at N.T.P, g

A thickness, or 't', plot using de Boer 't' values

1

(de Boer et al 1964) is shown in figure 4.4 and is similar

to the curve obtained by de Boer (1965), The surface area

“:85"



4.2.1. Figure 4.2 . . . . g6
°c |

o

Kitrozen on Carbolac I Isotherm at 77.4

SN B
i

..,f-ll,wllo\!mi )
B

cm 1y

essure 1n

Pr



.

Ll
L .
no

-

—

Figure 4.3

e

‘B.3.T. Plotb Kitrogen on Carvolac I at 77.4 Og

87



‘4.2,1 - Pigure 4.4 . o - 88

'$! plot Nitrozen on Carbolac I at 77.4 K
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was calculated from the initial slope according to de Boer's

" method"

e
n

15.47(av/d't) | - ha
= 975 m g™t

Isotherms for nitrogen at - 40 °¢ and 0 °C are shown

in figure 4.5, Even at O °C the isotherm is slightly curved.

4,2.2 Hydrggen and Deuterium Isotherms on Carbolac I

The isotherms for hydrogen and deutefium adsorbed on
to Carboléc I at 25, 0.0, - 20, - 4O °¢ are shown in figures'
4.6 and 4.7. For these isotherms Clint's ~ 9 g sample of
chippings was used. An additional isotherm for hydrogen
which was run at - 27 °c by mistake is also included. The
isotherms for the two gases at liguid oxygen (90.2 °K) and
liéuid nitrogen (77.4 °K) boiling péint using the ~ 0.5 g
sample of chippings prepared by the author is shown in
figure 4.8. Between - 40 and 25 °C both gases obeyed
Henry's law of adsorption and within the limits of the
exﬁeriﬁent had identicgl uptakes. The Henry law constant

k is defined as

.S .
ks = excess No. of molecules per cm2 of surface
' No. of molecules per cm3 of gas phase
= v. 76717 Che
‘P 273%3.2 A

where P is the pressure in cm Hg, v the uptake in cc at
N.T.P. per g, T is the temperature in °k, and A is the
»surfacé area of the adsorbent in cm2 g‘l. The values
qbtained for ks over the temperatﬁre range studied for the
two gases are listed in table 4.6.

Plots of-loglo(v/P):and logloks against 1/T for both-

gases are shown in figures 4.9 and 4.10 together with the
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4,2.2 . . Figure 4.7
Deutarium on Carbolac I Isotheyms
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‘Hydrogen & Deuterium on Carbolac I Isotherms
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2.5 on Garbolac I betwsen 77.4 & 90.2

T e B N S SO S

- Latent Heat o
. R

v ce @ NTP / g



4.2.2' '#.203 ) V j ‘ ’ ) . 97

. Table 4.6 >§5 values for Hydrogen and Deuterium _

T in % k_ H, x 108 k Dé x 10°
25 5.69 5.68
o  7.03 7.11

- 20 8.74 8.92

- 27.4 9.57 -

- 40 11.17 11.26

values obtained by Clint for hydrogen on the same sampie at
higher temperatures. Applying equations 2.70 and 2.71 from
section 2.2.2, the following values for the heat and energy

of adsorption were obtained.

"M H, (Author) 1950 cal. mole ™+
H, (Clint) , 2100 cal. mole™t
D, (Author) 1950 cal. mole™t
AED  ° H, (Author). 1430 cal. mole ™t
H, (Clint) . 1430 cal. mole *
D, (Author) - 1430 cal. mole™t

The snall diffpfeﬂce between the vaiues for UARY
6btained by Clint and those reported here is propably due
to experimental error in the choice of slope.

The isosteric heats at higher coverages were calculated
for both gases from the isotherms at liquid nitrogen and
liquid oxygen temperatures using equation 2.77 and are shown

plotted against coverage in figure 4.11.

4,2.% Ammonia Isotherms on Carbolac I

Adsorption isotherms for ammonia on the 0.5 g sample of

Carbolac I chips were measured in the»following.order:-



4.2,3

Run Number = .1 2 3 b 5 6 7
Temperature 0.0 -40 -30 -20 -10 .0.0 =-50.°C

The graphs of numbers 2 to 7 are shdwn in figure k.12,

In order to retain clarity in the diagram only the adsorption‘
branches are shown except for the - 50 oC isotﬁerm, where there
was a large hysteresis 1oop.' At high relative pressﬁres the
system was very sensitive to small temperature fluctuations
with a corresponding large variation in pressure; at - 40 °%
the high relative pressure region was just within the limit

of the ménometer, but due to the temperature fluctuations
‘ammonia gas was lost to the vacuum limb, and so no desorption
branch was measured at this temperature.

Figure 4.13 illustrates the sorptionfdesorptiod branches
of the isotherm at - 10 °C and tﬁe-difference betweenvthe_
initial adsorption isotherm at 0 °C (run 1) and the adsorption
isotherm at 0 °C (run- 6) after aasorbing at iower temperatures
and out-gassing at 200 °¢ vetween each run.

| The hysteresis loop did not close for any of the isotherms,
"and a re-adéorption re-desorption run at - 10 °C scanned across
the loop‘back onto the adsofption and desorption branches.

Linear plots of logio P versus 1/T at constant coverage
were obtained using the values for rums 2, 3, 4, 5, and 6.
Using these graphs together with equation 2.76 the isosteric
heats were calculated for different coverages and are shown
in figure 4.1%4. , ' P

From the adsorption isotherms the integral I = jg(v/P).dP
was computed and is shown plotted against pressure in
figure 4.15. These graphs were used to calculate the spreading
pressure (¢ = R,T.I), and hence the molar heat of adsorption
. at constant séEZQAing pressure aB. The graph of AH versus g

is shown in figure 4.16. -
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4.3 SINGLE GAS FLOW.

- 4.3,1 Helium flow through Graphon

Helium permeation through Graphon was investigatéd over
the temperature_range 200 to - 196 OC; The time-lag was 1e$s
than a minute aﬁd so only the steady state flow was measured.

. In order to differentiate between small significant variations
of permeability with temperature and experimental random error,
a sét of five experiments were run per temperature covering a

_pressure range at the infgoing side of 5 to 60 cm Hg. So as
not to be ovérwhelﬁed by excessive computation the measurezents
were standardised to ten readings per run, and propeséed'by
computer.

The.Graphon plug was initially out-gassed at 200 °c for
24 hours once the pressure had béen-reduced to 1 x lO_'6 cm Hg.
Prior to each set of experiments’the plug. was out-gassed
overnight at the temperaturé of the experimeﬁts to be performed.

For a given temperature the first experiment of the set
was run at-an in»going'side_pressure of around 5 cm Hg, and
the change of out-going side pressure followed with time. At

the end of the run the in-going side pressure was increased
and the out-going side quickly out-gassed by opening it to

the high vacuum pumps and switching over to a new buffer
volume; On closing the tap to the vacuum pumps the apparatus
was ready for the next experiment at the new in-going side
pressure. The values for the in-going side pressure,
temperature, flux, permeability, and the permeability constant

P
K.(M/TP)A, are listed in appendix 4. The flux was defined as

J = Vo s.;AP; 1 : moles/cma/sec L.3
5 T4t TRUT LA -

The total flux in moles cm 2 sec™t

< o
]

f

0gs The volume of the out-going side in cc.
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The slope of the graph of out-going side pressure

AP/Dt =
-1
_ versus . .time in cm Hg sec ™.
Tr = The ambient temperature in °K.
Aé = The cross-sectional area of the membrane in‘cmz.
R . = The gas constant in the appropiate units.

The permeability was defined as :
T .L ) -l

K = zééé_ = 'Vogs.jii. TP_A . %v cm sec L.L
g r c¢
L = The length of the membrane in cm.
Tp,- = The temperature of the membrane in °K. R
P = The pressure at the in-going side in cm Hg.

_ For all the experiments the permeability was invariant
_wifh in-going side pressﬁre, but for the first group of
experiments (sets 1. to 9.) the permeability constant was
found to vary with temperature, this is shown in figure.4.17
as curve (a) which is a graph of K. (M/T ) versus TP. Each
. point represents the mean value for the set of experiments
for the given temperature. Although each set of experiments
was performed within a day, a period of anything between 1 to
7 days would lapse between each set. To see if curve (a) was
reproducible a further group of experiments were performed
(sets 10, to 13.),'selecting the intermediate temperatures of
curve (a). The results formed curve (b) which while starting at
curve (a), flattens off much sooner with rising temperature.
A period of two months then lawpsed durihg which time the plug
wes stored under vacuum, open to the mercury gauges, but
'Aisolated from the vacuum punps. The experiments at 100 °c
were then repeated having out-gassed the plug at room

temperature to a pressure of less than 1 x 10’6 cm Hg.

The result (set 14.) fell well below curves (a) and (b). The
experiment was repeated using a new sample of helium (set 15.),

but only marginal improvement was obtained., The plug was then
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out-gassed ét.ZOO °c for 72 hours at a pressure of less than
-1 X 10“6 cn Hg, and the experiments at 100 OC repeated. The
result (set 16.) brought the value for K. (M/T )% to within
2% of the value at O C and 0.5% of the value at 200 C. So
results 5., 13. to 16. form a vertical line, curve (c). It
was now noticeable that small droplets of mercury had collected
on the glassrsurface just above the plug assembly. This
mércury~had probably travelled from tﬁe gauges and condensed
onto the plug at temperatures below 100 °c over a peribd of
nonths, and it only evaporated away from the plug when the
plug was heated to 200 °c. Consequently curves (a), (b) and (c)
may be due to the following causes.,
(i) The effect is real and due to surface flow.
(ii) The effect is due to slow sorption of mercury below
100 °c causing a drop in permeability, above.loo ?C
-the nercury siowly desorbs causing a rise in permeability.
(iii) The effect is due to a characteristic baked into the
| vpldg-aéQZOO'OC'Which increases the value for the
- permeability. The characteristic gradually falls away
with time causing a drop in permeability, but starts to
be rejuvenated when the plug is heated above 100 °c.

The discovery of curve (c¢), where at constant temperature

107

1/ -
K'.(M/Tp)/2 has a greater degree of variation than-curve (a), suggests

that the variation of K.(M/TP)% with temperature found with
curve (a) is not real, but is due to either mercury sorption or
variations in the geométry of the plug. Accordingly a further
" group of experiments were performed (sets 17. to 36.) in which
much greater attention was paid tc the out-gassing conditions,
storage, and run order of the experiments. The plug waé heated
to 300 OC and out-gassed for 24 hours once the pressure had
fallen to 1 x 10-6 cm Hg, Then starting at 300 °C sets of

five experiments per temperature were run day after day
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without break, droppihg the temperature in 25.ocrsteps andi
out-gassing the plug erernight at the new temperature until
200 °C was reached (sets 17. to 21;). A period of one

month then lapsed during which time the plug was isolated from
the rest of the apparatus. The plug was then reheated to 200 °c
and the experiments continued as before with temperature steps
of 25 °C as far as 0 % (serts 22. to 30.). The experiments
at - 25 and - 50 °Cc were runAthe-next day (sets 31. and 32.),
and the following day the experiments at - 75 and - 110 °C
(sets 33. and 34.). The plug was then heated to lOO_OC end
out-gassed over-night to remove any sorbed mercury, and -the
following day the experiments at ligquid oxygen and liquid
nitroéen temperatures were performed (sets 35. and 36.).

The results form curve (d) in_figure 4,17. Within each set
the permeabilities are remarkably cons;etant to pa Q.5%, while-
each drop in temperature of 25.00 causes a change in permeability
of - 3%. Over the temperature range 300 to - 196 °c the
permeability constant K. (M/T )/é only changes by Bﬁ,

decreasing with temperature. The result at - 110 °C may

have a slight error either due to sorbed mercury or incorrect
measurement of temﬁerature. The temperature in this region
was measured with a carbon dioxide vapour pressure thermometer
which tends to become inaccurate at - 110 °. A difference
of only 3 °C is needed to bring the point back into line with
the other results. A final set of experlments was performed
(set 37.) at 0 °C after surrounding the plug assembly with
liquid nitrogen for ten days. This treatment does not

appear to have caused any change in the permeability.

4,.3,2 Helium flow through Carbolac I

' The helium permeability at O °C through the Carbolac I
menbrane was regularly measured through-out the course of
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the résearéh The results (see anpendlx 5) subgest that
a number of irreversible changes occurred within the membrane
over a period of three years causing a slow, irregular drop
of about 10% in the permeability. Pope (1961), who used a
similar membrane, observed an analogous variation. As a
comparison the inifial-pefmeébility for the present membrané
has 5een-multiplied by a factor of 3.312 to make it equivalent
to Pope's initial value; then the rest of the results were
similarly multiplied by the same factor and plotted i
schematically with Pope's results in figure 4.18. The
fluctuatiqps are.similar to Pope's and are most marked after
very heavy adsorption at the in- going face of the membrane.

A set of helium experlments vere aTSo run at - 40 C
and the permeability constant K. (M/T ) compares well with

the value for the O C runs.

4,3,3 Single gas flow of Hydrogen, Deuterium and

Nitrogen throush Carbolac I at - 40 °C

The results for the steady state flow experiments for
these gases are lisfed in appendix S. The boundary
conditions for éll the'experiments were .
C = C, Cox = 0 for all time
C = 0 : b'q = L for all time
- The total flux J was calculated from equation 4.3, All
three gases possessed a émall element of surface flow, so the
gas phase flux was calculated from the corres?onding helium
flux for the given temperature and pressure by equation 4.5:
3= JHe.(MHe/M)%_ B © ks

“and the surface flux by subtraction
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Two permeabilities were defined, the first

K = J.L E N 2

expresseﬂthe standard flux for a standard gas-phaser A
concentration drop, and follows the previous definitions of
Ash, Baker and Barrer (1967), and equation k.k. The second
definition was . ‘ o .
K, =:  JiL , -
C. AC 4.8

This definition expresses the standard flux for the total

concentration drop across the membrane, and from the\discussion
in section 2.1.8 would be expected to become a function of
total concentration at the in-going side once the adsorption
~isotherm was outside the Hénry law region. The results are
presented in graphical form in figﬁres 4,19 to 4.24. These

graphs show the variation of

J v Cg for He, Hz; DE"¥2° - Figure 4.19
Jd v - C for H,, D,, . Figure 4.20
J v C - for N,. Figure 4.21
XK v cg for He, H,, D,y N,e Figure L4.22
KC v C for HZ’ D, . Figure 4.23
K., v. © for N,. Figure 4.24

" A period of six months lapsed between the first and
second set of hydrogen experiments. The difference between

the values for the fluxes and permeabilities is similar to the
fluctuations found for helium. Set 1. was obtained just before
.thc‘ammonia—hydrogen mixture experiments and lies between

sets 4. and 5. for helium. Set 2. was obtained just before _
the deuterium experiments and follows the helium run set 7. .
Set 2. of the hydrogen runs was used in graphs 4.19 to 4.24,
The time-lag to achieve the steady state was less than

a minute for hydrogen and deuterium, so ten readings were



4.3.3 .. Figure-4.19 - .- o 112

J v Cég for Helium, Hydrogen, Deutsrium, and

20 ¢

10

Cu x 10° moles/ce of wvorous media



10

4.3.3 ~ Figure 4.

N

0
J v _ C for Hydrozen and Deuterium through

Iat - 20

R IS AT DA S S

B 7 DR

i =

o~
o .
£ x 10 moles/cc of porous medisg

113



'4{3'3 . : o Figure 4.21 - R . 114

J v ¢ for Kitrosen through Carbolac I at - 40 C

e v e t—““*“

[ ,ml..;_...____._...

!

B L S,

e p——

lés/”ﬁZ/sec““

e do 2

400 aCl

¢ x 10° moles/cec of porous redia



4.3.3 : Figure 4,22 115
.G, for Helium, Hvdrogen, Deuberium, 2nd
throush Carbolac I at - 40 %C | '

K v

" Kitrozen

[ S,

w




116

Figure 4.25
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. taken at five minute intervals for each experiment. The
time-lag for nitrogen was about half an hour in the Jow
pressure region, so initially the time interval between

readings was. lengthened to half an hour.

4.3.4 Single gas flow of Ammonia through Carbolac I

‘ Permeation experiments for ammonia were performed at
0, - 20, - 30, < 40, and - 50 °C; the results are listed in
appendix 6. The timé-lags were measured for the 0 °C

experiments using the bound;}y conditions

. G = o at x = 0. for t = 0
C = Co at p'e = ¢ for t ) 0
¢ = 0 at X = L for all t

waever because thé time-lag was so 1arge'and tends to increase
at lower temperatures, only steady state fluxes were measured
for the other températures. -Even so since each flux should be
measured for six to eight times the time-lag each set of
7 experiments would last two to three weeks. k

The flux was dominated by the surface flui, and
although the gas phase flux Jg could be éalculated from the
helium experiments the actual gas phase flux was probably
much reduced by paftial blockage of the membrane by the
adsorbed phase. Figures 4.25 to 4.28 illusﬁrate the following

variations of flux and permeability with concentration:

J =Joov G, .(= 5C§ = P.E./R.T) Figure 4.25
J £‘=',JS v C = Cs . ~ Figure 4.26
X v Cg | .~ Figure 4.27
K v C ‘ Figure 4.28

The most remarkable feature of these graphs is the drop
in flux above an in-going side surface concentration of
2.0 x lO-2 moles per cc of porous media. This drop has not

‘been observed before.
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Figure 4.27
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4 4 BINARY GAS FLO“I

L.y, 1 Flow of Ammonla-Hellum, Ammonla—Hxﬁrogen and

A Ammonla—Nltrgggn gas mixtures through Carbolac I

The pressures, fluxes; concentrations, and permeabilities
for the total mixture and for each gas in the mixture are listed.
in appendix 7 for the three mixtures. Two sets of fluxes
were calculated for the ammonia mixtures: (a) Jg and J_ where
Jg was calcylated from the single gas helium results. This
would over-estimate the gas phase flux if blockage occurred.
(b):3é and & where 3% was calculated from the ammonia-helium
results, This would automatically compensate for blockage at
the in-going face of the membrane, but would not include any
contribution to the gas phase from flux interconversion along
thellength of the plug. The definitions of section 4.3.3 |
were used in calculatlng the permeabllltles K and KC ’

In general for each set of exnerlments the pressure at
the in-going face for the_non— or weakly sorbing gas was held
constant while the pressure of the aszmonia, initially at a
low value, was increased from run to run by dosing the
in-going side with ammonia from the Toepler pump. In the
fifst run of each set it was possible to measure the
transient state fluxes. The ammonia time-lag was usually
over 30 hours, and initially only helium which had a time-lag
of less than a ﬁinute would permeate through the plug at a rate
only slightly less than that of the single gas value.

This initial helium flux is recorded as the .0 run of each

set. After about two hours the helium flux would begin to
drop, although no ammonia would be detected until the limit

of the ammonia time-lag was almost reached, This behaviour

of the ammonia is similar to the break-through time, tl’
discussed by Barre: (1954). Anart from this initial flux of

each set no other transient state measurements were taken.
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for Ammonia through Carbolzc I @ - 40_00
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- Bach set of éineriments would»require cohtinuous runnihv
" of the apparatus for several weeks, and so there was a
corre8pond1ngly high probablllty of premature curtailment
of each set due to thermal strain relief cracks in the glass,
ieaking taps, or failure of the electricity or water services,
before the run using the highest possible ammonia pressure
was reacﬁed. Consequently the ammonia-helium set at - 40,°c
only proceeded as far as the point of maximum flux in the
single gas ammonia experiments. However, it was possible to
extend the ammonia—hydrogen.énd ammonia-nitrogen sets past
this point. '
The amﬁonla fluxes for the three mixtures and the single
gas are recorded in figures 4.29 and b, 30 as functions of
the pressure of ammonia at the 1n3g01ng side. The most
significant feature.was the monotonic increase in ammonia
flux past the point of maximum flux observed in the single

gas experiments.

4.4.2 Flow of Nitrogen-Hydrogen gas mixtures through
Carbolac I

The nitrogen-hydrogen mixture experiments yielded a very

satisfactory set of results considering the novelty of the
method. The complete set of experiments was split into two
parts. In the first (Nos. 1.1 to 1.7) the nitrogen pressure
at the in-going side was kept constant while the in-going side
hydrogen pressure was varied from run to run. In. the second
-.part (Nos. 1.8 to 1.14) the roles of the two gases were
reversed. The analysis gauge was operated with pure nitrbgen
surrounding the standard thermistor at 5 cm Hg pressure and

25 °¢ temperature. - Since the gauge had a non-linear response
with gés composition a calibration graph was drawn up so that

percentage composition could be read directly from the

126
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" calibration curve. The gauge resistance varied from’l70052

| for pure nitrogen to 1450 R for pure hydrogen.’ Thertime-lag'
for hydrogen was less than a minute but forvnitrogen could be
as long as 30 minutes, so the period of the experiments was
accoraingly’lengthened in order to measure only steady state
flow.‘ It was possible to standardise the method thus allowing
the rather excessive computations to be carried out by
.computer. The program is given in appendix 7 and could

' serve as the master program for future single or mixed flow
work. The computer will pfocess the results regardless of

fhe correctness of the in-put data, and to guard against
mis-read or mis-punched data being used in the flux and -
permeability calculations the out-put was programmed.to'includé‘
the out-going side pressure and time values which could be o
Plotted as a check on the condition of steady state flow and
the correctness of the in-put data., The major error lay in
analysing the in-going side only once per run, and it vould
seem preferable in future to include a continuous analysis

unit such as a thermal conductivity gauge in the in-going

side circulation system,



5.1.1, 5.1.2

- CHAPTER. 5 DISCUSSION OF RESULTS =

5.1 THE PORQUS MEDIA
5.1.1 Manufacture

Although the basic material used for the porous media

was carbon, the diffusion ekperiments of section 4.2 indicated
that the physicai structure of the powder and the chemical
v:nature of the surface exercised a certain degree of control
over the flow of fluids through the membrane. Therefore it
seems lmportant fo have as full an understanding as possible
about the .nature of the material used for preparing the membrane.
The 'Channel! blacks used in thiS»preSent work were
manufactured by burning under-ventilated natural gas from a
lava tip burner énd allowing the flame to impinge onto a slowly
reciprocating steel channel, the deposited carbon being removed
by steel scrappers. The initial chemical and physical
properties of this type of black depend on the composition of
the natural gas, the amount of air admitted, the size and shape
of the flame, and the speed of the moving channel. By
suitable control of these variables the surface area may- be
dltered from 100 to-SOO sq m ver g, and the particle size
from 10 to 30 Qﬁ. At this stage of production the oxjgen content
is in the region of 5%. Carbolac I is then further treated by
partial burning in air between 400 to 500 °C to increase
the oxygen content’to approximately 13%. This after-treatment
also increases the surface area to 950 sq m per g, (as measured
by nitrogen adsorption) producing a very fine pigment of
intense jetness and particle size of 9 mfkby electron-~-microscopy
(Smith 1954, and Cabot Technical Data Sheet for Carbon Blacks).

5el.2 Structure of the Carbon Particle

For oxidised Channel Blacks there is always a discrepancy
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Setﬁeen the value obtained by electron—miéroscopy and thétr
obtained by nitrogen adsorption fofithe surface area and
- particle size, see table L4,4. This is due to the nitrogen
penetrating the internal micro-pores within the individual
particles. ' |

X—ray and electron diffraction shows that the basic
bﬁilding‘block for all Carbon Blacks is a randomly ordered
_stack of 3 to 5 lajer‘planes made up of hexagonal nets of
- carbon atoms, These layer planes are roughly parallel and
about 20 &£ wide and 15 2 high. The'crystallite is termed
*turbostatic' because although the layer planes have no specific
order of stacking the structure is closer to the '
crystalline state than the amorphous or gléssy state, The
crystallites in turn cluster together to form the particles
obsefved'under the electron'microscoye. With the smaller
size particle Carbon Blacks such as the Channel Blacks before
oxidation, the crystalliteé are randonly orientated within’
the particle, as shown diagramgticall& in figure 5.1 a,
but the larger size particle Cérbon Blacks which are-produced
by the Fufnace or Thermal processes have a shell of
.ordered cryétallites'endapsulating a disordered centre (as
shown in figure 5.1 b). Graphitisation of the particles by
heating under vacuum up to 3000 °C causes the inner
crystalliﬁes to migrate to the surface forming a completely
ordered shell (Biscoe and Warren 1942), and if the process
is allowed to go to completion an empty space is left at the
centre, see figure 5.1 ¢ (Hall 1948 and Heckman 1964).

5e1ls3 After-treatment Oxidation

The after-treatment oxidation of a Carbon Black is
controlled by several variables. It is now known that the

ash acts as a catalyst (Snow et al 1959). The nature of
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the ash depends on the feed stoék:and methoé of manufacturé.'
It could contain a mixture of iron, calcium, magnesium, sodium,
silica, or sulphur in different proportions (Smith 1964) .

In géneral the.higher the ash content the lower the fraction
of.carbdn monoxiderformed during burn-off, and the lower the
ash content the higher'therfraction of combined oxygen and

the higher the surface area of the prdduct. The rate of
oxidation has also been found to be proportional to the
hydrogen content (Snow et al 1960). .

Progressive oxidation studies have revealed that the
Carbon Black particles do not oxidise from the outside to the
inside, but that the point of attack is at a randomly
orientated site. For Ca;bolac'I this results in a spongy mass
riddled with miqro-pores'of approximately 10 2 gqiameter. For
the Furnace and Thermal Blacks the oxygen will penetrate the
outer ordered shell’'and burn off the disorderediinteriof
leaving behind a hollow sphere (Kollensky and Walker 1960).

The graphitised blacks, however, have no disorder at the centre
and Harling and Heckman (seé Heckman 1964) have shown that in this
case the oxidation takes place exclusively fronm the outside

inwards.

5.1.4 Chemical nature of the carbon substrate

The chemical nature of the carbon substrate also
- influences the guantity and type of surface oxide. The
substrate is formed by a continuing process of déhydrogenation,

CH,-CH, —-——> HC=CH + 2H

373 2

aromatisation )
| 302H2 —_ '96H6 : )
and polycondensation

0.0

~
>©© +
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aithough.thé-neatﬁess,of the above reactions is ﬁot expected.
to occur in practice (Thorpe et al 1955, Smith et al 1956).

Continuing pyrblysis will remove the édge.hydfogéns
prpbably leaving incomplete valence bonds. These polycondensed.
aromatic rings are Lewis bases and are considered to account
for the high pH of oxide‘frge Carbon Blacks rather than possible
. alkaline ash iﬁpurities, for if an oxidised Channel Black,
whiéh has an acidic ash and in the oxidised form has a pH of 3,
is heated under vacuum to remove all the surface oxide
then the pH will rise fo ~ 10 irresbéctive of the acidic ash
(Studebaker 1957, Wiegand 1937, and this is also demonstrated
in table i.4). N '

The electron donor properties of the Lewis base will be
nost ﬁrdnounced in the small ring Carbon Blacks i.e. the
Channel Blacks, because increased polycondensation tends to
change the aromatic bonds into olefinic -bonds and addition
reactions will then become predouminant (Badger 1954).

Differences in ring size between various Carbon Blacks
are clearly demonstrated by Electron Spin Resonance ‘
Spectroscopy. In general the g value (which is a measure of
the break down of the coupling of the orbital and electronic
spin momenta of the electrons within the solid) remains near
the vgiue fof a localised free electron with Channel Blacks.
This is particularly true for Carbolac I, indicating that the
~crystallites in Channel Blacks are composed of small |
polycﬁndensed layers turbostaticélly stacked. Increased
polycondensation and crystallinity dﬁe to variations in the
method of manufacture or by graphitisation, will allow the
free electron to delocalise causing a rise in the g value up
to the limiting value for an ideal fine grained polyéryétalline

graphite. This rise was reported by Arnold (1967).
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SeleS The surface oxide

Becausé the radical nature and quantity of the surface
oxide is so dependent on the method of production,kthe
foliowing discussion will be limited to the surface oxide
on Carbolac I. Even her¢ our knowledge is far from complete
- and interpretation opeﬁ tbtdebate. _ _

Reported percentage ultimate analyses for Cérbolac I

vary as may be seen from table 5.1

Table S.l Ultimate analysis of Carbolac I

o (a) ()
-Carbon % ' 85.81 -
Hydrogen % ,' o 1.46 0.56
Oxygen direct % o '_ 9.84 -
Oxygen by subtraction % 12.58 11.63

(Excluding water)
(a) de Bruin et al (1964), (b) Studebaker (1956), (1957)
and (1963)

Due to the method of manufacture we may consider that
most of the oxygen and hydrogen is at the surface. Anderson
et al (1952) examined this surface complex of the very similar
Channel Black known as Black Pearls I, by decomposition under

vacuum, the results are listed in table 5.2

From the table we may conclude that the complex is
chemically bonded to the surface, and that only water and the
Physically adsorbed gases are removed under normal out-gassing
conditions (200 °C).

To estimate the stoichiometry of the complex we may
consider the carbon to lie on the surface of a cubic box the
outside total surface area being 950 sq m'g"l{ The carbon

layer is made up from carbon atoms each of which occupies

135
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Table 5.2. Products from the thermal decomposition of

Black Pearls I

Temperature cc of gas at N.T.P. evolved per g

o]
range C 7
| - - co co, H,0
300 - 600 0.32 25.9 4,88  3.35
600 - 900 S.42  78.40 3.60 0.15
900 - 1200 - 20.6 1.95 0.05 = 0.05

Total volatile content is s 16% (Cabot data sheet)

a cube of-side 'd' and solid density 2.12 g cc'~'l since this is

. the absolute density of Carbolac I (Barrer and Strachan 1955).

Therefore v
Volume of each atomic cube is d3
Side of each atomic éube is » a

Side of box is

No. of atoms per side of box
covered with a mole of carbon

No. of atoms per area of box
covered with a mole of carbon

v

1

12 ce .
2.12 x N '
332 " cm
Vz2 12 x ©

8

2.13 x 107" ecm

,FEQ_E_lé m/mole
6 ‘ .

4359,0

" cm/mole

4359.0

2.13 x 10~
2.045 x 10
(2.045 x 10
2.5 x 10

8

11

11)2 % 6
25

50 the atomic ratio of surface carbon to internal carbon is

2.5 : 3.5

Consequently the percentage surface carbon in Carbolac I is

35.7% and the atomic ratio of surface carbon to hydrogen to

[y

oxygen is _
A
¢ : H

o ¥
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Althéugh'onlyAa qualitative calculation,‘it;does indi¢ate that
most of the surface may be considered as a suffacg oxide complex,
The chemical nature of thejsurfaée oxide is uncertain{

it probably contains a high proportion of acidic groups since

a water élurry of Carbbiéé I has a pH of 3 (Cabot data sheet).
Several workers,‘StudeBaker (1956) (1957) (1963) Anderson (1952)
Rivin (1962) Puri (1964 a b c) (1966 a b) Donnet (1964) Boehm
et al (1964), reported a range of fundtional groups on the surface
from experiments using specific organic analytical techniques.
In interpreting their results théy.had to assume that there

was no interference from other fuhctional groups and that the
surface does not adsorb the reagents irrespective of fhé-surféce
oxide. An alternative method is to use infra-red spectroscopy.
The disadvantages with'thisAmethodqgg the low concentration

of functional groups producing a poor signal to noise rgtio,
e&tensive.scatteriné by the solid, unknown group interactions
dccﬁping, and the presencé of several functional groups in
different ehvironments causing peak broadening. It is thus
difficult to assign any band to a specific type of compound,
although a quantitativeAestimation of the main type of group
present is possible. The following conclusions were drawn

from the infra-red spectra reported in section 4.1.4,

5.1.6 Infra-red spectra of Carbolac I

An unexpected result was the shift in frequency of the
zbsorption peaks on changing from the Kujol mulled to the
'AFluorolube mulled and free powder sample. The energy involved
for each shif£ will be .

AE = h.c.(vl - v,) |
where AE is the energy in calories, h is Planck's constant,
¢ the Qelocity of light, and v the wave number. So applying.

the relevant conversion factors
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- 2.86 x (vy = vé) cals per mole.

3

51 cals per mole for the 1600 en™t band
180 cals per mole for the 1700 cm~t band

]

I

' These shifts are energetically small, and assuming that
the bands are associated with surface groups, they are probably
due to a change of envirbnment'at_the surface by adsorption of
the mulling oil. Such adsorbtion could interfer¢ with the bond
étretching modes resulting in an increase in the reQuired
ehergy and hence observed frequency. Similar shifts have
been observed in the_Spectré for‘resorzinol using crystalline,
melt and slurry samples but the shifts appear to be specific
to certain peaks (Price and Tetlow 1948). The effect is also
a recognised'hazard when comparing the infra-red spectra of
materials adsorbed on a surface using free powder, mulled or:
potassium bromide pressed disc samples (Hair 1967). On this
basis assignment of the bands should be -made from the spectra
‘of the free powdef rather than the spectra of the mulled powder.

The weak absorption peak at 1703 cm™t (free powder) is

in the accépted-region for»the carbonyl group'-ng- of
carboxylic acids (Bellamy page 162), and this would account
for Carbolac I having a pH of 3. Fujii (1967) reached a
 similar conclusion for air oxidised coals whose oxygen content
varied directly with the intensity of the absorption peak
at 1705 cm™t

required for neutralisation. The equivalent band for the

and with the amount of potassium hydroxide

Nujol mulled sample, 1766 cm_l, ié’in a similar position to
that found by Lygin et al (1960) for oxidised Ukta Channel
Black mulled in light petrolatum, 1750 cm-l, and by Garten
et al (1957) for Carbolac I mulled in Nujol, 1760 en™t,
Since these bands lie in the accepted fegion for lactones _
(Bellamy page 179) the above workers have suggested that the

band was due to ¥ or § lactones.
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However tﬁe.position of thelfree'powder band is well outside
the lactone region and s0 thé acid carbonyl grouping is to be
preferred. » '
. Again taking into account the shift when using mulled
'w'sémples, the strong band found at 1579 cmf1 (free powder) is
similar to that found by Garten et al (1957) Lygin et.al (1960)
Brown (1955). It has been variously described as being due
to either~a ¥ diketone or a conjugated aromatic bond.

Conjugate chelation .of )Y diketones is known to lower the
carbonyi stretching frequency to 1600 cm—l (Bellamy 1958,
Fujii 1966). _

0—H---0 \ fo—H---0"
R—-(l}..—.:CR‘—yJ-—-R" A R——g——CR;:(lI-—-R"

and if the conjugation is destroyed by removing the hydrogen
bond with either alkali or diazomethane: |

XOH + CHN, —3 XOCH, + N,
then the peak will -shift to the normal cérbonyl stretching
frequency. This shift has been foundvusing mulled samples
for the spectra and cited as proof of structure, Garten et
al (1957) Lygin et al (1960) Hallum et al (1958). However
the peak for the free powder is well beléw the experiméntal
and theoretically"éxpected frequency for ¥ diketones. 1In
addition diazomethane reacts with any active hydroéén such
as phenolic, carboxylic, aldehydic, and in some cases. alcoholic

(Elucidation of Structures by physical and chemical Means, part

i, volume XI, page 456), and so almost any conjugation associated

with the group responsible for the absorption peak at 1579 cm"l

could be destroyed by diazomethane. The frequency of the free

139
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powder sample is in "the mlddle of the aromatic —C C—
stretchlng band region, Colthrup (1950). Thls band is

normally of only medium intensity but conjugation with a
carbonyl or unsaturated gfoup attached directly to the aromatic
ring turns it into a very prominent band (Bellamy, page 72).
Destruction of the conjugation by diazomethane would cause the
observed reduction in peak intensity and the appearance of a
new -band. Garten etval‘(1957) found that on heating samples of
Carbolac I the band at ~ 1750 cm-l disappeared at 600 °c but
that the'infensity of the band at 1600 cm ™t had not yet
apprec1ably diminished. This may be due to the 1750vcm-1
band belng associated with a removable surface complex, ﬁhlle
the 1600 cm ™+

This argument is further supported from the values for the

band is connected with the carbon substirate.

frequency shifts. The 1700,cm-l bahd shift is energetically
the larger of tHe two possibly because the band is for a

. surface group capable ‘of interaction with the mulling oil,-
whereas the group respon51ble for the 1600 cm -1 is on the
carbon substrate and not so readily accessible for‘interaétions
which cause frequency shifts. The weight of the evidence

suggests that the 1600 cm-l band is from an aromatic —C==C= bond,

5.1.7 Physical nature of the surface

In section 2.1.3 and 4 it was pointed out that the surface
of many porous membranes is broken up by blind pores, cracks,
and crevices, and that the surface flux negotlates these
obstacles by evaporative flights across the 1nterrupt10ns.

An expressicn was obtained for the fraction X of the length
of the membrane for which the flux JS (as measured by the helium
method) had joined the gas phase. N

' D

D - ss o 2.29
58 (1-x)-(J/J X :
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The value of X is a measure of th; degrée of discontinuity of
vthe surface. Equation 2.29 is limited to the Henry law region
of adsorption, and there is not enough data frbmAthe present
work avaiiable for determining X. However Clint (1966)
studied the flow of hydrogen, neon, and argon>in»the Henry

law region of adsorption for a membrane very similar to the

one reported here, the membranes are compared below

Table 5.3 Comparison of Carbolac I membranes

- " Lowson © 7 Clint

Material ‘ : Carbolac I Carbolac I ‘
Out-gassing temp. °C ~ 200 - 200 '
Porosity : 0. 528 0.484

He permeablllty as K. (M/T)% 1. 69 x 10 -k 1.11 x 10-4

-~

Using Clint's results equation 2.29 was solved for trial’

values of X. The results are listed in table 5.4

Table 5.4 Analysis of surface roug hness

Hydrogen ~ Neon Argon
% L 7L AL A . E/oenil A a4 ViR
X DL E* EVAR D! EY¥ EJAE DL, EY E/AE
0.0 + +790 0.55 + +770 0.52 + +1880 0.66
0.1 + +910 0.64  + 4755 0.51 + +1450 0.51
0.2 + +700 0.49 + 4710 0.48 + +1040 0.36

0.3 + +730 0.51 + +680 0.6  + &+ 0 0.0
0.4 + +365 0.25 + +655 0.45 - - -
0.5 + +256 0.18 + 4520 0.35 - - oo
0.6 + = - + +340 vO.23 ' - - -
0.7 + - - + +164 0,11 - - -
0.8 -~ - - + - - - - -
0.9
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The Best fif for X fulfilling'the-conditions‘attached to
equation 2.29 is X 22 0.4. This suggests that the surface is

fairly broken in character.

.. 5.1.8 Pore size distribution

-An accurate description of the size and distribution of
the capillaries within the plug is almost impossible. As a
qﬁalitativé guide we may éstimate the éverage radius from
the value for the hydraulic radius to be 11.5 R‘using equation
2.3 (Emmett and de Witt 1943), but this yields no information
about the pore size distribution. Initially we may say that the
plug was ﬁéde.from 90 £ diameter particles. The smallesf

capillary will be the entrance-to a close packed interstice.

Figure 5.1

This will allow up to 14 &£ wide particles to pass through the
port (the diameter of a nitrogen molécule in the adsorbed
state is 4.3 K, Barret et al 1951). ‘However if fine powder
particles are packed into the interstitiai spaces then there
will be a number of much smaller capillaries (Wise 1952).

. Thus from particle packing considerations alone we. can say
‘that there will be capillaries of radii much greater than
the mean of 11.5 K and also much less than the mean value.
This has not taken into account the internal micro-pores
within the particles that were formed by the éfter—treétment
oxidation. From plots of thickness or 't' of the adsorbed

film against the amount adsorbed, as in figure 4.4, de Boer
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(1964, 1965)‘concluded‘from the nitrogeh adsorptibh>isotherm

‘at liqﬁid nitrogen temperature on the free powder of Carbolac I,

" that the width of these internal micro-poreé varies from

7 to 15 X. 't! plots require the assumption that theiadsofbafe

has the properties of the bulk liquid, but there is now k

.evidence to suggest that for the'pores beloy 18 £ wide thé_bulk

liquid properties of the adsorbate cease to apply (Hérris

'19675. This seems particularly pertinent'tb a7 £ wide hole

| into which only one nitrogen molecule can possibly fit.

Estimations for the capillary radius have been made using the

desorption branch of an isotherm showing hysteresis and the

Kelvin equation v
ln

i

- '2-\-6.\'}.005 ew .' 5.1

P
P - r.R.T

o
where ¥ is-the surface tension and ew the angle of wetting
(Gregg and Sing 1967). However when one considers a meniscus
of molecular-dimensions ‘the meaningvof surface tension énd
angle of wetting, which are macro-scale phenomena, tendsto
disappear (Pierce et al 1943). Finally the particles nay
be crushed during thg preparation of the membrane resulting
in the formation of smaller internal nmicro-pores in the’
membrane -than océur in the free powder. When all these
possible effects are taken into account it is clear that no

exact descripfion of the membrane capillaries is possible.

5¢1.9 Heterogeneity of the nembrane

Any heterogeneity along the length of the membrane
introduces an x_de?endency into the diffusion coefficient D.
This may be evidenced by differences between the experimental
time—lag, L, and the calculated time—lag,ALl, which is
calculated from the steady state flow results assuming D is

a constant or a function of C only. Ash,.Baker_and Barrer (1968)
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considered the case where the heterogeneity is introduced by
the compaction process, the surfaces of each increment being
compressed more than the centre. They showed that for a

membrane fabricated in only one increment there was a

considerable difference between the time-lag Ll calculated -
for D independent of x and the calculated time-lag L! which

assumed that D had the functional form with x of l‘

D = D/ - ('.x/L)(1 - /L)
c< being a coefficient. This function is in accord with the
compaction.process in‘that D is less near X = 0 and x = L
than in éhe middle of the increment. However when the membrane
is prepared by compacting the powder in a series of ‘
increments, then the diffusion coefficient should fafy in a
periodic manner with x, and it was demonstrated that this tended
to minimise the valuye (Li - L)/Li as the number of increments
was increased. It was concluded that the macroscopic
heterogeneity brought about by compaction was effectivel&
smoothed out when at least three similar increments were

used to prepare the membrane.

5.1.10 Summqiy of the discussion on the‘porous media

The porous medium is basically an alkaline carbon the
surface of which is-élmost completely covered by an acidic
oxide. The surface is thermally stable up to 200 °C, but
may be susceptible to chemical attack resulting in changes
in the surface flow properties of the membrahe. There is
"a wide range of pores, the pore radii varying from
molecular dimensions to 50 K but the mean being around 12,K
radius. Since the plug was fabricated in three increments
we mayrconsider that on the macro-scale the membrane is

effectively homogeneous along its length.
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5.2 THE ADSORPTION ISOTHERMS

) _ The 'raison d'etre! for the adsorption isotherm measurements
was to allow the total cdncentratiqns to be determined for

the flﬁw experiments, rather than fdrminé a complete study
within themselves. However the méaéureménts do provide
additional information about the porous media; and ‘as discussed
in section 2.1.6 provide an independent check for the correctness

for the formulation of the flow egquations.

5.2.1 The 16w temperature Nitrogen isotherm

' For a material such as Carbolac I the use of the B.E.T.
equation for calculating the surface area from the nitrogen
adsorption isotherm at 1iquid hitfogen temperatures has only
limited validity. The B.E.T. equation was developed for a
geometrically smooth, and energetically homogeneous surface,
énd from the previous discussion of section 5.1 this is‘
clearly not the case here. Young and Crowell (1962) discussed
the extension of the B.E.T. theory to multilayer adsorption on
heterogeneous surfaces and concluded that since the model
was already inadequate for the homogeneous surface, any
flexibility of the .isotherm equationAbrought about by such
extensions to the hetefogeneoﬁs surface must be thoﬁght of
as being chiefly due to the use of extra parameters.-'The
exceptionally.high surface area of Carbolac I is probably
due to adsorption in the micropores, which will tend to make
the»materialbselective,to different sized’molecules. The
"contribution of the micropore surface area to the total
surface area may be estimated from a f&e Boer thickness' plot.
The thickness of an adsorbed iayer of nitrogen at liqui&v.

nitrogen temperature is obtained from equation 5.2

A = 3.54'(v/vm) | | 5.2

where 't' is the thickness of the adsorbed layer in S, v the
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_amount adsorbed in cec at N.T.P. g;l, vm the monolayer

-capacity alsc<in cc at N.T.P. g-l and 3.45 is a npmerical
constant which includes tﬁe value for the effective adsorbing
area.of'the nitrogen molecule.‘ In a series of papersvde Boer

et al (1964 a b, 1965 a b ¢, 1966) showed that for several
well-selected samples of alﬁminiumyhydroxides and oxides, and
graphitised carbons, which had no micropore characteristics, the -
mﬁlti-molecular,layer of adsorbed nitfogen was freely formed on
all parts‘of the surface and-the statistical thickness was.
practically independent of the nature of the sample., . This

resul ted in the flct of 't; versus P/Po forming a universal

curve for all the adsorbents which contained no micropores.
However for the microporous adsorbents the nitrogen‘would _
adsorb on to the adsorbent’eccording to equation 5.2 and in the
procese £i11 up the micropores. Once the micropores were full the
effective adsorbing’area was reduced to that of the external ‘
surface cf the ‘adsorbent with a corresponding drop in the
monoleyer capacity A _If the thickness 't' is determined

from the univeérsal curve, then a plot of v versus 't' will

show a break and change of elope at the point at which

the micropcres become saturated withkadsorbate. Shafp

breaks in the graph have been fcund for samples of boehmite

which have clearly defined narrow distributions of micropore
dimensions. The slope of the ;t' plot will be vm/3,54, and this'
allows us to calculate the surface area before and after filling
the micropores. The 't' plot for Carbolac I, figure 4.k, was
;;curved._ This indicates that there is a fairly wide distribution

of micropore sizes., The total surface area A, was calculated

t
from the initial slope, and it compares very favourably with

the value, A, found from the B.E.T. equation, see table 5.5.

The final slope yielded a value, Af, for the surface area of

LLo sq m g-?. de Boer measured the nitrogen isothernm on free
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Table 5.5: Surface areas of Carbolac I in sqmg.

A At Af Aw Aem An

960 975 Lhko 280 264 680
powder Carbolac I up to much hlgher relatlve pressures and
obtained a value for the final surface area, A , of
280 sq m g 1. This value compares favourably w1th the
geometrical surface area calculated from the measurement
- of particle diameters with the electron microscope, Aem’
and it appears that the remaining surface area represents
only the external surface of the carbon partlcles. From
table 5.5,- and using de Boer's value for the external surface

area, the surface area of the micropores is given by

n - ' w

A = - A -~ A ) . 5.3
680 Bqgnmg -1 ' '

' so:the micropores make the greater contrlbutlon to the
total surface_aree. '

de Eeer calculated'the volu@e Vﬁ of a micropore of
surface area Al that is = filled at the statistical thickness
t! as ‘ .
| v = AL o 5.4
To calculate the volume of the mlcropores of Carbolac I the
range of micropore radii was divided into 1 2 steps. The ’
surface area was then obtained from the slope of the 't' plot
for each value of theAradius, and the corresponding micropore
volume calculated using equation>5 L, The total volume was
Aobtalned by summing over the complete range of radii. Sinee
.the calculation was not considered to be exact and the ‘t' plot
was a fairly smooth curve, se the surface area for each radius
step was simply taken as the corresponding step for fhe change
in surface afea from total surface to external surface. The

results are listed in table 5.6
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‘Table 5.6 Micrqpbre volume of Carbolac I

LA B A
inR sqm g’l sq m g ~ cc gfl x 10°
0 -3 960 0 o]

3 860 100 3

L 760 100 &

5 660 100 5

6 560 100 6

7 460 100 7
8 360 100 8

~ .9 260 . 100 9.
ZVL To= 0.42 cc g_l

The density of the membrane is 1.0 g cc ¥ so the void volume is
- 0.528 cc g-l of poreus media, comparing this value with the
value for the volume of the micropores it appears that most

of theivoid volune is_aséociated with the internal micropores.
The value for XVh'is probably higber than the true.value

for two reasons. The first is concerned with the geometry

of a micrdﬁore. Equation 5.4 is effebtiﬁely treating the
micropore as a rolied up sheet of thickness 't'. The volume

of the shéet'is calulated with the sheet laid out flat since

1£' is a statistical thickness'célculated_for a flat surface.

hkw it is assumed that when the sheet is rolled up no deformation

occurs to the inside*surface. This is certainly not true for
. pores of radii below r\/B times the thickness of the sheet, the
'cirpumference of the inner surface being very much smaller than
the circumfefence ofjthe outer surface. This is diagramatically
illustrated in figure 5.2.

Figure 5.2

A filled micropore of molecular dimensions

comparing the inner and outer circumferences

148
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The second source of error is in the choice of the value
for the adsorbing area of the nitrogen moleculé. de Boéf
assuned that the‘adsorbate had a closeé'packed structure on
the surface, this leads to a value of 16.27 22 for the
adsorbing érea of nitrogen. However this figure was arrived
gizfrom macroscopic measurements divided by the Avogadro
nﬁmber. The result is‘perfectly acceptable for nitrogen
édsorbing on to a smooth flat surface where it will act as a
liquid with macroscopic iiquid properties. But macroscopic
measurements do not‘necessarily apply to mibroscopic.
dimensions. This is particularly true for molecular packing
in micropS}es because wh?le factors due to bad packing at
the walls of a macroscopic box are negligibly small when
calculating the volume of a close packed system in a macroscopic
box, distdrted packing may be the predominant form in a
microscopic box. Under these conditions the physical vélue
of a statistical thickness is lost.

A nore defailed analysis of the packing within micropores
produced Some surprising results which do not apply.to flat
surfaces. The problem was simplified to the two dimensional
~ case of packing spherical molecules into circular capillaries
as shown in figure 5.3; The adsorbing molecule of radius a
lies against fhe wall'df a micropore capillary of radius r.
However the molecule effectively occupies ‘the truncated
segment w,x,y,z which forms part of a ring of outer radius r
and inner radius (r - 2a). This ring represents the monolayer
'_so the number of molecules in the monolayer is 7

Area of ring
Area of truncated segnment

The area of the ring is = Wore - T(r - 2.a)2
._ T (k.r.a - b.oa®)
Area of truncated segment = 202, e - 2. M (r - 2.a)2. (o4

360 360
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. Area‘of'truncated segment = 2,7, of, (4.r.ar- L, a) | : 5.6
S 360 . | o

Tan ©C = a o E 5;7
Number of molecules = 180 . 5.8

in 1 : -1 2
an ayer . Pan [V(ra _ o.r a)\

ocwas expressed in terms of tangent because Tan-%x is the
“only inverée angle function readily available in computer
processing. ‘

| The number of moleéulgs in the second layer will be
found by replacing r by (r - 2.2) in equation 5.8, and so on
for each ;ﬁccessive layer until (r - n.a) {0 . Using equatioh
5.8 a computer program was written to calculate the number of
molecules in each layer, the degree of filling in terms of the
fractional monolayer capacity 8, and the total nunber of molecules
in the full micropore. The mlcropore diameter was ranged from
4 to 50 Rinn g steps, and the molecular diameter from _
2 to 5 A in 0,2 A steps. .The program is given in appendix 1,
togethér with the results for a molecular diameter.gf 3.4 £,
This is the diametef,of'an ammonia molecule, Pauling (1960)
'page 134, Figufe S.4 is a graph taken from these resulfs»for

8 versus the dlameter of theb?%ia%Pore. The broken curve

standlng proud of the full curve)is the smoothed out average
of the results. The computer program is not a complete analysis
of all possible situations, for instance it does not consider
the example of figure 5,5, however it does indicate that there are
sudden jumps in the range of filled micropores as the fraction
of the monolayer capacity is increased. The position of the
plateaux was surprisingly insensitive to the size of the
mdlecﬁle, the shifts to higher micropore diameters being
'fairly small &s the'moleculér size was increased. The results

do show the marked difference between the capacity of the first
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iFigure 5.5

Example of packing in a micropore capillary

and second layer of a filled miéropore, and it can be readily
verified from a small number of test drawings that a similar
situation arises if the circular micrbbbre is replaced by a
sguare or triangul;r sectioned micropore. Figure 5.5 is also
an example of the lose packing that is more likely to occur
in micropore capillafies. Such packing may appreciably
affect the average)value for the adsorbing area of the

adsorbate molecule,

5.2.2 Room temperature Nitrogen, Hydrogen and Deuterium

adsorption isotherms on Carbolac I

Both the hydrogen and deuterium adsorption isotherms were in
the Henry law range -of adsorption. From section 2.2.2 the limiting

heat of adsorption in the Henry law region was defined as

MAHT = R.1%._d In(v/P) = __OF = - 2.70

- q
st
aT - ,
| l:l - vs/vg]
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To evaluate this limiting heat of adsorptlon for the sllghtly
-curved nltrogen adsorption isotherms, the 1soster1c heat

was calculated for a range of surface coverage as out—llned

in section 2.2.3'and extrapolated back to zero coverage. The
graph of q t»versus.coverage is shown in figure 5.6 together
with the llmltlng value of g st ‘for hydrogen and deuterium.

The slight decrease in At for nitrogen towards lovier coverages
is most likely experimental error and the average value of

545 Kcals/hole was taken as the value for "AH" of nitrogen

at zero coverage. Dacey (1961) studled the adsorption of.
hydrogen and deuterium over the temperature range O to '

- 100 °c Sh Saran charcoal (prepared by sintering polyvinylidene
chloride up to ?SO °C in vacuo; it has a surface area of

~ 600 sq m g_l). As in the present work he found that the
adsorption isotherms were linear, and the uptakes for the

two gases practically identical. Dacey's values for the

heat of adsorption are compared with the author's and

Clint's in table 5.7

Table 5.7 Heats of adsorption as Kcals ver mole

Author =~ Clint . Dacey
Carbolac T Carbolac T Saran
Ne - 2.08 1.65
H2 '» - 1.95 2.10 2435
D2 1.95 - 2.40
Ar - 3.49 - k.90
: CHL+ - _ 7}.48 5.90
N2 5.50 - ' -

The energy for adsorption in the Henry law region was
defined as
2 dlnk

HAREN = — R.T<, s = _ A - 2.71
| [1 - ¥/ vg]
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Isosteric Heats for Nitrogen on Carbolac I
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For nitrogen "AE" was evaluated from equation 2.72

JlAE"» = - (qst)v =0 * | _. R.T : -2.."?2
_ The justification of the use of this equation was out-lined
by Ciint (1966t). Using a mean value of iemperature for the
nitrogen and Dacey's results, the values of "AE" are listed
in table 5.8 together with the values calculated by
Kiselev (1965 a b) for adsorption at an exterior basal plane

" of graphite.

Table 5;6 Energies of adsorption as Kcals per mole

Author Clint Dacey Kiselev
Carbolac I Carbolac I Saran Theoretical
H, 1.43 1.4% 191 1.11
D2 - 1.43 ' - 1.96 1.18
N2 - b.97 - - 2.01

Agreerment is not really expected between the experimentai
and theoretical results for the following reasons.
(i) The quantity experimentally determined is
Aﬁ/(l - Vs/vg). If'we-define the volume of the adsorbe@ phase
as the volume within one molecular diameter o of the surface,
then after some algebraic manipulation the ratioc of the molar

volumes is given by equation 5.9 (Clint 1966)

s = — Om | 5.9
¥ ks + oy,
g

For hydrogen at - 40 °C this term is quite 51gn1flcant y the
value for V /V being 0.118 (¢ = 1.5 x 10 -8 o). This
corrects the author's and Clint's value of WAE" to

1,27 Kcals per mole, _

(ii)  The surfaces of both Carbolac 1 and Saran charcoal

are energetically heterogeneous, so in this region adsorption



will be.fredominantly at the high energy,éites»rather than at
‘the low energy graphite basll face. _

(iii) Much of the adsorptizn will be in the microporés..

de Boef and Custers (1934) showed that as a molecule becomes
more'encapsulated‘by the‘surrounding walls of the'adsorbent
then the energy of interaction increases. In the limifing case
a sorbed molecule in a spherical shell of adsorbent has 8 times
the energy of interaction for a sorbed molecule on a plane
surface. Although this extreme example would not'oécur in

the présent work, a small contribution from enhanced ’
capillary wall interaction is to be expected. .

Sincé Kiselev's theoretical results compare well with the
experimental.results of Constabaris et al (1961) who used a’
graphitised carbon black P33 (2700°) which is considered to
have a homogeneous surface, we may conclude that Carbolac I
has an enhanced heat of adsorption at low coverage due.to
the molar volume of the adsorbate having a significant value,
the surface being energeficallyvheterogeneous, and the

microporous character of the solid.

D«2.3 Low temperature Hydrogen and Deuterium adsorption

isotherms on Carbolac I

The most significant difference between the room temperature
and low temperature adsorption isotherms for these two gases
was the marked increase of deuterium sorption to ﬁydrogen at
77 and 90 %K. This effect was first reported by Barrer and
Rideal (1935) who used a sugar charcoal, and more recently by
Pace and Siebert (1959) for Graphon, Freeman (1960) for sugar
.charcoal SU-60, and Constabaris et al (1961) forlthe graphitised
carbon black P33 (27000). There is also a corresponding higher
value for‘the isosteric heat of deuterium. The difference in g

t
is independent of coverage and lies about the mean value of
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80 cals per‘méle. This change in qét with isbtopid"species
is hard to detect from the room temperature adsorption
isotherms because of the'limited number of experiments. &
slight difference in choice of élope for the graph loglo(v/P)
versus 1/T would easily account for the 80 cals per mole as
exampled by the discrepancy between the author's and Clint's
values for At of hydrogen using the ‘same sample of aasorbent.
A difference of 50 cals per mole was also predlcted from

" Kiselev's theoretical calculations. The difference in

uptake may be explained from several pointé of view,

(1) . Zero_point energy

r ————>
E £ 71
p° D!
v =2
v = 1
v = 0 w‘-———¢.—-.—\{—-
) oo

7T = ¥%.h.¢c.w
Figure 5.7 Potentlal energy curve for a gas

approaching and adsorbing on to a solid

Figure 5.7 illﬁstrates the common potential energy.curve
for hydrogen and deuterium approaching and adsorbing on to a
surface. As the molecule approachés the adsorbed state it
wiil redistribute ifs enefgy according to its new degrees 6f

freedom, and this will include a quantised vibrational state
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_between the molecule and the surface. The zero point energy.

for this vibrational mode is expressed by the usual éQuatioh

B = Jeheocoo = Ye.h. (k/p)” a 5.10

where Ev—o is‘the zero point energy, h is Planck's constant,

c the velocity of light, w is the fundamental vibration
I WOt ARmMbRrA
frequency) k the force constant for the vibrational mode and
is constant between isotopic species, and)L is the reduced mass
of the nuclel associated with the vibrational mode. Assuming

that the gases are adsorbing on to the basal face of graphite

then - Pac = 12 x1 - 12
- | 12+ 13

L= l2 x 2 = 12

Jo-c 12 +2 7

and the marked increasé of the reduced mass of the D-C bond

will cause a decrease in vibrational Zero point energy of that
bond. There is then of necessity an increase in the corresponding
thermél dissociation energy D° since

° = L : . S
D = D Ev:O ~ 5.1

‘.Where D' is the spectroscopic dissociation enérgy. Pace and
Siebert (1959) evaluated the potential energy curve for
hydrogen and deﬁterium adsorbing on to a graphite surface
basing their calculations on Barrer's original approach (1937).

They obtained the following values,

Dt = lOéO cal per mole
for H2 Ev_0 = 200 cal per mole p° = 820 cal per'mole
for D, Bio = 140 cal per mole D° = 880 cal per mole

g0 as found in practice less energy is required to desorb
hydrogen than deuterium. The assumption that adsorption is
occurring on the basal face of gréphite is oniy required for .
the quantitative calculations, it does not affect the

qualitative argument. Irrespective of the depth of the
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potentiél energy curve.whidh will Gary according to adéorntion
.s8ite, there will be a mass effect between 1sotoplc specles. An
1nterest1ng consequence of this approach is that for an
adsorbent containing two or more elements it may be poss1b1e to
detect preferentlal adsorption on a particular element; for

by the mass effect there“will be a change in (q st(H.) - st(D ))
when sorption saturation of a particular element causes the
'adsorptlon to shift to a new element of the adsorbent.

Although such an effect may be occurring on the oxide surface
of Carbolac I, the surface isuunfortunatelyrtoo heterogeneous .
to make any firm conclusions. |

(ii) ortHo-para isomers

An alternative explanation may be found in the

_preferential adsorptionrof either the ortho or para isomers
of the two isotopes. These isomers arise from the nuclear

spin of hydrogen and deuterium. On theoretical gfounds only
certain combinations of molecular rotation and nuclear spin

are allowed (Hefzberg, Spectra of diatomic Molecules, » 133).
This result§ in each molecular rotation having the specific

" nuclear spin listed in table 5.7

Table 5.7 DMNuclear spin states of Hydrogen and Deuteriunm

Hydrogen .

Rotational quantum 0 1 2 3 L 5
number J ' [ . e :
Allowed nuclear spin para jortnoj para ortho Dara ortho
Orientation OV OB BOE IR RO ROV KOO
Deuterium

Allowed nuclear spin |ortho| parajortho| para|ortho! para
Orientation RGN RORUI RGN O O e

In additicn a selection rule forbids the transition J & 1.

160
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t So tran51t10ns from ortho to para spin states cannot occur
lresult:Ln:r in the formatlon of 1somers of dlfferent nuclear
spin.’ ‘These isomers may be identified by their different
thermal and optical properties. Providing conversion can

take place by chemical meané, only para hydrocen aﬁd

ortho deuterium will exist at the absolute zero of
temperature. ‘At higher temperatures and once again
'prbyiding conversion by chemical means can take place there
will be a Boltzman distribution between the rotational states,
each level having a statistical weighting.according to the _
éegeheracy ofvthe.rotational and nudléar spin quantumvnumbers.

| Table 5.8 Ortho-para ratios of hydrogen and deuterium

H, o D,
Temperature °x %ortho Y%para ‘ %ortho  %para
0 | - 100 100 -
774 50 .50 70.3 - 29.7
90.2 | 57,5 k2.5 0 68.6  31.4
room temp. - 75 25 . 66.7 3343

Data taken from Farkas, Light and Heavy Hydrogen (1935)

Conversidn by other than chemical means though not impossible
1s statistically 1mprobab1e. The combined effects of the
,nuclear magnetic moment 1nteract1nc with the magnetic moment
of the rotating molecule, and nuclear interchange by gas
collision have a half-lifetime of 3 years for an ortho-para
transition (Farkas, page 13). ansequehtiy if an equilibrium
mixture is cooled or heated to a new temperature the mixture
will retain its original isomer composition. Conversion of

a non-equilibrium mixture to its equilibrium composition is

possible by several means (Farkas, page 60), and the method of



heterogenedus:éatélysis is Vefy pértinent to the'presenﬁ

work. Ponhoeffer and Harteék (l9é9), and Rummel (1933),

showed-fhat charcoal was an efficient catalyst for ortho-para

conversion at low temperatures but nét at room temperature,

whilst the converse is found for platinum black. For cbn#ersion

oﬁ éharcoals at low temperatures the half-lifetime becomes

independent of pressure above 1 cm Hg and the absolute amount

-of gas converted is proportional to ﬁhe‘isomer conéentration

in the‘adsorbed-layep l
dey
dat

where (8ci/dt) is the rate of reaction, k the rate constant

Keop

.12

and Ct the $nitéal concentration, so the reaction is firét
order, At pressures beldéw 1 cm Hg the half-lifetime decreases
'indicating that initial adsofption occurs on those parts of
the surface that have high catalytic activity. Because the
reaction is first order the conversion involves isolated'
hydrogen molecules,~and rules ocut such reactions as that
between atomic and molecular hydrbgén

H + p-H2 ey 0§H2‘ + H order g
or molecular collision in the liguid or soiid phase

: o’-—H2 + cLHZ —— p»Ha + p-H2 order 2
The conversion most likely occurs under the influence of the
intermolecular forces of the surface, in particular from the
péra-magnetic forces of unsaturated and free valent carbon
atoms. These could perturb the inter-atomic forces enough to
.waive the prohibition on the J 21 transitions. If this is
the'casevthe adsorﬁed state would not be selective to a
particular isomer and so fails to éxplain the difference in
uptake between the two hydrogen isotopes'which have differing

isomer concentrations. However the adsorbed state may be

-y
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considered as a Stable interﬁediaté for the cohveision process.
- Now although,fhe isomers for a particﬁlar isotOperwill have
the Saﬁe intermediate, they do not ﬁecessarily héve thé same
rate of reaction in forming the intermediate i.e. sorbed state.
At equilibrium the rate of adsorption is.equal to the rate of

desorption for both isomers

adsorption desorption

«_HE\ ko, sorbed state\-‘/',kc'r/o"HE
kT T ™Sk!

- el o P~ __

and the total system
rate of adsorption == rate of desorption

- ! ]
ko.ce‘o, + kp.Ce’pH ko,.cslo + .kp.Cs:p_

where k is the rate constant, C the Eoncentration, subscript o
for ortho, subscript p for pars, subscript-e for equilibrium,
. Cs is the concentration of the éorbed state and the rate
constants are primed (') for desorption. Equation 5.13.
rearranges to '

Ce - ko’Ce,o"+ kb.c

(ké, + ké)

' So the amount adsorbed would depend on the concentrations

€40

of the isomers  in the gas phase. )

There seems no a priori reason for choosing one explanation
in .preference to the other. Particularly in the light of
the experiments of Constabaris et al (1961) who examined
the adsorption of %he isotopic pair CHA/CDA' _Here the effect
was the exact opposite of that for the HZ/DE pair, CH, having
a higher uptake than CD#. This is contrary to the predicted
result from zero point energy considerations, and CH# and CDL+
do not have ortho-para isomers, It seems fairly clear that much
more data is required over a fairly wide temperature range
before a definite conclusion can be‘reached as to which

explanation is correct.
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5.2.4 Ammonia adsorption-on Carbolac I .

The ammonia adsorption isotherms on Carbolac I are
unusual in their exceptionally high uptake. This may~be'due
in part to the oxide surface of the adsorbent and in part to
the polar nature of the ammonia molecule. Anderson and |
Emmett (1952) showed that the very large ammonia uptake on
the very similar oxidised channel black Black Pearls I was
‘initially substantially reduced if the oxide surface was
removed by out-gassing the adsorbent at 1200 °C. Similar
results have been found by Holmes and Beebe (1957) and by
Spencer, Amberg and Beebe (1958). So we may conclude that
the high uptake may be attributed to the polarity and capacity
of-ammonia to form a type of cheml-sorbea bond with the surface
complex.

However in the multllayer region the uptazke appears to
be 1ndependent of the nature of the surface of the adsorbent.
This is probably due to. the ammonia now condensing to form a
hydrogen bonded liquid. There is an analogous situation
found with'water sorption on oxidised carbons which have been
out-wassed at different temperatures (Anderson and Emmett 1952,
 Puri 1966 a).

The oxide complex also accounts for the first isotherm at
o % having a higher uptake than the second. The first dose
of ammonia chemieally reacting with the more acidic oxides
of the surface to form either a permanent ammonia'complex on
the surface, or to be removed as ammenium carbonate on out-gassing.
In either case there would be no change in surface ‘area, but
successive ammonia.adsorptions wouldbbe reduced.

' The failure of thevhysteresis loop to close may be due
to a certain amount of the ammonia being irreversibly fixed
'by chemi-sorption, the gas only being completely desorbed on
out-gassing at 200 °C. & sinmilar effect was noted by Puri
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(1966 a ) from his studies of water adsorptlon.

The above dlscu551on indicates that there is a whole
sbectrum of oxides on the surface ~varying from those canable
of chemical reaction, those involved with chemi-sorption, to
those cau51ng enhanced physical adsorption and possibly even
reduced physical adsorptlon.

" The basi¢ explanation for hysteresis is capillary

“condensation in the micropores which act as exits from the

macrépofes (Adamson, Physical Chemistry of Surfaces, page 634).

The condensate in the micropore is considered to prevent the
gas in the macropore from desorbing until the pressure haé
dr0pped'tb’a low_ehough value for the condensate to evaporate
out of the micropore. 1In genefal the'greater the difference
between the size of the macrbpores and micropores then the
wider the hysteresis loop. The loops found in the present
work are very narrow suggeéiing that there is not a very wide
distribution between the macro- and micropores.

The graph of isosteric heat versus coverage’follows the
characteristic curve for adsorption of a polar molécule on an
,energeticaliy heterogeneous‘adsdrbent. Initially the vaiue
of Agy is very high for adsorption at high energy sites
(i.e. ammonia adsorbing on to the acid oxides of the surface).
The value of q st then drops towards the latent heat of
condensation as adsorptlon occurs on the less energetic 51tes.

The molar heat of adsorptlon at constant spreadlng
pressure, Aﬁ, followed a very similar pattern when plotted
against the spreading pressure, ¢, (figure 4.16). Values
for A had a very much larger error dﬁe to the inaccuracies
of computing ¢ at low cbverages;

The heavy adsorption of condensable vapours can cause

measurable swelling of the adsorbent (Meehan 1927, Banghanm
et al 1930, 1932, 1938, 1943, McIntosh et al 1947, 1952,
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Wiig et al 1949, McBain et al 1933, Yates 1954, 1956, Flood
et al 1954, 1955, 1957 a b c, 1963), and it has been | |
' suggested that such swelling may alter the flow characteristics
of an adsorbable vapour permeating a porous membrane (Carman 
and Malherbe 1950, Barrer and Strachan 1955).‘ Actual _
measurement of the ahount of swelling of each Carbolac I
particle is not practicable, but the degree of swelling
Zmay be estimated from an application of 'Total System
Thermddynamiﬁs' of adsorption. Flood (1955, 1957 a) found
fairly good agreement between the experimentally measufed
swelling of a zinc chloride activated carbon rod on adsorbing
a gas and the theoretically expected degree of swelling.
The following derivation is baséd on the nomenclature and
.thefmodynamic definitions oﬁt-iined in section 2.2.2 as
originally described by Tykodi (1954). Excepting the
.nomenclature, the approach is very similar to that of McIntosh
and Haines (1947), Harkins and Jura (1944, 1946), and Flood
and Heyding (1954, and the papers already mentioned).

That a solid has a tendency to swell on adsorption is
. clear when the change in chemical potential is examined |
using Tykodi's postulates :- . | .
(1) The chemical potential of the system (macro or micro)

is a function of its surroundings. |
(2) The chemical potential of a solid éan be expressed in

vvterms of the chemical potentials of the lattice

elements of the solid.
(3) The chemical potential of each species of lattice element

can be defined so as to be homogeneous throughout the solid.
Now when a solid adsorbs the chemical potential of the
environment will change. This will céuse an accompanying
change in the-chemicél potential of the surface lattice

elements on the solid. However, by postulate (3) the
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»chemical potehiial of the solid must remain uﬁiform throughout.
'Sq'the‘cﬁemical potential of the internal lattices will also
change either by sweliing of the 1attide; or by éome other
unkndwn'mechanism, in order to preserve ﬁhe homogeneity.

Since swelling is the ohly mechanism observed in practice it
will be considered to be the predominating effect. Such
swelling is small and therefore the chemical potential of the

' solid can be expressed in terms of the calibration volume

as a series expansion keeping first order terms only,

. “ ' o ‘ 4
}\a = )A; + (ggﬁ) .('\\fa - '{;:) + e . (?Qnstant ) ‘5.15
- alt
o o [P ) R o
= + Vs « AV 5.16
)Aa a.(’()vgv D a . ,
= N - (Vs 5.17

where 2 = -(BVZ’/a P)Tﬁ: is the isothermal compressibility
of the solid. ASince

' = - W° .
yf }%. )‘a ' ) 2 73_
"then ' - ' ’

Ve

and in the general case

o~ ’
- ANa/P‘ v-(constant ™) 5.18

Fo (zxy) = - ‘ﬁa (7,%,)/8 (T,P) 5.19
where Xﬁ is the molér surface excess per mole of adsorbent.
Consequently if the chemical potential of the excess can be
determined, then a value can be obtained for the swelling

-of the adsorbent for a given temperature and excess. Now

Tykodi showed that \

(Bﬁf> = - xM.'\}’g(’aP ) o . 5.20
P T -

'aXIﬁl ax .4

M

|l

- XM.R.T’Eln p) | 5,21
\MM 7 '
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where the approximate equality 2 is used to indicate the -
‘application of the perfect gas law. At constant temperature

equation 5.21 integrates to

o XM 7 } .
)Lf = - R.T XM.(B in P) CdXy ; 2.22
X
. o) M/

This equation is the usual integral form bf the Gibb's
-equation and allows us to evaluate the chemical potential
of the éurface éxces; by replacing the molar excess, XM’
with (v.Ma)/V' where v is the volume adsorbed in cc at N.T.P.
per g, V' is the molar volume, and Ma is the molecular weight
of the adsorbent. The swelling of the adsorbent in cc per

mole of adsorbent is then given as

o P
i
INA = . E-R.IM v.dP 5.23
)
TV Jo P

Now 1 cc of porous medium will contain w/(Ma.L.Ac) moles of
adsorbent where w is the out-gassed weight of the membrane in
g, Lis the length of the membrane in cm, and A_ the
cross-~sectional afea of the membrane in cmZ. So thé swelling

‘_Qf the adsorbent in cc per cc of porous medium Z§Va is

, S P _
AV, S = w.E.R.T v.dP _ 5.24
" . LoAcon 0 P

'Equatioﬁ 5.24% requires a value for the isothermal compressibility
of the solid,ﬁ, and in the absence of the necessary data

we have to fall back to employing the bulk modulus for graphite,
3,0 x 1078 atmos?! (The Geological Society of America, '
Handbook of Physical Constants, Ed S.P.Clark 1966). This value
has the correct order of magnitude when compared with derived
values for glestimated from the quoted adsorption-extension
bexperiments. So using the same computed values for the

integral as determined for the evaluation ofvthe integral

molar heats, the volume changes listed in table 5.9 were
calculated. A
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Table 5.9 Estimated swelling of Carbolaé I on adsorbing Ammonia

Temﬁ.loc P in cm Hg ‘fP(v/P).dP ‘ANa cc per cc
. 0 :
- 40 2 802.3 © 2,00 x 1072
. 50 1045.7 2.59 "
- 50 : _ 22 989.1 - - 2.67 M
31 1217.7 2,92

Thesé results have the same order of magnitude as calculated
by Tykodi (1954) from the results of Harkins and Jura (1944)
for the saturation adsorption of water at 25 °C on an anatase
sample of .area 13.8 sq m ghl. However, conversioh of some of
Flood's adsorption-extension results into the corresponding

volume extensions via

Va = 3.9l | 5.25
V. ' ' L ‘ :

shows that increased swelling can occur when adsorbing polar
" molecules on to activated carbon (AV_ 1 x 1072 ce / cc as
P/Po—él). A draw-back of equation 5.24% is in the choice of
value forf9. It is to be expected that the turbostatic
stacking of the layer planes in Carbolac I, and the spongy
nature of the particle'Wokld cause a divergence from the

value for the bulk modulus of crystalline graphite.

v

5.3 SINGLE GAS FLOW

2¢3.) Helium flow through Graphon

, One of the working assumptions for evaluating surface
flow in terms of Fick's law was that the helium flux does not
have a surface component. This has‘recehtly been guestioned
by Kammermeyer and co-workers in a series of papers. reporting
the flow of gases through Vycor glass (Hwang and Kammermeyer'

1966 a b, 1967). It therefore seemed pertinent to include
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an anciiléry study 6f helium flow.through a compacted carbon
_membrane. ' ' o

‘Up to the time of Hwang’and Kammermeyef's work the cited
evidence for helium surface floﬁ was somewhat slender.> For
there to be a surface flux there must be adsorption. Flood
(1957 a) incorporated a correction term for such adsorption
when qubting the helium density of his carbon rods. The
,degfee of helium adsorption was estimated from the known
surface potentials of helium and krypton and the measured
krypton adsorption isotherm. Thus it only represented a
computed value. From these calculations it would appear that
adsorption at atmospheric'pressures and room temperature is in
the region of 0.03 cc at N.T.P. per g. A similar value was
reported by Kini and Stacy (1963) for helium adsorption on a
number of carbonaceous solids. These isotherms were calculated
from the apparent change in dead'space as the temperature of
the adsorption bulb was lowered from 560 °Kk. Experiments with
the sample bulb eupty, or containing potassium chloride r
showed that the decrease could not be explained by changes in
the volume of the bulb. The degree of supposed adsorption
increased with increasing surface area, Unforfunately while the
high area chars coﬂtinuedﬂto show marked dead space. volume
changes as the femperatﬁre was lowered below 200 OK, the low
area viﬁrains showed zero or even what was effectively negative
adsorption. Hence the volume changes may equally well have
been due to reversible fhermal expansion . and contraction of
) the sample. Adsorption of helium at liquid nitrogen temperature
-on carbon blacks has been studied by Steel and Halsey (1954,
1955) and Steel (1956), but even at these low temperatures
the uptake is not very large. _

The priﬁcipal test for the absence‘of surface flow is

that the permeability obeys equation 2.4. Consequently
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the permeability eonstant, K(M/T)#, should not vary with
‘temperature. Ash, Baker and Barrer (1967) reported a rise

in K(M/”l’)}é at liquid oxygen and_niﬁrqgen temperatures for
helium flow throughvGraphon and Black Pearls II compacts.

This was attributed to surface flow arising from adsorption
at'these low temperatures. The only similar evidence for
helium surface flew at roon temperature;is that of Hwang and
Kammermeyer (1966 b) for flow through Vycor glass. Indirect
evidence was suégested by Barrer and Strachan (1955) who

were able to calculate a Henry 1aw adsorption constant from
their tran51ent state flow data, but more recent work (Ash,
Baker and -Barrer 1968) would suggest that during the tran51ent
étate the 'sorbed' gas was filling the blind pores of the
membrane rather than adsorbing on to the surface. The only
other evidence is that of Kammermeyer and Rutz (1959) who
reported a lower hydrogen permeability through a porous glass
membrane than was predicted from the helium flow. However,
'they admit that the difference could have been accounted for by
experimental error. ‘

Hwang and Kaﬁmermeyer (1966 a) derived a theoretical
equation from an adsorption and diffusion model with which to
compare their experimental results. The following section
is a précis of the argument translated into the nomenclature
employed in the previous sections.

The gas phase and surface‘ﬁﬁase fluxes were respectively
defined by equations 5.26 and 5.27

Gl .dP 5.26

J = - ap
€ . (AOLR.DR ax
. _ . ac
Is = GyeDyg s ,. | 5.27

dx - ‘
where Gl is a structure factor for Lthe gas phase of the

mewbrane, and G, is a structure factor for the surface phase.

2
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Kammermeyer'fhen‘combined the model isotherm for.iocélised
'adsorpﬁion at low surface coverage (Glasstone,'Laidler and
Eyring, The Theory of Rate Processes, pp. 355 (1941))‘with a
random-walk model for the surface diffusion coefficient

(Hill, An Introduction to Statistical Thermodynamics, pp. 198,
(1960)). Thus equation 5.27, after several mathematical

manipulations, rearranges to

‘ J.. = - __B .T.exp(d/m). gp
' (m.1) % - dx

where B is a combined constant of the structure factors of
the'porous media and the molecular properties of the adsorbing
‘gas. Ais the quotient of the difference between the activation
energy of desorption and the minimum potential enerzy of an

adsorbed molecule, the difference being divided by the

Boltzman constant.

The total flux is the sum of the separate gas and surface

fluxes, so combining equations 5.26 and 5.28

J = - _A' .dp - B _.T.exp(A/T). dP
. . 44,
(M.T)é dx , (M.T)% dx

" where A' = G:L.(Z."(.R)yé .
The permeability Q is defined by eguation 5.30

J = - Qa_dg
‘ dx

- 80 combining equations 5.29 and 5.30

Q,.(M.T)yé = AY 4 B;T.eprQ/T)

- This is Kammermeyer's working equation. To evaluéte the
‘constants A', B and Aﬂ Kammermeyer argued that the constant A!'
was a geometry constant for a given porous medium, so the value
of A' was fixedkregardless of the kind of gas and temperature.

On the .other hand, B andzﬁ.were constants for a particular

gas and microporous medium combination. This allowed

.”:172,

5.28

5.29

5-30

5.31
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equation 5.31 to be re-arranged to

ms + A | 5.32
T

. Assuming a value for A', the values for B and A were calculated

lln(Q(I.-i.T)yZ - A')
' T

from the experimental results by the method of ieast squares
together with the sum of the Squafed errors for all the gases
studied (He, Ne, HZ’ 02, N2, COZ)' The value for A' was then
corrected and the procedure repeated by computer until the

sum of the équared.errbrs for all the gases was minimised.
However,.thére is a certain basic weakness in this épproach
“that was not considered by Kammermeyer. The computatibn

" just described does notievaluaﬁe the constants A', B and [§

of equation 5.32, but the constants for an equation of the

same form of equation 5.32 which is-the best fit to the "
éxperimental results., Thus if is not really‘surprising that the
experimental and calculated points lie on the same curve since
they were derived from common data. Hence the shape of the-
theoretical curve remains unknown, éo although the ‘data are

: self—consisfent there is no meahs’of'knowing whether thej are
consistently right or consistently wrong. The fact that the
equation calculated from the experimental results is similar

in form to the eguation derived from the theoretical model

is simply due to the fortuitous choice of’an equation of the

' same form which was to be best fitted to the expefimental
results by a computer program. No test was made as to whether
or not it was the most suitable equatién. Because ‘the constants
of equation 5.32 were not evaluated independently it is
incorrect to conclude that the constants describing the
experimental equation are also the constants for the theoretical_
model. This situation may be compared with the experimental

proof of the Clausius-Clapeyron equation in which the latent
heat may be evaluated from the theoreticazl eguation and
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 compafed with the value independently obtained from cglorimetry.
- Because of ‘this limitation in the argument the following
possible inconsistancies between the theoretical equation and
the experimental results will remain undetected.

(i) Since no adsorption measurements were made it is not

known if the adsorption isotherm is within the boundaries

of the'localiseq, low concentration adsorption isotherm model.
This is particularly pertinent for the lbw temperature
experiments, for this is not only the regiqh where adsorption
is most likély to be outside the defined regime, but also if
“any errors do occur they will be proportionately magnified

by the reciprocal relationship with temperature.

(ii) The model describes the surface flux Jl of section 2.1.3.
1t assumes that there are no evaporative flights across cracks
and crevices. However, the gas phase flux was defined énd
evalugted as Jg’ consequently the total flux is the sum of

(Jg + Je'+ Jé). In effect Kammermeyer assumed that Je was zero.
(iii) Vycor glass is a microporous membrane and therefore

_may have a slight molecular sieving effect. Because of the
pore distribution the effect would not be large, but for the
smaller molecular species there may be a small additional

flux from penetration through the micropores that are too

suall for the.lérger molecules; Iﬁ this case the geometry
constant A' is not only a function of the porous medium, but
also of the molecular Species;

- (iv) Since 4° was not measured independently of the permeability
Aexperiménts, there is no means of telling whether or not it is
a function of temperature, althoﬁgh the only evidence for changes
in the pore geometry by thermal expansion is the suggested
alternative explanation of the results of Kini and Stacy.

(v) Because of the nature of the argument, experimental

artifacts such as sorption of mercury or tap grease residues,
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L
or agelng of the membrane may ea51ly be mlslnterpreted as
genulne.results. It is only by chance variation of the
experimental conditions that such errors w1ll be detected.
Any one, or all of these errors may account for the
variation of g(M. T)ﬁ with temperature found by Hwang and
Kammermeyer (1966 b). The gas phase permeability is known
‘to be very sensitive to pore geometry. This is illustrated
- by table.5.10 which lists the permeabilities for several
materials comnpacted to different porosities. The variation
due to sorbed material was also clearly demonstrated by Ash,
Barrer and Pope part II (1963), in the extreme case the

sorbed material completely blocking the gaseous flow.

Table45.10 Variation of helium or air permeability with porosity

Gas and material _ : € K Source
Helium / Carbolac I at O °C 0.64 34,60 x lO-3 i a

' 0.37 2.65 x 107> '
Helium / Aluminium-Silica ~ : 0.53 36,40 x lO_3 b
cracking catalyst o -~ 0.ko 6.30 x 107>
Air / Linde-gilica II 0.84 11.80 x 10710 ¢
at - 35 °C . 0.50  0.57 x 107°

-1
-1

Barrer and Strachan (1955) K in cm2 sec
Barrer and Gabor (1959) K in cm2 sec _
¢ Carman and Malherbe (1950) K in cn’ sec™t (The high porosity

compact may have some slip and viscous terms)

The permeability is also sensitive to the history of the
membrane. For Carbolac I membranes a marked difference has been
found between the heliun permeablility at O °C vefore and after
flow experiments with strongly adsorbing vapours (Ash, Barrer’and'

Pope, part I 1963, see also figure 4.18 of the present work).
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If is:believed that the work reported by Aeh et al'was mie-read
by Hwang and Kammermeyer (1966 b). Al the_heliﬁm experiments

referred to in figure 1 of Ash et al part 1 were performed

at 0 °C (Pope 1961), and the ordinate of the figure is the run’

‘order of the experiments. The temperatures in the diagram

referred to the flow experiments for the other gases performed

in between the helium runs. Thus the 15% fluctuation in the
"heiium permeability mentioned by Hwang and Kammermeyer was
not a function of temperature, but of run order or more
correctiy'membrane 'ageing'. ‘

The experiments of section 4.3,1 were designed to examine
critically the evidence for helium surface flow over the
temperature range 300 to - 200 °¢. In order to eliminate
"possible structural alteratlons of the porous membrane
clouding the issue, the membrane was prepared from Graphon
powder in preference to Carbolac I. In spite of these
precautions the initial series of experiments (sets 1. to 16.)
clearly indicated thet exceptional care had to be taken to
eliminate the extraneous effects of ageinw and possible
mercury sorptlon on the compact which could so easily swanp
any evidence for surface flux. Once these stray effects had
been eliminated the maximum difference‘of K(M/T)} between the
highest and lowest temperature was only 3% (the term Q,(I‘fI.T)}‘é
defined by Hwang and Kammermeyer is formally equivalent to
K(M/T)% defined in the present work providing neither @ nor
K is a fuaction of C). Since the ?ermeability constant
increases towards higher temperatures it seems unlikely
that the‘additional flux can be explained in terms of
surface flow or changes in pore geometry. kIf it is not an
: experimental error then it is most likely connected with the
.‘mechanism of the molecule-wall eollision. In the light of the

present results it is considered that the 10% variation of

176
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‘Q(M.T)% over the same temperafure'range for heiium flow through
Vycor glass repérted by Hwang and Kammermeyer (l966vb) is an
experimenfal artifact, althoughithe increased permeability at
liquid hydrogen temperatures reported by the same authors in a
later paper‘(i967) is.almost certainly due to surface flow. In
consequence Kammermeyer's correlation between the experimental
»résults anq hié derived theoretical equation is invalid. It is
concluded that thére is no surface component for helium flow
through Graphon membranes between the temperature rénge _ .
300 to - 200 °C.  This is also believed to apply to Carbolac I
memb;anesi_although because of the very large surface area and
energetic heterogeneity of the surface there may be a smdll degree
of.éurface flow at the liguid nitrogen temperature.’_Unfoftunately
the experimental evidence for Carbolac I may weli be masked by

the instability of the surface.

5.%.2 Helium flow through Carbolac I

" The repeated chéck measurements of the helium permeability
through the Carbolac I membrane at O °c through-out the
* course of the experimental program, bears puf the conclusions
of the previous section that the inétability of the pore
geometry far out-weighs any evidence for surface flow of
heiium through Carbolac I. When the helium data were required
~ to calculate the gas phase flux for experiments with other
gases, the results for the heiium runs immediately prior to the

experiments were used.

5.3.3 8Single sas flow of Hydrogen, Deuterium and

Nitrogen through Carbolac I at - 40 %

A1l three gases exhibited an additional flux over and
above the value calculated from the helium data. This

additional flux was attributed to surface flow. Comparison
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of the two défined permeabilities between the gases‘demonstrétes

‘the sen81t1v1ty of the permeability to the 1n—go*ng side

concentration term in which it is defined.

K, the permeability deflned in terms of the gas phase
concentration»at the in-going side, Cg’o, (equation 4.7) shows
no variation with its concentration term whether the

adsorption isotherm is linear (H . DZ)' or curved (NZ)’ see

figure 4.2, This is because X is independent of the

in-going side surface concentration and is a function only of the
in-going side. gas phase concentrationj thus it will remain

constant until blockage occurs. However, K the permeability

$
defined in terms of the total in-going sldecconcentratlon C o’
(equation 4.8) only remains constant for those gases obeylng
the Henry law adsorptlon isotherm (Ha, D ), and it becomes '
a function of the in-going side concentratlon as soon as the
isotherm becomes curved compare figures 4.23 and 4.2%. This
is because nC is dependent .on the sum of the 1n—g01ng side
gas phase and surface phase concentratlons.

For hydrogen and deuterium, where the: 1sotherms are-in
the Henry law region of adsorptlon, a ploF_of JS versus Cs,o
would be linear, and DSs would be independent of coverage.
Accordingly.Dss‘was obtained as the average of (Js/cs,o)L
for each experimental point. _
| For nitrogen the plot of-JS versus Cs,o is curved, see
figure 5.8. Consequently DSS was calculated for different
coverages from the slope (dJS/dCS‘O)L of the graph.Js versus
Cs,o and is shown plotted as a function of coverage in figure 5.9.

The limiting value of D 5 in the Henry law region was found by

extrapolating back to zero coverage. Table 5.11 lists these

© limiting values for the three gases.

Unfortunately there are not enough data to establish

whether or not there is any relationship between DSS at zero

_178



ol 104

moles/ce of porous medis



5,3:3 n Pigure 5.9

o

for Nitrogen through C

SRR G ——Y

i

o e T Ty

Cq x 10% moles/cc of porous me

A
L

[N

180



'5.3.3 . . N I / o 181

_Table 5.11 D af-zeroﬁcoverége for H., D., and N, at - %0 %
) -85 - _ (4 o~ i _
Gas D in cma/sec D ;M%
_ ss _5 : s8 _3
H2 24,0 x 10 1. 05 x 10
‘D, 55.3x 1077 1,10 x 1077
N, 28.0 x 10™7 1.48 x 1077

coverage and the molecular weight or the temperature. Clint
(1966) concludeé from his much more extensivevdata that the
surface diffusion coefficient at zero coverage has an

tArrhenius? relatlonshlp with temperature

D (Constﬂ).e(-E¥/R°T) ' 5.33

585 (Cé—éb) =
where E; is the ‘activation energy for surface migration.

This experimental result required no assumntions as to the
mechanism of dlffu51on, the value of E* and the constant being
experimentally evaluated quantities. Experimentally it was
also shown that the Henry law constant, ks’ has an exponential

form with temperature

("L\E"/R.T)

k, = (Const.).e 5.34
"AE" being the energy 6f adsorption in the Henry law region
(see section 2.2.2). So for surface flow in the Henry law
region of adsorption we may combine equations 2.19, 2.23,
5.33, and 5.34% and express the surface flux as
' ) ' HATN_}
JS = - ((Const.).e( ABN-B* )/R T) .dcg : 5.35

where (Const.) incorporates all the constants whether known
or not. Ve may therefore rewrite the total flux as

o | . dc |
g = - D + (Const.).e(WAE"-E )/R'T) £ 5.36

gs dx
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e
integfating both sides
. Cg o o ' ("AE"-E*)/R Tv '
JQL = * (D 5 + (Constc) € * .dC 503?
o} & & :

and differentiating with respect to the concentration at

the in-going side

’ ' MARN_R* .
fag L= [ 4 (Const.).el"AE"-E*)/R.T 5.38
Aac . g c .

& Cgso . €10
When adsorption at thé in-going side is in the Henry law

region then 3

K = J. L = (dJ) .t 5.39
c : ’ '

cE ac £
| g, , £,0
If we express Dgs in terms of the Knudsen equation (equation.

2.4), then we may express the permeability as

("AEM-E*)/R.T

K = (Konst.).(T/M)% + (Const.).e 5.40
where (Konst.) incorporates all the constants of the Knudsen
equation. Rearranging equation 5.40 as an expression for
the permeability constant K(M/T)%, then V

2 o » -7 ) 1 p*
K(M/T)% = (Konst.) + (Const.).'.l.‘_,/é’.e(AE’‘E )/R.T 5.41

Equation 5.414was derivéd,from the ekperimentai results, and
it required no adsorption or diffusion model. It is strictly
limited to the Henry law region of adsﬁrption. it differs
from Hwang and Kammermejer's theoretically derived eguation
in the pre-exponential term for temperature (see eduation”
5.31). This is probably due to incorrect choice of the
diffusion model on the part of Hwang and Kammermeyer.

A more satisfactory choice would have been Kruyer's

'random walk' model on a two dimensional lattice, for which

the working equation is (Kruyer 1953)

S5
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:wheré a* is the mean jump distance associated with a unit
diffusion.prbcess and V- is the vibration freéuency of an
adsorbed molecule. This equation has the correct form to
be cqmpatible with the results, also using the experimentél
value for E* and the calculated value of ¥ from Ross and
Olivier (1964), Clint showed that equation 5.42 yielded

acceptable values for the mean jump distance a* (Clint 1966).

5.3.4 Single gas flow of Ammonia throush Carbolac I

The most unusual feature to emerge from the ammonia flow
experiments was the occurrence of a maximum in the plot of |
total flux versus eifher the in-going side gas éoncentration
or in-going side total concentration, figures 4.25 and 4.26.
To the author's knowledge such maxima have not been previously
reported. Comparison of the - 40 and - 50 °C curves in figure
4.26 reveals that the maxima occur at the common total
in-going side concentration of 2.1 x J_O'—2 rmoles per cc'of
porous medium. This seems to eliminate the possibility that
they are due to an experimental artifact, and it is to be
expected that similar maxima would have occurred with the
experiments at highef temperatures had it been possible to
éxtend the experiments up and past this value for the total
in-going side concentration:

Except in the very low preésure region at the in-going
side, we may approximate the total flux as equal to the
surface flux. Although the ammonia gas phase flux was
calculated from the separate single gas flow helium data -
to be 10% of the surface flux, the subsequent ammonia/helium
mixture experiments indicated that blockage by the adsorbed
£ilm reduced the gas phase flux to less fhan 1% of the total
flux as the total flux approached. its maximum value. Similarly

the surface concentration effectively represented the total
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" concentration.
When the flow passes through a maximum value with -
increasing concentration at the in-going side then an anomaly

occurs if the flux is defined in terms of the Fick identity

- J

I

- D.dC , © 2.6
dx ' :

The negative sign refers to the concentration gradient down
which the material is flowing. The diffusion coefficient
| was derived from this expression as (see section 2.1.2) :
[DJCo' = _(%%J.L 2

The integration involved in the mathematical manipulafions .
fo achieve this result reQuired D to be a constant or a function
of C only. The sign of the diffusion coefficient, and in

turn the term (dJ/dCO), must always be positive in order to v

be compatible with the observed and defined direction of flow
down the observed and defined ﬂegative concentration.gradient.

A negative diffusion coefficient, which would automatically
occur if equation 2.11 were applied to_the'experimental results
.past the point of maximum flux, leads to the absurd situation

of either reversal of flow, or flow up a positive concentration
gradient., Since tﬁis is not the case found in practice then
the integration procedure of section 2.1.2 cannot apply to
this present situation. The process may still be described
by the general identity of Fick's law, eguation 2.6, but
the diffusion coefficieﬁt is no longer a:simplef function of
concentration and may now be an inseparable function of both
concentration, C, and distance, x. This ray be due to a
change in the mechanism of flow, or soue external influence.
The nature of flow prior to the point of maximum flux is

already unusual. This may be seen from the graphs of the

permeability, K, as defined by equation 4.7, plotted against the
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(a)

' (e
\‘\ (b)

| (a)

P
Figure 5.10 K versus P summarised from the results of

Gabor (1957), Pope (1961), Clint (1966), Baker (1966).

pressure at the in-going side figure 4,27. This 'éonventional'
permeability normally varies with temperature and the ih-going
side pressure in the general pattern shown in figure 5.10.

Curve (a) is for a non- or weakly sorbed gas at high temperatures
where the permeability is independent of the pressure. As the
temperature is lowered the increased adsorption causes the
permeability to increase and take’on‘a linear pressure dependence,
curve (b). This develops into a pronouncéd-cufve for heavier
adsorption, curve (¢), and as the pressure‘approaches the
saturation.vapoﬁr préssqre the curve forms a pinimum, curve (d).
In the present work no initial decrease in K was found. At the
highest temperature theﬂgraph of permeability versus in-going
side pressure showed a slight positive slope which became muchk
‘more pronounced on lowéring the temperature. The results are
similar to those of the unreporfed work of Logan for the flow

of hydrocarbons through membranes prepared from cracking catalysts.
V It was demonstrated in chapter 2 that the variation of the
permeability.with vressure was a direct result of the

functional relationship between J and P, yet this does not
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explainbthe physics of the situation.

The perméability represents a comparative value for the
mbbility of the permeating fluid. In this case an increased
permeability indicates an increased hobility,of the adsorbed
£ilm, Carman and Malherbe (1950) studied the flow of CF,Cl, at
high surface film densities through plugs of Linde Silica II
compacted to various porosities. At first sight it appeared that
the permeability increased with decréasing porosity. However
closer inspectién reveals that in lowering the porosity more
material per cc of pbrous mnedium was compacted into the plug.
This increased the surfécé area per cc of porous medium allowing
gfeater surface flow. In the present work the actual amount of
material present is fixed, but it was pointed out in secéion
5oé.4 that the soiid would swell into the void spacé on
adsorbing a gas. This may cause an increase in the surface
area and hence mobility of fhe adsorbed material, but it would
also intoduce an x dependency into the flow. Since the .
membrane was constrained excessive swelling coﬁld start to
block the pores of the ﬁembrane causing a reduction in flux.
However, the calculations of section 5.2.4 showed that at the
point of maximum flux the degree of swelling was ohly in the
region of 2 x 10_-3 éc per cc of‘porous medium. The calculation
did depend on the choice of value for the isothermal
cbmpressibiiity ﬁ , and cdmparison with the results from
Flood's adsorption-extension measurements with condensible
vapours on a carbon rod (Flood 1957 b) suggests that this value
. could be in error by a factor of 10. The largest extension
observed by Flood was 6.8 x lO‘B.cm per cm (= 2 x 1072 cc per
cc) for pentane sorbing at its saturation vapour pressure point.
Even so this hardly seems large enough to account for the

reduction in flux. As an independent check on the calculations

reference may be made to Carman's work on the adsorption of
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CF2012 on.Car?olac I that had been compacted‘and constrained'in
a very similar device to the method employed here for the flow
experiments. In the compacted and constrained form the Carbolac I
would only be able to adsorb up to the limit of the pore space being
completely filled with capillary condensate. This limit is very
sensitive to the porosity, and hence any marked swelling into
the void space would significantly reduce the amount adsorbed.
Carman and Raal (1951 b) found that the limiting adsorption
values were in fact slightly higher than the calculated values
assuming no swelling had occurred. This slight difference was
attributed to the adsorbate density being slightly higher

than the Ebrmal bulk liquid density. So the work d1d show

that even if swelling did occur it would have been very small
and of the order calculated in sectlon 5.2.4%, The partlcles
themselves may expand into the void snace while allowing
increased adsorption within the individual particles, in effect
causing a reversibie redistribution of the void space to

occur leaving the total aﬁsbrption volume constant, but it

is difficult to imagine how this could be denonstrated
‘experimentally. Carman further found that if the plug was

not constrained then adsorption would continue past the
theoretical limit forming an adsorptioh isotherm almost
identical to that of the free powder. This may be due to the
adsorbate forcing the adsorbent particies apart in order to
adsorb on all possible surfaces., The borosity of an
unrestrained plug changed from 0.63 to 0.65 over the course

of an adsorption/desorption and out- gasalng cycle. To see

if a similar situation occurred for ammonia adsorption a small
sample cof Carbolac I was compressed to a porosity of 0.5 in a
'single gas' plug holder (this is a diffusion cell similar to
those used here but without the side vort) and the sample was

constrained between retaining vlungers. The complete assembly
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was plaéed ih»a glass énvelope and attached to the adsorption _
apparatus. After out-gassing'the system atHZOO 9C for 72 hours
an ammonia adsorption isotherm was measured at - 40 °c. The
experiment was prone to large errors due to the very small
weight of adsorbent (0.04), a large dead space (23 cc) and

long equilibration times (initially 20 hours). It was no doubt
due to. these efrors that the membrane appeared to adsorb to

wéll above the theoretical limit for filling the void space

with capiliary‘condensate. This was ciearly impossible since
the plug was restrained but it ddes indicate that marked
reduction of void space through swelling was absent.: Whether

or hot a redistribution of void_space occurred still remains

an unanswé}ed question; An ﬁngxpected result was that the

- calculations revealed that the limiting value for filling an
ﬁnswollen, restrained memwbrane of pordsity 0.5 wifh ammonia
condensate is 2.1 x.lO—avmoles per c¢ of porous medium.. This
was assuning that tﬂe condensate had the normal bulk liguid
density of awmonia (0.691 g per cc at - 40O oC, Handbook of
Chemistry and Physics, L8 th ed., pp E 20). This was the value
for the concentration at the in-going side when thé'flux
reached.its maiimum value. It wés also the point at which the
adsorption isotherms developed marked hysteresis. Using Ries's
value of 11.8 sg R as the adsorbing area of the ammonia molecule
(Ries et al, 1945) this concentration corresponds to a fractional
monolayer bapacity of ~ 1.6 9, and referring back to section
5¢.2.1 this fractional mbnolayer capacity will fill all the pores
from molecular dimensions mp to and,inqlﬁding pores of radius
1 E. This range includes: the averagé pore radius of the membrane,
so it is concluded thét at the point of maximum flux over

half of the pores at the in—going face are filled with

capillary condensate., The actual face of the membrane

presented to the gas would adsorb in the same manner as
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the unrestrained chips but once inside the réstrained plug the
'»adsorbate would form a capillary condensate penetrating into

- the membrane until the conceﬁtratidn_had been sufficiently

reduced by the gradient to form the normal surface film and sgas

phase. Thus the overall concentration gradient would take on an

_unusuél function of the length of the porous medium. The
formation of capillary condensate so far below the saturation
. vapour pressure point is due to the exceptionally high

uptake of ammonia by a material of high surface area.

V Scheidegger (The Physics of Flow through Porous MHedia,.
an ed., pp 186) discuséed the change in flow mechanism as
Qapillary“condensate sets in. The argumeht was based‘on
Carman's work (1952) who enviéagedlthe‘flow of capillary
condensate as a viscous flow through the pore space under the
gradient of capillary pressure maintained between the ends of
the filled pore. However, an average pore radius of 11 R
would only allow up to six molecules to fit side by side
across the diameter. Under these conditions it is difficult
to describe the macroscopic quantity ‘'capillary pressure!.

A more satisfactory approach is via the thermodynamic
relationships betwqéﬁ éhe two phases. If the condensate
extends a distance x'through the membrane, then at the

respective gas/liquid boundaries we may say

P = Pa

d).kg = : d))\)\
V .dP = Vy «dPy
g g AN
v v
_d%k = _5.dPg
' RN

whére subscript g and ) refer to the gas phase and liquid
phase respectively and the other symbols have their already
defined meénings. The derivation has assumed that the rhases

are in thermodynamic equilibrium with each other. Integrating
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Since v >> V>\ it follows that AP}\ >> AP and that the liquid
pressure drop between the ends of the condensate is many
. times larger than that of the gas phase (Scheidegger, 1959
pp 187, Flood referenced by Barrer, 1963 a). Thus we may
regard the flow of capillary condensate as viscous flow under
the pressﬁre difference‘AP&. Under the.experimental conditions
of the présent work the capillary condensate only extends a
small distance into the membrane. However, in his exnerlments
“Carman (1952) adjusted the out-going side pressure so that
capillary condensate flowed through the total length of the’
membrane. He was thus able to formﬁlaté the permeability as

Ke (exp) =' [gp: : 5.48

and compared thls experimental value with that calculated

from the Kozeny equatlon for viscous flow (Xozeny 1927).
200, P 83.b :
nj .M. A (1 - E)
where fi is the bulk liquid density of the adsorbate, s N the

Kc (calc)

bulk liquid viscosity, and bs degree of pore saturation. The
experimental values were 20% below those calculated from equation
5.49. There are many discrepancies with the Kozeny theory

(see Scheidegger pv 13%2) which tend to negate its validity.
Carman's own work suggested that the liguid density of an

adsorbed film can differ from the normal bulk liguid density.

The sﬁrface area, A, would include thaf of the micropores and
blind pores, yet these would an contribute to the ligquid flow,

if this is taken into account then according to. section 5.2.1
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~the effective surface area wcﬁld only.be ~ 250 qum.per g
.insteéd of 950 sq m per g, The degree of saturation is a
somewhat arbitrary factor in that it'depénds to a certain eitent
on the ?ore size distribution. The viscosity may also vary.
Under the normal conditions of viscous flow the viscosity is

the coefficient of Newton's equation

| ¥y = 7' 5.50

Y being shear stress and o, rate of shear (Newton 1635).

While the viscosity femains'ccnstant then the liquid is said

to be Newtonian, butkthére are now many exémbles of the viscosity
being a function of shear stress '

. = £ ‘ 5.51
and the liquid is then said to be non-Newtonian. The viscosity
for flow near solid-liquid interfaces is often &ery much
higher than the buik liquid counter-parﬁ, this is now generally
attributed té the intermolecular forces at the surface '
(Cridale 1960). These forces cause an orientation and
preferred direction at the surface of an otherwise isotropic
"liquid, so the viscosity of the fluid may not only be a
function of the shear stress but also of the distance from

‘the surface (0ldroyd 1960). Loss of Newtonian properties

have been observed for water flowing through beds of powdered
quarﬁi. Volkova (1936) showed-that the decreasing size of

the quértz grains that made up the bed had an immobilizing
effect on the water flow. . Many similar effects have been

" observed by other workers and the phenomena was reviewed by
‘Henniker (1952). 7The marked control of the surface over the
flow of liquid through porous media was noted by Weyl and
Ormsby (1956) in reporting the work of Martin and Mohiuddin
(1953): In the context of the present work where viscous fluid

flow is limited to within three molecular diameters from the .
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sﬁrface, with'a liquid which has é strong polarify and an
bfadsorbent surface which would tend to form a very strong
phy51cal bond w1th this particular liguid, the surface

' " viscosity would not be expected to be the same as the bulk
viséosity. However this does not detract from the basie
argument for deriving equation 5.48 and when visualised

in this way it may be seen that the surface and capillary
fluxes would flow under completely different gradlents,

the surface £lux being along a concentration gradient and

the capillary condensate flux via a pressure gradlent the
concentration being the fixed liquid den51ty. For each
particular capillary the change from one mechanisn to-

another would be abfupt since capillary condensate.flow

cannot occur until the pore becomes saturated and when this-
happens the surface flow is automatically precluded. For

a porous medium the-change over would be gradual due to the
'spectrum of pore sizes. There is no 'a priori' reason why one
mechénism should have greatef mobility than the other, and in
this particuiar case‘the possible immobilising effect of the
surface viscosity may reduce the mobility of the condensate.
We may therefore represent the total flux through the membrane
- as being the sunm of the fluxes in the gés phase, on the surface,
and in the capillary condensate. The variation in the
confribution of each particular flux to the total‘flux with
changing concentration at the in-going side is shown
diagrammatically in figure 5.11. Initially the gas phase flux
makes the sole contriﬁution to the total flux, but as the
'concentration at the in-going side is increased the total flux
is augmented and then dominated by the surface component which
blocks off the gas phase. At high concentrat ilons capillary
condensate sets in in the smaller pores causing a reduction in the

surface flux., Then as further condensation occurs in the
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Figure 5.11 Illustrating the contributions of the

individual fluxes to the total flux.

the larger pores the flow becpmes dominated by the capillary
condensate mechanism which because of its reduced mobility in
turn reduces the total flux. At - 50 oC the .drop in flux
(figure 4.25) and permeability (figure 4.27) is remarkably
‘Sharp, this does not nebessarily mean that the pore éize
distribution is narrow. Referring back to section 5.2.1

it may be_éeen that the average pore radius of the medium,

~ 11 X, lies to ore side of a plateau in the plot of & versus
capillary diameter (figure 5.4). This means that at the point
of maximum flux a whole range of pores including those of the
average pore radius are suddenly filled with capillary
condensate and so if the previou$ argument is correct there .
will be a sudden cut off in total flux as the mechanism of
flow converts frow surface flow to capillary condenséte flow.,
At - L0 °C the uptake is less sensitive to the prevailing

pressure and so a wider range of pressure is reguired before



complete saturation is achieved. This is in agreement with
:figures-4.26 and 4.28 which show that an identical reduction
in flux or permeability occurs at a common in—going side
concentration irrespective of température. Brubaker and
Kammermeyer reported a maximum in their permeabilities for
ammonia flowing through.porous glass. Unfortunately it is not
clear if the boundary‘conditiéns‘are.the same as in the
preseﬁf wofk, nor were the fluxes recorded, so the maxima
in the permeability may equally well have been due to a point
of inflexion in the flux versus pressure gréph than a _
turning point as found-hére. Apart from the flow of water
the only other gases that may show the effect for flow through
Carbolac I membranes are_hydrogen sulphide and the organic
amines. The maximdMhas not been observed for the flow of
tinert! gases, though Ash, Baker and Barrer (1967) did
observe a tailing off of the flux to an almost constantlvalue
~for the flow of SF6 thropgh a Graphon membrane. Nor was -a
maximgmfound for the flow of acidic gases through Carbolac I
(4sh, Barrer and Pope 1963). However, judicious choice of
gas and membrane material compacted to very low porosity may
reveal other examples of this'unusuai flow characteristic.
| The 'time-lags' were measured for the 0 °C pilot
experimehts. Since these proved to be quite long it was
decided'that-the time required for the measurements at the
lower temperatures would have interfered with the main
progran of work so no further transient staté measurements
"were made. What values were obtained are compared in table 5.12
and figure 5.12 with the values calculated according to the
method of Ash, Baker and Barrer (1968). Since the data are
somewhat meagre no further comment hill be made excent to say
that the positive value for the difference ﬁﬁbetween the

calculated and experimental values is in agreement with the
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Time-lags for Ammonia through Carbolac I 2 ¢ °C
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Table 5.12 Time-lags for Ammonia through Carbolac I at O °C

L exp. hr 5.10 6.00 -~ 6.40  8.87  11.85  20.00
L calc. hr 6.16  7.36  B8.65 10.72  13.61  23.82
A hr  1.06  1.36  2.25  1.95  1.76 3.82
C_ moles/cc 8.26  7.20 6.6  5.55 . k.65 3.39

results found for membranes prepared by several coumpactions

from ﬁigh area powders. vThis difference was attributed by

_ Ash; Baker and Barrer to the blind pore character of the membrane.
.The surface diffusion coefficients were calculated from

the results according té equation 2.52, and are shown as

functioné—of the surface‘conéentration at the in-going side in

figure 5.13. At O °¢ the surface flux was calculated from the

ammonia/helium mixfure runs since these experiments indicated

that even at this temperature the sorbed ammonia was '

beginning to block the gas phase flux. "At the lower

temperatures the surface flux was approximated to the value

of the total flux. The limitations of the.integration

procedure (D a constant or function of C only) preélude‘

evaluation of the surface di.ffusion coefficient past the

‘tgrning_point (dJ/dCO) = 0. The graph of Dss versus Co,s is

of the correct shape for the surface.diffusion coefficient

to be préportional to the reciprocal slope of the isotherm,

but while the correlation may be correct at the lower

coverages, it would be invalid near the maximum in flux

due to the onset of viscous flow by capillary condensate in

a significant nuriber of the smaller pores near-the'in—going

face of the membrane; Thus the énomalous flow results do

not permit a really valid correlation to be made of the type

demonstrated by Ash, Baker and Barrer (1967).
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5.4.1 Flow of Amumonia-Helium, Ammoﬁia-Hydrogen and

Anmonia~Nitrogen gas mixtures through Carbolac I

The ammonia-helium experiments established two important
points. The first the correctness of the method of analysis.
‘Very satisfactory agreement was obtained on comparing the
graphs of the ammonia flux versus the ammonia in-going
side pressure for thé single gas énd mixed gas experiments
" both at O and - 40 °C (Figures 4.29 and 4.30). The scatter

in figure 4.29 arose from the inifial mixture experiments

When the author was not fully familiar with the experimentél
technigue. The second foint was that.the ammonia (i.e. the
sorbing component) flowed independently of the helium>(i.e.

the non-sorbed component); This was demonstrated by set 2.

of the 0 °C mixture experiments. In this set the pressure

of the ammonia at the in-going side was held constant while

the helium pressure was varied from run to run, and it may

be seen that within the error of the experiments the ammonia
flux remained constant. '

The. ability of the sorbed ammonia to block off the gas

-phase is very effectively demoustrated from these helium

mixture experiments by.plotting the helium permeability-
- constant, K(M/T)%, as a function of the total ammonia
concentration at the in-going side (figure 5.14). The results
at the two temperatures form a universal curve which extrapolates
to the value of K(M/T)% for the pure gas and to the value of

CO for ammonia for a saturated membrané. A similar curve vas
found by Ash, Barrer and Pope (1963) using a hydrogen-sulvphur
dioxide mixture flowing through a Carbolac I membrane, however
the reported cut-off to hydrogen occurred at 6.5 x lO-3 moles of
802 per cc of porous media at the in-going side which was well
below the saturation capacity of the membrane of 1.2 x 1072

roles of SOZ ver cc of porous media.
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‘The ammoﬁia—hydrogen and ammonia—nitrogen’resﬁlts were
'unusual in that the ammonia flux of the gas mixtures diVerged
from that of the single gas in the vicinity of the saturation
concentration at the in-going side (see figure 4.3%0). The flux
>froﬁ the émmonia—hydrogen mixture monotonicaliy increased with
increasing ammonia concentration at the in-going side, but that
.ffom the ammonia-nitrogen mixture did reach a maximum value
although well above that of the single gas. This may have
been due to the-experimental method. In the single gas
experiments the gas in the vicinity of the in-going éide of
the membrane was at the membrane temperature. However, in
the mixture experiments the éas had to be streamed past the
in-going face, and since most of the gas circulation systenm
was at room temperature it is doubtful that the gas mixture
was at the tempefature of the membrane as it passed the
in-going face in spite of the primary and secondary cooiing
coils. Once the gas had entered the membrane either in the
sofbeﬁ or gaseoué state then the large heat reservoir of the
membrane and steel holder would have guickly brought the
gas to the equilibrium temperature. In the - 40 °C
temperature region .comparison of the ammonia isotherms indicates
that the uptake andgd hence formation of capillary condensate
is very sensitive to temperature, so no ccndensate will be
forwed at the in-going face if-the face is even slightly above
the required tehperature. Nor will condensate form a small
distance inside the membrane even though the membrane is at the
* correct temperature for the pressure will have dropped below that
.required for the formation of capillary condensate. With
ammonia these temperature and pressure effects will be
particularly sensitive at - 40 °C. The flattening-off of the
ammonia flux in the ammonia-nitrogen mixtures at the higher
bressures dbes indicate that condensate will eventually be

formed.
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"An altérnatiQe demonstration of blockage of the non- or
‘weakly sorbed components‘by the ammonia is shown in figure 5.15.
Here the ratio of the experimental permeability of the singie,
gas expefiments to the experimental permeability in- the mixture
for helium, hydrogen and nitrogen in their respective ammonia
mi#tures is plotted as a function of the ammonia concentration
at the in-going side. Ideally in the absence of blockage the
ratio will ‘be 1 and for complete blockage O. The curves for
each gés will nét be co-incident except at their limiting values
of none or complete blockage because of the dlfferlng
contrlbutlons to the 51ngle gas permeabllltles by the surface
flow. The 1nterfer¢nce of the surface flow by the sorbed azmonia
is demonstrated in figure 5.16. The theoretical permeability
for the pure gas phase flow of either hydrogen or nitrogen in
their respective ammoniazmixtures can be calculated from the
amﬁonia—helium resukts, this permeability is referred to as
K(Calc.) and may be compared with the observed permeability

in the gas mixture K Figure 5.16 is a plot of the

ratio K(Calc;)/ (Expfﬁxaé)a function of the ammonia_
concentration at the in-going side. For pure gas phase flow
the ratio is 1 and it may be seen that the sorbed amamonia
quickly restricted the hydrogen flow to the gas-phase. For
nitrogen which had a much larger éurface flow contribution
inrthe single gas experiments, -the reduction of suface flux -

is almost on an equal footing with the degree of blockage in

the gas phase. The number of points on the graph is somewhat

. limited because of the small number of helium results. The

result at 1.5 moles per cc was recalculated from the hydrogen
results assuming that the hydrogen flow was purely in the gas phase
at this stage and the value (indicated by the broken square) is

in much better agreement with the other nitroéen results.

This apparent surface flow of nitrogen above the monolayer
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éapaéity of sorbed ammonia may be due to the ﬁitrogen
dissolving to a small extent in the amponia filnm.

" Since the experlments show that the helium flux is
proportional to its pressure gradlent and that the flow of
ammonia is unaffected by the helium flux in the ammonia-helium
nixture experiemenis, then it is possible to make a
‘quantitative estimation of the steady staﬁe diffusion
. coefficient of helium in the blocked membrane following the
procedure suggested by Ash, Barrer and Pope (1963). Under
these conditions we may calculate from thé results of the
mixture flow experimenté the concentrétion of helium at the
in-going side that would be necessary to maintain a constant
flux of helium as the in-going side -concentration of ammonia
was varied. The corresponding graph of C versus G _

o,He o,NH3
allows us to evaluate (dC /dC ) for constant flux J

RHB Jy He
heliurm., The ammonia surface dlifu51on coefficient has already

of

been evaluated as a function of the ammonia in~going side
concentration in section 5.3.4, and rewriting equation 2.53

allows us to evaluate (dCNH3/dX)’

Ly = - (_Q_) | . . 5.52
dx ©VD G g .
Now the flux JHé is given by
Ige = Dge (dCHe) 5.53
. ax Jy
which rearranges to
S / | |
IHe - DES'( He ) .(JM%) 5.5k
dCWH Jie DNH5 Co NH3
o (o) o) [ R
\Ugs/JdHe ) f 2.5
hH3 Co NH dCHe /JHe
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and all the teérms on the r.h.s. of the equation may be

"evaluated. Since figure 5.16 indicates that the hydrogen

flux of the ammonia-hydrogen experiments is soleiy in

the gas phase the above analysis may also be applied to

- these mixture experiments as well.

The scatter of results from the ammonia-helium experiments
at 0 % proved to be too large to allow any worthwhile
calcuiations to be made. The results from the calculations
for the - 4o oC-ammo_nia-helium and ammoné}hydrogen mixtures
were disappointing. A plot of log(DgS)J fqr helium and

hydrogen versus C is shown in figure 5.17 together with an

inset diagram of :ﬁgHEesults obtained by Ash, Barrer and Pope
(1963) for a hydrogen-sulphur dioxide mixture. The curves
should extrapolate to the value for the pure non-sorbed

gas as found for the hydrogen-sulphur dioxide case.

The discrepancy may ‘be traced back to the value for the
amronia concentration at the in-going side. The discussion
in the previous section indicated that co,NH3 was
over-estimated because the adsorption was measured on

unrestrained chips., This in turn causes the tern (dCNH3/dCHe)JHe

to be too large and hence the value for (Dgs)JHe. The
argument also applies to the ammonia-hydrogen results, but
not to those of Ash, Barrer and Pope (1963%) because

the sulphur dioxide adsorption'isotherm was nmeasured

on a restfained membrane.

Another demonstration of progressive blockage is

- to be found by comparing the ammonia gas phase flux calculated

'from the puré helium flow Funs, J_, and the ammonia gas phase

-8
flux calculated from the ammonia-helium mixture runs, 8%. A
plot of g§H3 versus the pressure at the in-going side, P, g5,
is given in figure 5.18. 1In the absence of blockage the

graph would be linear. Even at 0 °C a slight curve may be

206
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detected indicatihg.a reduction in pore size due”to adsorbed.
‘material, while at - 40 °C the uptake is so large as to
actﬁally reduce the gas.phaSe flux with increasing préssuré
at the in-going side.: | |

' .Following the procedure out-lined in sections 2.1.5 and
2.1.7 together with figures 5.17 (F, v P), 426 (M3 v ~C ),
and 4.12 (the _NH3

calculate the gas phase concentration-profiles for the fluxes

adsorption isotherm), it was possible to

?g anvaé for aﬁﬁoniaw For the 0 °C egample the profile was
determined for the flux ? = 1.0 x 10~ moles/cm /sec, and for
the - 40 C example the proflle was for the maximum value of
#g of 0.222 x 10 ~8 moles/cm /sec. The graph, figure 5.19,
demonstrates the difference between the two fluxes and the
contribution to the pressure profile arising in thé
partially blocked medium due to the existence of a mobile
adsorbed layer. 7

An estlmdte of Jé may be made from the profiles if it is
assumed that at a particular pressure, P, DgH3 is the same
fer both.é'g and Jé. In this gase

5g = gradient for profile of 9. 5.56

!
Jg. gradient for proflle of Jk

Since # is known, Jé can be found. ' The assumptlon'regarding
Dggiqan only be regarded as an approximation, because
somewhat different pore geometries may be involved in 5g and Jé.
The derived values together with the necessary data for the
profiles are listed in appendix 7.

Previous studies (Carman 1952, Ash, Barrer and Pope 1963)
.have attempted to correlate the surfacé and capillary
condensate flow through microporous media with Wyckoff and
Botset's (193%6) studies of the flow of air-water mixtures
through sand beds. The comparison was made by plotting the

relative permeabilities Kr against the percentage saturation
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of the relevant porous medium. Kf being defined as

Kr = ‘Permeability in unblocked medium
Permeability in blocked medium

In this case the ammonia permeability drops on forming a

- capillary condensate and there is no correlation.

5.t.2 Flow of Nitrogen-Hydrogen gas mixtures through
' ' ‘ Carbolac I

The nitrogen-hydrogen results indicate that each gas is
flowing independently of each other in both the gas phase and
on the surface. This suggests that the transport in dilute
films takes place by a diffusive mechanism. This is in
agreement with the results of Aylmore and Barrer (1966) who
studied the flow of krypton-barbon dioxide and krypton-
nitrogen mixtures through a Carbolac I compact both in and
just above the Henry law region of adsorption. Pope (1967)
using an entirely different tecnnique observed that the flow
of sulphur dioxide at low surface coverage through a Spheron
6 (2700) cbmpact did not obey the Darken relationsﬁip

Dys- = D;S'(Elﬁ_ij
- o dln C

whlch relates the surface diffusion coefficient D ss with the
surface self- dlfthlon coefficient D*S. This latter
coefficient was obtaired from counter-current flow of
radio-active sulphur dioxide through unlabelled sulphur
dioxide there being no totzl pressure gradient between the
faces of the membrane. a' andfrepresented the'activity and
concentration of the adsorbed species. Pove attributed the
failure of the Darken equation to the surface flow not being
fully diffusive. Ash and Barrer (1967) re-examined the
validity of the Darken equation from the approach of

irreversible thermodynamics, and showed that independent of

210
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the mechanism.of flow the correct relationship was

D, = D, (1 - Calpxp\ein €y
t
Cpalyy/21n ay

5.59

where the L terms are the éqefficients of the general
theriodynamic relafionships for the surface fluxes

JA = LAA'XA + LAA*'X « for the unlabelled gas

a A*A*'XA* + LA*A'XA for the labelled gas

The expression (CALA?A/CA*LAA) accounts for any interaction
vbetween the surface flows through the term LA*A and would be
"expected to become significant towards higher coverages.
However this does not indicate whether or not the flow is

diffusive, for in Pope's counter-current experiments where

there is no preséure gradient the flow was necessarily .

diffusive even though there was a mgasurable value of LA*A'

Hence Pope's method.would not establish the mechanism of flow.

A possible solution to the problem would be the study over a

wide temperaturé range of a gas pair such as nitrogen and
oxygen, or hydrogen and deuterium, which had similar adsorption
isotherms. At the higher temperatures in the Henry'law
region the mechanism would be expected to be diffusive and
there would be a seéarative effect between the flowing
bomponents. As.the temperature was lowered then the hydrodynamic
flow would come to the fore with a corresponding reduction in

the separative effect.

. 5.5 Gas sevparation

The enrichment factors were calculated according to
equation 2.57 and are listed in appendix 7 . For the
three ammonia gas pairs there was always enrichment in favour of
the ammonia, and in some cases this would be almost to the

complete exclusion of the other gases, TFigure 5.20 shows a
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plot of:thekammqnia ehrichmeﬁt‘faCtér for the ammonia—helium
experiments at 0 °C as a'funétién of the ammonia pressure at
‘the in-going éide; while figure 5.21 is for the ammonia-helium,
ammonia-hydrogen and ammonia-nitrogen pairs at - 40 °C. This
is éhown as a plot of logq_versus'the ammonia relative

pressure P/Po (NH3)' It may be seen that the sorbed ammonia
allows good separations to be obtained at a relative pressure
of 0.5, while at 0.8 the membrane has effectively become
semi-permeable to ammonia. For the single gas past this point
there is a reduction of flow due to the formation of cavillary
condenéate at the in-goihg face, but the mixture experiments
indicate that if the in-going face can be heated to above the
temperatu;é for the formation of capillary condensate then even
more efficient separations would be obtained. This situation
could be used to advantage for certain types of catalytic '
synthesis in which the reactants are non- or weakly sorbing
“gases and the products strongly sorbing vapours. The

reactor would simply be a membrane capable of sorbing the
products up to tﬁe limit of capillary condensate, and the
in-going féqe would provide the catalyst surface. .The membrane
nmedium may act as the catalyst or be a support material in
which case the catalyst would be located on a micro thin section
of the membrarne at the in-going face, ‘The méin body of the
membrane would be held at the sorbing temperature of the product,
but the in-going face would be heated up to the reaction 7
temperature either by the reactants: or by some external

heating unit using heat radiation or the 'Piezo' electric
effect. The reaction would take place at the in-gding
~ face. The products would then flow from the face into the

cold membrane with accompanying heavy adsorption so blocking
'the gés phase flux of the reactants. This immediate |

separation of products from reactants means that the process
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would probeed.to 100% conversion, Typical reactions would be
bthe ammonia synthesis, nitrogen fixation,'and organic“synthesis
from basic petroleum materials. »

The nitrogen-~hydrogen enrichment factor is independent of
either gas. In this particular case the nitfbgen surfabe flow
is not yet large enough to out-weigh the gas phase separation
factor of (MHz/MNz)%’ and is an example of the surface flow

actually réducing the effective separétibn.

E g
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CHAPTER 6

SUMMARY AND RECOMMEKDATIONS FOR FUTURE WORK

| The flow of four binary gas mixtures (NHB/He, NH3/H2

.NHB/N2 and NZ/HE) through a microporous membrane was studied.
The membrane was prepared by compressing the carbon black
Carbolac I into a steel tube. The gas mixtures were chosen
with the view for the possible development of a new technique for
the sepafation of ammonia synthesis gas from its reactants
nitrogen and hydrogen. The NHB/He system was required for
determining ammonia gas phase fluxes using the helium as an
indicator gas non-sorbed but admixed with the ammonia gas
phase.  For the three ammonia mixtures the ammonia flowed
independently of any of the admixed gases while the admixed
gas was greatly reduced by the presencg_of sorbed ammonia;
Excellént separations . of ammonia for all the mixtures was
obtained, in the limit the membrane becoming semi-permeable
to ammonia,. This was due to the sorbed ammonia blocking the
other éases'which were principaliy in the gas phase.

The individual_components of the N2/H2 flowed independently
of each other both in the gas phase and on the surface.

A study ofAthe fiow of ammonia in the region of its
saturation vapour pressure revealed the unusual feature of a .
reduction in flux as capillary condensate set in. In
investigating this effect it waS re§ea1ed that the adsorption
data which were measured on unrestrained chips of compressed
Carbolac I do not necessarily apply for adsorpfion isotherms on
the constrained membrane. It is recommended that adsorntion
isotherms of strongly adsorbing gases should be wmeasured on
restrained samples compressed to a similar porosity to that of

the membrane if the data are to be used for flow experiments,
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A crifical.examinatidn was made for the evidence of hélium
surface'fldﬁ_through a carbon membrane ﬁade frdm Graphon. It )
was concluded that within the temperaturé'range 300 to --EOO °c
there is no helium surface flow. It was considered that this
also applied to the Carbolac I,membrane,'but the instability
of the surface prevented thorough investigation 6f this point.

A detailed analysié'of the Carbolac I material showed
it to be principally a very fine particle alkaline carbon. It
has a very large surface area which is almosf completely
covered with an acidic surface oxide. The particles are
riddled ﬁith micropores which contribute about two thirds of
the surface area. Compaction of the powder produced a membrane
with a fairly narrow pore distribution, the mean pore diameter
being of the order of a few molecular dianeters.

Significant differences bhetvieen the permeability of
hydrogen and its isotope deuterium at - 40 °C were found; and
could form the basis of a means of sepgrating the isotopeé.
A‘marxed increase in the adsorption of Aeutefium over hydrogen
was found for adsorption at liguid nitrogen temperatures.

Two possible reasons were suggested for this eifect. The first
was that there is a difference in the zero point energy for

the adsorption bond, the second was the different isomer
contributions to the rate of adsorption. No conclusion could
be drawn as to which explanation was correct.

Several guestions have arisen from this project. The
first concerns the uniqueness of the ammonia flow results.

A number of experiments were suggesfed in section 5.3%.4

to explore this unusual effect, The second concerns the
mechanism of surface and capillary condensate flow. For
very low uptakes the mechanism is undoubtedly diffusive,
but it is still not clear where a change over to a

hydrodynamic mechanism occurs. A suitable series of



experiments for identifying this'region was suggested in
section 5.4.2, The third question was the difference
in the hydrogen and deuterium adsorption at low tempefatures
on Carbolac I which was discussed in section 5.2.3.

The final apparatus proved to be adequate for the purpose.
However two improvementslare suggested. The first concerns
the gas circulation pump.. This tended to be temperamental
and also produced considerable glass dust. It is recommended
that future vork incorporates a mercury piston pump of the
type shown in figure 6.1 and based on a design by Murphy (1963).
The valve system is essentially that used here and by
adjusting the pistons to be 180° out of phase to each other
there will be no major pressure fluctuations. The success of
this typé of pump lies in using wide bore cylinders and wide .
mercury flow lines together Wi£h a lazy punping action.

The second improvement is with the gas analysis gauge.
By including a wider bore section in the lower part of the
standard and analysing capillaries together with a wide bore
vacuun limb'the pressure range of the gauge could be much
.improved. A diagram of the modified gauge is shown in o
figure 6.2, Analysis of hydrogen-cdeuterium mixtures may be
difficult due to the ortho and para isomers of the isotopes
éhanging through adsorption to the eguilibrium concentrations
for the temperature of the membrane through which they are
diffusing. Particularly at low temperatures this would affect
the thermal conductivity of the gas. In this case the soundest
method of analysis would be by mass spectrometer. Finally it
is recommended that a separate analysis system be included in

the in-going side.
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Symbol . Identifying
_ - equation
A Surface area of so0lid (cms/cm3 or g of porous 2.3
medium) calculated fromos B.E.T. equation S
(Ag, Af, Ay, Aepms An, AY are surface areas in
the above units as discussed in section 5.2.1)

A Summation of consfants 5.29
Ag Cross-sectional area of porous medium (cma) 2.4
a Molecular radius (&) (section 5.2.1)

a* Mean jump distance along the surface (&) 5.42
at Activity ' 5.58
B Summation of constaﬁts 5.29
s Degree of pore saturation in Kozeny eguation 5.49
Total concentration (moles/cm3 of porous mediunm)
(Subscripted A, B, or superscripted He, NHz, etc
for concentration of a particular species,
superscripted 1, 2, . , n, . , x for a series
of experiments)
Cg Gas phase concentration (moles/cma of porous medium) 2.16
Cg Gas phase concentration (moles/cma of void space) 2.16
Cg Surface concentration (moles/cm3 of porous medium) 2.15
CS Surface concentration (moles/cm2 of solid) 2.15
‘Prefix & for a concentration drop, subscripted o
concentration at the in-going side, subscripted U
concentration at the out-going side, subscripted e
refers to the equilibrium concentration of equation 5.13
ct Constant of integration 2.76
c Velocity of light
Cy Concentration of isomer in rate eguation after 5.12
time t :
Co Initial concentration of isomer in rate equation 5.12
D" Spectroscopic dissociation energy (cal/mole) 5.11
p° Thernal -dissociation energy (cal/mole) 5.11
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" The diffusion coefficient (cma/sec)

(Discussed in section 2.1.9)

The steady state gas phase dlffu51on
coefficient (cm/sec)

The steady state surface diffusion
coefficient (cm?/sec)

The diffusion coefficient is defined by its
respective Fick equation and in addition to the
above the follow1ng were used:- D&g 2.24, D, 2.25,

‘D5 and D s 2.3, Dy case 2 and Dy, case 3 of

section 2 1. 8, and D"S 5.58

Energy of Henry law adsorption (cal/mole)
Activation energy for surface diffusion (cal/mole).
Energy of frequency shift (cal/mole) (section 5.1.6)
Zero point energy (cal/mole)

Fraction of molecules randomly scattered

Gl, Gp, Kammermeyer's structure factors

PHE
AF

o

OH

UAI

AN

h

Partial molar heat of adsorption (cal/moTe)

Integral molar heat of adsorption (cal/mole)

~Molar heat of adsorption at constant spreading

pressure (cal/mole)
Heat of Henry law adsorption (cal/mole)

Molar heat of adsorption at constant chemical
potential (cal/mole)

Planck's consfant

Flux.(mélés/ém2 of'membrane/sec)
Equation for experimental evaluation

The. following fluxes were defined for different
phases and type of flow:- J, 2.21, Jg 2.21, Jé 2.22,

J& 2.22, Jo 2.25. The experlmental fluxes &y and 32

were deflned in section 4.4.1

The fluxes were subscripted A, B, or superscripted
He, NHE, etc for a species and superscripted 1, 2,
« 4y n, . 4 X, for a series

2.71
5.33

5.11
2.2
5026

2.59

2.66
2.67

2.70
2.74

)\
W\
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The‘permeability (cmz/sec).A.Defined by equafion,
2.5, evaluated by equation 4.7 and discussed in
detail in section 2.1.8

Kx Knudsen permeability for a single capillary

Ky Knudsen permeability for porous media

Kgp = K by Barrer's definition

K Carman's definition of permeability

Ky, Knudsen permeability for a repeatedly bent
single capillary

Kp case 1, Ki case 2, K} case 3 of section 2.1.8

K defined by equatlon

Kg defined by equation

K¢ an experimental permeability deflnbd by

Ky relative permeability defined by

Constant of equation
Forgs'constant

Rate constant

Henry law adsorption constant

Time-lag (hours) section 5:1.9
Ly a calculated time-lag with D a constant or
function of C only '

" I{ a calculated time- 1ag with D a known function

of x

The phenomenological coefficient
Subscripted for species and cross coefficients

Length of membrane (cm)

Molecular weight. Subscrlnted A, B, He, NH,, ete

for species, and a for adsorbent

Moles of adsorbate'

) Kanmermeyer s deflnltlon of permeablllty

Isosteric heat (cal/mole)

Pressure (cm Hg) Subscripted 1, 2, for
different temperatures. P° standard pressure,
P' adsorbing pressure section 3.2, .
P, saturation vapour pressure

The gas constant per mole
Capillary radius
Hydraulic radius

Tenperature. Subscripted 1, 2, for different
temperatures, d for dead space, b for burette space,
r for room temperature, p for membrane temperature

223

2.48
2.49
L.8

5.57
2.32
5.10
5.12
2.18

2.7

2.61
5.30

- 2.63

2.1
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Time (sec)
Bréak through tlme (see section 4 4 1)
Thickness of adsorbed layer &)

t' statistical thickness for filling a
particular sized micropore

Volune. V volume of the out-going side
Vg volume 8184844 space, Vyp volume of burette,
V, and V] volume of micropores section 5.2.1

Partial molar volume of adsorbate in solution

Molar volume of the gas phase
Molar volume of the adsorbed phase

Degree of swelling of adsorbent (cn3/cm? of
porous media)

Molar degree of swelling of adsorbent

Molar volume of adsorbent prior to swelling
Molar gas volume

Uptake (cc at N.T.P./g)

Monolayer capacity (section 4.2.1)

Vs V2 Absorption band in wave-numbers

w

Weight (g)

Fractional length of membrane for which the
surface flux has Joined the gas phase

Mole fraction- of surface excess
Distance

Mole fraction subscripted A, B, for species

-Mole fraction of adsorbate in solution

4,3

4.3

2.59
2.59
2.67
5.2k

5.18
5.15

5.23
.2

5.24
2.27

519

2.6
2.57
2.59

22k
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Greek Symbols

Angle subtended (section 5.2.1)

<
ot Coefficient discussed in section 5.1.9
P Isothermal compressibility 6f adsorbent (atmos‘l) 5.15
¥ Surface tension (dynes cm—l) o : . 5.1
) Volume elements aiong a temperature grédient
Zg Kammermeyer quotient ' 5.28
A Time-lag difference
rt Surface excess (moles/cma) ' 2.60
E Porosity (cm3/cm3)
ui Separation factor : A 2.58
7t Viscosity | _ 5.49
G, Fractional monolayer capacity
6, Angle of wetting P : ) 5.1
X Tortuosity and structure factor o 2.h
) Chemical Potential o 2.7
fa Chémical potential of the adsorbent in the 2.73
adsorbed state » i ,
‘fg Chemical potential of the adsorbent in the . 2.73
calibrated state
}% Chemical potential of the surface excess 2.73
v Vibrational frequency of an adsorbed molecule (sec-l) 5.42
" 'Ratio of circunference to diamefer of circle _
&Y Liquid density of adsorbate 5.49
o Slope of isotherm : ’ 2.34
04 Summation of volume elements’ '
O Molecular diameter _
o, " Rate of shear o ‘ - 5.50
v Shear stress 7 v 5.501
95 The two dimensional spreading pressure of the ‘ 2.68
adsorbed phase _
3 Fundamental vibrationai frequency (cm-l)‘ 5.10
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APPENDIXES
Legend to tables
" Pressure In cm Hg, listed as P, P.igs, Av.P.igs
Concentration In moles per cc of porous medium, listed as
| C, €y Cs G cg |
Uptake In ¢cc at N,.T.P. per g, listed as v
Temperature In °C and OK, listed as T
Heat In Kcals, listed as Qg A
Flux In moles per cm per sec, listed as J, Jg’ J_,

éé, és, Jé, Flux

Permeability" In cm® per sec, listed as X, KC, Perm., Av.Perm,
Diffusion ~ In cu® per sec, listed as D _
. ss
coefficient
Permeability K(M/T)% Peru.Const.,
constant . ‘
Time-lag . In hours, listed as L
Statistical In &, 1isted as 't'
thickness ’ :
B.E.T, See section 4,2.1

P/Po is the relative saturation vapour pressure, @ the
spreading pressure, ks the Henry law constant,q the separation

factor and the Pope.equivalence factor was 3.312



App. 1

T - 197.8 °C, 77.4 °K (Liquid nitrogen)

Nitrogen Isotherm Data

. adsorption run 1
P v P/P BET 1
© X 103
0.041 97.72 0.005
0.156 142.62
- 0.179 142.90
0.735 177.51
0.819 178.84
2.923 209. 30
3.240 211.90
3,442 213.39
3.516 -213.96
2,614 214.49 0.046 0.23%5
7.261 235.86 0.097 0.453 3.65
8.593 - 241.66 0.114 0.534 3.77
'9.580 245,28 0.126 0.586 3.89
9.996 246.80 0.131  0.611 ° 3.90
10.414 2h§.12 0.137 0.637 3.95
1%.396 258,83 0.175 0.818 4.19
17.58% 267.75% 0.229 1.112 4,50
18.235 275,37 0.247 1.191 L.66
19.882 278.23 0.259 1.259 4,75
20.895 281.038 0.27% 1.33%2 4,83
- 22.635 286.48 0.297 1.476 k.99
28.532 302.48 0.375  1.982 5. 48
33,677 313.14 . 0.442 1.990 6.04
adsorption run 2
0.094 83.70 0.001 0.015%
0.432 158.97 0.006 0.03%6
0.525 159.76 0.007 0.0L4
5.298 219.00 0.070 0.342 - 3.42
7.183 2256.5 0.095 0.457 3.63
15.490 258.2 0.20h 0.991 .29
19.040 269.8 0.251 1.2329  4.69
24 .46 285.1 0.322 1.666  5.16
26.882 301.9 0.354 1.813 5.3%7
33,868 222.1 0.446 2.496 6.06
38.389 336.8 0.505 3.031 6.54
42,060 348.5 0.553% %.556 6.94
k5.335 359.3 0.597 4.115 7.33
49.558 379.5 0.652 4.939

7.89

J
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Nitrogen Isotherm Data

-7 0.0 °C Ice T - k0.0 %
273.2 %k 233.2 %k .

adsorption adsorption

P v P v
7.4540 0.74 4.788 1.74
14,087 1.53 8.292 2.85
24k .767 2.64 13%.280 4,20
34.,.%29 3.47 - 16.863 5.10
Ly, 872 4.37 : 20.090 5.86
55.143 5.25 22.290 6.36
25.167 7.09

k5.135 10.94
- 74.111  15.40

desorption desorption
Li 760 L, 34 " 55.299 12.67
34,304 3.46 Lo.491 11.43
24,240 2.53 39.238  10.05
14.059 1.54 . 30.009 8.21
7.451 0.93 18.113  5.66
10.406 3.7%
6.846 2.72
5.414 2.28
4,201 1.85
1.627 0.92

Tsosteric Heats between 0.0 and - 40 °C
v . At

5.30
5.34
5. 44
5.51
5.61
5.62

WMV RO
oW ounowum
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Computer program for calculating molecular packing
; X [ 4 - O

" in circular micropore capillaries

- Control cards

c

202

201

10
11
12
14

80
81

203

20

204
20

Lo

MZLECULAR PACKIKG IN CIRCULAR MICRZPZRE CAPILLARIES
REAL A,L,T¢T,C,S,FL,RM,THETA,RD,AA

INTEGER M,NL,D,NT@T,NA

DZ 40 KA = 20,50,2

AA = NA

A = AA/lO.

WRITE (6,202) A

FYRMAT (1H1,26HF@R MZLECULAR DIAMETER ¢F ,F3.1)
WRITE (6,201)

F@RMAT (1H1,31HDIAMETER  LAYER MFLECULES,///)
& = 3.4 - :
DZ 30D = 4,50 ‘
T¥T = 0.0

L = 1.0

RD = D

S = RD/2.0-A*(L-1.0)

IF (8*S-8*A) 11,11,12

M = 1 '

GZ TZ 14

C = A/(2.0*SQRT(8*5-5*A))

M = 3.142/ATAN (C)

NL = L .

IF (NL-1) 80,80,81

FL = M

CENTINUE

WRITE (6,203) D,NL,M

FYRMAT (1H ,I2,9X,I2,9%,13)
L = NL +1

RM = M

T¢T = TET + RM

THETA = T¢T/FL

IF (RD/2.0-A*L) 20,10,10
NT@T = TgT

WRITE (6,204) NTQT,THETA

FERMAT (1H ,5HT@TAL,3X,I3,6X,S5HTHETA,3X,F6.3,///)
CENTINUE

CERTIRUE

STEP

END

238
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Computer results for packing 3.4 A diameter molecules into

circular micropore capillafies
Cap. Dia No. Molecules in layer Total Theta

in R lst an 3rd

L 1 - - 1 1.0

5 1 - - 1 1.0

6 1 - - 1 - 1.0

7 2 - - 2 1.0

8 3 - - 3 1.0
9 . - . 4 1.0
10 5 - - 5 1.0
11 6 1 - 7 1.166
12 7 1 - 8 1.142
13 -8 1 - 9 1.123
14 9 2 - 11 1.222
15 10 3 - 13 1.300
16 11 5 - 16 1.455
17 12 6 1 19 1.582
18 13 6 1 20 1.538
19 14 -7 1 22 1.571
20 15 8 1 o4 1.600
21 16 9 3 28 1.750
22 17 10 4L 31 1.824
23 .18 11 5 34 1.889
2L 18 12 6 &1 37 2.050
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T 25.0 gc
298.2 %k

adSorption

b

1.124
2.854
44357
10.025
16.579
24,707
29.872
34,279
37.893
Lo.ok46
. 50.090
56.519

v

0.00747
0.01802
0.02862
0.06572
0.1117
0.1628
0.1961
0.2215
0.2456
0.25698
0.3%202
0.3622

T - 20.0 gc
253.2 %k

1.711
2.699
3.889
5.491
7.189
11.526
16.3%62
19.367
22.823
23,317
37,670
53.932
56.111

0.0172
0.0322
0.0454
0.0642
0.0619
0.1550

0.1921 -

0.2276
0.2674
0.2751
0.4417
0.6277
0.6520

T - 40.0 gc
233%.2 %k

3,444

5,368

7.552
10.359
18.376
28.820
40,558
L7,220
51.718
55.237

0.05407
0.08874
0.1233%
0.1685
0.2998
0.4686
0.6499
0.7634
0.8367
0.8854

desorption

P

49,277

40.140
27.173
16.119
11.918

9.479

- 5.216

3.094
0.600

46.918

39.803
27.708
17.209
15.530
11.122
6.605
4,070
0.982

52.282
47,192
L0,002
28.728
18.305
14,594
10.735

4,938

1.334

v

0.3133
0.2549
0.1748
0.1049
0.0646
0.0585
0.0306
0.0175
0.0

0.5429
0.4661
0.3269
0.2045
0.1592
0.1%19
0.0815
0.0509
0.0115

0.8489
0.7714
0.6545
0.4717
0.3023
0.242k
0.1777
0.0799
0.0197

A

Hyrogen Isotherm Data

T o;o-gc
273.2 K
adsorption
P v
3.089 0.0286
4,988 0.0466
7397 0,0661
8.656 0.0778
10.441  0.0933
11.971. 0.1039
19.609 0.1721
28.206 0.2481
34,486 0.3032
39.502 0.3433
41.890 0.3633%
45.677 0.3%910
47.395 0.4113
49,530 0.4332
55.618 ©€.4828

T - 27.6 %
245.6 %k
2.443 0.0338

3.8687 0.0536°
5.498 0.0762
6.400 0.0873
7.519 0.1023
15.543 0.2118
24,865 0.33%6
35.451 0.469
41.934 0.555
46,004 0.610
b9 kL7 0.652

240

desorption
P v
49,531 0.4321
£1.395 0.3603
28.068 0.2458
17.115 0.1458
12.014 0.1004
8.703 0.0732
5.975 0.0478
3.646 0.0279
46,465 o0.624
41.5322 0.551
35,217 0.468
24,861 0.332
15.550 0.21h4
11.254 0.207
11.598 0.161
10.166 0.143
8.842 0.124
6.126 0,0891
3.825 0.0629
0.875 0

.0376
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T - 183.0 gc (Liquid Oxygen)

90.2 K
adsorption . desorption
P v P v

1.077 7.978 45.951  61.206
1.475 9.864 38.433 57,193
3.815 17.494 - 33,441 53,333
L.874  20.071 24.835 46,675

‘5.751  22.030 16.787  38.856
6.589 23.6Lg 14.816  326.617
8.457  27.136 12.177  33.135

11.805  32.149 7.231 25.489

14,719 35.937 3.853 18.095

16.457  37.937 2.330  13.535

17.920  39.762

18.474 4O 46k

27.486 48.661

37.024 55.555

43,338 59.654

47,795  62.148

50.873 63.818

T - 195.8 °C (Liquid Nitrogen)

79,4 %K

0.201 8.719 49,691 99.122
0.272 9.072 L9.,170  97.444
0.816 18.069 42,959 94,598
0.937 19.555 37.577  90.469
2.042  28.197 28.607 B2.527
2.686 . 31.850 19.817  72.495

" 3.738 36,780 17.717  69.668
4,965 . 41.5%6 14.944  65.668
5.431 43,181 12.359  61.073
6.719  47.187 9.417  54.973
8.443 52,099 5.511 44,390
9.826  52.001 3.593  37.377

11.266 58,222

12.366  60.477

16.684  67.780

20.926 - 73.682

22.692 - 75.982

25.110  78.749

25.726  79.451

37.860  90.590

51.952 100.09k

61.01% 104.983

Hydrogen iso%herm Data

241
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-7 25.0 %
298.2 %k

adsorption

P
2.726
4,450
6.686
8.165

10.046
11.980
20.110
29. 744
36.349
L2,014
L3,825
Lp.231
52.134
58.357

T - 20.
253.

2,019
3.222
L.,528
6.540
7.684
12.350
17.786
20.759
23,217
2k . 279
254307
26.386
42,996
L8.611
" 51,788

v

0.0152
0.0301
0.04308

0.0546 -

0.0652
0.0754
0.1322
0.1933
0.2348
0.2702
0.2824
0.2753
0.3337
0.3740

desorption
P v
51.870 0.3357
L2.205 0.2727
28.300 0.1862
16.949 0.1120
12.181 0.0785
8.074 0.0533
5.407 0.0355
3,254 0.0209
0.63% 0.0021
L8.767 0.602
42.885 0.53%5
.36.350 0.460
25.510 0.336

Deuterium Isotherm Data

o 0.0 %

273.2 °k

adsorption

P

1.249
.2.000
2,981
4. 418
5.834
9.592

13.916:

16.417
20.420

304745 .

50.322
73.478

v

0.0104
0.0202
0.0264
0.03%93%
0.0519
0.0851
0.1248
0.1467
0.1810
0.2695

0.4426

0.6426

T - 40.0 gc
233.2 %K

2.336
2.674
5.892
6.839
9.830
14.419
21.574
25.000
28.3207
29.472
29.768
41.500
Lo ,884
54456

0.038
0.056
0.098
0.112
0.171
0.351
0.360
0.416
0.467
0.488

0.682
0.783
0.887

56.101 0.914

\

2h2

desorption
P v
50.882 0.4500
230.883 0.2766
22.83%6 0.1980
19.080 0.1726
15.970 0.1450
10.695 0.0995
6.617 0.0614
1.433 0.0131
44,989 0.730
L2.367 0.689
38.505 0.627
32,078 0.538
23.647 0.387
15.053 0.243
11.97% 0.187
8.720 0.138
6.402 0.175
L,065 0.041
1.099 0
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T - 183.0 gc (Liquid Oxygen)

90.2 K -
‘adsorption
P v
0.562 5.616
0.724 7.023
0.937 8.305
1.988 13.370
2.928  16.844
3,367 19.845
4,872 22.537
6.470 26.239
7.606  28.480
10.226 33,086
12.678  36.795
15.266  40.202
16.640 41,814
2,112 49.514
32.291 56.389
37.467  60.150
Lo.ts2  62.106
42,820 63.580
40.993  62.419
L6,132 65.679
48,608 67.349
T -195.8 %
77.4 °x
0.065 5.050
0.300 12.351
0.328 12.902
0.632 20.195
0.841 21.035
0.940 21.712
4,121 42,737
4,872 44,941
5.422 47,963
5.883 49,730
6.954 53,012
8.641  57.865
9,976  61.425
11.174 64,215
11.935  66.151
15.804 73,526
19.328  79.036
21.058  81.310
23%.326 84,456
24,228  85.566
35.622  97.175
L7,712 106.647

54%.375

Deuterium Isotherm Data

111.052

desorption -

5.951

P . v
L6,246 65.779
L1 .%20 62.835
35.933 59.047
26.805 51.781
118.100 43,347
15.%05  40.143

- 13,127 37.215
10.597  33.548
7.801  28.791
5.368 23,645
4,195 20.712
2.583  15.643
50.806 108.600
48,547 106.580
43,796 103%.898
38.526 99.823
29.251 91.275
20.591 82.714
18.249  77.866
13.054  69.679
10.030 62.980

51.531

2h3
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‘ Derived data from'Hydrogen.and Deuterium isotherms on
Carbolac I between - 40 and 25 °c together with data for the
" range 308 to 378 °K taken from Clint's Ph.D. thesis (1966)

7o 1/7

°k 1072 ISEB ’1g§8 1og10.% 1oByo's

Hydrogen 378.0 2,646 3.105 3.48 3.4921 8.5416
352.9 2.848 3.745 3.92  3.5735 8.5933

333.2  3.005 L.511 L.bh  3.6542  B.6L7L

320.7  3.122 5.113 L.B6 3.7084  8.6866

308.2 3.249 5.809 5.31  3.76k2  8.7251

298.2. 3.358 6.452 5.69 3.8096 8.7551

273.2  3.666 8.701 7.03  3.9395 8.8472

253.2 3.956 11.666 8.7k  2.0667 B.9h12

24k5.6  L.092 13.166 9.57 .2.1193  8.9809

233.2  L.296 16.191 11.17 2.2101 7.0480
Deuterium-298.2  3.358 6.50 5.68 3.8129 §8.7543
, 273.2  3.666  8.83 7.11  3.9460 8.8521
253.2  3.956 , 11.82 8.92 2.0726 - 8.9505

233.2  h4.296 16.32 11.26 2.2128 7.0515

Isosteric heats of adsorption for Hydrogen and Deuterium between

77.4 and 90.2 °x adsorbing on Carbolac I chips

v st Kcals st Kcals Difference
Deuterium Hydrogen in cals

5 2.22 2.11 100
10 2.06 1.93 : 130
15 1.92 - 1.82 100
20 1.79 - 1.70 90
25 - 1469 1.63 60
320 1.61 1.58 ~ 30
35 1.60 1.58 20
Lo . 1.58 1.53 50
Ls 1.57 1.50 70
50 1.55 1.48 70
55 1.51 1.43 80
60 1.49 1.41 80
65 1.49

25 cc at N,.T.P. g—l is about 0.10 of a monolayer
60 cc at N,T.P. g—l is about 0,25 of a monolayer



~App. 3

P 0.0 °¢" Run 1

273.2 %k

adsorption

P

- 0.945
0.182
0.416
"0.523
- 0.872
0.817
1.715
2.026
2.788
3.740
b,522
5.471
6.185
7.280
8.832
9.86%7
10.678
11.969
14.875
17.100
19.646
20.982
27.038
31.804
36.201
37.276
49.718
61.014%

T - 10.

T 263.
0.248
3.700
4.679
7.152
9.291
9.957
12.087
14,521
16,301
17.921
19.962

v

18.

105.
108.
118.
127.
134,
139.
147,

I

23
58

Ammonia Isotherm Data

kg
36
35
33

31.
27,
20.
19.
17.
15.
12.
11.

HFEMNMNWUOISNIN

L5,
34,
32.
29.

20

17.
12.

3

desorption

34

. 606

.605
+609
417
125
175
205
625
327
098
127
556
.628
534
-390
.860
. 785

243
.648 .

778

198
622
478
060
. 360
542
967
. 749
.260
.625
532

v

192.90
169.40
167.52
162.86
158.29
145.73
133.70
131.84
125.79
119.95
110.73
108.83

95.34

94k.04

84,65
75.64
70.03
65.48
35.53

35.51

217.60
193.00
187.80
178.97
153.07
144,13
126.99
109.31

96.65

87.30

79.86

T. - 0.0 °C Run 6

273.2 %k

adsorption

P
3.007
5.950

10.185
12.348
13.946
15.825
21. 464
27.796
33.056
37.446
45.534
62.511

T - 20.

253.

0.421
%.101
3.599
7.093
8.009
9.104
13%.802
16.072
19.024
22.391
27.005

v

52.99
58.43
85.77
93.70
99.31
103.75
118.82
2h.oh
145.49
154.62
170.99
199.30

245

desorption

34

v

not measured

41.653
39.116
35.372
25.562
2L . 040
20.329
17.116

267.
260,
249.
216.
211.
.00
182.

196

Lo
80
90

20

oo



bﬁpp, 3 I . Ammonia Isotherm Data | 246

Cont.

adsorption'> desorption adsorption desorpti&n
. P v P v P v . P v
2h.751 162.75 : 29.243 230.0 |
28.036 172.57 32.939 238.5
20.027 177.40 _ 42,021 266.4
31.464 182.1 .- 53.781 305.8

35.414 192.4
hg 479 216.5
sh.339 2326.3

re-adsorption re~desorption

L.shy  86.47 by.626 208.2
16:470. 133,57 32.509 184.5
23,213 154,58 29.692 177.4
25.628 162.14 23.698 159.6
32.945 184.4 18.983 144.9
L2.770 206.7
50.492 223.5
53.013 231.9

T - 30.0 °C Run 3 ‘ : ‘T - 40.0 °C Run 2
- a2b3.2 K . ' ' . 233.2 K
1.200  79.34 Ls,491 354,10 . 0.565 74,3 not measured

1.335 81.56 Li 267 349,20 ©1.897 110.3
2.082 91.84 36.853 " 319.80 2.787 129.7
2.376 95,71 30.672 295.10 3.504 134.7 .
5.288 137.54 ° 29.164 290.70 8.082 196.7
"5.941 138,06 21.123 252.60 8.900 197.6
6.8322 147.00 15.407 221.90 - 11.233 238.4
6.943 146,53 11.825 197.40 14.750 256.5
7.306 148.79 . 9.296 178.5C 15,197 267.2

11.277 191.4 7.479 163.37 19.211  294.7

S 11.711 186.8 6.137 151.87 25.141 3325.5
13.857 199.9 5.116 141.51 29.058 381.2
14,119 203.2 L,211 132.80 33.953 425,79
14.999 208.1 - 3,665 125.329 39,629 506.3
15.876 211.4 L40.021 53%6.1
18.901 231.6 43,116 ©595.3% .-
1 20.442  237.6 ' by bk 608.8
23.757 257.2 ' 46,750 646.0

25.837 266,11
30.118 286.5
36.019 310.3
39.909 326.3
43,136 339.2
46,111 353.1
55.035 391.6



 App. 3

Ammonia Isotherm Data

T -50.0° Run 7
223.2 %k
adsorption desorption
P v P v
0.004 8.71 29.294 827.36
0.019 19.40 27.236 771.25
0.090 28.57 25.243  720.05
- 0.167 60.55" 23.489 671.86
70.525  90.30 22.270 626,36
1.020 117.94% 20.862 583.57
1.777 143.62 20.646 541.25
4,431 165.14 18.179 504.19
3,081 181.65 17.798 467.80
3.265 187.37 16.113 434.82
© 4,159 204.53 15.165 403.89
_5.789 23k.72  13.537 376.29
6.642 254,70 11.543 353.13
7.992 266.65 10.795 .330.99
9.488 295.12 9.353% 312.05
11.215 3212.2h4 8.197 295.24
13.27% 345.99 7.445 280.03
15.512 370.01 6.502 266.75
17.306 L406.54 5.859 254.68
19.271 438.19 5.352 243.76
20.204 469.96 4,998 233,48
. 22.214% 506.76 4,254k 224,85
22.540 538.05 L,24h9 215.97
24,117 579.66
24,821 598,91
24,925 645,33
26,649 656,12
27.404 706,28
27.271 719.22
29.178 769.59
29.724  828.12
30.457 862.16

247



R | : | P
. App. 3 Ammonia Isotherm Data Computed values of I if I.4p 2k8

_ P
P I I I I I I

, 0% -10% -20°% -2 °% -8 °% -5 %
1l 50.0  103.5 101. 115.9 141.4 - 254.0
2 79.9 - "155.1 155. 173.3 215.1 349.0
3 100.3 184.6 190. 212.3 2654 .7 ik ,o
L  116.4 205.6 217. 2h3.h 303.9 L66.0
5 13%0.0 223.2 2ha, 270.6 336.6 513.1
& 141.9 238.9 261. 295.2 365.2 555.1
7 152.5 253.2 280. 317.2 391.4 593.4
8 162.3 266.3 296, 337.5 415.9 628.6
9 171.5 278.4 311. 356.6 439,32 661.4

37h.7 Le1.6 €92.1
392.1 483%.1 721.1
4o8.5 503.6 - 748 .8
Lob .3 523.3 775.4
L38.9 shz.2 801.1
453.,0 560.2 826.0
L66.6 577.5 850.1
479.6 594.0 873.7
bga.2 610.0 896.9
504. 4 625.4 919.9
516.4 6Lo. b4 g42.8
528.1 - 655.0 965.9
539.5 669.2 989.1
550.7 .. 683.2 10l2.6
561.6 697.0 1036.3
572.3 710.7 1060.3
582.7 72k,1 1084.8
592.8 737.8 1109.8
602.8 750.7 1135.1
€12.5 763.8 1161.2
622.0 776.8  1188.5
. 631.4 789.6 1217.7
640,7  802.3
649.,8 815.0
658.9 827.5
667.8 840.0
676.6 852.5
685.2 865.1
69%.6 877.8
701.9 890.6
710.1 903.7
718.1 916.9
726.1 g930.4
734 .0 ghh .0
741.9 G57.8
749.8 971.6
757.5 985.3
765.0 999.1

10 180.2 289.7 326,
11 188.4 300.3 339.
12 196.3 310.3 352.
13  203.9 319.8 %65.
14 211.1 328.9 376,
15 218.1  337.7  388.
16 224.8 346.1 399,
17 231.2 354.3 Lo9,
18  236.4 362.3 Lig,
19 243.3 370.0 Log,
20  249.1 377.5 439,
21 254.7 384.8 Lug,
22 260.2 391.8 g7,
23 265.6 %98.7 Leo,
24 270.8 bos.4 475,
25 276.0 bii1.9 Lg3,
26 281.1 b18,.3 Loz,
27 286.1. Lah,7 500.
28 291.0 . 431.0 508.
29 295.8  437.1 516.
30  300.5 Lihz,1 - 524,
31 305.1 Lhg,o 531.
32 309.6 Lsh 7 539.
33 314,0 460.3 546,
34 318.4 465.8 553.
35  322.6 L91.2 560.
36 326.8 476.6 560,
37 330.9 482.3 571.
38 335.1 L88.3 576.
39  339.2 Lol .9 579.
Lo 3434 502.1 583.
by 347.6 510.1 587.
Lo  351.8 519.0 592,
Lz  256,1 527.7 600,
by 360.2 5%6.3 613,
Ls 364,22 543.6 635.
46 368.0 s48.2 663,
bp  371.3 S48, 4 706.
Lg  374.1 s5Lk2.1 765, 772.0 1013.2
Lo  376.0 527.5 840, 777.9  1028.3
50  376.8 503.3 931.6 762.4 1045.7

Limit of isothernm
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App. 3

249

Heats of adsorption for Ammonia on Carbolac 1

25
50

75

100
125
150
175
200
225
250
275
300
525
550
575
400

between 0 and - 50 °c

9st Kcals/mole

13.84
11.76
9.75
8.48
7.39
7.33
7.14
6.95
6.87
6.81
6,71
6.61
7.26
733
7.11
7.03
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Set/No. Temp. Av.P.igs
. o - .

CF W v K
P VMEWhE MFEWNFE W Fwn R

Ry W
VM EWRH MEWRNH MTEWDH WEWLH W WD U5

o

(0]

\O

°K. .

0.0
273.2

25.0
298.2

50.0
323.2

. 74.8

3h48.0

99.
372.

W H

125.0

150:2
Loz 4

175.2

4,k

©199.8

473.0

Helium flow through Graphon

10.203
21.632
35.025
L6.773
63.058

9.835
21.733
35.080
46,500
63.990

6.708

21.857
34.97%
48,757

6l . 24k

§.563
23,028
37.505
50.792
63.494

9.hk

22.577
35,647
48,840

64.926 -

21.029
35.117
L8, 474
6L, 357

6.614
20.228
36.988
50.579
63.266

7.06k4
21.717
37.72k
51.356

. 64,337

6.780
22.693
27.027
52.716
67.135

Flux

X 108
1.487
3.155
5.120
6.773
9.198

Perm.

lO3

X
2.409
2.411
2.416
2.395
2.411

2.450
2.556
2.545
2.530
2.550

2.499
2.467
2.477
2.568
2.500

2.462
2.480
2.465
2.4638
2.478

- 2.544

2.5k
2.559
2.549
2.553

2.698
2.668
2.662
2.651
2.659

2.816
2.807
2.806
2.839
2.830
2.989
2.950
2.990
3,000
2.990

3.110

3.074

3.x07

3.083.

3.09k

Av.Perm. Perm.Const.

3

-x.10
2.508

2544

2 0480

2.471

2.548

2. 669

2.819

2.989

3.093

lO’+

.92

.94

.76

.65

.64

.67

- 7h

082

.8k

250



App. 4 -

. Set/No.

’_J
o
L3

’_J

11.

l2.

~13.

14,

15.

- 16.

17.

l8l

VFUWpE MEFEwoHE MEWNDHE MEWDE MEWpHE MEWDE MEWDHE MEWNDE B W

Temp. Av.P.igs

0.0
273.2

37.5
310.7

62.3
3355

929.
373.

O e

'99.8
373.0

99.8
373.0

99.8

- 373.0

207.
580.

W=

274.3

S547.5

Helium flow through Graphon

6.149
21.407
32,077
48,702
64,907

7.255
18.533
31.385
47,664
62.667

8.908
20.564
33.529
49.932

- 67.392

2+257
16.946
30.203
45,649
6. 577

8.163
19.240
28.366
48.083
63.797

8.006
17.431

30.175

48,049
64,517

9.6%6
27.187
Lo.922
52.434
63.016

7.222
19.158
30.640
43,061
63.827

8.150
19.569
35.069

- k8.450

62,613

‘Flux

0.387
3.074
4.593
7.065
9.506

0.969
2.473
4,185
6.408
G439

1.106
2.555
4.139
6.157
8.392

0.611
1.980
3.556
S.412
7.592

0.817
1.945
2.853
L, 847
6.451

0.826

©1.792

3.091
L.9k6
6.661

1.161
3,256
4,968
6.374

7.611»

0.770
2.044
3,284
4,584
6.758

0.887
2.139
2,867
5.332
6.658

Permnm.,

2.390
2.380
2.370
2.400

S 2.420

2.439
2.430
2.42h

2.447

2.452
2.523

2.521
2.508

2.505
2.530

2.635
2.636

- 2.658

2.680

2.653

2.262
2.283
2.271
2.297
2.284

2.3%29
2.321
2.312
2.325
2.332

2.722
2.704
2.741
2.745
2.728

3,747
3.749
3.766
3.740
3.737
3.610

3.623

3.649
3.642
3.631

Av.Perm. Pefm.Const.r

’2.390

2.439

2.517

2,654

2.275

2.32%

2.726

3' 747

3.631

2.76

2.75

2.75

2.36

2.41

2.82

3.111

3.106

251



App. b

Set/No. Temp. AvV.P.igs
19.1 .

n n n I\ n n
\un -+ W n it o
- - * L] L] » - .
M PFEwWhHE MR WNNE PFWhE W E P WoE MESWhE W P W s

n
[ex}

n
-3

2k7.9
521.1

Helium flow through Graphon’

11.671
22.505

. 39.512

222.4
495.6

éoo.6
493,38

198.4
471.6

168.8
Lio.0

147.2
Loo.kt

50.957
63.357

5.918
17.257
30.397
43,983
63.072

6.196
21.030
31.231
Ls.124
63,046

6.323%
17.491
33.413
48,121
62,234

5.237
15.123
31.966
L, 628
62.238

L,gok
15.008
27.827
43,858

4,928
16,417
32.511
Ll 983
63,382

5.060
22.742
33,142
Ly, 302
62.964

L.,556
16.559
27.590
40.369
62.161

Flux

1.295
2.530

Y]

5.7k
7.144

0.676
1.981
3.515
5.066
7+307

0.722
2.480
3.687
5.292
7443

0.740
2.055
3.932
5.671
7.338
0.630
1.823
2.864
5.384
7.522

0.604

©1.853

3.448
S.421
7.787

0.616
2.073
4,120
5. 704
8.035

0.659
2.971
4,230
5.772
§.260

0.614
2.229
3.736
S5.477
8§.478

Perm.

3.501

3.547

3.545

3.557°

3.558

3.428
3 Ll
3,47
3.457
3.476

3 3k
2.379
3.383
3.361
3.360

3,340
3.355

- 3.360

3.365
3.367

2,221
3,226
3.235
2.229
3.235
3,142
2,142

2,154
3,147

3,147
3.005

3.036.

2,048
2,050
2,049
2.944
2.954
2.954
2.946
2.966

2.845

2.860
2.865
2.880

Av

541

455

« 370

. 351

.229

146

031

952

.858

.Perm. Perm.Const.

3.

3.105

3.10h

3,098

3.086

'3.071

3.067

2,048

3.056

3.060

252



 App. b

‘Set/No. Temp. Av.P.igs

28.1

W B AV
o \Ve)

W
i)

. W W
W n
L] . L) L) - L]
VMFEFRMOE PN NFEFWOHE VPRV MPEWDHE PR VMW e

o
=

W
Y

50.0
32%.2

N

O
oo
L I
o

Helium flow through Graphon

L Lih
18.111

- 30.609

Ly, 670
62.149
L.314
17.057

" 31.191

273.2

!
O
(o]

248.2

1
\un

o

o

223.2

!
ﬂ
wm

o

198.2

- 110.0

[
[&)}
N
n

- 183.0
90.2
(1iq.0p)

45.601
62.553

9.002
20.560
31.564
L7 ,487
62.478

3,867
14.468
27.030
45.555
62.541

3-860
17.500
33.062
48.8328
62.684

3.684
17.689
32.468
Lé6.082
62.796

3.518
16.293
32.085
L46.060
62.908

3,211
18.553
30.680
L7.794
62.700

Flux

xCONFN O

= - : -
OV FO FEOWO HOMWO OUNG ONEFNVO ONHF NG WOENO

= 1

.628
551
. 250
.251
713

.622
Lok
.558

-639
.162

<1358
C1hbh
. 787
.163
5h7
.613
-303
. 309 -
230
. 960

643
.920
.571
.199
.575

.655
<139
. 723
$137
.218
.685
.166
.16k
922
.159
846
.835
.011
<592
.596

HHEEH PHEFH DO DV NN NNV MOV RN

Perm.

763
.756
. 717
.738
.74k

.605
.640
.639
.629
.645

.540
.533
0511
498
.530
.382
. 392
« 395
.385
<393

253
255
277
.269
.280

134
.130
.116
.119
144

» 925
.920
.898
.91L
.916

438
423
426
439
)

2.631

2.522

2.3%89

2.266

2.136

1.915

1.434

Av.Perm. Perm.

2.743 3.

253

Const.
051

047

050

.033

033

034

.998

.019



App. &4 Helium flow ‘through Graphon o 254

Set/No. Temp. Av.P.igs ~Flux Perm. Av.Perm. Perm.Const.

36.1 - 195.8 4.699  1.329 1.329 1.327 3.015
2 77.% 17.218 4,877 1.327 BT
3 (1iq.Np) 28.577 8.122 1.332
45.470 13.056 1.346.
63.015 17.523 1.303

12.441  1.897 2.522 2.508 3.034
18.928 2.785 2.513
29.018 L.289 2.502
4,7k 6.304 2.498
62.429 9.466 2.508

\ .

ﬂ
MW= U
\Y)

ﬂ
w O
n O



 App. 5 - Helium flow through Carbolac I - 255

Experiments at 0 °C

No. Av.P.igs Flﬁx8 Perm Av.Perm.’Pérm.06&st..Pope Equiv,

x 10° x 10° x 10° . x 10
"Initial runs ~ :
1.1 9.812 0.873 1.53 1.505 Al.85 5.1
2 . 7.600 0.673 1.475 1.80 4,88
3 15.635 1.41 1.500 1.815 4,97
4 24.295 2.20 1.51 ' 1.83 5.00
After O.OC Ammonia runs _ .
2.1 33,220 2.825 1.465 1.775 4,85
2 15.479 1.391 1.469 1.78 4,87
After O oC Ammonia-~Helium runs . - .
3.1 16.647 1.39  1.39 1.685 4.61
After - 4Q_°C Ammonia runs (single and mixtures)

L. L,882 o0.hk12 1.404 1,396 - 1.69 k.62
2 13.262 1.102 1.382: = -
3 2h.141 2.025 1.395
L 43,296 3.604 1.383
5  58.744 4,996 1.414

After - 40 °C Ammonia mixture runs

5.1 2.404 0.18% 1.265 1.273 1.55 L,21
2 14.03%1 1.094 1.296
3 25.153 1.992 1.265
4 40.877 3.172 1.290
5 58.303 4.374 1.274

After - 40 °C Ammonia runs taken to saturation point

6.1 9.592 0.763 1l.323 1.33%6 1.618 4 424
2 18.899 1.511 1.330

"3 . 30.445  2.444 1,334
L L6.075 3.734 1.347
5 58.717 4.749 1.345

Aftef - 50 °C Ammonia runs taken to saturation point

7.1 6.885 0.571 1.38%0 1.408 1.70 L, 65
2 15.059 1.2632 1.395
3 29.214 2.451 1.395
L 49,993 4,341 1.444
5.  59.206 5.085 1.428

Experiments at - 40 °Cc Performed between sets 2. and 4. at 0 °¢C

1.1 6.822. 0.638 1.32 1.316 1.72
2 19.681 1.800 1.30
3 32.064 3,294 1.34
L 4z _.354 3,910 1,29
5 58.862 5.530 1.33



App. 5 Hydrogeﬁ flow through Carbolac I at - 4o %

No,

1.

O 00N OV £\W D H O W

WO 003 VU1 £\ 0 O S\ o

Ay.P

- X

. e
2
5

10

14

21

1.
4
6.
8
11.
15.
17.
19.
2.

.igs

.288
4320
.1kg
.557
.265
.987

.088
113
« 332
L85
.949
. 725
243
.656

. 905

g
106
646
.698
.1k0
.73
.62
.05

845

.03

28

.89

22
50
15
48
35

X

1.
1.
2.
[+0
6.
9.
0.
2.
2.
4,
5.
7.
8.
9.
11.

J
108
152
213
239
7568
455
813

9h2
077
200
521
734
8L8
821
o0o4
077

772

.040
.5320
. 698
«35
.85
.15
.80
.52

J

g 8 o

x 10

0.946
0.966
1.840
3,840
5.240
74535

0.652
1.448
2.255
3.180
4,025
5.555
6.150
6.980
7.650

c

6

x 10

7.
8.
15.
31.
43,
62,

5.
.070
18.
26.
33.
46,
52.
58.
63.

12

817
048
279
906
598
826

520

810
588
57
35
20
28
87

- d

s
X 108

0.206
0.247

0.399

0.948

1.215 -

2.278

0.290
0.629
0.945
1.341
1.709

2.293

2.671

2.924

3.457
K

x.le

01.438

1.477
1.428
1.462
1.445
1.520

1.662
1.675
1.659
1,661
1.666
1.652
1.685
1.657

1.690

ok
. x 10
2.244

2.317
2.246
2.299
2.275
2.402

2.627
2.653
2.620
2.620
2.630
2.607
2.650
2.618
2.669

3
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OO o~y o\ W iv

O 0O O\ N P

No.. Av.P.igs

J Jg Jg
x lO8 x lO6 X 108
4,911 0.649 0.452 0.197
9.395  1.261 0.864 0.397
15.651 2.111 1.438 0.673
22.307  2.990 2.050 0.940
29.141  3.837 2.680 - 1.157
35.904 4.717 3.302 1.h15
42,336  5.592 3.890 1.702
Lg,38%  6.644 L.580 2.064
53.292  7.145 4,900 2.2k5
59.425 = 7.949 5.460 2.489
cg C C Ko
X 10§ X 106 X 106 X 103
1.782  3.575 5.357 1.180
3,405 6,820 10.225 1.202
5.675 11.40 16.075 1.280
.8.100 16.22 24,32 1.200
10.58 21.21 21.79 1.178
13.03 26.10 39,13 -1.175
15.%5  30.80 46.15 ©1.178
17.90  35.90 53.80 1.202
19.35  35.80 58.15 1.197
21.55 43,20 64.75 1.195
Nitrogen flow through Carbolac I at
Av.P.igs J Jg Js
X 108 X 106 X lO8
1.708 0.148 0.058 0.091
5.226 0.451 0.182 0.269
9.668 0.862 0.336 0.526
14,447 1.267 0.488 0.779
23,130 2.072 0.781 1.291
33,899 2.93%7 1.180 1.959
L2,7270 3.687 1.490 2,197
50.768 4,489 1.770 2.719
59.559 5.173 2.078 3.095
cg C c K,
x 10° x 10° x 10°  x 10°
0.613 37.894 - 338,51k 3.755
1.897 86.934 88.831 L,960
3,510 143.551  147.610 5.69
5.245 200.615 205.860 6.01
8.396 294,235 302.633 6.68
12.3%08 397.663  409.971 6.98
15.529 493,450 L488.979 - 72.36
18.450 534,972 553,412 7.91
21.625 595,156 616.781  8.18

"x 10

Deuterium flow through Carbolac Iat - 40 °C

3

1.877
1.905
1.914
1.902
1.869
1.865
1.875
1.911
1.902

1.899

e57



App.

No.

(AR IR N R AU o

No.

O 003 W £\ v

ON\NF\NNI-‘

O 0O~ v\ W

[sNoNoNoNeoRoNe/

€

Ammonia flow through Carbolac I at'O_OC
AV.P.igs Jg 3 g K
'  xa08 x 105 x10° x 107
5,018 1.120 0.216 '0.904 3,700
11.988 2.717 - 0.516 2.201 3.771
18.828 4,259 0.812 3.447 3,744
27.153 5.987 1.170 L,717 3,680
34,582 7.851 1.490 6.361 3.789
L6,076  10.634 1.990 8.644 3,838
Cg G, C Kq L
x 10°  x 10° x 10°  x 10°
0.00157  3.391 3,392 0.3222  20.0
0.00370 L4.652 4,656 0.5662 11.85
0.00582 5.547 5.553 0.7490 8.87
0.00829  6.457 6.465 0.903%0 6.4
0.01070  7.196 7.213 1.059 6.0
0.01428 8.263 8.277 1.255 5.1
' Ammonia flow through Carbolac I at - 20 °C
Av.P.igs J - Jg ‘ Js - X
f x 10° x 108 x10°  x10°
4,050 1.006 0.163 0.849 3,824
9,721 2.476 0.391 2.085 3.922
14.875 3.810 0.598 3,212 3,945
©21.305 5.593% 0.858 4,735 L.o4y
26,435 7.012 1.064 5.948 L,086
30,664 8.160 1.475 6.685 % .099
L2,589 11.499 . 1.712 9.787 4,123
ho,3kl4 13,819 1.985 11.834 L, 277
56.2%6 15,865 2.265  13.600 L,%15
G, S C K¢ Kq
x 10°  x 10° x 10°  x 107
0.00136 4,457 4458 0.219
0.003%26  6.106 6.109 0.396
00499  7.354 - 7.359 . 0.505
00714  8.691 8.698 ©0.628
00886 9,627 9.636 0.710
.01028 10,296 10.306  0.773
L01428 11.967 11.981 0.937
.01654 12,970 12.987 1.03%9
.01880 1.108

13.951 ° 13.969

258



.53.739

Carbolac I at - 40 °¢

Apﬁ. 6
No. Av.P.igs g J J
 x 108 x10° x 108
1.1 3,818 1.151 0.157 0.994
2 7.944 2.471 0.327 2.144
3 15.288 L,96% 0,629 4,346
L 20.727 6.921 0.854 6.067
5 26.499 - 9.0%4 1.092 - 8.942
6 31.670 11.036 1.305 9.731
7 36.373 13.032 1.496 11.536
8 Ly 062 16,224 1.820 14. 404
9 - 48.L00 18.124 1.992 16.132
10 57.170., _22.440 2.358 20.092
cg Cg C Kq
| x 10° x 107 x 107 x 107
1.1 0.00130 5. 349 5,351 0.210
2 . 0.00277 7.087 7.090 0.340
3 0.00533 9.360 9.3%65 - 0.517
4L 0.00722 10.733 10.740 0.629
.5 0.00923 12.034 12.041 0.732
6 0.01104 13,037 13,048 0.826
7  0.01267 13%.906 13.919 0.914%
8 0.01535 15.333% 15.348 1.032
9 0.01704  16.200 16.210 1.091
10 ,0.01988 17.962 17.980 1.218
Ammoqia flow through
No Av.P.igs d Jg JS
X ZLO'8 X 108 X 108
1.1 5.643 2.855 0.258 2.597
2 11.081 5.946 1 0.506 5. 440
3  18.051 10.225 0.825 9.400
4 23,490 13.828 1.076 12.5852
5 29.553% 18.768 1.356 17.418
6 32,486 21.500 1.486 20.014
Six months lapsed between set 1. and set 2.
2.1 3l 423 18.45 1.575 16.875
2 38.911 19.25% 1.780 17.470
3 43,704 15.3%2 2.000 13,320
L Lo, 417 10.83 2.260 8.571
5 9.55 2.460 7.090

‘Ammonia flow through Carbolac I at - 320 oC

K
b4 103
4, 457
4,601
4,802
4.940
5.042
5.153
5.298
5.445
5.479
5.805

K

X 103'
7177

7.602
8.047
8.350
9.006
9.386

7.607
7.020
b.97k

. 5.111

2.523

259
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" No. -
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. [\
L]
VW o\ s

=
(o]

|

i .
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=,

b
OO CO0~3 O\ v =

CO0O000 OO0CO OO

OO0 COI-I~3 W
- . L) - - * . L)

\n

(o)

o

Ammonia flow through Carbolac I at - 40 °c
cé cs C AKC
x 103 Cox 103 X 103 X 105
.00205 7.62 7.622 0.365
.00402 10.16 10.164 " 0.570
.00655 12.92 12.927 0.772
.00852 14.88 - 14,889 0.907
.01072 17.05 17.061 1.071
.01178 18,26 18.272 1.149
.01250 19.15 19.163 0.941
01412 21.85 21.864 0.858
.01585 26.80 26.816 0.551
.01790 30.30 30.318 0.348
01950 35.62 35,630 0.262
Ammonia flow through Carbolac I at - 50 °¢
Av.P.igs J Jg Jg
- bd 108 x‘lO8 b e 108
3.037 1.583 0.13%1 1.452
5.534 3,000 0.238 2.762
. 9.461 5.505 0.470 5.035
12.988 8.194% 0.558 7.636
16.897 11.389 0.726 11.663
20.767 14.986 0.520 14,166
22.983 14.889 0.938 13%.951
25.549 12.048 1.100 10.944
28.701 5.912 1.235 '5.697
- 30.370 6.355 1.3C5 5.050
C, c, C ’ AKb
x,lO5 x.IOZ x 10° x 107
0.00115 7.933 7.934 0.195
0.00210 10.207 10.209 0.287
0.00359 12.925 12.928 0.416
0.00493 14.931 14,936 0.535
0.00642 | 17.383 17.389 0.639
0.00789 21,261 21.269 0.688
0.00873 23,810 23,819 . . 0.610
0.C0370 27.858 27.868 0.422
0.01090 33%.515 33,526 0.201
0.01153 39.31% | 39,325 0.158

260
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 ‘Surface Diffusion Coefficients'of Ammonia fhrough

Carbolac I

c 0% -20°% -3 % -4 % -50 %
x 10° D__ em/sec®  x 10° ‘
1 2.67 0.49 0.68 0.81 ©0.62
2 3.64 0.68 0.90 1.16 0.88
3 6.9%3 -~ 2.51 1.91 1.66 1.30
L ‘12.28 5.90 3.02 2.39 1.82
5. 15.50 - 7.93 4,68 3.66 2.29
6 18.80 9.45 6.87 5.19 2.92
i - 22.05 11.10 - 8.76 6.69 3,60
8 26,02 - 12.90 10.47 8.49 4,36
9 : 14.60 12.20 10.36 S.h2
10 . . 16.59 13.30 12.28 6.91
11 _ .18.40 15.43 13.3%2 8.15
12 20 .45 18.29 14,62 9.70
13 ' 22.87 20.41 16.20 11.10
14 , _ 2b .43 20.82 17.59 . 14.56
15 - ' : 26,11 22.22 - 19.81 13.10
16 - 2249 25.85 = 13.00
17 , 23.21 20.98 - 11.90
13 o : 24,53 8.05 11.08
19 B ) , 2.45 9.66
20 ’ : , - ve 8.34
51 - o ‘ ‘ . 5.55

22 ) : - ve



App; 7

No.

ot
L]

W n
TN MEWORFO FWNFO SV

:F‘ ,

=
.0

o

W N
WO UMSmWhoHHO WO Wi

[
o+

P.igs

24,595
30.06k
38.460

53.251

14.127
14.127
18.306
26,338
38.135
12.504
12.504
18.429
26.803

52.713

24.315
2k .315
36,678
55.645

P.igs

8.200
9.308
12.056
16.537
7,746
?7.746
12.201
20.301
32,705

4,053
4,053
L,556
4,876
4,625
L,620
19.360
19.360
19.082
19.415

J
x 10
3.840

5.067
6.049
8.652

0.546

- 1.74%0

2.141
2.872

8

3.482"

0.326
2.122
3.299
5.064
7.938

10.859

1.775
2,469
5.018

8.950

x 10

0.530 .

0.605

0

0
0
0
0
0
0
0
0
e
0
0
0
0
0
0
0
0
0

0.827.

1.018

0.564
0.440
0.751
1.422
2.222
0,.3%26
0.256
0.257
0.250
0.255
0.228

1.773

1.3%21
1.149
0.941

L4

Total Gas

e

4
x 10”
.00761
.00929
.01190
,01650

.00438
.00438
.00566
.00816
.01181

.00385.

.003%88
.00571
.00830
.01142

.01635

.00753
.00753
.01137
.01724

s
x 10

L.745
5.210
5.855
6.990

3.215
3.145
3.120
3.010

3,610
L.365
5,349
6.590
8.050

4,845
6.800

3

c K
b'd lO3 x 10~
4,753 - 2.600
5.219 2.810

5.867 2.600
7.007 2.705

0.00438 -

3,219 2.050
3.151 1.955
3,128 1.815
3.022 1.518

0.00388 -

3,614 2.835
4,371 2.980
5.357 3.150
6.601 3.575
. 8,066 3.425

0.00753 -

2.908 1.692
4,856 2.280
6.817 2.675

Helium Gas

3.

Ammonia / Helium mixtures through Carbolac I at O °C

1.005
1.205

0.527
0.663
0.896
1.124

0.5%90
0.736
0.922
1.172
1.315

0.829
1.006
1.280

C =20
S 3

x 10
0.00250
0.00288

10.00374

0.00513

0.00240
0.00240
0.00%78
0.00630
0.01013

0.00126
0.00126
0.00141
0.00151
0.00143
0.00143

0.00600
0,00600
0.00591
0.00602

X T K

3 203
x 10 x 10
1.110 2.080
1.080 2.o042
1.141  2.162
1.024 1.938

1.210 2.295
1.070 2.030
1.020 1.932
1.160 2.195
1.120 2.125

1.336 2.530
0.9%38 1.775
1.055 2.000
1.026 1.945
0.841 1.785
0.836 1.585

1.534 2.905
1.138 2.155
1.001 1.895
0.806 1.525

262



App. 7  Ammonia / Helium mixtures through Carbolac I at O °c 263

Ammonia gas

No. J J I F F K X
' : (Singlg gas He) (Mix%ure gas fe) ¢
N x 108 x 108 x10® x108  x10% x120® x10°
1.1  3.310 0.667 2.643 0.514 2.796 3.42  0.680
2 L4633 0.844 3,619 0.653 3,810 3.58 0.653
3 5,222 1.073 4,149 0.870 4,343 3,29 0.879
L 9,634 1.492  6.142  1.095 7.539 3.52 1.063
2.0 - - - - - - -
"1 1.30 0.260 1.04  0.225 1.075 3.56 0.395
.2 1.39 0.248 1.14 0.183 1.107 3.66 0.431
S 3 1.45 0.246. 1.2C 0.205 1.245 3,82  0.453
L 1.26 0.221 1.04 0.179 1.081 3.51 0.408
3,0 - - - - - - - .
1 1.866 0.344  1.522 0.259 1.607 3.6k 0.503 . -
2 .3.012 0.564 2.448 0.h42h4 2.588 3.611 0.673
3 . 4,784 0.892 3.892 0.610 L1724 3.563% 0.0869
4 7,683 1.3385 6.298 0.910 6,773 3.777 1.135
5 10.6%1 1.858 8.773- 1.093 9.538 3.666 1.287
b,0 = - - - - - - -
1 1.148 0.202 0.946 0.164 0.984% 3.853 0.386
2 3.869 0.715 3,154 0.514 3,355 3,656 0.778
3  8.009 1.475 6.534  0.8%4 8.155 3.676 1,147
No. P.igs cg‘ c_ C
X lO3 x lOj X lO3
1.1 16.400 0.00508  L4.745 4,750
2 20.756 0.006k2 5.210 5.216
'3 26,403  0.008l6 - 5.855 5.863
‘ L 36.717 0.01137 6.990 7.001
2.0  6.381 - - -
1 6.381  0.00198  3.215  3.217
2 6.105 0.00189 3,145 3,147
3 6.037 - 0.,00187 3.120 3.122
»4 5.420 © 0.00168 3.010 3.012
3.0 8.451 - - -
1 8.45)  0.00412 3.620  3.614
2 13%.873 0.00430 4.365 L,3%69
3 21.927 0.00680 5.349 5,356
4L 34,061  ©.01055 6.590 6,601
5 45,623 0.01213 B8.050  8.064
4,0 4.955 - - -
1 4,955 0.,00154 2.900 2.902
2 17.596 0.,00545  4.845 4,850
3 36.230 0.01123 6.811 6.822



- App. 7 Anmonia / Helium mixtures through Carbolac I at - 40 °c 264

y Total Gas »
No. P.igs . J Jg , cg C K K,
x 105  x10® x10° x 10°  x 10°  x 10°
o (Single gas) . _ A
1.0 8.207 - 0.264 - 0.00298 0.00298 0.458 -
1 8.207 2.635 - 0.00298 7.3258 L.555  0.3495
2 13.083 5.176 - 0.00475  9.725 5.620 0.5200
3 27.467 14,216 - 0.00999 15.330 7.345  0.9050
4 25,982 21.526 - 0.013%05 18.533 8.500 1.1330
"Helium | . < 103
1.0 2.982 0.26k 0.282 0.00108 = ¢ : 1.25 2.380
1 2.982 0.154. 0.282 0.00108 ' 0.729 1.380
2 2.982 0.114  0.282 0.00108 0.538 1.020
3  2.835 0.04s 0.268 0.00103 : 0.225 0.h426
Ly 2.807 0.017 0.265 0.00102 . 0.074 0.1kl
o Amnonia _ ‘ ‘
No. = dJ J J F F K K, -
g s 8 s c
(Single gas He) (Mixture gas He)
x 108 x 108 x 108 x 108 x 108 x 103 x 105
1.0 '_ - - N - - - . "-.
1 2.481 0.239- 2.242 0.130 2.351 6.707 0.3290
2 5.062 0.462 4.600 0.187 L.876 7.084 0.5085
3 1hk.,171 1.132 13.139 0.193 13.979 8.100 0.9020
L 21.509 1.518  19.991 0.098 21.412  9.165 1.1315
No. P.igs G, cé . c
x 10° x 10° x'103_
.0  5.221 - - -
1 5.221 0.00189 . 7.355 7.357
2 10.101 @ 0.003%67 9.720 g.724
'3 2h,73%2  0,00475% 15.320 15.325
L 33.175 0.01202 18.520° 18.53%2
Ammonia/Nitrogen mixtures through Carbolac I at - 40 °C
Total Gas
. No. P.igs J Cg CS C K KC
X 108 x 103 x 103 x 103 x 103 x 105
1.0 9.778 o.h4424  0.0035%5 0.094 0.097 0.06kL -
1 9.778 2.2037  0.00355 6.781 6.78k 3,202  0.317
2 17.007 6.1296 0.00616 10.429 10.435 5.13 0.573
3 22,092 9.4525 0,00800 12.577 12.577 6.09 0.733 .
L 31,006 16.00C 0.01125 15.597 15.608 7.33 1.000
5 37.999 21.476 0.01378 18.4%9 18.472 8.04 1.134
6 L46.966 33.623% 0.01705 25.716 25.723 10.18 1.275
7 55.709 32.503 0.02021 20.847 30.867 8.29 1.028



_ App. 7 Ammohia/Nitrogen mixtures through Carbolac I at - 40 °c 265

Ammonia gas

No. & I d ¥ Z, K K
‘ x 102 x 10° x 102 x 10 x10® x10° x 107
1.0 - - - - Co- : - . -
1  2.002 0.187 1.815 0.11% = 1.838 6.965 0.292
2 6.0%3% 0.530 5.503 0.202 5.822 7.390 0.568
3 9.368 0.764 8.604 0.221 9.147 7.968  0.734
L 15,967 1.182 14.785 0.196 15.770 8.777 1.002
5 21.460 1.500 19.96 0.0963  21.364 9.496 1.139
6 33.620 1.900 31.72 - 33.62 11.408 1.280
7 32.500 2.320 30.28 - 032,50 9.114 1.030
. v ' ) - Nitrogen gas
1.0 o.,U42 o0.225 0.217 - - 1.0997 4.s52
1 0.202 0.225 ? 0.125 0.077 0.501 2.55
2 0.126 0.193 ?  0.080 0.046 0.333 1.36
3 0.0845 0.190 ? 0.056 0.028 0.221 0.908
4L 0.033% 0.185 ? 0.0282 0.0051 0.0906 0.365
5 0.0161 0.188 ? 0.0119 0.0042 ©.04k31 0.173%
6 0.0035 0.184 ? - - 0.00961 0.0390
7 0.00312 0.183 ? -, - 0.00863 0.0345
: Ammonia gas
No P.igs Cg. Cs c
' X lO3 X lO3 X 103
1.0 4,075 - - -
1 4,075  0.00148 6.687 6.688
2 11.577 0.00420 10.340 10.344
3 16.673 0.00605 12.480 12.486
4L 25,798  0.009%36 15,510 15.519
5 32.707 0.01186 18.370 18.382
6 41.796 0.01521. 25.630 25.645
7 50.578 0.01835 = 20.760 30.778
Nitrogen gas
1.0 5.705  0.002070 0.0936  0.09569
1 5.705  0.002070  0.0936 0.09569
2 5.430 0.001975 0.0892 0.09117
3 5.419  0.001970 0.0892 - 0.09070
L 5.208 0.001690 ©0.0869 0.08879
S 5,292 0.001920 0.0888 0,09072
6 5.170 0.001878 0.0860  0.08787
7 5.131 0.001862 0.0865 0.0883%6



Ap?. 7 Ammonia/Hydrogen mixtures through Carbolac I at - 4O °c 266

: _ Totallgés
No. P.igs  J C o C LK K
: , g 5 _ c
% 10°  x 107 x10° x10° x10° x 107
1.0 10.683 0.952 0.00388 0.0047 0.0086 1.266 -
1 10.683 2.652 0.00388 6.695 6.699 3,530 0.386
2 17.803%3 6.783 0.00646 10.255 10.261 5.405 0.644
3 26.325 12.35% 0,00956 13.734 13.74k4 6.670 0.877
4 33,90% 18.782 0.01230 16.494 16.506 7.860 1.108
5 40.832 25.599 0.01481 19.394 19.409 8.905 1.288
6 45.409 32.613 0.01647 22.29% 22.310 10.220 1.425
7 48,094 37.210 0.01748 25,864 25.881 10.990 1.400
o ) ] Ammonia gas ' o
No.  J° Jo o I zg ¥ K Lo
x 105 x10° «x 100 x10°  «x 10? x 10°  x 10°
1.0 - - - - - - -
.1 2.13 0.185 1.94 0.113 2.02 7.51 0.2765
2 6.47 0.518 5.95 0.199 6.27 8.13 0.6155
3 12,18  0.927 11.25 0.219 11.96 8.56 0.8650
4 18.70  1.275  17.42 0.157 18.54 9.54 1.105
5 25.57 - 1.592 24.48 0.0795 25.49  10.85 1.285
6 32.59 1.805 30.78 - 32.59 11.75 1l.423
7 37.19 1.930. 35.26 - %7.19 12.75 1.4oo
No.  P.igs C, C. c
o : x 103 X 1o3 % 10°
1.0 L.o3k . - - -
1 L.,o34  0.001463 6.69 6.691
2 - 11.300  0.00411 10.25 10.254%
3 20,212 0.00735 13.73 13.737
L 27.812 0.01010  16.49 16.500
5 34,732  0.01260 19.39  19.403
6 39.358  0.01435 22.29  22.304
7 La.okl  0.01527 25.86 - 25.875
' Hydrogen gas
No. J J g 7 F X K
& 58 8 58 °8 3 ¢ 3
x 10 x 10 x 10 x_lO x 10 x 10 x 10
"1.0 0.9515 - - - - 2.03 1.285
1l 0.5216 0.888 ? 0.5455 ? 1.113 0.705
2 0.3131 0.870 ? 0.3345 .2 0.683 0.436
3 0.1726 0.815 ? 0.1925 ? 0.401 0.258
40,0821  0.820 ? 0.1000 ? 0.191 0.123%
5 0.0294 0.825 ? 0.0407 ? 0.0684  0.0439
6 0.0225 0.807 ? C - , - 0.0527 0.03%37
7.0.0197 0.808 ? - - 0.0464  0.0295
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Hydrogen cont. | '
' No.  P.igs c: . ¢ c

g s
X lO3 x 103 x lO3
1.0 6.651  0.00252 0.00470  0.00722
Tl 6.651 0.00252 0.00470 0.00722 -
2 6.503 0.00236 0.00465 0.00701
3 6.113 0.00222 0.00432 ©0.00654
4 6.091 0.00221 0.00432 0.00653
5 . 6,100 0.00222 0.00432 0.00654
6 6.051 0.00220 0.00432 0.00652
7 6.053 0.00220 0.00432  0.00652

_ Nitrogen/Hydrogen mixtures thfough Carbolac I at - 40 °c
No. P.igs C C c J K . K

8 .8 e : A C
X lO6 x 106 x 106_ X 108 X lO3 x lOl+
1.1 9.648 3.50 115.351 118.851 0.8685 1.275 0.7145
2 16.073  5.84 102.380 108.220 @ 2.338 2.065 2.012
3 27.750 10.07 133.450 143,520 L.,307 2.203 2.9%0
L 34,204 12.45 147.500 159.950 5.726 2.370  3.495
5 44,210 16.05 176.080 192.130 7.288 2.340 3.6S5
6 52.270 18.98 173.220 202.200  8.711 2.365 4,205
7 59,111 21.45 162.600 164,050 10.070 2.417 5.300
8 13.037 4.74  95.501 100.241 1.798  1.958 1.750
9 19.021 6.91 175.551 182.461 2.354  1.756 1.257
10 28.596 10.37 286.795 297.165 3,201 1.5869 1.052
11 37.941 13.75 380.185 393.935 4,037 1.510 1.001
12 47,000°117.05 461.450 478,500 4,837 1.461 0.986
13 50.434 18.30 L488.600 506.900  5.114  1.439 0.985
14

59.092 21.45 550.745 572.395 5.842 1.403 0.994
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| -Nitrogen/Hydrogén mixtures through Carbolacl at - 40 °c
' A Nitrogen gas »

No. P.igs C_ - C ¢ J . K K

g s C

| x10°  x10® x10® x10® x10° x 10°

1. 1 7.226 2.635 113.6  116.233 0.4275 0.837 3.595
2 5.866 2.125 95.0 97.125 0.5867 1.419 5.8%0
3 7.881 2.860 119.1 121.960 0.6902 1.243 5.520

L 9.397 3,405 139.5 142,905 0.7703%3 1.164 5,260

5 10.301 3.740 151.5 155.240 0.8122 1.119 5.101

6 9.618 3.490 142.6 146.090 0.7815 1.153 5.215

7 8.206 2,985 125.8 - 128.785 0.7802 1.209 5.720

8 5.541 2,010 90.1 92.11 0.516 1.322 5.460

9 11.888 4,31 . 170.4 174.71  0.992 1.184  5.540

10 21.961 7.97 282.0 289.97  1.911 1.23%5 6.445
11 31.453 11.42  375.5 386.92 2.73%32 1.233% 6.890
12 40.843 14,82 457.0 471.82  3.537 1.229 7.300
13 44,079 16.02  484.0 500.02 3.966 1.277 7.740
1% 52.533 19.07 546.0 565.70 4,688 1.267 8.060
o v ‘Hydrogen gas , x ].Ol+
1.1 2.522 0.88 1.751 2.631 0.4275 2.522 @ 1.586
2 10.206  3.74 7.%380  11.120 1.752 2.436 1.536

3 19.869 7.21° 14.35 21.56 3,617 2.58% 1.635

L 24,898 9,04 18.00 27.04 4,955 2,825  1.790

5 33,909 12.30 24.58 36.88  6.476 2.710 1.715
.6 42,652 15.49 30.62 45,113  7.929 2.639 1,710
7 50.895 18.45 36.80 54.25 9.368 2.613 1.682

& 7.496 2.72 5.401 8.121 1.333 2.535 1.608

9 7.133 2.585 5.151 7.7%6 1l.362 2.709 1.722

10 6.634 2.405 4,795 7.200 1,290 2.760 1.75%0
11 6.488 2.355 L,685 7.040 1.304  2.85: 1.820
12 6.157 2.235 4,450 6.685 1.300 2.998 1.900
13  6.355 2.3%05 L, 600 6.905 1.148 2.564 1,622
14 6.559 2,385 b.745  7.130 1.154 2.498 1.580
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cM3 K K(M/T)-’/a K, /K
x 10 x 10 x 10 .
-NHz/He at 0 °C 4750 1.110 1.34%0  0.800
. . 5.216 1.080  1.%04 0.777
K of single gas is 5.863 1.1%0  1.375  0.826
1.39 x 1077 7.001 1.024 1.238 0.738

3.614 0.938 1.132 0.675
L.369 1.055 1.272 0.760

5.356 1.026 1.242 0.738
6.601 0.941 1.139 0.677
8.064 - 0.836 1.010 0.602
2.902 1.138 1.378 0.818
4.850 - 1.001 1.212 0.721
: . | 6.811 0.806 '0.976  0.580
NH3/He at - 40 °C 92,357  0.729 0.95%  0.554
. L T 9.724 0.538 0.705 0.387
K of single gas 1s 15.325 0.225  0.295 . 0.162
1.32 x 1072 18.532°  0.07%  0.097  0.053
NE3/Ny at - 4o °c '6.638 0.501 0.403
o . . 10. 340 0.333 ' 0.268
K of single gas is 12.486 0.221 0.178
1.24 x 1077 . 15.519 0.0906 0.073
18.3282 0.0431 0.031
25.645 0.0096 - 0.0069
, _ 30.778  0.0086 0.0062
NH3/H, at - 4o °C 6.691 - 1.113 0.L2k
. . T10.254 0.683 0.260
. K of single gas is 13,737 0.401 0.152
2.63 x 1077 - 16.500 0.191 : 0.0725
: . 19.403 0.0684 . 0.0260
22.304 0.0527 . 0.0200
25.875 0.0464 0.0176

K is the permeability of the non- or weakly sorbed gas in the
gas mixture. '
K(M) is the same,

V'K(S) permezbility of single gas.
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Data forvfigure 5. 16 K(Calc)/K(nx y versus CNHB'where'

K was calculated from the heliun data of the NH /He
(Cale) %
results and the formula K /TD :
K(Exn) was 1nterrolated from the graph of K versus CxHB
fromLthe respective mixture experiments.
Hydrogen
cliiz K K K K, .\ /K
o He (Cale) (Exg) ()Y *(B)
x 103 x 103 x 103 x10° -
~ Pure gas cﬁﬂﬁeo 1.31 1.852 2.27 ~ 0.816
Initial flow 1.25 1.767 - 2.00 0.884
7+3557 0.728 2 1.0%0 1.03 1.0 °
9.724L 0.538 0.760 - 0.77 0.988
15.325 0.225 0.318 0.26 1.221 2
18.532 - - 0.074 0.105 0.105 1.0
Nitrogen ' ' : S ,
Pure gas Cob3-0 1.31 0.497° 1.24 0.401
Initial flow 1.25 0.474 1.10 C0.431
7.357 0.728 0.276 0.48 0.575
9.724 0.538 0.204 0.3%60 0.566
15,325 0.225 0.085 0.090 0.947 -
18.53%2 0.074 0.028 0.038 0.739

15.325 calculated from the hydrogen result.  0.775

Data for Ammonia pressure profiles of fluxes ?g and Jé

ot

o % | L - 4o °c _
L : 8 : 8
XA P P, J' x 10 p P., J! 10
o T I g o I g~
0.0 38.6 38.6 8.125. 18.0 18.0 0.0125%
W1 3.3 35,0 7.64 11.%5 16.3%  0.110
L2 29.9  31.5 7.25 8.85 14.8 0.161
.3 25.5  27.8 8,64 7.02  13.2 0.220
L2120 2k.2 9.35 5.55 11.4 0.254
.5 17.1  20.1 10.28 4,20 9.6  0.295
6 13.2  16.0 10.88 ©2.90 7.9 0.385
.7 9.8 12.2 11.43 2.00 5.9 0.498
.8 6.2 8.0 12.05 1.20 L,1  0.625
.9 3.0 3.6 12.75 0.55 2.4 0.755
0 0 0 14,42 o 0 1.122
1.0 x 10 -8 moles/cmS/sec Gé' 0.22 x 10-8 moles/cma/sec
8.05 x 1070 " &g 9.05 x 1070 "
Cg  7.03 x 1077 moles/cc PM G 12.92 x 1077 moles/cc PH-
P 38.6 cn Hg P 18.0 cm Hg
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Ammonia mixtures ?

<3 h.56

Hydrogen-Nitrogen mixtures 7- =

P.igs of NHz

No.

1

cl
02
3
o4
«5

.6

7

16.400
20.756
26.403
36.717

6.381
6.105
6.037
5.430

8-1"'51

"1%.873

21.927
34,061
45,623

4.955
17.596
36.230

.No.
NHB/He at 0 %
1.1 3.12
o2 3.3
3 2.88
4 3.38
2.1 3.58
! 02» 3070
3 3.4L
Lo 3,48
3.1 3.49
2  3.49
.3 3.78.
A 0 4,08
.5  L,67
4,1 3.59
2 3.66

0.336
0.583
0.482
0.411
0.413
0.434
0.383

Enrichment factors

No.

‘8

.9
.10
11

<

a2

W13
1k

PN2 JHZ

0.523
0.437
0.448
0.4321
0.409
0.499
0.469

3

A (i_N_I’{_B) enrichihg to ammonia
. \J :
NHz A |
No. 'P/Po of NH
NHg/He at - 4O °c
1.1 "9.21  0.097
.2 13,10 0.188
.3 36.05 0.460
U 107.2 0.617
NH3/N at - 40 °C
1.1 14,10 0.076
- 22.50  0.218
o3 36.05  0.311
L4000 972,00 0.480
.5 215.50 0.608
.6 1190.0 0.778
.7 1058.0 0.943%
NA3/Hp at - 40 °C
1.1 6.75 0.075
o2 "11.90 0,211 °
.3 21,30 0.377
A bg.70 0.518
+5 152.30 0.646
.6 222.50 - 0.733
.7 271.50 0.783

o
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Computer progran for'bihafy gas diffusibn‘experiments

) This nrogram was written for calculating the 1n—601ng

side total, nitrogen, and hyaroaen pressures from the
manometer limb readings and the percentage composition; and the
out-going side total, nitrogen and hydrogen pressures from the
McLeod gauge limb readings and the percentage composition.

Data to be read in. All data in floating point.

15% carda: EVEL Top of McLeod closed limb

Vgas Volume of out-going side in cc
TR - .Room temperature °k
TP Plug temperature K

TAPERH  Hydrogen percentage in-going side composition
Format by statement 15 and 25
4 to (¥ cord: For (J) readings

T(J) Time in seconds
AML(J) Manometer limb
AMR(J) L

CL(J) Vacuum limb of McLeod

CR(J) Closed limb of McLeod

PERH(J) Hydrogen percentage out-going side composition
McLeod constante to -be ins erted in statement 200
Flux constants (see equation 4.3) to be inserted in statements
301, 302, 303
Permeability constants (seerequation 4.4) to be inserted in
statements 401, 402, 403 | |
The slope ( AP/ At) was calculated by least squares statements
51, 52, 53 | '
Computer control cards
C NITREGEH-HYDRZGEN MIXTURES

DIMENSI¢K T(10), AML(10), ANR(10), CL(10), CR(20), PIGS(1C),

1 PEGS(10), PERE(10), PPGSH(10), PEGSN(10)
DF 99 I = 1,13
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15

200

51
52
53
. 301
302
203
Lol
Loz
Loz

40

READ (5,15) EVEL, V@GS, TR, TP, APERH

FERMAT (5r10 5).

DF 1 J = 1,10 ’ ‘
READ (5, 25) T(J), aML(J), AiR(J), CL(J), CR(J) PERH(J)
FZRMAT (bFlO 5)

AVPIGS = O.

X = 0.

XX = 0.

XY = 0.

Y 0.

XYH = 0.

YH
XYN
YN 0.

Dg 2 J = 1,10

PIGS(J) = AML(J) - AMR(J)

PPGS(J) = 0.031.39*(CL(J) = CR(J)*(EVEL -~ CR(J))
1 /(27441 - 0.03139*(EVEL - CR(J)))

AVPIGS = AVPIGS + FIGS(J)

PPGSH(J) = PPGS(J)*PERH(J)/100. -

PZGSN(J) = PUGS(J) - PEGSH(J)

X =X + T(J)

XX = XX + T(J)*T(J)

Y = Y + PZGS(J)

XY = XY 4+ T(J)*PgGs(J)

YH = YH + P@GSH(J)

YN = YN + PEGSK(J)

XYH = XYH + T(J)*P@GSH(J)

XYN = XYN + T(J)*P@GSN(J)

CENTINUE '

AVPIGS = 0.1*AVPIGS

APIH = AVPIGS™APERH/100.

APIN = AVPIGS - APIH

S = (Y*X = 10.*XY)/(%X*X - 10.*xX)

SH = (YH*X - 10.*XYH)/(X*X - 10.*XX)

SN = (YN*X - 10.*XYN)/(X*X - 10.*XX)

FLUX J *VEGS/(L43,9266*TR)

FLUXHJ = SH*VZGS/(443.9266*TR)

FLUXNJ = SN*VE@GS/(443.9266*TR)

PERM K = 0.976 *8 *V@GS*TP/(0.07119*TR*AVPIGS)
PERMHK = 0.976 *SH*V@GS*TP/(0.07119*TR~APIH)
PERUNK = 0.976 *SH*VEGS*1IP/(0.07L19*TR*APIH)
-WRITE (6,L40)

PERMAT (1H1 LTIME,11% ,4EPIGS,11X,4HPPGS ,11x%,

OO0

hnun

+

o n

won
1

[U (O | I TR | B £

1 28HPZGES HYDRﬁ&EN 9¢Gs NTTRQG“L,///)

4y
'42

D 41 J = 1,10
WRITE (6, 42) 2(J), PIGS(J), PPGS(J), P%uSﬁ(J), P¢uSn(J)
FﬂRmAT (1H F6.1 9X,rb 3,9%,F10.8,5X,F10.8,5X ,F10.8)

273



WRITE (6,43) :
L2 FERHAT (lhO 10X, 6HAVPIGS 9x SHSL@PE, 1ox 4HVLUX 11X,
1 lZPLRHLABILITY) )
WRITE (6,44) AVPIGS,S,FLUXJ,PERMK
LL FPERMAT (lHO SHTE@TAL, 5x F6.3%,9%X,810.4,5X, E1O0.4 5x E10. 4)
- WRITE (6, 45) APIH, SH, FLUXHJ, Pm RMHK
L5 FPERHMAT (1HO 8HHYDR¢GFN 2X,F6.3,9X,B10.4,5X ,B10.4 5X Llo L)
WRITE (6, 46) APIN, SN, FLUXNJ PERMNK
L6 FERMAT (1HO 8HNITR¢GAN 2X ,F6. 3 9%,£10.4,5x,B10. 4 5x E10.4)
99 C@NTINUE
ST@P
END .

274
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