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ABSTRACT

Out of the various porous polymers studied, it was
found that Porapak S was best suited for the separation of
the isotopic methanes, A CHA»CDH mixture was separated on
a 50 ft. 1/8" o.d. Porapak S (50-80 mesh) column at -32°C.
in approximately 20 minutes. The gas chromatographic peaks
were symmetrical with negligible tailing. Attempts to

completely separate the five isotopic methanes (CHu, CH.,D,

3

CH,D CHD and CDy) on a 200 ft. 1/8" o.d. Porapak S

27 3
(50~80 mesh) column were on the whole unsuccessful,
Experiments were carried out to determine the accuracy
of the soap bubble flow meter. The results showed that the
soap bubble flow meter was neither accurate nor repro-
ducible in the low flow rate region., The errdr in the
flow rate measurement was found to depehd on the flow rate,
the bubble thickness, the nature of the carrier gas, and
the length of the flow meter used. Of necessity a new type
of flow meter was devised. This simple and highly repro-
ducible flow meter ( reproducibility better than 0.G5% on
the average ) which can be used in a pre or a post column
arrangement and which can serve to measure flow rated more
accurately than previously possible is described@
With the aid of this highly reproducible flow meter
it was found that the flow of the carrier gas through the

200 ft. Porapak S column does not obey Darcy's Law nor can




it be described by the Ergun eguation. The permeability of
the column to gas flow was found to depend on the nature of
the carrier gas, the mean column pressure, and the direc-
tion ( increasing or decreasing ) in which the column inlet
pressure was changed. There is also evidence to indicate
that the column pcossesses a perméability hysterisis. The
anomalous results obtained for the helium carrier gas
strongly suggest that helium can undergo flow through
secondary 'channels' which under the present experimental
conditions are impermeable or insignificantly permeable to
argon, carbon dioxide, methane, and possibly most other
gases,

The degree of interaction between the carrier gas and
the column packing was measured by means of the net reten-
tion volume of methane. In this fashion adsorption iso-
therms at 273°K for helium, argon, and carbon dioxide were
determined. It was aiso found that the choice of the
carrier gas had an effect on the partition coefficlent
ratio K(CHA)/K(CDM). In the case of argon and carbon
dioxide, this ratio was found to decrease with increasing
mean column pressure but not in the manner anticipated.

From the gas chromatographic temperature studies
( above 273°K ) the thermodynamic data for several gés
samples was evaluated. Thermodynamic data for CHM and CO

2
" was also obtained from a static system ( below 273°K );




The two systems were found to give results which were in
excellent agreement. The available data obtained from the
two systems indicates that the porous polymer ( Porapak S )
undergoes a structural change at a temperature slightly
above 273°K.

The relationship between the plate height and the
carrier gas velocity was found to be described by the
'‘classical' plate height equation for helium, argon, and in
the low carrier gas velocity region for carbon dloxide.
Considerable levelling-off,of the type associated with
coupling and turbulence, was observed for carbon dioxide
and under certain conditions for argon in the high carrier
gas velocity region. The complexlity of the system ﬁs
further illustrated by the presence of the piate height

hysterisis.
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INTRODUCTION

Although chromatography-can be traced ‘as far back as
1906 (1), elution gas chromatography has only been in
existehce for approximately fifteen years. After the
appearance of the initial paper by James and Martin (2),
the poteﬁtialities of this method were recognized almost
immediately and an intensive investigation began in this
field. The rapid growth of gas chromatography is re-
flected in the increase in the yearly publications. In 1955
there were approximately 50 publications, in 1958 approx-
imately 400 (3,-&) and in 1967 the figure is close ﬁo 2,000
(5). Up to date there are a total of 13,000 to 14,000
publications dealiﬁg Qith thecretical and practical
aspects of this field not to mention the large number of
books. To quote Ettre and Zlatkis (6), "It is often said
that gas ohromatoéraphy is the most widely used analyt-
ical technique and that its rapid growth is unparalleled
in the history of analytical chemistry". The versatility
of the technique can only be demonstrated by specifying
"its applications but such would be an almost impossible
task. To state that gas chromatography (G C) has been
used in the detection and identification of bacteria (7),
in thebevaluation of the sex attractants of the black
carpet béetle (8), in the éeparation of isotopic molecules

(9, 10), in the study of complexing reactions (11), and in



2
the separation of diastereoisomeric compounds (12), is not
sufficient to illustrate the vast potential and versatility
of gas chromatography as an analytical tool.

Gas chromatography is divided into two malin branches.
The difference between the two lieés in the choice of the
partitioning phases., While in each case one phaée is
gaseous the other can be a liquid or a solid and the terms
gas-liquid and gas-solid chromatography respectively
describe the two'systemSg The various relaticnships and
theories,; aside for minor differences, are applicable to
both systems since the underlying gas chromatographic
principles are essentially the same.

In order to obtain meaningful . information from the
raw experimental data, whether the system is gas-solid or
gas-liquid, certain basic relationships between the gas
chromatographic processes, the gas chroﬁatographic desigh,
the operafing conditions and the raw eXperimentalldata must
be established. Since a detailed discussion is forbidding,
the.various relétionships will be presented in their
simplest and most'general form. In the subseguent
chapters reference will be made té these general expressions
as starting points in their development to the poihf where
they can be applied to the experimental datéa

Tﬁe following develépment of the basic concepts of

gas chromatography will in most parts be applicable to




3
either a gas-liquild or a gas~solid system. Where distinc-
tions must be made the gas-solid system will receive
most of the emphasis since the system in the present

study is of this nature.

THERMODYNAMIC ASPECTS

In a system of two immiscible phases, A and B, in
direct cbntact with one another, any substance (the
solute) miscible in both of these phases, will distribute
itself between them., In terms éf Gibbs free energy (G),
equilibrium will be reached when -

(d&)pp = 0 | | (1.1)
for the system (13). It can be shown (14), that for an
isolated system under the conditions of Qonstant temper-

ature and pressure,
(d6)q p = E6dn; = 0 o (1.2)
where

G, = (9G/9%n.)

4 L°T,Pyn (1.3

iri
and n’é is:the number of moles of ths respective partici-
'panté in the process., JSince M (the chemical potenﬁial)
is an alternative notation to G}é (the partiél molar free

energy) then egn. (1.2) can be written as



(dG)T p = Zua(-‘dn’é = 0 . ( 1.4

b

For n number of moles of a single solute distributed

between two phases (A and B) egn. (1.4) becomes;
wodn + yu_.dn = 0 ( 1.5

where ny, and Np represent the number of moles of the

solute in phase A and B respectively. Since;

n, + ng = n = constant (1.6
then

dn dn = 0 ( 1.7
or

dn, = -dny | (1.8

B

Substituting the results of egn. (1.8) into eqn. (1.5),

it can be shown that at equilibrium;

UA = uB A ( 109
or

G, = Gy | (.1.10

The chemical potential, or the partial molar free

energy can be related to the activity of the solute by the



following relationship (15);

o m -
G, - 67 = RTlna; _ ( 1.11 )

where a; is the activity and Gi is the partial molar free
energy of ﬁhe solute (L) in its standard state where a; = 1.
Expressing egn. (1.10) in terms of egn. (1.11) and re-

arranging, the following result is obtaihed;

Gg - G; = AG° = —RTln(aB/aA) ( 1.12 )

Since (aB/aA) is the partition coefficient (K), egn. (1.12)

can be written as;
AG® = ~RT1inkK | (1.13)

As it was pointed out by James et. al. (16), the
partition coefficient (K) as well as the value of the
standard thefmodyﬁamic properties will depend upon the
choice of the standard states chosen for the solube in fhe
participating phases. The value of K, as well-as the
standard thermodynamic properties derived from it must be
accompanied by the definition of the standard states chosen
for their evaluation.

In the case where several components are distributed,
between the two phases (A and B), and if the distribution
process'of each component is unaffected by the presence

of the .others, then egn. (1.13) is applicable to the



individual components each, however; having in general a
different value of K and consequently different values of

AG® .

GAS CHROMATOGRAPHY

Gas chromatography in the analytical sense is a method
of separation. The principle of this method is the par-
titioning proéess Just described which takes place in the
gas chromatographic column. The cblumn is a length of
tubing containing the stationary phase which may be either
liquid or solid over which the gas phase is made to flow,

The choice of the stationary phase is dictated by the
nature of components to be separated in that it, combined
'with the gas phase; must result in a different K value for
each component present in the mixtureG. Since there‘are no
true criteria 'in pfedetermining‘whether a.particular
stationary phase will give rise to different K values, the
choice of it is brought to the level of trial and error.

Even though a stationary phase can be found which does
give rise to different K values of each component, the
final separation may not be successful since there exist
various effects in both of the phases that tend to
destroy the separation. As it will be seen later that
although these undesirable effects cannot be completely

eliminated,; they can be minimised by the column design.




The manner in which'the stationary phase.is contained in
the column is known to affect the magnitude of the various
effects and consequently the separation. In view of this
a variety of column designs have been introduced over the
years. In order to establish the terminology a brief
description of the various columns that may be encountered
in gas-solid chromatography will now be given. Aside for
a few passing comments, no attempt will be made to give a

critical comparison of the various columns.

Gas-Solid Chromatographic Columns

There are two main classes of gas chromatographic
columns, the open tubular and the packed. The former was
originally introduced into the gas=-liquid system by Golay
and columns of this class are often refefred to as ﬁhe
Golay columns ( for a detailed discgssion of the Golay
columns in terms of theory, preparation and uses, one can
refer to the following sdurces (17-30) ). Thesé are pre-
pared by coating the inner wall of a capillary tubing with
a thin layer of the_stationary phase. Due to their small
content of the stationary phase these columns have a very
small capacity, that is, only very small sample sizes can
be used for analysis., The conseqguence of this is that they

are limited to analytical purposes only.




The packed columns are prepareé by filling a length
of tubing with a granular stationary phase ( in the gas-
liguid system this is achieved by first coating the
granules with the liquid phase pior to packing ). Since
these have a much larger capacity, they can be used for

analytical purposes or for preparative work,
Open Tubular Columns

It was first pointed out by Golay (18) and Purnell
(31) that open tubular columns could be made by replacing
the liquid phase of the capillary columns with a layef of
porous %aterial, Since the suggestion in 1958, many such
columns have been prepared. One method of producing such
an active layer is by direct chemical reaction on the tube
wall. In this fashion a layer of alumina may be produced
on an aluminum wall (32), or a layer of porous silica
may be made to replace the smooth inner wall of a glass
capillary column by etching the glass by various processes
(33, 34). An alternative method of puﬁting a porous layer
on the'Wall of the capillary tube is by direct attachment
of the porous material to the inner wall. Two different
methods of achieving this have been described. One method
which is relatively new gives rise to a thick layer open
tubular glass column and requires the glass~tube drawing

apparatus described by Desty (35). The glass-tube



containing the packing materlial and a tungsten wire which
is anchored to the apparatus, is drawn but~int0'a ca~
pillary. The purpose of the wire is to insure an opening
of a constant diameter in the final column. In this
manner capillary columns coated with carbon (36) and
Celite (37) have been prepared. Since the process
required the presence of thé solid support during the
capillary formation, it is restricted to solids which do
not decompose at the softening point of glass. These
columns once formed can be liquid coated and can be used
as gas-1liquid chromatogfaphic columns,

The second method of producing a porous layer on the
inner wall of the capillary by direct attachment of the
support to the capilléry tube was first described by
Haldsz and Horvith (38, 39). This method requires first
the formation of a colloidal suspension of the solid
support. After the capillary tube is filled with this
suspension, the liquid is carefully evaporated by a heat-
ing process ( see (38) ). This method has been used to line
capillary tubes with graphatized carbon black (38),
fibrilar Boehmite (40), colloidal silica (41, 42) and
molecular sieve (43). It should be pointed out that this
process is not restricted to the gas-solid system, but
as in thé previocus method the porous layer can be coated

with the 1liquid phase (39, 44) to give liquid coated
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capilliaries with larger capacity and aé good or better
separation than the conventional gas-=1iquid capillary
columns. This is attributed to the fact that more ligiud

‘phase can be accommodated with a thinner distribution.
Packed Columns

The packed gas-~solid chromatographic columns may fall
into one of several classes ( this could equally well
apply to gas-liquid systems in most cases ), and will be

discussed under class headings.

Regularly Packed Columns

Conventional Columns

These columns are most common and are used fof
routine\analytical work. With some exceptions, the inside
diameter of the tubing is in the range between 2 and 4 mms.
The particle size most generally used lies between 0.1 and
0.2 mm. in diameter therefore giving the particle-to-
column diameter ratio of approximately 0.2. .For a par-
ticular choice of particle diameter it is important to
insure that the deviation of particle sizes from this
value are as small as possible, A.large spread of particle
sizes results In a tighter packing and consequently lower
permeability° This also has an effect on the column

performance and will be discussed later., The particles
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themselves may be of porous nature or they may only have
a porous layer with an impenetrable core.. The latter is
mbre probably the better‘choice since the particlés have a
considerably large surface area, but since the gas as well
as the solute cannot penetrate into the inner region of
the particle, certain mass transfer effects are minimised.
Thiss again, will be discussed later. Textured particles
have been used in both gas-solid and gasnliquidvsystems

. (L‘Sw’L“S)o
Miero Packéd Columns

These columns are very much similar to the con-
ventional packed columns. They differ in that the inside
diameter of the tube 1s less than 1 mm. however, the
particle-to-column diameter ratio is roughly the same.
These columns are superior to the conventional type in

their speed and performénoe (hg-51).
High Inlet Pressure Micro Column System (H.I.P.M.C.)

This.system was first described by Myers and Giddings
(52). The columns employed in thils system were made from
!
0.47 mm. i.d. stainless steel capillary tubing and
particles of diameter as’small as 0.5 microns, Theée
columns aré‘similar to the micro packed columns but have a

different particle-to-column diameter ratio. Due to the
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size of particles very high (2,500 p.s.i.) operating
inlet pressures are required. This system is fairly high
in speéd of operation in comparison to all other columns,
but undoubtedly it 1s the fastest of the regularly packed

column class.,

Irregularly Packed Colunmns

If for one reason or another the particles cannot
achileve dense packing then the entire column will be
packed irregularly and will have a high inter-particle

porosity ( as high as 0.9 ).
Aerogel Columns

This t&pé of column was first described by Halasz and
Gerlach (53). These columns are produced by drawing out a
glass tube confaining loosely packed highly dispersed
silicavinto a capillary'of 0.4 mm. inside diameter by
means of the glass drawing apparatus already mentioned.

The packing material of approximately 1 micron dilameter 1s
composed of spherical and pore free primary particles
('30»150A9\diame£er ) which tend to aggregate into straight
and branched chains giving an overall irregular three
dimensional network. Since the packing 1s highly dis-
pefsed, only 2 to 4 percent of the total column volume is
occupied by the packing despite the fact that the particles

appear to be closely packed. The high surface area
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( approximately 380 sqg. meters per gram ) and the minimum

packing volume affords extremely fast analysis time.
Packed Capillary Columns

The use of this type of column was first reported by
Halasz and Heine (54). The capillary packed columns
differ from the micro packed columns in that they are
irregularly and loosely packed having the particle-to-
‘column diameter ratio greater than 0.2. As it was pointed
out by these workers (55“575 the capillary tube should have
an inside diameter of 1 mm., or less but preferagbly in the
range of 0.25 to 0.5 mm. The loose and irregular packing
comprises less than two thirds of the column volume.

Since the packed capiilary columns are made by drawing out
a larger'bofe glass tubing already'containing the packing;
the depressions made in the inner walls by the paéking
during the process help'to prevent particle shifting.
These columns are very efficient, that is they are capable
of good separations in a relatively short time.

Despite the fact that the column characteristics vary
from class to class in either gas-solid or gas-1liquid
systems, the fundamental gés chromatographic relationships
are the same for all cases. The slight difference between
a gaSmsolid énd a gas=-1liguid system stems from terminology
in that in the former case one speaks of the partitioning

process in terms of adsorption on the surface where as in
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the latter case one speaks of solubility in the liguid.
Although the forthcoming diécussion is in terms of gas-
solid chromatography, it can equally apply to the gas-
liquid system by making certain obvious substitutions. It
should be noted that nowhére in the discussion 1s the

class . of column specifiled.

Fundamental Relationships In GC

The gas chromatographic apparatus consists of the
injection port,‘the.columns and the detector,; arranged in
that order. The mobile phase is made to flow con@ina
nously through thése components. If a solute in a gaseous
or vapor form is introduced by means of the injection
port at the inflow end of the column in a form of a sharp
concentration pulse; 1t will Qistribute itself betwéen the
two phases according to its partition coefficient. If
the solute is nonsorbinés it will be carried down stream
by the carrier gas at the carrier gas velécity, and will
eventually reach the end of the column after time tm
( the detector will indicate this event ). For a sorbing
solute distributed between the two phasés, each molecule

will spend some time t_ in the mobile phase and some time

£
tg adsorbed on the surface. Since the molecular processes

are statistical, ts, tg, and any other value pertaining

to a molecular process must be considered as the average
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value. While in the mobile phase the molecule will be
~carried by the carrier gas at the same velocity as the
nonsorbing molecule. The duration of this flight will last
for a time tg before it is terminated by adsorption. While
adsorbed the moiecule is immobilised and its effective
velocity is reduced to a value less than that of the
carrier gas or the nonsorbing molecule. Since this is true
'fdr every solute molecule; the solute band will migrate
down the column with a velocity less than that of the
nonsorbing solute and will eventually reach the end of the
column in time tg. In order to reach the end of the column
each molecule must spend time T, in the mobile phe;sen Con«

sidering this, ty can be expressed as;

tR = tR + tm | ( 1.1“ )

where tﬁ is the total time that each molecule was ad~
sorbed in the column,

The fraction of solute in thevmobile phase, R, can be

expressed as;

R = np/Cny+n ) ‘ ( 1.15 )
where nm-and ng are the number of moles of the solute in
the mobile and the stationary phases respectively. 1-R

is then the fraction of solute adsorbed on the surface.

The ratio R/(1.- R) can then be expressed as;
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R/(1-R) = nm/nS . ( 1.16 )

If one considers a small Section,of column containing
the solute, then the weight of the solid contained in this
section will be Aws and the gas volume will be AVh. The

concentration in the mobile phase (Cm) can be expressed as
Cp = n, /vy ( 1.17 )
and the concentration in the stationary phase (CS) is
Cs = nS/AWS, | ( 1.18 )

Substituting eqn. (1.17) and egn. (1.18) into eqn. (1.16)

the following relationship can be obtained.
R/(1-R) = Cl Vo Cd¥ ( 1.19 )

Since the ratio AVm/AWS is the same for any section
of the column, it is also the same for the entire column

and eqn. (1.19) can be rewritten as
R/(1-R) = Cme/CSWS ( 1.20 )

where WS and Vm are the total weight of the packing in the
column and the total gas volume of the column respectively.

The partition coefficient (K) was previously expressed
as the.ratio of the activities. If the amount of éoluté

~present is very small approaching the conditions where
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Henry's Law 1s obeyed, then the partition coefficient can.
be expressed in terms of concentrations rather than in

activities (58), or;
K = CS/Cm , ( 1.21)
Substituting this into egn. (1.20) and rearranging,
the following expression is obtained.

(1-R)/R = KWS/Vm ( 1.22 )

Since R represents the fraction of time a molecule
spends in the mobile phase (59), and 1-R is the fraction of

time a molecule spends on the solid phase, then
(1-R) /R = B/t = PR/Tye ( 1.23)

Substituting this into egn. (1.22) the desired result

is obtained,

to/t, = KU /V | ( 1,24

Rewriting eqn. (1.14) in terms of egn. (1.24) a

relationship between tR and K is obtained

tp = t (1 + KW_/V ) | | ( 1.25 )

As can be seen from ean., (1.25) that the time required
for each component of the mixture to traverse the column

will depend on its K value. If each component has a con-



siderably different K value separation could be possible.

The retention times ( the tp values ) -are flow rate
dependent and are not suitable guantities to work with.
The most often used quantity is the retention volume. The
retention volume is described as the volume of the carrier
gas which flows through the column during the retention
time, Each component in the sample will therefore be
characteriséd by its retention volume,

The retention volume can be calculated from the re-

tention time and the flow rate since;
V = Ft ( 1.26

where V, F, and t are the volume, the flow rate, and the,
time respectively. Due to the pressure drop across the
column and carrier gas compressibility, the flow rate in

the column will vary from point to'poinﬁ along the length

of the column. The flow rate which is suitable in the cal-

culation of retention‘volume is the mean value of flow
rate in the column. Since this value corresponds to a
particular point within the column, 1ts measurement is not
possible., It is possible however, to calculate this value
if the flow rate at the outlet of the column is known.

The relating equation is as follows;

F=7F>p /P | o (1.27)
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where ?s F Po’ and P are the mean flow rate, flow rate

OS
at the column outlet, the column outlet pressure, and the
mean column pressure respectively. The ratio PO/? is better
known as the Martin-James compressibility factor j (60),
which has the form;
r 2
31(Pi/PO) - l}

- ( 1.28 )
2{(py/P)° - 1}

where Pi and Po are the inlet and outlet pressures re-
spectively. The corrected retention volume of the solute

VL is then;
V2 = t F j ( 1.29 )
The corrected retention volume of a nonsorbed solute is;

Vm = thOj : ( 1.30 )

which is identical to the gas space volume of the column
( Vm of ean. (1.25) ). Upon rearranging eqns. (1.29) and
(1.30) and substituting them into eqn. (1,25) the follow-

.0 s

ing expression is_obtained;_
. ‘ .
VR Vm(l + Kws/Vm) { 1.31)

or

o - . - - '
Ve - vm = KW, = Vy ‘ ( 1.32 )



VN is termed the net‘retention volume for'a particular
solute and as can be seen is directly related to the par-
tition ccefficient.

Since the total surface area (S) of the packing is
directly proportiohal to the weight of the packing (Wé),

that 1is,

ws = kS | ( 1.33

where k is the proportionality-constant then eaqn. (1.32)

can be written as;

VN = KkS = KS ( 1.34

This result could have been obtalined directly 1if CS was
originally expressed in terms of moles per-square meter
"or some other suitablé surface area unit. As can be seen
the value of the partition coefficient will depend on the
choice of the concentration units. Since, the standard
thermodynamic quantities are related to the partition
coefficient, they become meaningful only when standard
étates in ﬁhe two phases and the concentration units are

clearly defined.
- Zone Broadening

As the sdlute migrates from one end of the column to

the other, there are three basic effects operating which

20



21
cause the initially sharp solute pulse to broaden. Whiile
in the mobile phase the solute band undergoes gaseous
diffusion. Since diffusion is a time dependent process,
the diffusional contribution to band broadening will de-
pend on the carrier gas velocity and the magnitude of the
diffusion coefficient.

The presence of the solute in the mobile phase 1s
soley responsible fof the solute band (zone) migration.
Since a finite time is required to attain true equilibrium,
the front of the_moving solute zone will have excess con-
centration in the mobile phase while the opposite will be
true for the rear (61). Considering the fact that the
solute velocity is directly proportional to the fraction
of solute in the mobile phase, the front of the zone will
migrate at a higher velocity than the main body of the zone
while the rear of the zone will continuously fall back.
This source of zone broadening is directly proportional to
the carrier gas velocity.

In packed columns there exists a third source of zone
broadening. As the gas flows around and in between the
packing granules, there will éxist point-to~point velocity
differences. A solute molecule caught in a fast stream
will be displaced further down the column then the one
caught in a slow one or in some stagnant region. This

contribution to band broadening 1s independent of gas
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velocity, but depends on the column cholice since, as it
will be seen later, its magnitude is proportional to the
particle diameter, Due to these three basic effects, the
initially very narrow solute band ( sometimes referred to
as the 8 function if the solute band is infinitely thin
(62) ), upon elution will be much broader and will have
a Gaussian concentration profile. A detector, attached to
the end of the column, coubled to a recorder will reveal
this. The degree of broadening, or spreading, will of
course, depend on the magnitude of the various contribu-

tions.
Resolution

Band broadening plays an important role in achievement
of separation, and in many cases is the deciding factor.
To illustrate this, three hypothetical chromatograms
( concentration~time plots ) of a two component mixture
are shown in Figure (1.1). Although the band.centers are
equally séparated, the degree of separation varies
from (a) to (c). The degree or extent of separatién of
two components is usually expressed in terms of resolution
(R). R can only be expressed in terms of various values
obtained from a chromatogram. Fig. (1.2) shows a hypothet-
ical two component chromatogram including all the values

“required for the calculation of R . The relationship
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FIGURE ( 1.1 )

EFFECT OF BAND BROADENING ON SEPARATION.
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between R and the measurable quantities is (63)
R = 20tp/(Wy + W,) (1.35)

Two components are considered to be fully resolved ( their
separation being 99.7% complete ) when g = 1.5. The

speed of separation may be expressed as the ratio (R /t

RZ)’

which is resolution per unit time (63).
H.E.T.P,

& measure of zone broadening or spreading is the
standard deviation o which is approximately aquarter-wildth
of the zone. As the zone migrates through the column there

will be a continuous contribution to zone broadening The

rate (H) of zone broadening per unit length of column can

be expressed in terms of the varilance (c?);
do?/dx = H | ( 1.36 )

where x is the column length (64). For a uniform column of
length L the variance of the solute zone uypon elution can

be expressed as;

¢* = HL - | ( 1.37)
o can also»be expre§sed in time units (65) that is;

o = L/t ( 1.38 )

where T and t are the time for o to elute and the total
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time of zone travel respectively. Since o can be equated
to the quarter-width of the zone and t is the retention
time; then in terms of experimental results obtained from
a chromatogram ( see Fig (1.2) ), the ratio 1/t can be ex-

pressed as;
T/t = W/t ( 1.39 )

In view of eqns. (1.38) and (1.39), ean. (1.37) can be

expressed as;
H = L/(btp/m)? ( 1.40 )

H is described as the plate height or the *‘height equi-
valent to a theoretical plate! (H.E.T.P,). This name has
originated from the old distillation plate theory. Al-
though the theory has been discarded, the name still
remains.

The W of egn. (1.40) refers to the extrapolated base
width of the elution curve ( see Fig. (1.2) ). H can also,
and most often 1s, expressed in terms of the elution curve
width at half its height (W%). This is generally preferable
since considerable error can be introduced by extra-

polation. In terms of W, , H can be expressed as (63);
_ 5 _

L

H = ( 1.41)

'5.5u5(tR/w%)é

The quantities 5¢5H5(tR/w1)2 and (thR/W)2 are known
3
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as the plate number (N). In the plate;theory, the length
of the column was assumed to be divided into discrete
segments ( plates )Vin which the solute was completely
equilibrated between the two phases. Although the chro-
‘matographlic process is known to be continuous rather than
discrete,; the efficiency of the column is still character-
ized by the number of plates.

It has already been pointed out that there are three
basic contributions to zone broadening two of which are
carrier gas velocity dependent. Since the diffusion is
time dependent, the diffusional contribution to the
variance upon elution (oé) is inversely proportional to the
carrier gas velocity and directly proportional to the

column length L, or

OB = BL/u ( 1.42 )

where B and u are the proportionality constant and the
average carrier gas velocity respectively.

| The second velocity dependent contribution to zone
broadening stems from the presence of various resistance
to mass transfer effects and consequently the zone broadens
by virtue of motion. In this case the contribution to the
variance upon elution (o&) will depend directly oh the
carrier gas velocity and the column length. This can be

expressed as;
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o2 = CLu , ( 1.43)

where C as before is a constant.
The velocity independent contribution (ci) depends

only on the column length and can be written as;

o2 = AL | ( 1.44 )

2
L
where A 1s a constant.

If the various contributions are independent of each

other, then the variance upon elution will be the sum of

all contributions (66), or;

+ o ( 1.45 )

2
L
In view of equations (1.37), (1.42), (1.43), (1.44),

and (1.45) the following relationship can be established;
H=A+ B/u + Cu ( 1.46 )

Equation (1.46) is generally referred to as the
general form of the van Deemter equation (67). Its
hyperbolic nature necessitates the presence of a minimum
value of H at some value of carrier gas velocity. Since H
is related to zone broadening ( eqn. (1.37) ), then the
minimum value of H-éstablishes the carrier gas velocity

at which maximum resolution can be obtained.
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Tailing

One other effect which destfoys the resolution is
tailing. Tailing is said to occur when the réar of the
Gaussian concentration»profile of the zone is badly dis-
torted. Since frontal distortion occurs much less
frequently, it will not be discussed here.

Tailing can véry often be attributed to nonlinearity
of the adsorption isotherms (68, 69). If this is the
situation a decrease of sample size will generally result
in a symmetric concentration profile. There are many ine-
stances where a decrease 1in sample size causes tailing to
be more severe (70) and this cannot be éxplained by non-
1ineérity of the adsorption isotherm. Giddings (71) has
shown how tailing can occur in the linear region of adsorp-
tion isotherm if sorption sites exist which hold the solute
molecules for a time equél to that necessary for one
guarter of the zone‘to pass by. Symmetrical elution curves
can‘be obtained only when these secondary sites are'def
activated. Deactivation can be achieved by chemically
treating the columnvpacking (72,_73) or by charging the
carrier gas with a polar material (74, 75) which will be
preferentially adsorbed on these active sites.

Tailing can also originate from dead volumes which

may be present in the gas chromatograph. Solute molecules
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that find themselves in these stagnant regions, slowly
diffuse out into the moving stream. For a detailed dis-
cussion of the extracolumn contribution to’band broadening,
one should refer to the article by Sternberg (76).

In order to illustrate the effect of tailing on se-

paration, a hypothetical chromatogram is shown in Fig. (1.3).

PHYSICAL MEASUREMENTS BY GAS CHROMATOGRAPHY

Gas-Solid Chromatography
Thermodynamic Data

It can be seen from egn. (1.32) or ean. (1.34) that
the net retention volume is directly related to the par-
tition coefficient. In terms of egn. (1.32), ean. (1.13)

can be written as;
AG® = -RT1nV  + RTInW_ ( 1.47 )
But since (16),

AG® = AH® - TAS® (1.48)

where AG°, AH®, and AS° are the partial molar standard free
energy, standard heat, and the standard entropy of adsorpé

tion respectively, then;

InVy = -AH°/RT + ¢ ( 1.49 )
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FIGURE ( 1.3 )

EFFECT OF TAILING ON SEPARATION,
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where;

~

g = 8S°/R + In¥l_. | . ( 1.50 )

A plot of 1ogVN ( or under suiltable conditions logté )
against 1/T gives a straight line with a slope of
-AH?/2.303R from which AH® can be caleculated (77-82).

The thermodynamic quaﬁtities AS° and AG° can be cal-
culated if the value of K is xnown (see eqgn. (1.13) and

ean. (1.48) ).
Adsorption Isotherms

Tt was already mentioned that tailing can occur
under conditions of adsorption isotherm nonlinearity. I
the isotherm is concave to the pressure axis‘the chromato-
gram will have a sharp front and a diffuse (tailing) rear
~ where as 1f the isotherm is convex to the pressure axis
the chromatogram will have & diffuse front and a sharp
rear (83)° In the case of linear adsorption isotherm the
chromatogram will have a Gaussian profile,

Since the first derivative of the adsorption isotherm
is related to a so called specific retention volume ( re-
tention volume per gram of the stationary phase ) of the
corresponding points onlthe diffuse edge of the chromnato-
gram, then the'adéorption isotherm can be reconstructed by
graphical integration of a single peak ( chromatogram ) (84)

with appropriate corrections for diffusional broadening
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(80, 85, 86). This method has been used to obtain édsorpw
tion isotherms of varlous solute-solid syétems (80, 84,
85, 87).

Frontal analysis serves as an alternative method for
determiningvadsorption isotherms. The method as described
by Gregg and Stock (83) is as follows., VThe carrier gas 1is
first passed through a saturator containing the solute at
a known temperature and then through the column. When a
constant signal is obtained from the detector for fifteen
minutes or SO, the column is considered to be saturated
with respect to the solute. The carrier gas is then quick-
ly rerouted so as to bypass the saturator. By switching
from pure carrier gas to solute charged carrier gas, a
set of chromatogfams can be obtained which are rectangular
in nature. The individual boints of the isotherm can be
calculated from the diffuse reglons, either tailing or
leading ( depending whether the adsorption isotherm is
concave or convex ) of the chromatogram by the graphical
integration method. This method and 1ts modifications
have been uséd in several studies (83, 88, 89, 90).

Kipping and Winter (91) have obtained adsofption

isotherms from sample size-retention volume data.
Surface Area Measurements

A gas chromatographic method for surface area measure-

ment was developed by Nelson and Eggertsen (92). A blend
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of He and N2 of known N2 to He ratio is used as a carrier
gas. A small tube containing the solid sample is placed in
a liquid nitrpgen bath so that adsorption of N2 on the
sample can take place. The amount of nitrogen adsorbed at
the corresponding relative pressure is determined by the
recordef response after the liquid nitrogen bath 1is re-
moved. From three such determinations each ét a different
N2 partial pressure and a B.E.T. plot the surface area can
bé calculated. Stock (93) has proposed a method of surface
area measurement where only a single experiment 1s re-
quired. The method resembles that of Gregg and Stock (83)

used for the adsorption isotherm study.

Gas~Liguid Chromatography

Although gaswliquid chromatography is of no immediate
importance to the present study, there is one aspect of it
which is very interesting and should be mentioned.

A relationship between the net refention volume and
the partition coefficient can be established for gas-1iquid
chramatography by substitﬁting the total volume of the |
liquid phase (VL) for the total weight of the solid (ws>
of egn. (1.32). Since Vi, is a constant for a particular
column ahy change 1n VN will solély be caused by a change

in the partition coefficient. This however, cannot be ex-

tended to the gas-solid system since although W, itself
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does not change there may be a change in the effective WS

due to pressure. Referring back to eqn. (1.33)

W, = &S - , ( 1.33)

it can be seen that any carrier gas-surface interaction will
change the value of S with pressure and as the result of this
will decrease the effectiye WS. A change in S will also
cause a change in the VN value. For this reason it is diffi-
cult to determine whether a change in Vi is due to a change
in 8, in the partition coefficient, or in both.

Gas-liquid chromatography serves as a means of direct-
1y obse}ving the partitioning process with changing ex-
perimental conditions. Aside from its applicability to
thermodynamic studies (94-99) gas-liguid chromatography
has become a simple and fast method of evaluating the
"mixed" second virial ccefficients (Blz) of the solute-
carrier gas pairs. It has been shown that the partition

coefficient can be related to the By, term by the following

or a related expression (100A, 100B, 100C) ;

log K = A + P/2.303RT{2B, - v3} ( 1.51)
where A, P, and vg are a constant, the average column
pressure, and the molar volume of the solute ( at T°K )

respectively. A plot of ln K against the mean column

pressure gives a straight line with a slope (2B, - 15)/R‘I‘
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from which the B12 term can be evaluated since the value
of v; often available.
Since the Bl2 term is specific for a solute-carrier
gas pair, a change in carrief gas at appreciable mean
column pressures should affect the relative retention times

of the various solutes. Goldup et. al. (101) have observed

a change in separation as they changed the carrier gases.

Several experiments were carried out in which the 812 values

were actually obtained (100A, 100B, 100D-100G, 102, 103).
Giddings (104) has pointed out that pressure induced equi-
librium shifts may lead by virtue of carrier gas-solute
interaction to the mobility of heavy molecular weight

species which generally do not migrate. This in fact has

become a reality since he and his co-workers were able under

high pressures (2,000 atmospheres) to elute substances of
molecular weight as high as 400,000 (105). This, of course,
has a tremendous potential in biological systems.

The role of gas chromatography for physical measure-
ments appears to be unlimited. Its use in determining the
thermodynamic properties of silver ionwolefin¢ complexes
(106), the measurement of gas diffusion éoefficiénts (107,
108), the dedﬁction of relative configuration of sub-
stituents in cyclobéntane skeleton (109), and the deter-
mination of energy of hydrogen bonds in the adsorbed layer

of alcohols on graphitized carbon black (110), can only
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serve as é few examples of the versatility of the method.
For a more detalled discussion on the use of gas chromato~
graphy for physical measurements, one may refer to the

following sources (111-113).
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SEPARATION OF ISOTOPIC METHANES

INTRODUCTION

Gas chromatography has been used with considerable
success in separating isotopic molecules (9, 33, 114-126)
but-it appears that the separation of tﬁe five isotopic
ﬁethanes (CHqs CH3D, CH2D2, CHDS5 and CDM) still remains
a problem. The efforts of Gant and Yang (127) on a con-'
ventionally packed high activity charcoal column were on
the whole unsuccessful9 although they did manage to obtain
a chromatogram in which it was possible to see the pres-
ence of five components? In comparison, Bruner and Cartonil
(128), obtained excellent results on an etched glees Cae
.pillary column of the type already mentioned (34). They
were able to achleve a base line separation between
CHumCH3DaCH2D2 but after’which the resolution decreased
Veryvrapidly. Although this was'an excellent achievement
it could not be used for analytical purpose where, CHD3 or
CDM may be present only in very small concentrations.

A gas chromatographic column which allows a complete
separation of all such components wouid be an invaluable
tool for following reactions in which the deuterated
methanes are either reactants or products.

The purpose of this study was to find such a coluﬁn

preferably a conventionally packed type so that its use
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could be extended to preparative work. Since there are no-
guide lines as to what type of packing is specific for the
separation of the deuterated methanes, the problem was
brought to the level of trilal and error. Rather than pre-
‘paring a multitude of columns ( and these would have to be
of considerable length ) of prospective solid support, try-
ing them and finally rejecting them com?letely, it was de-
cided that it would be more economical both in cost and time
to do desorption studies of the two extreme molecular
welght methanes from the various solids. The material which
would lead to the largest pressure difference of the two
methangs at a particulér temperature would be the ﬁost

likely cholice for the column packing.

DESORPTION STUDIES

Experimental

CHM ( C.P. grade ) was obtained from Matheson and Co.
and was purified b& degassiné on a vacuum apparatus at
solid nitrogen temperature.

The deuterated methanes were obtained from Merck,
Sharp, and Dohme Co. Ltd., Montreal, and were not puri-
fied any further. CDM was introduced into the apparatus
with utmost care so as not to contaminate it.

The block diagram of the desorption apparatus is

shown in Fig. (2.1). A and B were 1 liter storage bulbs.
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A, B

FIGURE ( 2.1 )

BLOCK DIAGRAM OF THE ADSORPTION APPARATUS.

1 liter storage bulbs.
Desorption cell.
Thermocouple pressure gauge.

McLeod gauge.
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C is a modified Leroy still which'allowed for sample’
~introduction, and the removal‘of the heatef coils and the
- thermocouple wires prior to sample degassing. This 1s
showri in Fig. (2.2). The brass tube closed off at one end
in which the heating coil and the thermocouples were mount-
ed, had an inside diameter very close to the outside dia-
meter of the sample cbntaining tube, While in use a tight
‘contact between 1t and the sample containing tube was
assured by a piece of styrofoaﬁ (S, Fig. (2.2)) placed in
the outer jacket.
D is a thermocouple pressure gauge ( R.C.A. - model
1946 ) and is shown in Figs.(2°3)g During operation the
preésure gauge was maintained at 0°C. with ice and water.
A 6 volt battery served as a constant current source,
Since the gauge produced an output of approximately 12 mv.
at stick vacuum, 1t was necessary to use a bucking e.m.f.
in order that a 5 mv. recorder dould be used. This was
accomplished by two thermocouple junctions one kept at o°c.
and the other at -196°C. placed in series ( but opposite
in polarity ) with one of the ieads going to the recorder.
The correspondence between stick vacuum and zero e.m.f. out-
put was achieved by adjusting the current through thé
pressure gauge.
The temperature of the sample was varied by means of a

motor driven Powerstat. The range of scan was determined



FIGURE ( 2.2 )

MODIFIED LEROY STILL.,

A Brass tube on which the sample heating coil and

- the thermocouples are mounted.

B Outer jacket.
C Heating and thermocouple wires.
Tl’ T2, T3, TM* T59 Thermocouples.

S Styrofoam.
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FIGURE ( 2.3 )

THERMOCOUPLE PRESSURE GAUGE.
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by a setting of another Powerstat whose cutput served as
the imput of the scanning Powerstat. On the average the
temperature was increased at the rate of %° per minute.

Since the interest was in the lower temperature range,
(-196 to -~60) the temperature of the sample was measured
with a thermocouple(s) whose reference was at -196°C. By
doing this both the pressure and temperature could be.
represented on the same chart by sampling the e.m.f, of
the pressure gauge and the thermocouple respectively. A
record of recorder fluctuation ( zero base line ) was kept
by sampling a zero e.m.f. of a thérmocouple palir maintain-
ed at -~196°C.

. Prequent checks on the recorder response were made by
switching the e.m.f. source from the recorder to a‘potenm
tiometer by means of a double pole double throw switch.
Where e.m.f. switching was necessary great care was taken
in switch cholice and cénnecting so as not to introduce
spurious e.m.fs..

The electrical wiring of the apparatus is shown in Fig.

(2.4).

Experimental Procedure

After the sample was degassed under vacuum ( most
often overnight degassing was sufficient to reach the de-

sired vacuum (0.1 micron) ) and allowed to cool down, a
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WIRING DIAGRAM OF THE DESORPTION
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small sample of gas (CHu or CDA) was introduced into‘the
system. The pressure of the gas was measured with the
McLeod‘gauge. After the modified LeRoy still was re-
assembled it was 1mmersed in a liquid nitrogen bath. The
temperature of thé ligquid nitrogen was measured with the
potentibmeter by means of switches D

1

portant to use only pure liguid nitrogen for this work since

and D3° It was ime-

the e.m.f, of the pressure gauge and its relationship to the
sample temperature was liquid nitrogen temperature depéndm
ent. In order'té obtain quick cooling of the‘sample air

was admitted into the jacket of the’modified LeRoj still.,
When the.sample temperature had reachéd approximately -190°
C, the jacket was evacuated after which switch Si (Figa»
(2.4)) and the chart drive of the recorder were turned on.
It can be seen from Fig. (2.4) that the switch 5; can
simultaneously activate the two Powerstats, the Powerstat
driving motor and the cyclic stepper switeh.

This procedure was followed for each of the gases and
each solid sample. The experimental data ( a plot of re-
corder stability, temperéture changes and pressure’cbange
as a function of time ) for each'run was contalined on a
single chart paper. A direct comparison bf CH” and CDM
pressures above a solid could bé made by superposition of

the temperature curves.
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Results and Discussion

For illustrative purposes only a typical time against
temperature, pressure, and recorder stability plot is shown
in Fig. (2.5).

The results of.-a series of experiments are summarised
in Table (2.1). The designations of 0 or + refer to un-
observed or observed pressure differences respectively.

As can be seen from Table (2.1) only the saran char-
coal gave a positive result. On these findings a saran

charcoal column was prepared and tried.

GAS CHROMATOGRAPHY

Introduection

While the desorption studies were golng on, attention
was being focused on the porous polymer beads used by
Hollis.and others (129-132). Desorption studies, as can be
seen from Table (2.1), indicated that Poropak Q was not
suitable for isotopic methane separation. Despite this a
20 foot 1/8" o0.d. column of ( (50m86) mesh ) Porapak Q was
prepared and tried. At room temﬁerature and_at comparative-
ly low flow rates, the chromatogram showed a shoulder.

By successively redﬁcing the column temperature the séw
paration became more and more pronounced. It became

apparent that the desorption apparatus although quite



FIGURE ( 2.5 )
PLOT OF TIME AGAINST TEMPERATURE,

PRESSURE, AND RECORDER STABILITY.
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sensitive to pressure differences, was actually quite crude
in comparison to the gas chrométographic method. These
findings led to the preparation of a number of columns most
of which were packed with a variety of available porous

polymers.

Expefimental

Columns

The columns were made from 1/8" o.d. (0.03" wall thicke
ness) copper tubing. They were hung in a stairwell and
filled through both ends by means of a two stem funnel.
During the packing process a rotating hexagonal brass nut
driven by an electric motor was used to promcte a tighter
packing. The vibrational process was always started at the
" bottom and was slowly worked up. When no further particle
settling was noticedy; the columns were considered to be
packed. The ends of the éolumn in most cases were term-
inated with a thin ( approximately 1/16" ) plug of G.E.

- Foametal. In order to prevent the Foametal from falling
out, the ends of the copper tube were filed in such & manner
so as to form a lip over the porous metal. This is shown
in Fig. (2.6). 1In cases where the column was longer than
50 ft.; the sections were connected with a Swagelok unions
which were filled with the packing material so as to

minimise dead space.
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FIGURE ( 2.6 )

COLUMN TERMINATION,.
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Columns which were investigated in this phase of work

were as follows;

a) Saran Charcoal (v25-50 mesh) 20 ft.
b) Solid Carbon (v25-50 mesh) 20 ft.
c) Porapak Q (50-80 mesh) 20 ft.

d) Porapak Q (50-80 mesh) 100 ft.

e) Porapak Q (80-100 mesh) 100 ft.

) PorapakvP (50w80'mesh) 20 ft.

g) Porapak (50=-80 mesh) 20 ft.

0 =

h) Porapak S (50-80 mesh) 30 ft.

w2

i) Porapak (50-80 mesh) 50 ft.

j) Porapak S (100-120 mesh) 50 ft.

k) Porapak T (50-~80 mesh) 20 ft.

1) Porapak N (BOmSO mesh) 50 ft.

m) Chromosorb 102 (50-80 mesh) 50 ft.

n) Porous Glass (2,500A° pores) (50-80 mesh) 20 ft.
o) Dpwex A~1 resin (v25-50 mesh) 20 ft. |

p) Polystyrene (3%) - a 3% polystyrene column was
prepared by first dissolving the polystyrene in methyl
éthyl keténe énd then adding to the éolution with con-
stant stirring.an appropriate amount of (60-~80 mesh)
firebrick. The solvent was then dried off at 100°C.
and the 20 ft. column was packed in ﬁhe usual manner.
All columns were purged at 190°C. with nitrogen before

use.,
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Packing material for columns (c)=(1) inclusive was
obtained from Waters Assoclates.

Packing for column (a) was kindly donated by Dr. S.
Barton at Royal Military College, Kingston, Ontario.

The granular solid carbon used in' column (b) was
obtained from Shawinigan Chemicals.

Chromosorb 102 which i1s basically similar to the
Porapaks, is a product of Johns Mansville.

The 2,500A° pore porous glass was obtained from Bio-
Rad Laboratories.

The ion exchénge resin, Dowex A-~1 was obtained from
Baker Chemicals.

In many cases the porous polymers as obtained from the
manufacturer tended to aggregate and stick to the walls of
the tubing. Under such conditions proper column packing
was not possible. It was found that this could be remedied
by first subjecting the packing material to T.H.F. ( tetra-

hydrofurane') and then drying them at 100° C..
Low Temperature Bath

In this phase of work most experiments were carried
out at subambient column temperatures. Low temperatures
were attained by an arrangement which is shown in Fig,
(2.7). The liquid nitrogen contained in a 25 liter dewar
is boiled by means of an electric heater whose power output

is determined by the Powerstat setting. The nitrogen gas




FIGURE ( 2.7 )

EXPERIMENTAL ARRANGEMENT FOR SUBAMBIENT STUDIES.

a 25 lifer dewar.

b Nitrogen gas precooler coil.
c Heating coll. |

d Insulation.

e 5 liter dewar.

T . Heat exchange coll.

g Column.
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which is forced to travel down a coiled 3/16" o.d. copper
tube, is precooled before it leaves the dewar and serves
as the coolant. Heat exchange between the colﬁmn and the
cold nitrogen gas was accomplished by means of a heat ex-
change coil and ethanol ( see Fig. (2.7) ).

" The temperature bath can be brought down from ambient
temperature to the desired temperature relatively quickly
by direct addition of liquid nitrogen to the ethanol. With
little care it is possible to reach the working temperature
ﬁo'within +%° by this method. Once this has been done, the
heater in the large dewar can be turned on. The actual
‘setting of the Powerstat for a particular working temper-
ature requires some initial trial and error. Once this
setting is found the temperature of the bath can be main-

4

tained to within less than #%° for many hours.

Sampling -

A model CSV-1 X ( Chromatronix Incorporated ) sampling
valve having a 1.4 u.l. sample volume was used in this phase
of work. The sampling valve could be filled or evacuated
by means of a three way stopcock as 1is shown in Fig. (2.8).
The bulk of the sample was stored in a gas buret which
served as a means of controlling the sample‘size. A 3747

length of capillary teflon tubing (1/16" o6.d.) was used to



FIGURE ( 2.8 )

SAMPLING ARRANGEMENT.
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connect the valve and the column. The dead volume con-
tribution from this was considered to be negligible,
The sample sizes of CquCDu mixture were generally

0.2 H.1. (at S.T.P.) or less,
Detector

A Beckman GC-U hydrogen flame detector was used most
often but on occasions use was made of the Aerograph
electron capture ( 250 m.c. tritium sourée ) in a "helium
detector" mode. " A Keithley 240 power supply and a Keithley
410 electromeﬁer were used with the above detector§, The
columns were attached to the detectors with a length of

stainless steel capillary tubing of negligible volume.
Air Supply

During experiments the alr for the hydrogen fléme de-
tector was supplied by a compressed aif cylinder.v Between
experiments the system was switched to a small aguarium
pump. In elther case the alr was passed through a molecular
sieve (5A) trap at amblent temperature before it was allowed

to enter the detector.
Helium

The helium gas was purified by an activated charcoal

trep in series with a molecular sieve (5A). trap both of
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which were held at liquid nitrogen temperature.
Hydrogen

The hydrogen gas was purified by a molecular sileve

(5A) trap at liquid nitrogen temperature.

Results And Discussion

The results obtained on a 20 ft. Porapak Q column led
to the preparation of a 50 ft. column. A series of ex-
periments at various temperatures ( as low as -100°C. ) and
flow rates showed conclusively that a complete separation
of the CHMWCDM mixture was not possible on this length of
column. In view of this a 100 ft. Porapak Q column was
prepared and tried.

As can be seen from Fig. (2.9) ﬁhe separation of CHy-
CDM mixture can be achieved on a 100 ft. column. The
chromatographié peaks aré symmetrical and have relatively
short retention times. It was found that a somewhat better
separation could be achieved at lower temperatures and/or
slower flow rates, but the retention times became of ‘con-
siderable length.

From Fig. (2.10) it can be seen that at»Ooc. there is
a considerable degree of separation. The separation can
be increased, as is shown in Fig. (2.11), by a sample

freezing technique. This can be achieved by forming a



FIGURE ( 2.9 )

SEPARATION OF CHHmCDM MIXTURE.,

Column 100 ft. Porapak Q (50-~80 mesh).
Column temperature -45 + 1° cC.
CHu/CDu 1.9

Inlet pressure 70 psi.
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FIGURE ( 2.10 )

SEPARATION OF CHM«»CDL4 MIXTURE .

Column 100 ft. Porapak Q (50-80 mesh).
Column temperature 0° C.
CHL&/CDM 1.5

Inlet pressure 70 psi.



9l

CNIND 3NIL
9l

71

!

740




FIGURE ( 2.11 )

SEPARATION OF CHuwCDu MIXTURE.

Column 100 ft. Porapak Q (50~80 mesh).
Column temperature 0° C.
‘CHM/CDM 1.5

Inlet pressure 70 psi.
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small narrow U just past the injection port out of approx-
imatély 6 inches of the column. The U is fhen cooled to
liquid nitrogen temperature. The sample is then injected
and allowed to”freeze out in the U after which the liquid
nitrogen is quicklyvremoved, The remqval of liguid nitro-
‘gen is referred to as t = 0 in Fig. (2.11). This tech-
nique appears to be most effective at higher column temper-
atures. When applied to conditions invFig° (2.9), only
slight improvement in separation was noted.

This effect can be explained in the following manner.
The sample which is under reduced pressure ( approximately‘
OséS atmosphere ) is suddenly exposed)to a carrier gas at
70 pes.i.. The onrush of the carrier gas into the sample
volume causes mixing and és a result the initial mixed
solute band is broadened. As the mixture travels from the
point of injection to the column entrance further band
broadening takes place. One source is the gas diffusion
and another is the presence of stagnant regions introduced
by mechanical connections (133). As can be seen consider-
able band broadening can take place before the sample
reaches the columho By applying liguid nitrogen to a small
part of the column the advancing sample 1s frozen out on a
relatively narrow région, On warm up the sample starts off
as a narrower band than that which it was when 1t entefed

the column. The gquicker release of the more volatile




63
component upon warm up most probably contributes insignif-
icantly in improving the separation since the rate at which
the U warms up is quite fast. A comparison between Fig.
(2.10) and Fig. (2.11) shows that the difference in re-
solution is due to peak width rather than an increased
difference of retention times. This of course substantiates
the above argument.

It can be seen from elther figure that the heavy
methane is eluted before the 1ight6‘ This isotope effect
has been observed in other cases (126, 127, 134). Cartoni
et. al. (126) have shown that at very low temperatures the
elution order is reversed, and that the resolution below
the inversion temperature ( T where tRQ/tﬁl = 1 ) increases
rapidly with decreasing temperature (136).

The calculated number of theoretical plates ( with
respect to CDM ) was 140 per foot for conditions of Fig.
(2.10).

The resolution for Fig. (2.9) and Fig. (2.10) were
1.7 and 0.95 respectively.

The preliminary experiment with a saran charcoal
column was. started at ambient column.temperature,> When no
elution occurred after approximatelyAhalf an hour, heat
(v50°C.) was applied to the column and the flow rate was
increased to‘approximately ho cc./min..

Failure to obtain elution after an additional fifteen
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minutes warranted the column temperature to be raised to
approximately 200°C.. After about 5 minutes of this pro-
longed heating, elution was obtained. The chromatogram
showed two broad peaks which were reasonably well sepa-
rated. The acquisition of a number of different porcus
polymers terminated the work on this column with full
intentions of resuming it after preliminary studies were
carried out with the various polymers. Unfortunately this
work was never resumed but more will be said about it later.
The preliminary results of various polymer columns
were as follows. Porapak P nad no separating ability.
Very slight separation could be obtained with Porapak T.
Porapak R and Chromosorb 102 gave some separation but not
as good as Porapak Q. Porapsk S was found to be superior
to all the others. Fig. (2.12) shows a separation which
was obtained on a 50 ft. (50-80 mesh) Porapak S column.
The resolution is approximately the same as that obtained
on a 100 ft. Porapak Q columng but the retention time is
approximately one-~half. Porapak N was found to be very
good giving t2/tl ratios similar to Porapak S; but the peaks
were somewhat broader. Perhaps with some surface modi-
fication the material may be made as useful as Porapak S.
Porapak S (100-120 mesh) column showed to be somewhat
superior to Porapak S (50-80 mesh) but involved much
longer retention times for the same column pressure drop.

Since the components of the apparatus put a restriction on



FIGURE ( 2.12 )

SEPARATION OF CHH”CDM MIXTURE .

1 CD“
2 CH4
Column 50 ft. Porapak S (50-80 mesh).

Column temperature -32 + 4° C.

CHM/CDM AV O
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the working pressufe, the 50--80 mesh column was used.

.Columns b, n, o, and p showed absolutely no separating
ability at any temperature.

As it was found that Porapak S was most suitable for
the present problem, longer columns were constructed. Ex;
periments showed that it was.not possible to separate CHM
and CDQ to the point where sufficient room was made for the
other three methanes on a 100 ft. column at any temperature.
A 200 ft. column ( the preparation of this column and the
experimental arrangement will be discussed in the following
chapter ) gave only a partial success. The separation of
the five methanes was_sohewhat petter then that obtained by
Gant and Yang, but it was not comparable to the separation
obtained by Bruner and Cartohic‘ Calculations showed that
in order to achieve complete separation with this éacking,
unrealistic column lengths ahd retention times were re-
quired. With this in mind this phase of work was termin-
ated. |

It now remains to evaluate the usefulneés of this phase
of studye Several workers (127, 1341 135) have succeeded
in separating the CHumCDu mixture. A comparison of re-
tention times ( for a comparable resolution ) is given in
Table (2.2). Although the retention times listed iﬁ Table
(2.2) are only approximate, they do illustrate the superior-

ity of the porous polymer bead column over other packed
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TABLE ( 2.2 ) COMPARISON OF COLUMNS USED TO SEPARATE

CHumCDu MIXTURES

Approx. ret,

Column ' Length (ft.) time ( min. )
Modified glass capillary (136) 114 20
Porous polymer beads 50 20
High activity charcoal (127) 50 180

Molecular sieve (134) - 350 8u40
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columns. It is also a strong competitor tp the capillary
column. As was mentioned earlier, the use of packed columns
can be extended to»preparative work whereas caplllary
columns are restricted to analytical work only. In this
sense the Porapak S column is superior to the capiliary
column. Besides having aésociated with it a relatively

“short retention time, the porous polymer bead column has
the following desirable featuresvwhich set it apart from
‘the others;
| a) the column can be packed very easily and quickly

without any previous treatment of the packing;

b). the column is mechanically stable involving no
danger of crushing the packing upon colling;

¢) the column requires neither special treatment
aside from the initial degassing nof regeneration; and

d) the column is unaffected by water or by im-

purities in the carrier gas.
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PHYSICAL MEASUREMENTS

INTRODUCTION

The one factor which defeated the separation of thé
five methanes was the band width of the individual compon-
ents. In order to imprové the separation, carrier gases
such as COZ’ Ar and N, were tried since diffusion 1n these
gases is less than in He (136, 137). Preliminary experi-
ments were carried out on an 80 ft. 1/8" o.d. Pora?ak S (50
- 80 mesh) column at 0°C. and a constant flow rate of 20 cc.
per min.. The results of these experiments showed that
there was a large difference in both the retention times and
resolution with the various carrier gases. A superimposed
plot for all the carrier gases is shown in Fig. (3;1)° The
effect of carrier gas on retention times has been reported
in other instances (138, 139) ( the differences in these
reports were much larger‘than where gas nonideality was con=-
sidered ). ‘Hoffman and Evans (139)'interpreted their
results in terms of carrier gas-solute competition for the
active sites and desorption hinderance mechanism involving
the carrier gas atomic cross section. Brookman et. al.
(140) rightfully eriticised this by pointing out thét in
order to get meaningful interpretation, the data must be
converted into retention volumes where viscosity and gas

compressibility 1s taken into consideration. They repro-




FIGURE ( 3.1 )

ELUTION OF CHuwCDu MIXTURE WITH VARIOUS CARRIER GASES.

Column 80 ft. Porapak S (50-80 mesh).
Flow rate 20 cec./min..

Temperature 0+ %° C.
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duced experiments analbgous to Hoffman and Evans and showed
that although the retention times varied in the order of
carrier gas viscosities (Ar > He > N, > Hy), the specific
retenfion volumes for n-butane ( thus K ) remained constant
for all gases within 1-3%. They concluded that for the
series studied, the carrier gas has no influence on the
partition process.

These findings were very interesting since in our ex-
periments the retention times of the methanes variles as
t(He) > t(Ar) > t(Ng) > t(COz) ( see Fig. (3.1) ) where as
the viscosities vary as Ar > He > N2 > CO, (141). Further-
more, by the use of the electron capture detector ( in the
"helium detector" mode ) it was found that niﬁrogeng argon,
and carbon dioxide can be separated on an 80 ft, Porapak S
column. This in itself is evident that there is a differ-
ential interaction between these gases and the solid.

A study was begun to determine the extént to which the
carrier gas{affects ﬁhe net retention volume. As the study
progressed other aspects were consideréd and side studies
developed. The results of these studies wili be presented
in thié chapter,

In order that the results can have full significance5
the experimental apparatus and experimental procedure must

be described in detail.
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EXPERIMENTAL APPARATUS AND PROCEDURE

The Column

Four 50 ft. 1/8" o.d. Porapak S (50-80 mesh) columns
were joined together in a manner which was already described
to form a 200 ft. column., Each 50 ft. section was prepared
in the followlng way.

The inside of the copper tubing was washed with acetone,
T.H.F., and analytical grade methyl alcohel in this order.
After the washing the copper tubing was dried at room tem-
perature for two hours by passing nitrogen gas through 1t.

Porapak S (50-80 mesh) (batch #457) was first washed
in TQHQF,; dried at 100°C., and degassed under vacuum at
room temper"aturec While still under vacuum the temperature

of the packing was raised slowly to 200°C. and sustained a

ot

that temperature for approximately 5 minutes after which the
heat was switched offe Once the packing had reached room
temperature it was reﬁoved from the Vacuum line and was
transferred immediztely into a 10% triﬁethylchlorosilane in
benzene solution. After 20 minutes the packing was filtered
out and washed in an anélytical grade methyl alcohol;

After drying at 100°C. it was degassed under vacuum at
100°C. for three days. The final packing of the column was

carried out in the same manner as that already described.
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The resulting 200 ft. column was coiled on a I inch dia-

meter copper pipe.

The packing material was examined under a 40 power
microscope and it was found ﬁhat the granules were shiny,
smooth, and spherical. A photomiérograph taken at Imperial
0il Research Department confirmed this finding. A repro-
duction of the photomicrograph along with a scale is shown
in Fig. (3.2). Out of 100 random particles the average
particle diameter was measured to be 0,20 & 0.02 mm. by
meazns of Unitron (U-11) microscope with a micrometer scale

in the eyepiece,
Sampling

A Seiscor model VIII high pressure and helium purge
modified valve, having a sample volume of 0.5 pl, was used
throughout the study. This pneumatically actuated'diam
phragm velve with a total switching time of about 10 milli-
seconds is capable of introducing accurately and repeatedly
samples into a fast flowing gas stream. Due to its low
dead volume and high speed of operation, it is ideal for
band broadening studies. A schematic diagram of the valve
aléng with the manufacturer's description of its operation
is given in Fig. (3.3). The internal construction of the
valve is shown in Fig. (3.4). This figure is included in

order to illustrate the significance of the three chambers
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- FIGURE ( 3.2 )
REPRODUCTION OF THE PHOTOMICROGRAPH

SHOWING THE POROUS POLYMER PACKING.

Magnification v x50

1 major div. = 0.1 mm.
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FIGURE ( 3.3 )

SCHEMATIC DIAGRAM OF THE SAMPLING VAILVE.
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FIGURE ( 3.4 )

INTERNAL CONSTRUCTION OF THE SAMPLING VALVEe
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7T
of the valve. Under conditions of low sample pressure and
relatively high carrlier gas pressures, reliéble and re-

producible sampling can be obtained if the two outer

chambers are kept under vacuum. Between sampling the middle

chamber ( the chamber between the actuating pistons ) is
also held under vacuum. To activate the valve, a gas at
36 psi. is admitted into the middle chamber. After the
sampling operation is completed the middle chamber is re-
turned to vacuum conditions. The pressure-vacuum switch-
ing can be easily‘accomplished by means of a three way
solenoid valve. This arrangement is shown in Fig. (3.5)
(a and b). Helium‘filtered through a 5 micron Swagelok
snubber was used as the actuating gas in all experiments.

Due to the delicate nature of the valve the incoming
carrier gas was also filtered through a 5 micron stainless
steel 1/16" snubber. The output from the valve ( 1/16"
stainless steel tubing ) was cut_to»approximately 1.5 inch
in length and waé joined to the column by means ef 1/8" to
1/16" Swagelok reéucing union.

One of the tubes leading to the 0.5 pl. sample volume
was cut to approximately 0.5 inch and was sealéd off. The
other tube was joined to the vacuum line and consequently
to the gas buret by means of a three way stopcock in a

manner similar to that already described.
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L

FIGURE ( 3.5 )
APPLICATION OF THE THREE WAY SOLENOID VALVE

FOR VACUUM~PRESSURE SWITCHING.

Upper chamber of the sampling valve.
Middle chamber of the sampling valve.

Lower chamber of the sampling valve.
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Recorder

A 1 millivolt, 11" chart, 0.5 sec. response Bristol's
recorder was used. The chart drive motor was connected in
parallel to Lab-Chron timer which served as a check on the
accﬁracy-of-the chart advance., Too much faith 1s generally
put on the performance of the Cabot~Holtzer motor with the
author aé no exception. Due to an erratic performance of
a previous motor approximately six months of concentrated
work had to be discarded, much of which could not be

repeated.

Sampling=Chartdrive Synchronization

The instance of sampling and its designation on chart
papér by manual method can lead to the introduction of error
which can contribute considerably to the scatter of ex-
perimental results. Tb eliminate this source of human error
the coincidence of sampling and t = 0 with respect to the
chart paper was obtained ih the following way.

"The syncﬁronizing network involved a three unit cycling
switch and a single function solenoid operated stepper
switch. The sequence in which the individual microswitches
of the cycling switch were activated was predetermined by
the cam'settings9 and the duration of the off or on position

was determined by the size of the cut on the cam. The cams

were mounted on a common shaft which was driven by a small
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d.c. motor. The single function stepper switch refers to a
solenoid operated switch which can advance only one position
regardless of the solenold activation time, The inter-
connection between the recorder, the timer,; and the solenoild
three way valve which activates the sampling valve is shown
in Fig. (3.6). The switches as shown in this figure are in

a presampling position.

Sampling Procedure

Once the sampling valve was evacuated and then filled
with the sample, the stepper switch 83 was manually switch-
ed to the (b) position. This as can be seen from-Fig, (3.6)
only activates the chart drive motor and the timer. When
the chart paper had advanced to the position where the re-
corder pen was on a major division9 the stepper switch 83
was immediately reverted to the (a) position and the timer
returned to zero. The sampling cycle can be initiated by
means of a push button switch Sl‘ Once this switch is
pushed in, the d.c. motor begins to rotate the cams. The
first switch to be activated is S-(a), which does no more
than to cut in the d.c. motor internally and allows one to
release the switch Sl' From this point on the prochs is
automatic; The second switech To cut in is SQ(b), but as

can be seen from Fig., (3.6) it by itself cannot perform any

function. Once the switch Sg(c) cuts iny the three way
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FIGURE (‘3.6 )

ELECTRICAL CIRCUIT USED TO ACHIEVE COINCIDENCE

SV

CDM

BETWEEN SAMPLING AND t = 0.

Push button switch.

Three unit cycling switch,
Stepper switch.
117 V. to 12 V. step down transformer.

Rectifier.

Three way solenold valve.

Chart drive motor.
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solenoid valve and the solenoid of the stepper switch are
activated. These in time activate the sampling valve and
the chart drive plus the timer respectively. By using two

" position

switches (SQ(b) and Sz(c)) the duration of the "on
of the sampling valve can be preset by cam adjustment.

When the switch SE(b) goes into an off position the sampling
valve also returns to its initial "off" position. The re-
turn of the switch SZ(a) to the off position completes the
sampling cycle by shutting off the d.c. motor. At the end
of the cycle the stepper switch is left in the (b) position
while the sampling valve, the three way solenoid valve, and
the cycling switch have all been returned to theif initial
state. As can be seen from Fig. (3c6§ it is not possible

to restart the sampling cycle while the stepper switeh is

in the (b) positidnu This feature served as a protectionb

against accidental secondary sampling during an experiment.

Column Temperature

Most experiments were carried out at a column temper-
atufe of 0°C.. For these experiments a 21 liter cylin-
drical dewaf containing ice-water mixture served as a
temperature bath. The cold water was circulated by means
of a motor{drivén stirrer ( see Fig. (3.7) ).

In cases where the experiménts were carried out at

temperatures above the ambient, a large glass vessel




FIGURE ( 3.7 )

273°K CONSTANT TEMPERATURE BATH.
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( approximately 12 liter capacity ) filled with paraffin
0il served as a temperature bath. The bath was heated by
means of a Powerstat and a helixical heater constructed
from a length of 1/4" copper tubing containing'two strands
of asbestos covered chromel wire, It was found that once
the temperature had stabiiized, the temperature drift
during an expérimént was no more than 2%°. Since this
drift had a negligible effect on these experimentss better

temperature control was nol necessary.

Pressure Measurements

The pressure at the column inlet was measured by a
Marsh U4%" diameter, 0-200p.s.i. range Mastergauge placed
as close to the sampling valve as possible. The gauge was
subdivided at an interval of 2 p.s.1. and had an accuracy
of better than 0.5% of the pressure reading. With care it
was possible to estimate the pressure to within 0.25p.s.i..

The pressure of the column outlet ( the local pressure
was measured with a mercury manometer to within #0.lcm. It
was found that there was a slignt difference’between the
readings obtained with this manometer and the one in the
Physical Chemistry Laboratory. This difference could be
possibly eiplaiﬁed in terms of local building pressures
since the laboratory in which the experiments were carried
out was in the basement and the accurate manometer was two

floors up. Since the difference was very small (40.2cm.)




85

its origin was not investigated.

Detector

The detector, the constant voltage supply, and the

electrometer, were the same as in the previous study.

Gas Purification

Air Supply For The Detector

During the experiments air wasvsupplied from four com-
‘ prcssed air cylinders Jjoined together by a manifold. The
air was first passed throuéh a molecular sieve (5A) trap at
room temperature and then through a Cu-Cu0 furnace maln-
tained at approximately 850°C.. The Cu~CuQ furnace was
constructed from a 1/4%o0.d. stainless steel tube whiéh COn-
tained a length of 1/8"o.d. copper tubing. The copper
tubing was oxidized by passing oxygen through the furnace

while it was at the elevated temperature.
Carrier Gases

The use of CO2 and Ar in these experiments prevented
the use of gas purification method described in the pre-
vious study. The carrier gases were purified by passing
them through a Cu~CuO furnace of the type already described
and a molecular sieve (5A) trap at room temperature. The

molecular sieve trap served only to remove any water which
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may have been formed in the Cu~Cu0 furnace. No experiments
were performed for three days after changing carrier gases.
This time was considered to be sufficient for a fast flow-

ing new carrier gas to displace all of the previous gas.
Hydrogen Geas

Hydrogen‘for the detector was initially purified by
passing it through an activated charcoal trap at -196°C..
It was found that by doing so there was some decrease in the
noisé level of the detector., It was also found that the
refilling of liquid nitrogen introduced considerable base
line fluctuations. Since the hydrogen was in no way assoe-
ciated with the gés chromatographic process, the liquid
nitrogen wés nct used in the present experimehts since base
line stability was of more importance than a small decrease

in the noise level.

Flow Rate Measurements

One of the.principal parameters in gas chromatography
is ﬁhe flow rate of carrier gas. The degree of accuracy
with which thé flow rates are measured are generally govern-
ed by the problem. In many cases where the flow rate serves
oﬁly as a guide to the working conditions, accuracy of flow
~rate measurement 1s not important. It does becomé important
however, in the caiculation of retention volumes particular-

ly in cases where the retention volume is a variable of some
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other'parameter.

Flow rates are generally measured with the familiar
moving bubble or soap bubble flow meter. The popularity of
this flow meter stems from its simplicity and its potential
high accuracy. The bubble flow meter is assumed to have a
one percent or better accuracy (142, 143) and this assump-
tion appears to be accepted generally as 1t is sufficient
to state in publications that this type of flow meter was
used for flow rate measurements. It is the intent of the
author to show that this implication of accuracy is not
valid and to describe a method for measuring flow rates to

a higher degree of accuracy.

Inaccuracy Of The Moving Bubble Flow Meter ‘In The Low Flow

Rate Region

In the present study of carrier gas-surface interac-
tion where the retention volume of methane was used as a
measure of this interaction, the initial results for argon
and carbon dioxide were found to be quite unrealistic.
Fig. (3.8) given for illustrative purposes only, shows the
general shape-of both the experimental and the expected
curves for these two gases. Although the unexpected drop-
off in_thé low pressure region was persistent, it was not
reproducible, Failure to reproduce this region cast sus-

picion on the reliability of the bubble meter. When the
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ANOMOLOUS EFFECTS

FIGURE ( 3.8 )

AT LOW CARRIER GAS FLOW RATES.
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flow rates were measured by the method to be described, ex-
pected results were obtained.

In order to substantiate the fact that the low pressure
drop-off waé caused soley by'the flow meter, the following

simple experiment was carried out.
Experimental

The apparatus was arranged as is shown in Fig, (3.9).

A fast chart speed recorder was used as an event marke-
er by shorting out the input terminals with a microswitch.
With the aid of this event marker 1t was possible to follow
the soap film as it travelled through the flow meter. Since
each event corresponded to the arrival of the soap film at
a major division of the flow meter, ( the flow meter was
made from a precision bore buret and had a useful volume of
80 mls. ) iﬁ was possible to calculate both the flow rate
and the time interval.between the events. For comparison
the flow rate was also determinéd by the'accurate flow meter.

This experiment was carried out for argon and carbon

dioxide.
Results And Discussion

Since all of the experiments were not carried out with
the same chart speeds, it was found that the results of

these experiments could be best fitted into one figure by
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FIGURE ( 3.9 )
DIAGRAM OF THE APPARATUS USED TO DETERMINE

ACCURACY OI" THE SOAP BUBBLE FLOW METER,

Compressed gas cylinder,
Pressure regulator assembly.
Constriction.

Accurate thermal conductivity flow meter.

.Soap bubble flow meter.
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, plotting the actual chart paper distances between events
rather than time as a function of the total distance
travelled by the soap film. |

The results for the two gases are given in Fig. (3.10).

The flow rates assoclated with the three curves are as

follows:
COZ.(A) 2,74 mls/min.
CO, (B) 1.63 mls/min.
Argon 1.22 mls/min.
The region 0 - 15 was found to be linear for all three

curves and was not included feor clarity.

The most obvious feature of Fig. (3@10) is that the
Soap film velocity is not constant for the full length of
the flow métere It should be mentioned that in the case of
carbon dioxide, the soap film appeared motionless at the
extreme end of the flow meter while the gaé maintained a3
constant flow rate; Repeat of experiment (A) showed that
the results were highly reproducible. The slight difference
between the two sets of results was‘attributed to the diff-
erence of soap film thickness.

In another experiment where the flow rate of carbon
dioxide waé about 6,2 mls/min., the soap film velocity was
" found to be constant for the entire 1enéth of the flow meter,

Considering this and Fig. (3.10), it is obvious that the




~FIGURE ( 3.10 )
SOAP BUBBLE FLOW METER INACCURACY

FOR ARGON AND CARBON DIOXIDE.

002 (Aa) 2,74 mls./min.

COo. (B) 1.63 mls./mine

2
Argon 1.22 mls./min.



INTERVAL

EVENT

20 6 ©o o .ARGON
© 00 @ CO2
18-
16- °
14
12 -
10-
8
Ooo
.6.,,
° G
© 00 o0 © ¢ ©
4- A
6 ¢ ¢ © 0O e
9 o © 0 e
2 1 U IEIREE = ‘
15 20 25 30 35 40

TOTAL

DISTANCE




93

point of deviation of the soap film veloclity from a constant
value is flow rate dependent. One can conclude from this
that a certain time is regquired before the soap film becomes
permeable to the gas. The time and the raté at which the
soap film becomes permeable seems to depend on the nature
of the gas. |

Flow rate measurements in the linear soap film velocity
region of the flow meter are not without error as can be
seen from Table (331)o

It is most probable that variables such as the temper-
ature, the type of detergent; its concentration and the |
£1i1m thickness would lead to some interesting results, but
it is not the intent of these experiments to represent a
detailed study of the observed phenomena. These experiments
demonstrate the inaccuracy at the bubble flow meter in the
lower flow rate region and show that there is a need for a

more reliable and accurate method of fldw rate measurement.
A Simple But Accurate Method Of Flow Rate Measurement

Aside from the placement of the injection port, the
flow meter is basically an empty column chromatograph which
can be easily constructed from spare parts. The component
arranggmen£ of the unit is shown in Pig. (3.11).

The entire unit except for the gas inlet, the in-
jection port and the gas outlet are kept in a constant

temperature enclosure ( see Fig. (3.11) ).
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TABLE ( 3.1 ) ERROR IN THE SOAP BUBBLE FLOW METER

Actual Flow Rates® ¢ Error of Bubble

Gas
(mls./min.) (a) Meter®#®
C02 6.201 -2.7
CO2 (A) 2.740 -4,2
co, trepeat of A) 2.740 -7.0 (b)
CO, (B) 71,63M8 -6.1
Argon 1.,2175 -3,0
# Average deviations éf these values are 0.05%.
%% TFlow rates were water vapour pressure corrected.
(a) The accuracy of these values was calculated to be
approximately 0.3%.
(b) The deviation of this value from -4,2 is attributed

to the soap film thickness.




FIGURE ( 3.11 )

ACCURATE THERMAL CONDUCTIVITY FLOW METER.

I Injection port.
Tqs T2 Elements of a microthermal
conductivity detector.

v . Total volume between T. and T,.
m 1 e
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The dimensions of the flow metef are not critical, but
the value of Vm should be chosen to suit the range of flow
rates to be measured (this will become self evident later).
It is important, however, to construct the unit so that
there is a minimum pressure drop across it.

Flow rates are measured by injecting into the unit a
small sample of a foreign gas whose thermal conductivity is
much different than that of the gas whose flow rate is
being measurede_ The passage of the gas plug past the first
thermal conductivity cell Tl is indicated by the recorder
response. When the plug passes the second thermal con-
duetivity cell T2 the recorder responds in the opposite
direction. From the time interval betweenethe maxima of
the two deflections the.flow rate can be calculated.

Before calculations can be made it is necessary to
determine the total volume (Vm) between Tl and T2 very
accurately since the absolute accuracy of the flow rate
measurement will depend on this. It 1s also necessary to
determine the pressure drop (AP) across the unit as &g
function of the time (t) required for the foreign gas to
pass from Tl to T2°

The flow rate out of the flow meter can be calculated

by:

|

F=% P, | | ( 3.1)
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where T is the average pressure in the meter and P_ is the
outlet pressure. In a post column arrangement where the
floﬁ meter is at a temperature TF‘and the column is at a

temperature TC , the flow out of the column is:
F = VmPiC/t(PO + AP)LF ( 3.2 )

This method of flow rate measurement has been used
successfully in this laboratory and it was found that the
’unit_is dependable for‘helium, argon and carbon dioxide and
has an average deviation in repfoducibility of ¥ 0.05% in
the range used (1 ml./min. to 60 mls./min.). It should be
pdssible to get higher reproduciblility by eliminating some
of the peak broadening sources.

With the exception -of Vm, all the variables in egn.
(3.2) can be measured quite accurately (143) and their con-
tribution to the inaccuracy of F will be small. Considering
the definition of Vm, direct measurement of this value will
generally not be possible. Vm can be obtained indirectly by
calibfating the flow meter against some other unit. The
accuracy of Vm, therefore of the flow rate measuremegfs9
will be approximately that of the calibrating flow meter.,

In view of this it should be possible to obtain Vm values
With accuracies of better than * o.l% if the calibration is
done with instruments such as that described by Noble, Abel,
and Cook (144). Except for very unusﬁal circumstances where

the absolute values are reqguired, this high degree of
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accuracy 1s unnecessary. For most critical work Vm can be
4caiibrated with hellum énd an accurate bubble flow meter.
To éualify this, attention must be drawn to the fact that
tﬁe magnitude and direction of the error introduced into Vm
is also introduced into every flow rate calculation. Al-
though éach flow raté may deviate as much as 1% from the
absolute value, its accuracy with respect to Vm will be of
the same order as the resproducibility.

.Considering that the unit can be built to withstand
pressures 1t can serve as a pre or post column flow meter.
Aside from its function as a flow meter, the unit‘can be
used for measuring gaseous diffusion coefficients,

A meter constructed out of glass or some other inert
material using glass coated thermisters as sensing units
can be vused to accurately measure flow rates of unusual and

corrosive carrier gases (104),
Flow Meter Specifications

The empty column was made from approximately 19.5 ft.
length of 3/16"o.d. ( d,03" wall thickness ) copper tublng.
A Gow - Mac micro-cell ( Model 470 ) thermistor served as a
sensing device. Since the detector§s lead-1in wires were
enclosed iﬁ approximately 6 inches of stainless steel tubing,
the‘entire flow meter could be immersed in an ice«water
mixture which waé made to serve as a constant temperature

bath.
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The volume, Vm, was calibrated against the bubble flow
‘meter using He. as the calibrating gas. The calibfation,
was carried out at four different flow rates. The results
are summarised in Table (3.2).
"The flow rates in this study were always measured with
this type of flow meter at 0°C. using the value of 49.,2kcc.

as Vm.

Experimental Procedure

Pior to an experiment, the 21 liter dewar was first

filled with ice and a sufficient quantity of distilled water -

was added to bring the level to within t 1/4" of a specified
mark. Since the column was suspended some 6" below a plat-
form on which the sampling valve and the detector were
mounted there was 6 inches of column leading to each unit
which was exposed to the ambient temperature. In order to
make experimental conditions as reproducible as possilble an
ice-water level mark was chosen. In preliminary experiments
it was noticed that if this procedure was not followed,
particularly in the case of He carrier gas, the expermental
results had some scatter. Once the temperature bath was
filled, the inlet pressure was adjusted to a desirable value
by means of a two stage regulator. After the completion of
thése two steps, the system was allowed to stabilize for an

average of 16 hours. This of course meant that only one
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TABLE ( 3.2 ) Vi VALUES AS A FUNCTION OF BUBBLE METER

FLOW RATE
Bubble meter flow rate-( cc./min. )% Vm ( calec. )
( 6 readings )
3.67 + 0.01 ' 49,23
7.72 t 0.02 hg. 2k
24,68 * 0.03 49,21
390.77 + 0.05 4g,28

¥  Water vapour pressure corrected.
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-experiment could be performed a day.

The sample pressuré in the gas buret was chécked and
adjusted 1f necessary pribr to each experiment. A sample
size of 0.12ul. ( at S.T.P. ) was maintéined in all ex-
periments involving a single component, and 0.24pl. sample
sizes wWere used in experiments where two components (CHuw
CDM) were present. The inlet and the'outlet pressures were
noted before and after each experiment. After the sample
injection ( this procedure has already beén described ) the
flow meter was refilled with 1ice and distilled water and
the d.c. filament power supply was turned on 1in order that
the unit may sfabilize before its use.

Immediately after elﬁtion the chart paper was allowed
to advance till the recorder pen corresponded with a major
division, at which instant both the chart drive motor and
the timer were shut off by manually placing the stepper
switch into the (a) position. At this point the chart dis-
tance was compared with the timer reading. It was found
that in most ‘cases the dirference was approximately * 1 sec.
In some cases corrections had to be made since the differ-
ence was as high as 8 seconds, ( in experimental times of
% to 6 hours ). It was found out later that fhe discrepancy
was in the'chart paper divisions. After the flow rate was

- measured, the experiment was complete. The 21 liter dewar
was emptied and recharged with fresh ice and distilled water

for the next experiment.



102
An experiment was conducted to determine the repro-

ducibility of the measured retention times. It was found
that if two experiments were carried out one immediately
after another there was a slight difference in the reten-
tion times. The difference depended on the duration of the
first experiment and shortest experiments the difference
waslas high as 10 seconds. If 2 to 3 hours were allowed
between the two experiments the retention times of the two
experiments were reproducible to within tﬁe experimental
errofe This has been observed on several other occasions.
The fact that it is the second experiment which gives the
longer retention time and also that the peak areas of the
two experiments are the same disallows this to be explained
on any adsorption phenomenon. It is the authQr’s belief
that this is somehow related to flow interruption during

sampling.

POROSITY, PERMEABILITY , AND GAS FLOW

Up to this point porosi‘gys permeability, gas flow, the
inlet and the outlet column pressures have only been ‘men-
tioned in passing. In this section more meaning will be
given to these guantities and a relationship between them
will be dévelopede The experimental data pertaining to
- gas flow, will be interpreted in terms of these relation-

ships,
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Porosity

A packed gas chromatographic column‘consists of the
granular solid and the intergranular voids which are
occupied by the carrier gas. The relative amount of either
phase present in the column will depend upon the way the
gfanules are packed. There are two ways ( the rhombohedral
and the face-centered cubic ) in which spheres of equal
diameter can be packed so as to give densest packing
( having only 26% of the interparticle space )(145). In
gas chromatographic columns this dense packing is never
realizede During the packing process ﬁhe gravity works in
the direction so as to achieve dense packing while the
filling process due to its very random nature opposes this
effect. The final column will have a packing which is a
compromise of the two effects, in that, regions of low and
high packing density will be randomly distributed through-
out the column. The particle size and shape will have a
further effect on,the magnitude of the interparticle voids
and the packing density. Considéring the effect of gravify
on the packing process, one can expect a denser normal
packing from columns which contain a high density material
than from éolumns whose material has low density.

Porosity by definition is the fraction of a total

volume element occupied by all free space. That is, for a
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total volume VT which contains a volume V, of the packing

S

material, the porosity (§) is;

"A particular peoint within a column will have a porosity
of oné or zero depending whether the point finds itself in
the interparticle §oid or within the solid packing. As the
tdtél volume is increased so .as to contain a number of par-
ticles (5-10), the porosity will be greatér than zero but
will.be less than one and will vary from point to point in
the column. As the volume is increaséd so as to incorporate
more and more particlesg.the porosity of the various‘regions
in the column will be found to appfoach a constant.value,

It is»this limiting value which will characterise the
column porosity;

Since (VT - Vg) of eaqn. (3.3) is equal to vmﬁ the

porosity can be rewritten as;
Com : 1
§ =V /Vn ( 3.4)

- where in this case VT‘will be defined as the volume of the
‘empty column having the value wr?L. L and r are the column
.1ength and the insi@e radius of the tubing respectively.
Vm’ as 1t has already been defined, i1s the total gas volume
of the column. This value however, may contain in it the
interparticle void volume plus the volume which may be

present in the particles themselves if they are porous. If
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this is the case, the porosity defined by eqn. (3.4) is re-

ferred to as the toetal porosity and can be written as;

where ep ( the total porosityx) is a specific designation
of §.

The free space which allows the gas to flow 1s the
interparticle void., It is for this reason a quantity, the
interparticle porosity (), must be defined. Interparticle
poroéity is theufraction of the column occupied by tﬁe
interstitial channels and gaps between‘the particles. It
is smaller than or at best equal to the total porosity,

that is;
ep = e 4 A ‘ ( 3.6)

where A is the porosity due to the porous nature of the
‘particles. For nonporous materials such és glass beads,

A vanishes .and the interparticle porosity becomes equal to
the totél porosity.

The interparticle porosity can varylfrom 0.35 te-0.9,
but for a fairly well packed columh the value is very close
to 0.4 (146). The value of 0.9 is encountered only in very
unusual cases such as in the aerogel columné.

The quantity which is most easily accessible to
measurement is the total porosity since both the Vm and the

VT values are readily available. The measurement of the
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interparticle porosity in the case where the particles are
porous, 1s more difficult. A method which is often used
(147, 148) is described by Bohemen and Purnell (147). =

can be measured by the use of the following equation;
e =1~ mpy/Vp ( 3.7 )

where py is the particle density measured under mercury

( balk density ), and m is the mass of the packing.

- Mottlau and Fisher (119) describe a method where pore
volumes can be obtained‘by titration ( it should be mention-
ed that the orginal work was done by Innes (150) ). Once
the pore volume for the entire column is determined,; 1t can
be subtracted from Vm to givé the interparticle volume with

which the value of € can be calculated.
Equation Of Flow

Due to compressibility, the carrier gas as it passes
from the inlet of the column to the outlet where the
pressures are Pi and PO respectively, will experilence an
écceleration and its velocity will vary from point to point
along the length of the column. Texts treating‘fluid
motion often describe ﬁhe velocity profile in terms of the
Navier-Stokes eguation (151, 152). The one dimensional
form of the equation for a viscous fluid can be written as

(153);
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p(dv/dt) = =3P/3z + F + nV?v +(n/3(3%v/3z%) ( 3.8)

where p, n, v, V¥, and F are the fluid density, the vis-
cosity, the z component of local flow velocity, the
Laplacian operator and the z component of the external
force which may be acting on the fluid respectively. As
it has been pointed out by Giddings (153), this eqguation
has been found extremely intractable even for moderately
simple geometries, and that the complex geometry of the
flow space in the gas chromatographic column is beyond
exact treatment.

An empirical law which 1s generally used to describe
flow in a porous media is Darcy's Law. For a volume of gas
0 ( using Carman's notation (154) ) flowinggin time ¢t
across a cr053wsectiona1 area A, the apparent linear rate

of flow (u,) is;
u, = Q/At ( 3.9)
Darcy's Law states that for & flow in the x directiong

u_ = =(B/n)(dp/dx) ( 3.10 )

where Bo is the specific permeability coefficient. It has
been pointed out on several occasions (153, 155, 156) that
u, is not the true velocity of the gas since the actual

cross-sectional area of a packed column through which gas
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can flow is Ae. In terms of true gas velocity (u) ean.

(3.10) becomes;
u = ~(B_sen)(dP/dx) ' ( 3.11)

Since the volume flow rate (F) is related to the gas

velocity, that is;

F = uﬁe : ( 3.12 )
then eqn. (3.11) can be expressed in terms of flow rate.

P = ~(B_A/n) (dP/dx) | ( 3.13 )

When a gas flow in a column has reached a steady state;
then the following relationship must be satisfled at every

point in the column;
rate of mass inflow = rate of mass outflow ( 3.24 )

" From this relationship it can be stated that the number of
moles of gas leaving the column (no) in time t, must be
equal to the number of moles (n) passing any cross-section

in the column in the same time, or;
n,/t = n/t ( 3.15 )
For an ideal gas whose equation of state 1is;

n = PV/RT ) | ( 3.16 )
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egqn. (3.15) becomes;
PV /t = PV/t ( 3.17 )

With the relationship of egn. (3.17) and remembering
that Vo/t and V/t are the flow rates at the appropriate

points of the column; eqgn. (3.13) can be written to give;
F P dx = -(B A/n)PdP ( 3.18 )
0 o0 o .

Upon integration between the limits of x = 0 and x = L
where the column pressures are Pi and PO respectively, and
rearrangement, a relationship between the flow rate at the
outlet of the column, the inlet pressure and the outlet

pressure is obtained.

— 2 2 -
F, = BOA(Pi - Po)/anLPO - ( 3.19 )

A plot of F_ as a function of (P; - Pé)/PO should give a
straight line from whose slope the BO value can be cal-
culated since all the other values are readily available.
To be more correct the author has considered the non-
ideality of the carrier gas and has obtained a modified
form of ean. {(3.19). The derivation is as follows.
To a very good approximatlion the equation of state

for a real gas can be written as (157):

n = PV/(RT + By1P) ( 3.20 )
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where B is the second virial coefficient of the gas at

11
temperature T. Substituting this into eqn. (3.15) and going
through the steps which lead to egn. (3.18), the following

expression is obtained;

POFde/(HT + BllPo) = uBOAPaP/n(RT + BllP) ( 3.21 )

Integration between the limits of x = 0 and x = L, where

the column pressures are Pi and PO respectively leads to;

PoFL/(L + bP) = {(B_A)/nb?}e{b(P; - Py) + In(1l + bP,)

- 1n(1 + bPi)} ( 3.22a)
where
b = B, ,/RT ( 3.22b)

Since the 1n terms are small, they can be expanded to the
first term in the series as an approximation without intro-
ducing significant error. After expansion and algebraic

rearrangement, the final expression is;

F_ = {(B,A/nLP_}e{(1 + bP,)(P%/(2 + bP,) -

O
P2/(2 + bP))} , ( 3.23)

Equation (3.23) has the desirable feature in that for an

ideal gas where B = 0, it reduces to egn. (3.19). 1In

| 11
this study eqn. (3.23) will be used unless otherwise stated.
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Permeability

The specific permeability (BO) has the units of cm?.
It is also often expressed in Darcy units where 1 Darcy =
9,87x10 %cm?, It has a function of resistance ( as in
Ohm's Law ), and is related to the column construction. An
equation which relates this quantity to the column proper-
ties is the Kozeny-Carmen equaticn (154) which may be

written as;
- 2.3 ] 2
BQ = dje /36k(1 -~ €) ( 3.24 )

where dp is the diameter of a sphere with the same specific
surface as the particle. For a spherical nonporous
particles, dp will be that of the particle diameter. For
nonspherical porous particles the definition of dp is as
above.

| Eguation (3.24) is an approximate eguation derived
from a capillaric model using a variable k. It appears that
for a normal granular packed columns there are two distinct
values of k that are in use. In some publications (ii%s
153, 154, 155, 158), the accepted value of k 1s 5.0.

Using this value, egn. (3.24) becomes;

- 2~ 3 2
BQ ukd;e /180(1 - ¢€) } ( 3.25)
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In other publications (156, 159-163), the accepted
value of k is very close to 4.17, thus making eqn. (3.24)

become ;
B = d2e3/150(1 - g)? ( 3.26 )
0 1Y

Eqn. (3.26) is referred to as the BlakeaKozény equation
(156, 159, 160), whereas egn. (3.25) is the Kozeny-Carman
equation (153, 154, 155, 158). On occasions egn. (3.26)
has been called the Kozeny-Carman equation (162) and the
Erguﬁ equation (1586). Furthermore, there exists sufficient

experimental data to support both equations (154, 159, 162),
Flow Pattern In Gas Chromatography

Since slip flow and molecular ( Knudsen ) flow occur
only at very low pressures (164), they are of no importance
to the present study and will not be discussed.

At higher pressures the flow is laminar ( it is also
known as viscous or streamline flow ). Giddings describes
the flow in the following way (153). “The.zingag patternv
is unvarying, however, in the sense that any subsequent
fluid element, started in the same positioh, will follow
its predecessor's path exactly, neglecting diffusione
This is a éonsequence of the fact that the two fluild

elements are subject to the same relative forces at each

“

point, and thus move off on identical trajectories despite

the time interval between them.. Thus the liminar flow of
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chromatographic interest is spatially erratic but tempor-
ally constant - the flow pattern, although complex, remains
fixed with the passage of time". Guiochon (156) speaks of
the flow in a packed column as corrugated laminar, "with
the flow lines of the gas moving away from the surface of
the particles on entering and leaving the cohstrictionsg to
form local stable eddies." Whatever physical picture is
accepted, the fact remains that under laminar flow cone-
ditions eguations (3.19 and (3.23) are valid in that they
allow for the calculation of FO from Pi and PO if the
various constants are known. Hargrove and Sawyer (148)
have observed a linear relationship between FO and (Pi«?é)
up to Fo = 800 cc./min..

As the gas velocity is increased the laminar flow
becomes unstable and gives way to a flow of an erratic
pattern which is generally known as turbulant flow. With
the onset of turbulance it is found that there is an appar-
ent decrease in permeability with increasing flow rate in
that higher pressure differentials must be applied then
that required by eagn. (3.19) or egn. (3.23). The deviations
are too large to be accounted for by the nonideality of the
gas, and can be explained Dby the loss of the gas kinetic
energy through heat dissipation in the numerous eddies and
cross—currents of turbulent flow. To account for this a
quadratic velocity term is added to Darcy's relationship,

(153, 165), that is;
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- dP/dx = au + bu? _ ( 3.27 )

The degree of turbulance can be estimated by a velocity
dependent dimensionless term known as Reynolds number Re,

which has the form (153, 156);
R, = pudp/n ( 3.28 )

where p is the specific gravity ( density ) of the gas. 1t
shou;d be pointed out that the value pu will be constant
throughout the entire column if the relationship (3.14) is
to be satisfied.

According to Giddings (153), turbulance develops gra-
dualiy froh,a minor to a’dominant role as Re increases from
i to 100. He further states that the departure from Darcy's
.Law when Ry >1 constitutes evidence that turbulance is
occuring, and at Re%l turbulance can be expected in only a
few of the lérgest channels. On the other hand Guicchon
(156), contends that the flow must be laminar at Re%l and
that Darcy's Law can be extended to R, = 10-15. Bird et.
al. (159) mention that for e<0.5 the Blake - Kozeny equation
( which by their notation contains the integrated form of
Darey's Law ) isvvalid up to Re/(l - €)<10, or ( if e=0,4 )
Re<6e

Guiochon points out that use can be made of the Ergun's
equation for calculating the permeabllity coefficient in

the turbulant region. Using the present notation the re-
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lationship is as follows;
1/k = 150(1 - €)?/ale? + 1L.75puq(1 - é)/dpne ( 3.29a)

where k and U, ére the permeability coefficient in ﬁérms of
gas velocity and the gas velocity at the column outlet

respectively. As can be seen_his chbice of 36£ is 150, To
express this in terms of volume flow‘fa’cess ean. (3.29) can

be modified by multiplying both sides by 1/e to gilves

1/ke = 1/B = 150(1 - 8)2/d§s3 +

1.75pu, (1 ~ C)/dpne2 ( 3,29‘0)

where B is the permeability coefficieﬂt’in‘terms of flow
rates. Regardless of the constant chosen (150 or 180), the
first term on the right hand side is l/Bo ( see equations

(3.25) and (3.26) ). Keeping in mind that;

p = P _M/RTx10° | ( 3.30 )
where M is the molecular weight of the gas, and that ;

F = ule ( 3.12 )
eqn. (3.29) can be written as;

1/8 = 1/B, % 1. 75P MES(L - e)/RTAdps3nx103 ( 3.31)

where Fg is expressed in cc./sec.. To express Fs in

cc./min., ean. (3.31) must be rewritten to incorporate the
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factor_Fo/6O instead of Féa The final expression can be

reduced to;
1/B = 1/B] + V(U/MIF, | C(3.32)

where Y is a column constant independent of the carrier gas.
The assumption that Py = 1 for columns operating at ambient

outlet pressures, negligibly affects the final results.

Results And Discussion.

}The experiments from which the data 1s extracﬁed will
be designated by the carrier gas used. Fér example ArI,
ArII, and ArIII refer to three distinct expériments using
argon as the carrier gas. Since the data p?esented in this
section deals only with the gas flow of the various experi-
ments, this designation will be used in the subsequent
sections where other aspects of the present study are dis-
cussed.

For simplicity of notation eqn: (3.23) can be re-

written as;

o

F_ = x¢ ( 3.33)

'}
where
X = BA/nL = F_/¢ | (3.34)

and




116

¢'= {1/P Y {(1 + bPO)(Pi/{E + bP3) = .
Pé/(2 N bPO))} | ( 3.35 )

The wvalues of Bll(273°K) for He and Ar were calculated
from an empirical equation referred to by Guggenheim and
McGlashan (166) as a Beattie-~Bridgeman type which has the

form;g

By /VH# = 0.461 « 1.158(T#/T) - 0.503(T#/T)?3 ( 3.36 )

where T#% and V¥ are the charactefistic temperature and
volume respectively. The values of V¥ and T% were_obtained
from the same source as eqn. (3.36)(166).

The value of Bll for CO, at 273°K was calculated from
egqn. (3.37) and available tables (167).

B, (T) = b Bi, (T¥) | (3.37)

where,B%lsl(T%)g and b, are the reduced second virial co-
efficient, the reduced temperature ( as defined in (167) ),
and the steric parameter respectively. The calculated
value of He and Ar were found to be 14.4 and -19.7 e’ /mole .
respectively. The calculated valuve of CO2 was found to be
»145,80m§/moles which is in excellent agreement with the
experimental value of -147 . 4emd /mole as was determined by

‘Dadson, Evans, and King (168).

Table (3.3) contains the F_, the.¢, the X, and the P



117

TABLE ( 3.3 ) P,, ¢, X, AND P VALUES FOR EXPERIMENTS

HeI, Ar(II and III), AND COEI,

F, (cc./min.) ¢ (atm.) x ¥ P
HELIUM
54,62 98.6 0.55! 9.302
141,98 76.0 0.552 8.215
3209§ 59.5 0.554 7.293
26,31 472 0.558 6.518
19.98 35.4 0.565 5.665
13,729 2k, 1 0.570 5,731
9. 1459 16,1 0.576 3.951
5.575 9.6 0.582 3.089
3.077 5.3 0.586 2.394
ARGON
§1.64%%  © 90.3% 0.h61%%  8.889%¢
36.67 78.3 0.468 . 8.277
34, 15%% 72.8%% 0.469%% 8,009
29.27 62.1 0. l72 7.426 e
27,728 58, 5% 0, u7hss 7.197%%
23.18 k9.2 0.478 6.625
19,9688 L1,3%% 0.483 6.069%%
18.063 37.2 - 0.485 5.747

16,0778 3p,8u 0.4go%s 5, L1 %



TABLE ( 3.3 ) ( CONTINUED )

12.256 24,9 0.492 I,768
8.184 16.4 0.499 3.938
§,711 9.3 0}508 3.026
1.538 3.0 0.517 1.892

## 0 Ar(III)

CARBON DIOXIDE

61.37 106.6 0.576 9.615
b8 .17 79.8 0.604 8.330
37.87 60.9 0.622 7.316
30.52 hy.2 0.647 6.491
20.72 30. 4 0.683 5.273
13.893 19.8 0.703 4,286
8.453 12.7 0.722 3.373
4.597 6.2 0.743 2.562
2.291 3.0 0.766 1.930

% The units of Y are cc./min. atm.
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values for experiments Hel, Ar(11 aﬁd I1T), and CO2I. The
raw experimental data may be found in Appendix A. Plots of
FO against ¢ for the three carrier gases are shown in
Figures (3.12), (3.13), and (3.14) respectively. As can be
seen from Fig. (3.12), a straight line relationship exists
between the variables for the helium gas. If for the
present it can be assumed that € = 0.4, then it can be con-~
cluded from this observation that the helium flow through
the column obeys Darcy's Law in the outlet gas velocity
rangé of 0 to v120 em./sec.. Hargrove and Sawyer (148)
have observed a linear relationship between FO and ¢ on a
glass bead column using helium as a carrier gas up.to Fq
values of approximately 500 cc./min.. If one considers
that the tubing they used had an inside diameter of 0.325
em. and if one allows € to be 0.4, then this Fy value
corresponds to an outlet gas velocity of approximately 250
cm./sec.,. This finding should be sufficient to serve as a
support to the above conclusion. |

In the case.of Ar and 002 it was found that a straight
line could be drawn through only four or five points at the
lowest FO values. This line, extended to the higher FO
region, can serve as an indication of the deviation from
Darcy's Law. Since the line has been extrapolated from the
region where Darcy's Law is obeyed, its slope can serve to
evaluate Xo and consequentiy Bo‘ From the slope of the

various lines the following Xo values were obtained;
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FIGURE ( 3.12 )

Fo AS A FUNCTION OF ¢ FOR Hel.



P

09

+ Ol

0¢

10¢

07

06G

09




20

CPIGURE ( 3.13 )

FO AS A FUNCTION OF ¢ FOR Ar(II AND III).
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FIGURE ( 3.14 )

FO AS A FUNCTION OF ¢ FOR 00213
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XO(He) - = 0.55 cc,/ﬁin. atm.
XO(AP) . , = " 0.51 cc./min. atm.
Xo(CO5) = 0.68 cc./min, atm,

In order to convert these values to Bo’ the following cone-

stants were used;

e oo

latm, = 1.,0133x10°% dynes/cm?

L = 6096 cm., .

A = 2,14%x10"% cm?

n(He) = ‘ 1.887x107"% gm./cm.sec, (141)
n(Ar) = 2.104x10"" gm./cm.sec, (141)
n(CO5) = 1.,380%107" gm./cm.sec. (141)

The corresponding Bo values were calculated to bey

BO(He) = 4,88x1077 cm?
BO(Ar) = 5,05x1077 cm?
B, (COy) = 4,40%x1077 cm?

The average value of BO was calculated to Dbej

i

By (4,78 % 0.25)x1077 cm?

The deviation from Darcy's Law is reflected in the
variation of the B value which in turn is directly related
to x ( see eqgn. (3.34) ). Although no present theory

warrants it,'it was found that Y can be plotted against P
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to give a straight line relationship. P was calculated
from the equation derived by Martire and Locke (60), which
takes into account the;carrier gas nonideality. Its form

isg

F = {(a® ~ 1)/3 - b(a%Py = P )/U}/{(a% - 1)/2P, ~
b(a® - 1)/3) ( 3.38)

where

- Py /P (3.39 )

O

O
m

A plot of x against P for Hel, Ar(II and III), and CO,I is
shown in Figures (3.15), (3.16), and (3.17) respectively.
The first interesting feature of the helium plot 1s
that x is not a constan@ as the plot of Foaagainst ¢ had
jmplied. This then means that the helium flow does not
obey Darcy's Law for if it did x would remain constant.
The second point of interest is the sudden increase in ¥
( thus in permeability ) in the high pressure region. It
should be noted that this effect is not noted for the other
two gaseé in this pressure range. 1t is unfortunate .that
the present apparatué did ﬁot allow to exﬁlore the higher
P regilon. By doubling or tripling the P range it should be
possible to determine whether there is a limit to which ¥
will increase, and to éee whether there exists this "break-
through" for the other gaséso

It was found that in the linear region the relationship



FIGURE ( 3.15 )

y AS A FUNCTION OF P FOR HELIUM CARRIER GAS.
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FIGURE ( 3.16 )

y AS A FUNCTION OF ¥ FOR Ar(II AND III).
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between Y and P can be expressed as;
X = X = mP ' ( 3.40 )

for all the gases. By a method of least squares, the ex-
bperimental data was fitted to straight lines having the

‘following equations;g

x(He) = 0.602 -~ 0.00666F ( 3.41)

x(Ar) = 0.531 - 0,00794F | ( 3.42)
x(CO5) = 0.809 - 0.0247P ( 3.43)

From the various Xo values, the following B, values

were calculated;

B, (He) = 5.32x10"7 cm?

B, (Ar) = 5.2Ux10"7 cem?

B, (CO,) = 5.23x1077 cm?
The average value of B, was found to beg

B, = (5.26 + 0.04)x1077 cm?

This Eo value is somewhat higher than the former and has a
much smaller deviation. It is most probable that this value
is more correct.

By using the Kozeny-~Carman equation ( constant factor

1/180 ) and the Blake»KQzeﬁy equation ( constant factor
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1/150 ), the infterparticle porosity of the column was found
to be 0.427 and 0,410 respectively. The € values by either
equation are close to what is expected, Giddings (146)
Vstates that for a well packed granular columns the & value
will only occasionally vary by more than + 0.03 from a
hormal value of 0.40.

The y values when ploted against FO give a guadratic
relationship. This can be seen in Figures (3.18), (3.19),

and (3.20) for Hel, Ar(II and III), and CO,I respectively.

2
The helium plot is of particular interest since unlike the
X Vv.5. P it is continuous. These plots can be expressed

as;
‘ - 2 Kl
X - AFO + BFO + C ‘ ( 3e )’!5 )

where A, B, and C are constants. The reason for this re-
lationship is not clear. Aside for C, the interpretation
of the constants was found to be fruitless.

In order to test whether the deviation of B from B; is
described by Ergun's relationship, 1/B was ploted against
FO for the three gases. These plots for Hel, Ar(IIandIII),
and CO,I are shown in Filgures (3.21), (3.22), and (3.23)
respectively. Included in each figure 1s also the plot of

ean. (3.32), that is;

1/B = 1/Bgy + Y(M/n)F ‘ ( 3.32)
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FIGURE ( 3.18 )

x AS A FUNCTION OF F_  FOR Hel.
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FIGURE ( 3.19 )

¥y AS A FUNCTION OF FO FOR Ar(II AND III).
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FIGURE ( 3.20 )

x AS A FUNCTION OF FO FOR COQIe
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FIGURE ( 3.21 )

1/B AS A FUNCTION OF FO FOR Hel.
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FIGURE ( 3.22 )

1/B AS A FUNCTION OF FO FOR Ar(IT AND IIXI).
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FIGURE ( 3.23 )

1/B AS A FUNCTJION OF Fo FOR COQIO
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and the approximate Reynolds number (Re) as a function of
Fb for each gas. In the calculation of V¥ -and Reglthe value
of 0.410 was used as €. It was found that if use was made
of € = 0.427, the overall picture did not change to any
extent. The B, values which were used in plotting ean.
‘(3.32) were those obtained from eagns. (3.41), (3.42), and
(3.43).

The most obvious feature of Figures (3.21), (3.22),
and (3.23), is that the experlmental variations in B are
not described by the Ergun equation. All these figures
show that the permeability coefficient decreases at a much
faster rate than that predicted by the Ergun equation.

This is particularly true for the low FO reglon. 1In the
case of Ar and CO25 it can be seen that as the flow rate is
incfeased the slope of the experimental curve decreases and
begins to approach that of the Ergun equation. This how-
ever, cannot be said about the helium case since the "breake
through" effect teﬁds to mask this treﬁdg Since the rate

of permeability decrease is the higheét in the low Fj

( therefore low P ) region, it cannot be explained through
pressufe induced viscosity change.

Another interesting feature of these figures is the
presence of a break in the curve at about Fj = 20 cmf/minao
It is difficult to visualize a mechanism by which the per-
meability can decrease in a cascading manner. One possi-

bility 1s that this effect maybe somehow related to particle
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shifting in the individual sections of the column by means
of a viscous drag mechanism. Since the ratio e®/(1 - €)?
is very sensitive to changes in €, a slight change in pack-
ing density of either section of the column could produce a
considerable decrease in the permeability. A discussion
relating the variation of the inlet pressure to the gas
velocity profile in each section of the column, and the gas
veloclty affect on the particles in terms of enhancement of
packing density 1s beyond the.scope of this study.

‘The above mechanism should not be dismissed completely
since there is sufficient evidence to indicate that the
column possesses a permeability hysterisis effect. This
can be best illusﬁrated‘by directly comparing the experi-
mental results of Hel, Ar(II and III), and CO.I to those of

2

5 2III, and poglve The basic difference between

the two groups is the manner in which the working inlet

Arl, CO_II, CO
pressures were approached. In the first group, each ex-
periment was carried out by starting at the highest
operating inlet pressure. After the completion of the
highest inlet pressure experiment, the gas pressure reggu-
lating valve was turned down by a suitable amount. Due to
the column resistance and the presence of a volume ( ~v 200
cc. ) between the regulator valve and the column, the inlet
pressure fell relatively Slowly_to the next value. Under

-

these circumstances the experimental working conditions



134
were approached gradually. The inlet pressures of all the
subseqguent experiments were approached in the same way.

Experiments Arl and CO,IV were carried out by starting
at the lowest inlet pressure and incrementally increasing
it to the highest value. 1In this case the alteration of
‘the pressure regulating valve resulted in a sudden inrush
of gas into the column. Under these circumstances the
entire column experienced a pressufe pulse before 1t reached
a steady state.

.‘In experiment COzlls the inlet pressure was first
allowed to fall to approximately U4 p.s.i. above atmospheric
( 4 p.sci. + Py ), after which it was raised to the first
operating pressure ( 19.25% p.s.i. + PO Y. After sufficient
time was allowed for equilibration (v16 hrs.), the first
experiment was performed. The subseguent inlet pressures
were approached in the normai manner,

The only difference between experiments CO2II and

CO,IIT is that in éxperiment CO,III the inlet pressure was

2
first allowed to fall to approximately 16 p.s.i. + PO after
which it was raised to the first operating pressure ( 20.25
p.s.ic + P ).

Table (3.4) conteins the F_, the x, the 1/B, and the
P values for experiments COQII, CO2III, COQIV, and Arl.
A plot of x against P for experiments CO,I, COpIIL,

C0,III, and CO

2IV is shown in Fig. (3.2L4). CO,I is included



TABLE ( 3.4 )

FO, X, 1/B, AND P VALUES FOR EXPERIMENTS
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ArT, CO,II, CO,III, AND CO,IV.
Fo’coe/mine y# l/Bxlg';’6 P ( atm. )
( em.™%)
ARGON I
2.297 0.534 1.899 2.186
3.984 0.515 1.970 2.797
6.664 0.509 1.992 3.553
9.825 0.505 2.009 I, 283
14,32 0.500 2.030 5.139
19.97 0.491 2.065 6.036
26,14 0.478 2.123 6.94L
32.55 0.471 2.155 7.778
40,65 0.461 2.198 8.748
CARBON DIOXIDE II

1.654 0.754 2.050 1.720
4,701 0.743 2.080 2.556
9.117 0.730 2.119 3,452
14,38 0,710 2,177 4,330
20.87 0.687 2,253 5. 240
27.90 0.666 2.321 6.098
35.98 0.632 2,448 7.061



TABLE ( 3.4 ) ( CONTINUED )

Bl 75
53,43

ia889

5.267

9.679
14.91
22.08
28.63
36.51
45.13
57.59

3.118

6.549
10.881
17.13
24,02
33.29
4i.24
49,22

61.28

% The units of x are cc./min. atm.

0.609

0.586

0.802
0.741

0.726

.0.710

0.683
0.663
0.636
0.612

0.585

0.790
0.746
0.731
0,7.12
0.688
0.646
0.619
0.590

0.567

2.
2,
CARBON DIOXIDE
1.
2.
2.
2.
2.
2.
2.
2.
2.

CARBON DIOXIDE IV

1

2

2

2

20

2

2.

2.

541
639

929
088
130
179
264
334
430
526

642

«959
073
20

116

<171
c2L7

394

<499

623
728

' 7.969

8.877

1.760
2.688
3.530
h.376
5.368
6.203
7.098
7.981
G.167

2.146
2,958
3.761
4.703
5.572
6.703
7.619
8.512
9.658
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for comparison. The same plot for ArI, and Ar(II and III)
is shown in Fig. (3.25).

One obvious feature of Figures (3.24) and (3.25) is
that the relationship between y and P depends on whether
the inlet pressure is progressively increased or decreased.
It was found in other experiments that a large scatter in
the ¥ against P plot is obtained if the operating inlet
pressures were chosen randomly.

From the plots for CO2II, CO,III, and CO2IVs it can be

2
seen that the relationship between x and P also depends on
the magnitude of the lowest inlet pressure attained.

In both the Ar and the CO, case, the break in the
curve is unmistakable. The similarity between the curves
for Ar(II and III) and CO,I, and between curves for Arl and
COZII is worthy of notice. For both gases this break occurs
at 'a P value close to 6 atm. which corresponds to an F_
value of approximately 20cc./min.. This and the cascading
shape of the curve is in accordance with the previous obser-
vations.

The experiments Arl, ArII; COpII, CO,IIX, CO,IV °and
ArIII were performed in the order written. Considering
this and the fact that experiments ArII and Arlll are re-
producible,; it can be concluded that there exists a per-
meability hysterisis. The term hysterisis serves here only

to describe the fact that a different.set of results are

obtained if one changes the inlet pressure in the increas-




FIGURE ( 3.25 )

x AS A FUNCTION OF P FOR ArI, AND Ar (Il AND III).
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ing of'decreasing direction.

To further illustrate the fact that the direction in
which the inlet pressure 1s changed has an effect on the
column permeability, plots of 1/B against FO are shown for
COpIT, CO,IIT, and CO,IV in Figures (3.26), (3.27), and
(3.28) respectively. This plot for ArI along with Ar(II
and III) is shown in Fig. (3.29). A common 1/B against F,
plot for all CO, experiments is shown in Fig, (3.30). It
can be seen from this figure that although the individual
C02 plots are no_nlinearfs they tend to hug a common straight
line. This line has a slope somewhét similar to that of the
Ergun équatioh plot. The same effect, although not as
obvious, can be seen in the Ar case. By a vertical dis-
placement of the Ergun plot ( this can be‘dbne by the use
of a larger 1/B, value ), some coincidence between the
Ergun plot and the common experimental plot can be obtained.
If the deviation from the Ergun equation can be attributed
to particle shifting, then the common experimental line |
when extrapolated to F, = 0 would giﬁe a B, value which
would correspond to a more tightly packed column., o

The undue decrease in the column permeability can 1in
part be qualitatively explained through a particie shift
méchanisme "If this is actually the case, then it is diffi-
cult to explain the permeabllity increase in the helium

case,
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FIGURE ( 3.27 )

1/B AS A FUNCTION OF Fo

FOR CO,IIL.
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FIGURE ( 3.29 )

A COMMON 1/B AGAINSTVFO PLOT FOR Arl AND Ar(II AND III).
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THE NET RETENTION VOLUME AS A FUNCTION OF TEMPERATURE

AND PRESSURE

Martire and Locke (60) have pointed out that for most
accurate calculations of the mean column pressures and the
correctéd retention volumes, the nonideality of the carrier
gas snhould be considered. They have shown that to a good
approximation the expression for the mean column pressure
is given by eqn. (3.38).

Having shown that only a very small error (0.16% for
002 at a = 5) is introduced into the P value if the carrier

gases (He, H,, N Ar, CO,) are treated as ideal, the

25
authors have concluded that this correction need not be
applied except in the unusual circumstances or where the
highest accuracy is desired.

The auvthor wishes to point out that the assumption of
the carrier gas ideality introduces a much more serious
error to the calculation of the net retention volumes than
to the mean columnn pféssu_re°

For an ideal carrier gas the equation of state can be

expressed as;
n = PV/RT - ( 3.16 )

If the mass balance is to be malntained within the chromato-
graphic column, then the number of moles of the carrier gas

passing any point in the column per unit time must be con-
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stant. Considering this and equation (3.16), the following

relationship can be established;
T = PF t ( 3.46 )

where:
?i:is the mean column pressure of the ideal carrier gas
Vo is the volume of the carrier gas exciting the column
in time (%) at pressure P
¥ is the volume of the carrier gas which is swept past
a point ( in time t ) where P = ?k

FO is the flow rate of the carrier gas. at the column

outlet.

Rearrangement of equation (3.406) gives;
Y = , = 3 2 1
V = F tP /P, = Ftj | ( 3.47 )

where as before j is the Martin-~James compressibility

factor. If ¢ of equation (3.47) is replaced by tgi, the
residence time of the solute in the column, then V is de-
fined as the corrected retention volume (V%) for that solutey

and egn. (3.47) becomes;
VE = FotpP /P, = Fotrd ( 1.29)

The true or the net retention volume (VN) is most often the

desirable quantity and can be obtained from Vﬁ from various

forms of ean. (3.48)




ik

= ¢ = P - — = , 3 -
Vy = Vg - V= FobpPo/Fr - Vo= Fotpd - Vo (3.48)

For ideal chromatographic systems Vm is the volume of
the column occupied by the carrier gas. In realistic
chromatographic systems where one may have instrument dead
volumes; Vm is to be considered as the sum of the two types
of volumes.

Substitution of ?i of eqn. (3.48) by P egn. (3.38)

gives;

Vy = FotRPo/P - Vm = FOtRJ - Vm - ( 3.49 )

J has the form of j and reduces to j where Byq = ds but the
Vy calculated by eqn. (3.49) is only partially correctéd for
the carrier gas nonideality and will also be in error. The
proper expression for VN should be obtained by sﬁarting
with the equation of state of a nonideal gas. To a good

approximation it can be expressed as;
n = PV/(RT + ByqP) ( 3.20 )

Analogous to the ideal gas case the following relationships

exist;
PoVo/(RT + By P) = PV/(RT + ByF) ( 3.50)

where P is given by eagn. (3.38) and;

VN = FOtRPO(l + bP)Y/P(1 f bP,) - Vm
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= FOtRJ(l + bP)/(1 + bPO) - Vm ' ( 3.51)

| Equation (3.51) has the desirable feature that when Bil = 0,
the expression reduces to the ideal gas expression (ean.
(3.48)).

Aé can be seen from egn. (3.51) the error introduced
into VN value by assuming ideal gas behaviour of the carrier
gas will depend on the magnitude of the following;

a) Bll/RT

D) Pi/Po

c) V% - Vm |

In order to show the magnitude of error that can be
introduced into the VN value by assuming ideal behaviour of
the carrier gases, Table (3.5) has been prepared. The
contents of Table (3.5) are based on actual experimental
results which are stillyto be presented. It should be
pointed out that the contents of Table (3.5) represent a
gas-solid chromatograpﬁy system where VN ( the net retention
volume of methane ) is itself a function of both the nature
of the carrier gas and the mean column pressure, so that a
comparison of data within the table may lead fo wrong cone
clusions.

As can be seen from Table (3.5) that the assumption of
carrier gas ideality may lead to a more serious error in
the calculation of the net reteﬁtion volumes than has been

previously anticipated.
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TABLE ( 3.5 ) PERCENT ERROR (%E) INTRODUCED IN THE VN

VALUES OF METHANE IF CARRIER GAS IDEALITY

IS ASSUMED (T = 273°K)

He Ar CO

P (atm,)* %E) P (atm.)® (%E) P (atm.)® (¥E)

# Célculated from egn. (3.38)

9.303 0.86 | 9.615 ~17.77
8.215 0.75  8.277 -1.17  8.329 ~14,55
7.293 0.66  7.426 ~1.03  7.316 ~12.10
6.518 0.58  6.625 -0.89  6.491 ~10.,06
5.661 0.49 5,747 0.75  5.273 -~ 7.32
I,731 0.39  14.768 ~0.58 4,286 ~ 5.34
3.951 0.31  3.938 -0.45  3.373 ~ 3.65
3.089 0.21  3.026 ~0.31  2.562 - 2.26

2.393 0.14 1.892 -0.16 1.930 - 1.27
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In this study egn. (3.51) will be used to calculate

the net retention volume.

Evaluation Of V

The Vm value 1is normally detefminéd from the retention
time of a nonsorbing gas, The normal calibrating gases
( air or methane ') are known to interact with the packing
and for this reason could not serve as inert gases in the
present study. The use of helium as an inert gas presented
a problem. The problem was to choose a sultable carrier
gas and a detector so that a very small sample of helium
could be detected. A thermal conductivity cell could be of
use as a detector but its relative insensitivity would re-
quire much larger samples than that which can be delivered
by the sampling valve. The sampling valve could not be re-
placed by another sampling unit since this would alter the
system. This problem was overcomeAby using helium as a
carrier gas, the electron capture detector ( in the ‘helium
detectorf mode ) and hydrogen as the sample. It was not
known at that time whether hydrogen was sorbing or not. To
determine this the net. retention volumes of hydrogen were
‘measured at several column temperétures, -If the hydrogen
gas 1is nonsorbing, its corrected retention volume should
remain constant with increasing temperature but 1f it is

sorbing, then a decrease in the corrected retention volume
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should be observed 2s the temperature is increased, An
experiment was carried out to determine this.

The results of this experiment are tabulated in Table
(3.6). The Bll(T) values were calculated by the method
already described. |

It can be seen from Table (3.6) that there is a de-
¢rease of the corrected retention volume with increasing

temperature. Since;

0 = ¥
Ve o= V(1 o+ KW _/V ) ( 1.31)
then an extrapolation of V% to infinitely high temperature

where K = 0 should give Vﬁ = Vme As can be seen from Fig,

¢

R
T or Vﬁ against 1/T plots such extrapolation is not possible

(3.31)(a and b) that due to the curvature of the V. against
without introducing a large error.
The problem was solved by utilizing egn. (1.49), that

is;

InV, = - AH°/RT + ¢ ( 1.49 )

N
or
om‘ - o C7/m - . g
log(Vg - V) C7/T + ¢ ( 3.52 )

Various values of Vm at 0.5 cc. interval were substituted
into eqn. (3.52) and ploted against 1/T. It was noted that

if the choice of Vm was too low the resulting plot was




( 3.6 )
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TABLE CORRECTED RETENTION VOLUME OF HYDROGEN AT
VARIOUS TEMPERATURES.

Temp. (°K) 1/Tx10°3 By,/RT V% (cec.)

351 = 4 2.849 0.00051 97.9

335 = L 2.985 0.00053 98.5

320 ¢ %4 3.125 0.00056 99,1

306 + % 3.268 0.00058 99.8

273 3.663 0.00064 101.9




FIGURE ( 3.31 )

Vﬁ(Hg) AS A FUNCTION OF T.
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concave to. the 1/7 axis, and when the choice of Vm was too
high the plot was convex to the 1/T axis.. 1t was found
that a best straight line fit could be obtained if the
value of Vm = 89;5 cec, was used. This value of Vm has been

accepted and was used in all other calculations.

V, As A Function Of P

N o S i st e

Equation (1.34) relates the net retention volume to

the total surface area of the packing and the partition

coefficient, that 1s;

Vy = KS ( 1.34)

It has already been pointed out that any change in VN can
be attributed to a change in K in S or in both, If there
is considerable interaction between the carrier gas and the
surface, then S can be expected to decrease with an in-
“creasing pressure. The fraction of the surface covered (6)

can be expressed as;
o = (S5, - s)/so | ( 3.53 )

whére SO is the value of S when the surface is completely
bare. The value So - S is then the amount of surface
cbverede In static systems the coverage is more or less
homogeneous over the entire surface. In gas chromatographic

columns, due to the pressure gradient, the surface coverage
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will decrease from P; to PO. In either case,yeS as defined
in eqncy(3e53)$ refers to the mean value of the fraction of
the surface area covered (0).

The amount of gas adsorbed on the surface maybe repre-
sented as a function of the gas pressure (169). For a gas

chromatographic column this can be expressed asj

6 = g(¥) ( 3.54)

~

.where P is the mean column pressure. In terms of egns.

(3.53) and (3.54), eqn. (1.34) can be written as;

vy, = Ks_(1 - a(P)) | | " ( 3.55 )

Locke (170) has shown that for a nonideal carrier gas
and a nonideal solute, having a Langmuir and a linear ad-
sorption isotherm respectively, the distribution coeffi-

cient (Ka) can be expressed asj
InK, = 1n(X3/(1 + b¥)) + F(2By, = By, )/RT ( 3.56 )

whére K; is K, at P = O,‘and b is a constant. The other
terms have already been defined. The quantity 1/(1 + bP)
is a specific expression of (1 - g(P)). In terms of the
present notation, maintaining the general expression for
the gas-solid interaction, eqgn. (3.55) can be rewritten in

terms of eagn. (3.56) as;
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Vg = K S,(1 - g(P))exp{P(2By, - By, )/RT} ( 3.57 )
where K  is K at P = 0. When P = 0, then;
- 1, - 0 ‘
Vy = K8y = Vg ( 3.58 )

where Vﬁ is the limiting velue of V. at P = 0. In view of

this eqn. (3.57) can be rewritten as;
Vy = V(1 - g(?))egp{?(2312 -~ Bq1q)/RT} ( 3.59 )

If the Bl] and Bl2 values can be obtained, or cal-

“culated, then the exp{ﬁ(ZBl - Bll)/RT} contribution to the

2

variation in VN can be extracted out of the experimental

data, that isy

il

VN/exp{P(2B1 - Bll)/Rf}

5 V(1 - g(P))

V§ ( 3.60 )

Vﬁ is now a function of the surface coverage only, and can
be used to determine the expression for g(P). Since 0 =

g(P), then;
= % ve 5
O =1 = VN/VN ( 3.61 )
and the fractioh of the surface available (Oa) is;
0, = ViE/Vy ( 3.62 )

There are a few points which must be first discussed

before the experimental data is presented. In the intro-
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ductory section 1t was stated that for a gas-1liquid system,
the partition coefficient was related to the "mixed" second

virial coefficient through egn. (1.51), that is;
log K = A + P(2By, ~ v3)/2.303RT ( 1.51 )

The A term which was then termed a constant is infact logKO°
This equation or its eqguivalent with-?’= P/ ( see
page 19 ), have been used by several workers (96, 100A, 170)
to either calculate the By, term or to make allowances for
the carrier gas nonideality in the calculation of other
thermodynaﬁic data. Martire and Locke (60) have criticised
the use of P as defined above in the study of carfier gas
nonideality since this form of P was deduced for an ideal
gas. They have shown that a more correct form of P is that
of egn. (3.38) which allows for carrier gas nonldeality.
Everett on the other hand gquestioned the insertion of
the mean values of K and P into eqn. (1.51). Starting from
the basic principles; he deduced the expression for VN as

a function of pressure having the following form;

VN = KOVL(]_ + KPOJ;“) ( 3’63 )
where

k = (2By, ~ v)/RT o (3.64)

Vy = Vg/J3: ( 3.65)
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an = <n/;n>{(<1>i/r>o>m - 1)/ ((py/p )" - 1} ( 3.66 )
Vi = LRF | ( 3.67 )

By letting m and n of eqn. (3.66) eqgual to 3 and 2 respec-
tively, it can be seen that J3 is the reciprocal of the
Martin and James compressibility factor j. té has already
been defined in eagn. (1.41).

Remembering that VN and K are directly related, it can
be seen that there are two basic’differences between egqn.
(1.51) and eqne.(3a63)e It first may be noted that in the
former equation, the K or VN are exponentially related to
the pressure where as in the latter equation, the relation-
ship is direct. This difference stems from the fact that.
one of the steps in deriving egn. (3.63) was to perform a
linear expansion of expxP to the first term. By applying

‘this to egn. (1.51) a similar result can be obtained. Al-
though expanded, egn. (1.51) will still differ from egn.
(3.63) in that the former will contain a POJ% term where as
the latter containsva POJ§ term. Everett points out that
over a small pressure range the experimental data will not
distinguish between the choice of J§ or J3 but the value of
Kk will be iower some 12% for the former case since the ratio
Jg/Jg rises from about 1.03 to 1.25 as Pi/Po goes from 2 to
10, Sinoé Kk 1s related to the By, term, the value of B12

obtained from experimental data will obviously depend on
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the choice of JZ; The lack of available data at that time
prevented the above author to test out his equation.

Cruickshank et. al. (100C) starting from basic relation-
ships, were able to derive an exact expression for the

retention volume in terms of Pys P and the various con=-

OS
stants pertaining to the gas and the liquid phase. Their
equation is exact in the sense that the approximations it
contains are much smaller than the observational uncertaine-
ty on any experimental values of VR currently available.

With further approximations they were able to show the
foliowing relationship for an ideal gas;
- e : b Ly 2 . 3
1nVN = anN 4 .BPOJﬁ + c(POJ3) ( 3.68 )

and for a real gas;

InVyi = 1nVy + BPOJ? + ;(POJE‘)Z (. 3.69)
where

Vg o= V(1 o+ bP) /(1 + bP) ( 3.70 )

P = Po/j ( 3.71)

b = B, ,/RT ( 3.22p)

8 = c(ean. (3.61)) | (3.72 )

and £ is a very small constant containing the second and

third virial coefficients. These authors,. by using the
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exact expression for the retention volume and by specifying
b and B, were able to obtain for every value of P; and P a
value of VR/V§ for a hypothetical column ( for a more de-
tailed diséussion of this, the reader can refer to the
original article (100C) ). The experimental data thus ob-
tained served as a means of testing equations (1.51),
(3.63), (3.68), and (3.69). The retrieved B values as ob-
tained by the various equations, when compared'to the
originally assumed B value, served to estimate the correct-
ness of the above equations. For simplicity they let ¢ = 0.

For an ideal gas (b = 0) their findings were as follows.
Equation (3.63) deviated badly in comparison to eguations
(1.51) and (3.68). Eguation (3.68) was slightly superior
to eqgn. (1051)s but as the authors pointed out, it is doubt-
ful if the difference between these two equations under
highér pressure conditions could ever be significant ex~
perimentally. The case of egn. (3.69) is covered by eaqn.
(3.68) since under ideal gas conditions egn. (3.69) reduces.
to eqn. (3.68).

The above findings are of value since they indicate
that it is permissible to use the mean value of K and P in
egn. (1.51) without introducing too much error.

In an nonideal gas case the above workers used two

different,values of B ( 20 and -100cmd/mole ). Eguation

11

(3.63), as before, gave the worst results. The other threc
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egquations gave good results at (Pi - P

vo) = 1 atm. and PO =

1 to 14 atm.. At (Pi - PO) values 1 to 5'atm. and P =1
atm., both egns. (1.51) and (1.68) failed. Equation (3,69)
on the other hand gave results very much more closer to the
expected. Apain these findings are of significance since
the only difference between egn. (3.68) and eqn. (3.69) is
that the former does not correct for the Volumetric imper-
fections of the carrier gas. Since it has already been
shown that eqn. (1.51) and eqn.(3.68) show good agreement
in the i1deal gas case, it 1s quite probable that if this
volumetric correction was applied to egn. (1.51), the results
would have been quite accordant to those expected.
The above discussion WwWas intended to serve a dual pur-
pose. In the first place 1t accounts for the existenge of —
the various equations in the literature. Secondly, it just-
ifies the use of egns. (3.59) and (3.60). One point which
cannot be overemphasised 1is thaﬁ the VN value as given in
eaqns, (3.59) and (3.60) is identical to that of eqn. (3.51)
and represents a net retention volume which has been correct-
ed for volumetric imperfections of the carrier gas.
The remaining point which must be brought to attention
deals with .the choice of the By, term. To the best of the
author's knowledge, no data on the B,

12
He«»«CHqs Ar-CHy, and COZ«»-»CHq is in existence. From necessity S

term for mixtures;-

. these values must be calculated from the available equations,.
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The equation chosen for these calculations is in form the

same as eqn. (3.36) (166), that is;

. ¥ o= 4 - 8 (7% _/T) - % /Y3
512(1)/v12 0.k461 10158(112/1) 00503(112/1)

( 3.73 )
where;
1%, = ulizf ( 3.74)
and
(V)15 = ((u)2/s 4 (v5)/ %)/ 375 )

The subscripts 1 and 2 refer to the carrier gas and the
solute respectively.

By comparing the calculated B values to those obtaine-

12
ed experimentally, Guggenheim (166) was able to show ﬁhat
the above relatiohship holds very well for many gas mix-
tures. Desty eﬁe al. (1004) havé shown that»for mixtures
of He, H,, and Ar with various hydrocarbons, there is some
disagreement between the calculated B12 values and those
obtained from gas-1liguid chromatography. Both Sie et. al.
(100E) and Desty et. al. (100A) have shown a drastic
difference (v50%) between the calculated and experimentally
obtained values for systems using 002 as a carrier gas,

Locke et. al, (102) have shown that a falr agreement between

the calculated and the experimental Bl2 values can be ob-
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tained for systems using COZ‘ On the whole the use of edgn.
(3.73) appears to be controversial. Since the (2Bj, =~ Bll)
values were anticipated to be small in the present study,

any error introduced from egn. (3.73) will only have a very

small effect on the final results.,

Results And Discussion

Table (3.7) contains the V§ and the P values for ex-

periments Hel, ArII, and COZIe Included are also the By,
values and the (2B12 - Bll)/2°3RT factor for each carrier
gas. A plot of’V§(CHM) against P for Hel, ArII, and COZI
is shown in Figures (3.32), (3.33), and (3.34) respedtivelj,
The three features of the helium plot are as follows;

a) There is a measurable interactiongbetween the
helium gas and column packing.

b) As P tends towards zero, the curve begins to
approach a limiting value. Extrapolation of this curve to
P = 0, allows for the determination of the V{(CHy) value,
which in this case it was found to be 21L4.7 cc..

c) It can be noted that Vﬁ(CHu) first decreases with
the incréasing P, reaches a minimum, and then begins to
increase. :Although the decrease of V§(CHM) can be explained
i@ terms of increasing €, the increase of Vﬁ(CHM) cannot be

related to 0 since this would require that the surface be

uncovered as P is increased. The author believes that this
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TABLE ( 3.7 ) THE Vﬁ AND THE P VALUES FOR EXPERIMENTS

Hel, ArII, AND CO2IQ

He (a,b) Ar (c,d) CO, (e, )

P Ve P VE 2 v
9.303 208.5 9,615 55.3
8.215  207.6 8.277 152.4 8.330 58,2
7.293  208.4 7.026  155.0 7.316  61.1
6.518 209.7 | 6.625 159.4 6.491  65.2
5.665 211 .4 5.747 164, 4 5.273 72,4
L,731  212.2 4.768  169.1 L,286 79.1
3.951 213.1 3.938 175.4 3.373 86.9
3,089 213.5 3,026 182.5 2.562 97,2
2.394  21b.1 1.892  192.4 1.930 107.3
a B12 = 18.0 cc./mole.

b (2By, - Byq)/2.3RT 0.00042 . atm>?.

|4

c Bl2 = «32.7 cc,/mole,

d (2812 - Bll)/2°3RT

1t

-~0,00088 atm7T?

12 = 487,2 cec./mole.,

£ (2Byp =~ By;)/2.3RT = ~0.00055 atm’’
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FIGURE ( 3.32 )

Vﬁ(CHq) AS A FUNCTION OF P FOR Hel. -
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FIGURE ( 3.33 )

Vi(CH)) AS A FUNCTION OF P FOR ArII,
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FIGURE ( 3.34 )

Vf\‘;(CHM) AS A FUNCTION OF P FOR COgla
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effect is related to the undue increase in permeablility
which was noted in the previous section. - Before an attempt
is made to account for this effect, few other facts must be
‘considered.

In the previous section it was found that the inter-
particle porosity (e) was very close to 0.4, The total

porosity is defined as;
er = Vp/Vp | ( 3.5 )

Vm was found to be 89.5 cc. where as VT was calculated to

be 130.5 cec.. The ratio vm/VT is then 0.685. Since
ET:“’E:'{'A (3@6)

then A = 0,28 ( the value of € used was (0.427 + 0.410)/2 ).
The finite value of A shows that the particles are porous,
in fact approximately 40% of the column void can be attri-
buted to the voids within the particles. Since the differ-
ence between VT and Vm is VS ( the total particle volume

excluding the void space within the particle ) then the

totél volume of the solid is 41 cc.. From the definition of

A, it can be shown that the total volume within the

particles is abproximately 36.5 cc.. This then means that
the particle porosity is 36.5/77.5 = 0.47. Considering the
nature of the particles, it is most probable that the voids

within the particles are uniformly distributed and inter-
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connected., FEach particle can then be thought of as contain-
ing a very large number of interconnecting channels.

In the previous section it was noted that in the case
of helium, there was an undue increase in the column per-
meability. There are only two alternatives which can cause
this;

a) As the column pressure drop is increased, the
particles shift apart so as to give a lower interparticle
porosity.

b) As the column pressure drop is increased, a second-
ary flow, parallel to the main flow comes in to existance.

Since an increase in flow rate causes a largér viscous
drag on the particles, the resultant force will be in the
diréction so as to compact the particles and give a smaller
interparticle porosity. Considering this, alternative (a)
is then unlikely. This then leaves alternative (b) to ex-
plain the observed effect. The existence of such a second-
ary flow is not completely inconceivable since the particle
channels can serve to transport the pgas.

From the previous results it can be seen that out of
the threec gases studied, only helium has the desired physi-
cal properties so as to undergo this secondary flow. The
. other two gases, due to their larger interaction with the
surface, or molecular diameter, or some other physical

property, are restricted to flow in the normal interparticle
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channels. This situation may change however, if the P
range 1s extended considerably.
Under the conditions of secondary flow, the helium

flow rate out of the column may be written as;
F =F +F_- ( 3.76 )

where FO is the measured flow rate, Fn is the flow rate
contribution from the normal interparticle channels, and
Fs is the flow rate contribution from the secondary flow
mechanism. If the methane sample, like argon and carbon
dioczide, is restricted to flow'through the interparticle
channels, then its veloclty in any part of the column will
be related to Fn and not to Fo”

For simplicity, the net retention volume can be ex-

pressed in terms of the measurable guantlities asjg

V. = F tpj = ¥ ( 3.48 )

N. m

In terms of eqn. (3.76), ean. (3.48) can be rewritten to

give;

VN = (Fn + BS)tRJ -V ( 3.77 )
or

Vy = Vgt Fgtgd ( 3.78 )

where V& is the net retention volume in the absence of the
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secondary flow, As far as the methane sample is concerned,
the secondary flow does not exist and it should be character-
ised by Vﬁ only. If the above holds, then in thé present
study the methane sample was characterised by VN rather than
Vﬁ since FO was used in all the calculations.

From egn. (3.78) it can be seen that if F, depends on
the magnitude of (Pi - Po) and it should, then the differ-
ence between VN and V& can be expected to increase with in-
‘creasing (Pi - PO) value, and consequently with increasing
P. This is exactly what is observed in the helium Vi (CHy)
against P plot (Fig. (3.32)). The rate at which Fotpd
increases with P has not been investigated and no comment
can be made on it.

As one goes from Fig. (3.32) to Fig. (3.33) to Fig.
(3.34), one can observe the increasing interaction of the
carrier gas with the packing. The degree of interaction
can be Eest illustrated by a 0 v.s. P plot. Fig. (3.35)
shows this plot for Hel. This plot for ArIIl and COQI can
be seen in Fig. (3.36). It may be mentioned again that in
the helium plot of 0 v.s. P, the results at the highest P
values are meaningless 1f they are taken at thelr face value.
The only way to give continuity to the trend is to reduce
the appropriate Vﬁ(CHQ) ( thus Fy ) values.,

Figure (3.36) shows that in the case of argon almost

30% of the surface is covered at P = 8.5 atm.. The inter-
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FIGURE ( 3.35 )

0 AS-A FUNCTION OF P FOR Hel,
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. FIGURE ( 3.36 )

© AS A FUNCTION OF P FOR ArII AND CO,I.
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action between carbon dioxide and the surface is more severe
since at P = 8.5 atm. almost 75% of the surface is covered.
This of course is expected since carbon dioxide when treated
as a sample; has a much longer retention time than argon.
'It should be noticed that unlike the argon and the carbon
dioxide case, the plot of © v.s. P for helium is concave to
the pressure axis,

Aside for the slightly noticeable break in the curve,
the other Ar and CO2 ex?eriments gave the same results.

The experimental data was tested out in terms of the
following equations;

The Langmuir Eguation (171, 172, 173)

@ = K'P/(1 + K'P) ’ ( 3.79 )
The Freundlich Equation (174, 175)

0 = K°7F" i _ (°3.80 )
The Hill-de Boer Equation (174, 176)

B =K {0/(1 -~ 0)texp{0/(1 ~ ©) - 20/brT} ( 3.81 )

where K”, K7, and K°”7 are constants, and & and b are the
van der Walls constants. It was found that all three gases
did not obey any of the above eqguations. A straight line
relationship may be obtained if log{0/(1 - ©)} is plétted

against logP. This can be seen in Figures (3.37), (3.38),
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FIGURE ( 3.37 )

PLOT OF log(0/(1~0)) AGAINST logP FOR Hel.
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"FIGURE ( 3.38 )

PLOT OF log(©/(1-0)) AGAINST logP FOR ArII.
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FIGURE ( 3.39 )

PLOT OF log(0/(1-0)) AGAINST logP FOR CO,T.
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and (3.39) for Hel, ArII, and CO,I respectively. This re-

lationship when written in a general form. is;
log{o/(1 -~ @)} = logK + nlogP ( 3.82 )

where K and n are constants. After taking the antilog of

both sides and rearranging, eaqn. (3.82) becomes;
—c }'l »;e.n‘ -—
O = KP /(1 + KF") = g(P) ( 3.83)

The above adsorption isotherm is neither Langmuir nor
Freundlich, but is a combination of both. It has the in-
teresting property of reducing to the Freundlich adscrption

isotherm at low pressures, that is, when KB << 1, then
= wph 1
0 = XP ( 3.84)

and yet exhibits the characteristic Langmuir plateau at

high pressures, that is, when KP' >> 1, then
e:l (3085)

Bradley (177) has éhown that a relationship of the form
as that of‘eqn° (3.83), well describes the adsorption of
carbon monoxide, argon, nitrogen, water, acetone in water,
bromine in water, isocamyl alcohol in water, and benzoic
acid in benzene on a number of charcoals. Sips (178) has
pointed out that an eguation such as (3.83) is more logical

than the Freundlich eguation since the former has a limiting
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vaiue of © = 1 at high pressures. In his mathematical
treatment he states that n must be between -1 and +1, but
for phyéical cases 1 must be greater than zero. In the
limit when n = 1, he describes the system as follows.

"This means that all the active centers have now the same
adsorption energy and this gives us, as it should3 the well-
known Langmulr adsorption isotherm." He also points out
that if n is very small the distribution curve is very flat
( large spread in the adsorption energies ), and the limit-
ing case is a uniform distributlion of active centers. 1In
the case when upon adsorption,; a diatomic molecule (X2)
dissociates into two equal fragments, Sips has shéwn that
n can have a value between 0 and %. When n = %, all the
sites have the same adsorption energy, and when n << %, the
previous interpretation can be . given to the system.

According to this approach, n can be expected to be
less than 1 under the following condiﬁions;

a) site energy distribution

b) dissociation upon adsorption

c) Dboth a and b

Koble and Corrigan (179) applied ean. (3.83) to the
available adsorption data (180) of methane, ethane, propane,
ethylene, and propylene on activated charcoal. The n values

they obtained from these systems and their closest fractions

(n”) are given in Table {3.8). Considering the fractions
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TABLE ( 3.8 ) THE n AND THE n” VALUES AS GIVEN BY

KOBLE AND CORRIGAN (179).

Gas n n
Methane 1.0 1
Ethane 0.678 2/3
Propane 0.540 1/2
Ethylene 0.632 2/3

Propylene 0.569 ' 1/2
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which best represent n, they interpreted these results in
the following way.

a) Methane (n” = 1)
Since n” = 1, methane obeys Langmuir's adsorption iso-

therm and its adsorption may be expressed as;
A+ £ = AL ( 3.86 )

where A and £ are respectively the gas molecule and the
active center. In other words only one site is occupied by
one methane molecule.

b) Propane and Propylene (n” = %)

Propane and propylene is interpreted by the authors to

be dissociating according to the following equation;
A+ 2 = REL + 32 ( 3.87)

where R{ and S{ represent two different fragments adsorbed.
¢) Ethane and Ethylene (n” = 2/3)
The eqguation best describing the adsorption of these

two gases 1is given as;
28 + 3L = 35, A ( 3.88)

"This follows logically in considering that methane,; the
smallest molecule, occuples one site; ethane and ethylene,
~ the next larger, occupy the equivalent of 1.5 sites per

molecule, while propane and propylene.occupy two sites per
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moieculea" (179) They pointed out that this scheme breaks
down upon reaching n-butane; which once again corresponds
to a single site per molecule. The deviation beiween the
experimentally obtained n values and the nearest fraction,
n”, is attributed to the heterogeneity of the surface as
described by Sips (178). In all cases it was found that n
is equal to or is smaller than 1 and that it does not de-
pend on the temperature. FER

From vacuum desorption studies, Wiig and Smith (181)
have shown that the adsorption isotherm of ethyl chloride
on activated carbon is described by ean. (3.83), having an
n value of less than 1.

By the least squares method the present experimental

data was fitted to the following equations;

Helium

log{e/(1 -~ 0)} = -3.345 + 2.091ogP ( 3.80 )

Argon

log{6/(1 - ©)} = ~1.,173 + 0,8731logP (300 )

Carbon dioxide

log{6/(1 ~ ©)} = =0.197 + 0.6841ogP ( 3.91)

The intercept for He, Ar, and 002 were found to correspond

to 4,52%10 %, 6.72x10%%, and 6.36x107}! respectively.
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The three slopes of course, correspond to the n values.
It is particulary interesting to note that in the case of
helium this value is close to 2.1. Accordiﬁg to Sips, the
limiting value should be 1. In terms of adsorption mecha-
nism, this would require for two helium atoms to occupy the
same site. This interpretation is difficult to accept
since, as can be seen from Fig. (3.35), the surface is
essentially bare even at the highest P values. The un-
certainty in n due to the experimental scatter is certainly
not responsible for the difference between the logical value
of n = 1 and that experimentally obtained. In order thét
n be unity, the basic V§ against P plot must chanée con-
siderably so as to take on the general shape as that obtain-
ed for argon and carbon dioxide. Since the shape of the
helium V§ against P plot has been found to be reproducible,
the n value cannot be unity or less., The value of n = 2
must be accepted but no meaning can be glven to it at the
present time.

If Sips' proposal is accepted; then the fractional
value of n in the case of argon must be éttributed to the

surface heterogeneity. Unlike argon, the dissociation of a

Vo

i L

carbon dioxide moleciile is concelvable and therefore, the
fractional value of #u can be attributed to stem from both
dissociation and surface heterogeneity. If however, one

considers the fact that a carbon dioxide sample elutes as a
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single relatively narrow peak, one must dismiss the possi-
bility of dissocilation.

If one considers a sample containing two similar com-
ponénts (2) and (3), each of which is charaéterised by its
net retention volume Vy(2) and VN(3)3 then the ratio of

their‘nét retention volumes will be:

VN(B) _ KO(3)SO{1 - g(?)}exp{P(2Bl3 - Bll)/RT}

?N(z) Ko(zjso{l - g(?d}exp{?(zBlg - Bll)/RT}

( 3.92 )

Sirnce So(l - g(P)) will be identical for both components,

ean. (3.92) can be reduced to;

VN(S)/VN(2) = {KO(3)/KO(2)}exp{2?(B13 - B12>/RT}

( 3.93)

It can then be expected that the ratio VN(B)/VN(2) can
increaée9 remain constant, or decrease with P dépending
whether (B13 - Bl2) is positive; zero, or negative. A piot
of lOg(VN(3)/VN(2)) as a function of P should give a
‘stfaight line whose slope can be used to calculate (813 -
By,)-

Table (3.9) contains the values of VN(CHQ)/VN(CDM)
and P for Hell, ArIV, and C021Vc It can be seen that the
ratio VN(CHM)/VN(CDM) remains relatively constant in the

helium case but decreases in the case of argon and carbon




TABLE ( 3.9 )

EXPERIMENTS Hell, ArIV, AND CO

VALUES OF VN(CH4>/VN(CD4) AND P FOR

QIVQ

He Ar 002
s wtc) o Wy o TRy
VN(CDM) VN(CDM) VN(CDM)
9.599 1.0512 9.336  1.0438 5.572  1.0326
g.404 1.0520 7.394 1.0445 4,703 1.0334
7.021 1.0517 5.695 1.0452 3.761 1.0348
5,484 1.0513 4,428  1.0461 2.958  1.0366
2.762 1.0516 2.691 1.0473 2.146 1.0393
1.981  1.048Y

# Pressure in atmospheres.
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diogide with increasing P. A plot ovaN(CHM)/VN(CDu) as a
function of P is shown in Pig. (3.40) for. all three gases,
The helium plot although least Interesting, is of consider-
able importance since it allows for the extrapolation to
the P = 0 region. As egn. (3.93) indicates, Vi (CHy ) /V, (CDy)
> K (CHy)/K_(CD,) as P > 0, The ratio of K (CH)/K (CDy)
obtained in this way is 1.0515. Since this ratio is in-
dependent of the carrier gas, 1t must be the same for all
three gases, that is to say that all three curves must have
the same origin.

It was found that a 1og(vN(CHq)/VN(CDu)) against P
plot was not linear for neither ArlV, nor CO2IV° By trial
and error 1t was found4tbat the relationshlp between
VN(CHA>/VN(CDM) and P was as follows;

ArIV
lgg(VN(CHu)/VN(CDq)) = 0,02134 - 0.0028410gP ( 3.94 )

CO2IV

VN(CHM)/VN(CDH) = 1,0285 + 0.0234/F ( 3.95 )

The various constants-were obtained from cunve fitting by
a method of least squares. The plots of log(VN(CHM)/VN(CDq))
against logP for ArIV and of VN<CH4)/VN(CDA) against 1/P
for 0021V are shown in Filigures (3.41) and (3.42) r?spectw
ively. It is still not clear why the above relationships
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FIGURE ( 3.40 )
VN(CHU‘)/VN(CDL;) AS A FUNCTION OF P

FOR HeII, ArIV, AND CO,IV.
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FIGURE ( 3.41 )

PLOT OF log(Vy(CH,)/Vy(CD;)) AGAINST logP FOR ArIV.
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FIGURE ( 3.42 )

PLOT OF Vi (CH))/Vy(CD,) AGAINST 1/P FOR CO,IV.
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exist and why they are different for the two gases.

VN As A Functigg or T

A sample (~0.U45 pl.) containing approximately equal

portions of st N29 0 Ar, CHMg and CO, was subjected to a

2° 2
gas chromatographic process at .varlious column temperatures.
Part of the results obtained from this experiment have al-
ready been presented under the heading of 'Evaluation of
Vm', As it has already been statéd;w helium was used as
the carrier gas and an electron capture unit was used as a
'*helium detector'.

2° 02’
.

at various temperatures are presented in Table (3.10). A

The net retention volumes of N Ar, CHy, and Co,

plot of‘logVN against 1/T for Ny, O29 and Ar is shown in
Fig. (3.43). There are two poihts of interest associated
with Fig. (3.43). One of them is the crossing of the Ar
and 0, plots at approximately 1/T = 3.2x107% (v316°K).
This indicates that it is impossible to separate Ar and 02
at this temperature since they both have the same retention
time. The other point of interest is the unusually large
deviation in the N, plot at 273°K.

A plot of logVy against 1/T for CH)4 and 002 is shown in
Figures (3.44) and (3.45) respectively. The large deviation
at 273°K is unmistaksable in both of the figures.,

The slopes and the intercepts for the linear portion
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FIGURE ( 3.43 )

PLOT OF 1ogVN AGAINST 1/1 FOR N,, Ar, AND 02°
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FIGURE ( 3.44 )

PLOT OF logVy AGAINST 1/T FOR CH&"
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FIGURE ( 3.45 )

PLOT OF log,VN AGAINST 1/T FOR COZ,,
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of the various plots were obtained by the least squares
method., The AH® and the ¢ values for all -the gases are
given in Table (3.11). The reference statés vill be defined

later.

K(CHB) And K(COQ) As A Function Of Temperature By The

Static Method

. The large deviation at 273°K of the various logVy V.s.
1/T plots was somewhat disturbing in the sense that the
VN(CHM) at 273°K obtained in this experiment was highly
reproducible with that obtained in the Hel experiment. In
order to confirm the auvuthenticity of this deviation, it was
required to extend the temperature range be}ow 273°K. Cone-
sidering the length of the retention time for CHH and CO»
at 273°K.( ~1 hr. for CH), and ~6.5 hrs. for CO, ), any
lowering of the column temperature would result in extreme-
ly long experimental times.

A static method could serve a dual purpose. In the
first place it could allow to extend the study into the low
temperature region, and secondly it could serve as an in-
dependent method for obtaining the various thermodynamic

data.



THE AH® AND THE g VALUES FOR VARIOUS
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TABLE (
GAS SAMPLES USING HELIUM AS THE CARRIER
GAS.

Gas AH® (cal.) q

H2 -QlQ 0.7858

N2 -2063 -0.0026

Ar -2239 -0.0009

02 -~1917 0.5156

CHM’ -~3125 -0.5087

co ~-498Y -2,2148
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Experimental Apparatus

The apparatus which was used for this phase of work
was basically that already described under the heading of
'Desorption Studies'. There are a few points that should be
clarified.

a) The two stopcocks a and b of Fig (2.1), were in
fact 3-way and not 2-way as Fig. (2.1) suggests. They
served to connect the gas storage bulbs and the McLeod
gauge directly. For convenience a block diagram of the.
apparatus includihg the connection between the MclLeod gauge
and the storage bulbs is shown in Fig. (3.16).

b) The thermocouple pair which serveq as a bucking
e.m.f. for the pressure gauge was replaced by a Heathkit
millivolt source which was used in its 7e;m°f, difference’
mode., This unit allowed for a variable amount of e.m.f. to
be bucked out and therefore, the recorder could be operated
even on a 1 mv. range. In this study the thermocouple
pressure gauge served only as a means of indicating as to
whether egquilibrium conditions have been reached or Mot.

¢) The volume which included the sample tube, the
thermocouple pressure gauge, and the interconnecting tubing
including that which led to the gas buret, was calibrated
by means of the gas buret. The various volumes of the gas

buret were previocusly calibrated with mercury.
D y
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FIGURE ( 3.46 )

THE DESORPTION APPARATUS,
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d) From the ideal gas law relationship, the total
volume of the McLeéd gauge ( to the mercury level in its
‘down position ) was calibrated with respect to the above
defined volume. Due to the presence of mercury, the cali-
bration was carried out at low pressures ( ~0.1 mm. ). The
Mcl.eod gauge could now serve as a constant volume.

The methane gas was purified and introduced into the
systém in a manner already described.

By making appropriate connections, the purified CO2
carrier gas could be made to enter the vacuum appafatus
through the 3-way stopcock which previocusly served to join
the gas buret to the sampling valve. After the system was
purged with 002 for approximately 5 min., oPe of the storage
bulbs of Fig. (3.46) was opened. After the CO, gas was
subjected to a degassing procedure at liguid nitrogen ten-
perature, the system was pumped down to the operating
pressure range. From the experimental arrangement, the

solid sample was at no time exposed to the gas.

Experimental Procedure

The solid sample ( 0.442 gms, of Porapak S(50 - 80
mesh), identical to the one used in the column ) was heated
under vacuum at 180°C. for approximately 12 hrs. before
each experiment.

After the system was evacuated; the gas to be studied
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was admitted into the Mcleod gauge orily by means of stop-
cocks a and b of Fig. (3.46). After the pressure equi-
librium was reached, the pfessure in the storage bulb
( thus in the McLeod gauge ) was measured with ﬁhe McLeod
gauge. It should be pointed out that there are three
factors which can confribute fto erroneous pressure readings.

a) It was found that if the pressurevwas read soon
after the gas was admitted to .the McLeod gauge, the value
obtained was somewhat lower than if a few minutes were
allowed between the two events. It was found that a con-
stant reading could be obtained after approximately 10 mins..
To be on the safe side, the pressure in the storage bulb
was always meaéured 15 minutes after the gas was admitted
into the McLeod gauge.

b) It was also found that significantly different
values of pressure can be obtained if the storage bulb is
cut off from ﬁhe rest of the system. This can be explained
in the following way. When the mercury of the MclLeod gauge
is raised, as it is done during pressure measurements, there
is a decrease in volume with respect to the rest of the
system. As the volume is decréased, the pressure in the
rest of the system must increase, If the percent volume
change is significant, then the préssure as measured with
the McLeod gauge will alwsays be.lcwer than the true value.

The storage bulb, due to its large volume, serves to decrease
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the percent volume change. .

c) It was fufther foﬁnd that the pressure readiﬁg de-
pended on the rate at which the mercury level was raised,
If the level is raised quickly, the advancing mercury tends
to compress the gas in its immediate vicinity. Since a
finite time is reguired before the system reaches a pressure
equilibrium,; then the entrapped gas in the McLeod gauge is
at a higher pressure than the rest of the system. The con-
sequence of this is that the pressure readings thus obtained
are always highcﬁ than the true value. In the present study
great care was taken so as to raise the mercury level at a
very slow rate. On the average 1t reduired approximately
10 minutes to raise the mercury to its final level. The
- pressure values reported are averages of 5 br 6 readings.

After the so0lid sawple was cooled down to approximately
m190°C°, stopcock b was turned so as to allow the gas con-
tained in the McLeod gauge to expand into the volume which
contained the sample tube and the thermocouple pressure
gauge. After the gas had frozen out ( this was indicated
by the thermocouple pressure gauge ), the Powerstat which
controlled the édlid sample temperature was manually turned .
up by a predetermined amount. The temperature and pressure
were followed by means of a potentiometer and the thermo-
couple pressure gauge. When the pressure had reached a
constant value, the actual pressuré was measured with the

McLeod gauge. Due to the relatively large volume of the
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system, the compressibility effect'oﬁ the pressure measure-
ments was assumed to be very small, After the pressure was
determined, the temperature was raised to the next highest
value. It should be pointed out that it reQuired approxis
mately 1.5 to 2 hrs. for fhe system to reach equilibrium

conditions.
Calculation 0Of K

If one operates in the region where Henry's Law 1s

4

obeyed, then the partition coefficient can be expressed in
terms of concentrations, that is;
K = CS/Cm (1.21 )
i = N v = .
Since C n /W, and Cm nm/Vm then eqn. (1.21) can be
rewritten as follows;
K=nV /M ( 3.96 )

We are now dealing with the static system and the above
values must be redefined.
Wy is the weight of the solid sample.

n is the total number of moles that are adsorbed

S
on the surface at temperature T.

‘ Vm = Vx is the volume above the sample which is at

temperature T. In order to preserve the

association of V, with the gas chromatographic

column, Vx will be used to represent this volume
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n is the ftotal number of moles that are contained
in Vx

During an experiment the temperature of the various
parts of the apparatus were as follows;

a) The McLeod gauge and the interconnecting tubing
were at amblent temperature. |

b) The sample was at some experimental temperature T.

¢) The thermocouple pressure gauge was at 273°K,
Considering this, it follows that there will be two tempera-
ture gradients presemt in the systemq One of these will be
set up albng the sample containing tube since it joins
directly to a part of the appsratus which is at ambient
temperature. Consequently, this made 1t impossible to
determine the value of Vx. Neither N norins could be
obtained from the pressure data since the exact value of
Vx, the volume of the thermocoupie pressure gauge, and the
volume of the interconnecting tubing were not known. The
other complicating factor was the presence of the tempera-
ture gradients. It is obvious that without the knowledge
of Vx, the value of K cannot be obtained, o

In order to determine the value of Vx, one must first
assume that the entire apparatus, aside for the McLeod

gauge, 1s composed of n distinct volumes V Vs V eeaevns

1= 72 3’

and that each such volume is at a temperature Tl3 T25 ng

°MTn respectively. Let Ny represent the total number of
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moles of a nonsorbing gas that is initially contained in
the McLeod gauge. In terms of the ideal gas law, Dy can be

expressed as;

- 4 \f r —
n, = POV(M)/RT, ( 3.97 )

where P°, V(M), and TM are the initial gas pressure, the
volume, and the temperature of the gas in the Mcleod gauge.
After the gas 1s allowed to expand into the rest of the

system, the following relationship must hold.
Np = n, + 0y +n, +n, + eccece 4+ q ( 3.98 )

where n n s N
D”Is 19 2.« 35

contained in the McLeod gauge; Vlg V25 V35 °°“HVn respec-

~tively. Since the pressure (P) will be the same in all the

n cevﬁc@nn are the number of moles

‘volumes, then in terms of eagn. (3.97) and (3.98) the follow-

ing relationship can be written.

I3 - M - y m 2 m £ L .
P V(M)/.LM = P( V(N)/TM + Vl/ll V2/l2 V3/_[‘3 +

esceco Vn/Tn ) ( 3.99 )
If V1 can be assumed to represent the volume Vx which is at
the temperature of the s0lid sample Tx, then eagn. (3.99)

can be rewritten as follows;

¢ x5 i .. T It m N v m ks m ] N
PIV(M) /Ty = POV /Ty b VR/TH 4 V2/12 + V_ /T,

seowv oo - Vn/‘ln )
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During an experiment,; an increase in Tx will necessari-

ly alter the temperature gradient associated with the
sample containing tube, and therefore, will alter the re=-
lative magnitude of some of the V values. Considering that
the total volume of the apparatus including the McLeod
gauge ié approximately 500 cc., these changes will most
probably be not noticeable and for all intents and purposes

it can be stated that;

V2/'12 Y /.'13 4 ececos Vn/’ln = h ( 3.101 )

3

In terms of eqn. (3.101), egn. (3.100) can be rewritten to

give;

{V(M}/TM}{P"/P - 1} = Vx/Tx + k ( 3.102 )
or

{V(M)/TM}{P‘*/P -~ 1}Tx = Vx + RTx = Vxe ( 3.103 )

Ir TM is constant, then for a nonsorbing gas a plot of Vxe
against Tx should give a straight line whose intercept will
be Vx. If the k value is not constant as assumed, then the
resulting plot will not be linear.

For lack of a better choice of nonsorbing gas, helium
was used to determine Vx. Should helium be sorbing to any

appreciable extent, the above mentioned plet will not be

linear. To varify this one needs only to consider that
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K « 1/P, and logK « 1/T.

The results of this experiment are summerised in Table
(3.12). A plot of Vxe as a function of Tx is shown %n‘Fig.
(3.47). As can be noticed the plot is linear. This then
indicates that the assumptions made were reasonable. By a
method bf least squares it was found that k was 0.404 and
Vx was 27.0 cc..

Having found the value of Vx and k, it now remains to
relate the various measurable quantities to the partition
coefficient.

For a sorbing gas, the total number of moles adsorbed

on the surface at temperature Tx is;

n = Il = N .anx—.ng - 1’13-“1’14“ e 0 ¢ ¢ 5 ¢ - N

s T M n

( 3.104 )

In terms of the ideal gas law, this can be written as;

- [ w18 - m - . m -

.nS = P V(M)/RPM PV(M)/RLM PVx/RTx PV2/R12
T - ©® B G S C O .. P r_’
PVB/R 3 Vn/RJn
= P°V(M)/RTy - PV(M)/RTy - PVx/RTx - PkR/R
( 3.105 )
Also

‘n, =n = PVx/RTx ( 3.106 )
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TABLE ( 3.12 ) VARIATION OF Vxe WITH Tx.

P° = 25,35x2.362x10"°% mmnm. TM = 294 ,5°K,

Tx (K) P/(2.362x107?)mm. Vxe(cc.)
82 12.75 59.43
99 13.18 67.05
- 119 13.55 76.0
139 13.90 83.98
159 14,25 ' 90,84
180 14,45 99.58

205 _ 14,62 110.35
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FIGURE ( 3.47 )

Vxe AS A FUNCTION OF Tx.
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But since

K = nSVx'/anx ( 3.96 )
then
K = (1/‘,AJS){V(M)(P° ~P)/RTy, - PVx/RTx -~ Ph/RIRTX/P
( 3.107 )
and upon rearrange;;nt
K = (1/ws){(V(I\'I)'I"X/RTM) (P°/P = 1) = Vx = kTx}
( 3.108 )
But since
Vx + kRTx = Vxe . ( 3.103 )
then eagn. (3.108) becomes;
K = (A ) {{VOA)Tx/RTy) (P°/P ~ 1) - Vxe} ( 3.109 )

Results And Discussion

The resulﬁs of the experiments where K(CHM) and K(c02>
were studied as a function of temperéture are summariéed in
Table (3.13) and (3.14) for methane and carbon dioxide
respectively. Figure (3..8) shows a logK against 1/T plot
for all thesé experiments. As can be seen the relationship
is linear and the individual pointsvshow little scatter.

It should be noted that for a particular gas, the choice of
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FIGURE ( 3.48 )

PLOT OF logK AGAINST 1/T FOR CH) AND CO2n
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P° has no noticeable effect on the resulting logK against
1/T plot. By thevleast squares method, it was found that
the plots for methane and carbon diexide are best described

with the following constants.

methane
slope 975.7
intercept -2.942

carbon dioxide
slope 1,502
intercept -l4.,095
Since the slope is ~AH®/2.303R, then the heats of adsorp-

tion are;

AH”(CH“) b, 46 Kecal./mole

AHG(COZ) 6.87 Kcal./mole

By extrapolation, it was found that at 273°K the

partition coefficlents were;

K(CHM) | 4,25 cc./gm.

K(CO2) 25. 44 ce./gm.

The ratio of K(COZ)/K(CHM) is then 5.99. The ratio of
VN(CO2)/VN(CHM) was found previcusly to be 5.99. The two
results are in excellent agreement.

From the gas chromatographic study it was found from

the linear portion of the logV, against 1/T plot that;

N
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AH”(CHQ) 3.12 Kecal./mole

AHc(Coz) : 5,00 Keal./mole

These values are somewhat lower than those obtained
from the static system. Considering the fact that the
K(Cog)/K(CHu) and the Vi(CO0,)/Vy(CH ) ratios are identical,
and that there is little experimental scatter, the differ-
ence between the AH®° values cannot be attributed to experi-
mental error. This then means that beloﬁ‘273°K the AH®
valueé are largér than sbove 273°K and as the large devi-
ations in Figures (3.44) and (3.45) suggest, there must be
a change in the slope of the logVy ( or logK ) agéinst 1/T
plot. This change in slope indicates that there is a change
in particle properties, which in turn suvggests that the
particles may be undergoing a physical change.

Due to several unfortunate accidents during the column
packing process, the weight of the packing in the column
could not be determined directly. An indirect method which
required the determination of the bulk density of the pack-
ing material had to be used. The bulk denéify was obtained
by determining the weight of the material contained in a
10 ml. volumetric flask. Although tapping procedure was
used to promote a denser packing, the final packing density
could not be expected to be as high as that of the gas chro-
matographic column since in the former case the height of

the packing material was only U or 5 inches where as in the



latter case the height was about 25 feet. It was found
that the bulk density was 0.372 gms./cc..  Using 130.5 cc.
as the calculated yolume of the empty column, the weight of
the material contained in the column was calculated to be
48,6 gms.. The actual weight will most probably be a little
higher than this.

From the static method it was found that K(CHQ) was
4,26 ce./gm. and from gas chromatography it was found
that V&(CHM) was 214.7 cc.. Using the relationshivp between
Vy and K ( see egn. (1.32) ), the weight of the packing
material in the column was calculated to be 50.5 gms.,. By
comparing this to a value of U48.8 gms. and remembéring that
the value obtained from the 1ndirect method is probably a
little lower thén the true value, it can be concluded that
the results obtained from the twobmethods are in very good
agreement and that the large deviations previously observed
are genuine. This further.substantiates that there 1s a
change in the slope ( AH° ) somewhere a little above 273°K.
Although the difference between the two welghts is small
( ~4% ), the higher value was assumed to be more correct and
was used to retrieve the AS® values from the previcusly obe-
tained ¢ values. The thermodynamic quantities Asog_and
AG?, are contained in Table (3.15). The K values have units
of cc./gm. and the other thermodynamic quantities are de-

fined with respect to this. Since 21l the work was done
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TABLE ( 3,15 ) THE AG° AND THE AS° VALUES

FOR VARIOUS GASES.

Gas AG’ (Keal.)# AS° (e.u.)

Gas Chromatography (Helium carrier gas)

H, 0.762 -6.23
No 0.048 ~7.80
Ar ~0,114 ~7.80
0, ~0,062 : ~6.77
CH,, ~0.790 -8.80
co,, -1.746 ~12.19

Static Method
CHM _ -0.790 -13.46

CO2 =1.751 -18.73

¥  Obtained from the various K values at 273°K. The
various AG° values refer to an adsorption process at

273°K and are AG°. .
r3 273
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using very small samples ( gas chromatographic system ) and
very low pressures ( static system ), the.various partial
mplar quantities refer to an adsorption process on a bare
surface. The slight interaction of helium with the surface
as noted in the experiment at 27391'{S is not sufficient to
warrant a change in the above definition since the AH,
AS°, and AG® values were obtained from experiments above
273°K where the interaction is most probably insignificant.

In all cases Henry's Law was assumed.

7ZONE BROADENING

In the introductory chapter it was shown that the plate
height (H) is related to the carrier gas velocity (u)
through the generalised form of the van Deemter eguation,

that is;
H=A+ B/u + Cu ( 1.46 )

where A, B, and C are constants. Although mention was made
that these constants are related to the particle diameter,
the gas diffusion coefficient, and the resistance to mass
transfer respectively, the constants wcre'not’definedc
Furthermore, due to the complexity of the gas chromato-
graphic process, no attempt will be made to give a detalled
definition to the forementioned constants. An attempt will

be made however, to expand their meaning and to revise egn.
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(1.46) to the point where it can be applied to the experi-

mental data.
The B constant

This constant is generally referred to as the longi-
tudinal diffusion term ( 182, 183, 184 ) and can be ex~

pressed as;
B = 2yDg ( 3.110 )

where y and Dg are a constant and the gas diffusion coe-
fficient respectively. The constant y is referred to as
the obstructive factor ( 107, 184 ) or the labyrinth factor
( 182, 184 ) and reflects on the tortuous and constrictive
paths that a solute molecule must follow as it travels down
the column.

Since the granular particles obstruct the longitudinal
diffusion, vy will be less than 1. There is considerable

evidence to show that y = 0.6 ( 107, 148, 185, 186 ).
The C constant

This constant is actually composed of two basic terms,
CS whiéh is a contribution of resistance to mass transfer
in the stationary phase, and Cg the resistance to méss
transfer in the gaseous phase. In gas solid chromatography

the C, term is designated as Cy ( 187, 188, 189 ) and has
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the form;
Ck = 2R(1 - R)td ( 3.111 )

where R as before is the fraction of the molecules in the
mobile phase, and fa is the mean.desorption time of the
solute molecules. van Berge and Pretorius (190A) have in-
dicated that count must be taken of diffusion of molecuies

into the micropore spaces of the solid. They have shown

that this contribution to mas transfer can be expressed as;
C, = {2k(8/v + 1)al}/{(1 + x)?(6* + 31D )}  ( 3.112 )

whére:

k is the mass distribution coefficient or ratio of
amount of solute in the stationary phase ﬁo amount
of solute in the gas phaée at equilibrium.

¢ is the pore diameter ( cm. ).

is the average thermal veloclty of a molecule in

<l

the gas phase.

T is the average residence time of an adsorbed mole-
cule on the surface.

dc is the average pore length.

DS is the surface diffusion coefficient.

The Cg term can be expressed as ( 186, 187, 190p, 191 );

- 2
Cg = wdp/Dg ( 3.113 )
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where w is another structural factor in order of unity, and
dp& as before, is the particle diameter. .Giddings (190B)
has shown that for porous supports the w can be related to

R by the following relationship.
w = 0.82 - 0.20R ( 3.114 )
The A constant

This constant can be related to the particle diameter

through the following equation (182, 183);

A = 2Xdp ( 3.115 )

where XA 1s a geometrical constant near unity. This then

means that;

A > dp . : ( 3.116 )

and according to egn. (1.46) fhis contribution is carrier
gas veloclity independent.

It was found in many cases (147, 192-196) that the
experimental data can be expressed without the A term in
the plate height equation. In certain instances (193319ﬁ)
the A terms were found to be slightly negativéc Glueckauf
(197), and Bohemen and Purnell (193) found a variation of

A with flow velocity. Kieselbach (195, 198) has found that

A varies with the retention volume, that is, light gases
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tend to have a larger A value than the highly retained
components. As Giddings and Robison (199) point out,
these findings are not in agreement with eqn. (1,46)‘and
(3.116).

Giddings (189, 200) has pro?osed an alternative form
for the plate height eqﬁation in which the A term is coupled
with the C_, term., In its simplist form this equation can

g
be expressed as;

H=1/(1/4 + l/Cgu) + B/u + Cpu ( 3.117 )

This equation predicts that at low carrier gas velocity the
coupling term will approa;h zero where as at high‘carrier
gas velocities the term will approach A. This transition
from 0 to A will have an effect on the overall H vs. u plot
in that at high gas velocities there should be a levelling
off effect. This levelling off has been observed on severzl
occasions (186, 201, 202) while other data has been inter-
‘preted in terms of the coupling theory (203, 204). The
observed fall off in the high velocity region cannot be
totally explained by the coupling tnreory since Giddings
(153) and Knox (202) have shown that turbulent and coupling
effects overlap one another in high-velocity packed columns.
Giddings et. al. (205) have shown that as the Reynolds
number is increased, the plate height of a capillary column

first increases, reaches a maximum (Re ¥ 2,500), and then
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very rapidly falls off to a more or less constant value. In
the case of a packed sorbing column, it was observed that
the maximum was much broader. The authors also point out
that in the case of packed columns, tﬁrbulance is fully
developed at Re > 100. In conclusion they state that;
"Theoretical interpretation of turbulance in packed columns
is complicated by the fact that the coupling phenomenon
( a consequence of flow-diffusion interactions ) also re-
duces plate height at high velocities; both act gradually-
not discontinuouslj as in capillaries. The two effects have
not yet been unscrambled, but undoubtedly both are bene-
ficial."

Stewart, Seager, and Giddings (206) have shown that
due to the preséure drop across the column, a pressure
correction must be made when the measured plate height (ﬁ)
is related to the carrier gas velocity. In terms of the
‘classical' expression for plate height ( an equation such
as egn. (1.46) but containing all the C constants ), the

observed plate height can be related to the carrier gas

velocity by; ~ o
Ho= ( A+ B/uP,+ Cu Py )f, + ClugP ( 3.218 )
where
Ck : Ck . 02 ( 30119 )
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and
£y = (9/8){(a" - 1)(a% - D}/(a® - 1)? ( 3.120 )

a, J, and u, are the P;/P, ratio, the Martin-James compressi-
bility factor, and the carrier gas velocity at column out-
let where the pressure in PO respectively., These pressure
corrections have been extended to egn. (3.117) (194) to

give the following expression for H.

H= {1/(1/A + 1/CguoPo) + B/uOPO}f2 + CkuoPoj

( 3.121 )

Both CGiddings (188), and van Berge and Pretorius (1904)

have shown that since the fa of egn. (3.111) is very small,

the relative contribution of Cy to the plate height will be

insignificant and for this reason Ck may be omitted from the

plate height equation. Under these conditions equations

(3.118) and (3.121) become;

]
I

( A % B/uOPO + C,uOPO )t

. 5+ Cou Py ( 3.122 )

and

nad
i

{1/(1/A + l/CguOPO) + B/uOPo}f2 + C

2uoPoJ

( 3.123 )

respectively.
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‘Experimental

The experimental apparatus and procedure has already
been described. The various Dg values were calculated from
an equation proposed by Giddings el. al. (207, 208) which

has the form of;

1.00x107 0 275 (1/M, + 1/MB)1/2

D =

& é{(ZA"i)’/s + (2gvy)t/0)7 C(3.124)
where
MA and MB are the masses of the interdiffusing gases.
T is the temperature.
vy are the atomic and structural diffusion
volume increments ( given in (207) and
(208) ).
P is the pressure.

It has been shown by the above authors that egqn. (3.124)
introduces on the average an error of less than 5% where as
other equations of the same class introduce errors as high
as 25%.

Since the peaks were symmetrical the peak'widths at
half the height were determined directly without applying
any corrections., Ail neasurements were made with a travell-
ing microscope. With the aid of the vernier scale, it was

possible te measure the widths to * 0.002 em.. All readings
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were made with respect to the center of the recorder pen

trace.

Results And Discussion

It should be poinfted out at the outset that this work
does not represent a detailed study of zone broadening.
These results are included for the following two reasons:

a) to indicate the performance of the column.

b) to add more weight to some of the previously made

statements.

van Berge and Pretorius (190A) have shown that since

31D_ of eagn. (3.112) is insignificant, the C, term can be

s 2
reduced toj
C, = 2k(8/V + ©)d2/(1 + k)?¢* ( 3.125 )

Using their approximate values for the various constants,

that is:
S = 10x10™7
§/v = 2x1071%?
T = 1,5%1071°
d, = o.5dp

and for the present case;
k = KW_/V = 2.3 ( 3.126 )
5" m

the value of C2'can be estimated to be o 7x10'“3°
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The magnitude of 02 term is substantial if one con-

siders that the Cg term is in the order of 1x107%, but its

contribution to ﬁ/f2 will not be as large as that of Cg
since the contribution of the former depends on uOPOJ:/f2
where as the contribution of the latter depends on uOPO,
The range of uOPoj/f2 is v 0 to 10 cm./sec. where as the
range of uOPO is v 0 to 120 cm./sec., 1t must be remember-
ed that the value of 02 was arrived at by using the various
constants given by van Berge and Pretorius for their system
( silica gel ). There is no evidence to show that some of
these constants are applicable to the present system or
whether the C. term is operative at all. In order to iso-

2

late the C terms'separate experiments must be carried out

2
but as it was mentioned before, this is not the purpose of
this study. For all intents and purposes the 02 and the Cg
terms were summed together and called C.

The variocus values of ﬁ/i‘2 which are given in this
section refer to methane sambleg These along with their
respective uOPO values are tabulated in Table (3.16) for
experiments HeI, Ar(II and III), and CO,I. Plots of’ﬁ/fg
against uOPO for the above three carrier gases are shown in
Figures (3.49), (3.50), and (3.51). Aside for Fig. (3.51),
the plots are of the expected hyperbolic shape. Fig. (3.51)

is of particular interest since 1t shows a considerable

levelling off at high uOPO values. 1In each case the mini-



TABLE ( 3.16 )

ol-

THE H/f2 AND THE uOPO VALUES FOR

EXPERIMENTS Hel, Ar(II and III), AND
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He

H/r,(2) u P (b)

Ar

ﬁ/fz(a) u P, ()

Cco

H/f,(a) ugPy(b)

0.130 98.41 0.168% 75.08% 0.217 112.53
0.116  76.20 0.147  65.94 0.201 87.79
0.105  59.95 0.148% 61.7h4¥ 0.191 69.15
0.096  47.95 0.130  53.20 0.177 56.06
0.092  36.34 0.129% 50.12% 0.144 38.29
0.088  25.16 0.126  L2.62 0.115 25 .42
0.095  17.31 0.111% 36.01% 0.108 15.47
0.128  10.19 0.107  32.30 0.094 8.43
| 0.180 5.63 0.107% 28.79% 0.096 4,20

0.103 22.14

0.094  14.93

0.090  8.52

0.141  2.74
8 APIIT
(a) cm. (b) cm./sec.
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FIGURE ( 3.49 )

PLOT OF H/f2 AS A FUNCTION OF uoPo FOR Hel.
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FIGURE ( 3.50 )

PLOT OF ﬁ/f2 AS A FUNCTION OF u P

o FOR Ar(II AND III),.
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FIGURE ( 3.51 )

PLOT OF H/f2 AS A FUNCTION OF uOPO FOR COQIe
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mum of the curve corresponds to ﬁ/f2 of approximately 0.09
Chle ¢
By the least squares method 1t was found that the ex-
perimental data for Hel and Ar(II and III) can be best ex-

pressed by the following equations;

ﬁ/f2(He) = 0.0383 + 0.776/u Py + 0,000865u P

( 3.127 )

H/f,(Ar) = 0.0575 + 0.217/ugP_ + 0.00138u,P,

( 3.128 )

A plot of these equations is included in Figures (3.49) and
(3.50) and they are designated by the heavy line termed
‘calc.'s As can be seen there is a very good fit between
the calculated and the experimental plots. It appears that
the ‘'classical' equation well describes the present results,

In the case of CO the least squares method was

25
applied only to the first six points corresponding to the
lowest uOPO values. It was found that this data can be

best expressed by the following equation.

H/£,(C0,) = 0.0695 + 0.0775/u P + 0.00189u P,
( 3.129 )

A plot of this equaﬁion can be seen in Fig. (3.51)9 Again
it appears that the experimental data considered is gdverned

by the tclassical'! equation.
y
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Using egn, (3.124) it was found that the Dg values at

273°K were as follows.

D (He-CHy) 0.549 emf/sec.
Dg(AerHq) 0.184 cm?/sec.
-CH | ) om?
Dg(CO2 CLM) 0.154 ecm?/sec.
Applying these along with dp = 0.02 cm. to the A and B con~

stants, the A and y values were calculated. These are given
in Table (3.17). The w values cannot be obtained from the
C terms since it is not known whether these terms are Cg

alone or whether they are a combination of Cg + Che If it

can be assumed that the C terms are strictly C then the

gs
w values will be as those given in Table (3.17).

The X values which should be constant for a particular
column, are scen to increase as one goes from He to Ar to
CO,. This incidently is the same order as the degree of
interaction between the carrier gas and the surface.
Whether this is of significance it is difficult to say.

Unlike A, y is found to decrease with the above order
of the carrier‘gasesa The value of y for 002 is somewhat
low considering that in most cases this constant is close
to 0.6. This discrepancy can in part be attributed to the
small number of expcfimental points used to calculate the B
constant.

The w vaiues follow ho set pattern. An unusually high

Fal

value of w 1s obtained in the case of helium. According to




TABLE ( 3.17 )
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THE A, vy, AND w VALUES AS OBTAINED FROM

EXPERIMENTS HeI, Ar(II and IJI),

AND COQI.

Experiment A Y w

He 0.96 0.71 1.20
Ar 1.44 0.59 0.63
oo 1.74 0.25 0.73
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Giddihgs' equation (egn. (3.114)) the maximum value of w
should be less than 1. Perrett and Purnell (209) have re-
ported w values as high as 1.6, They attribute this to
solvent inhomogeneities and suggest that w is a composite

of two parts, that 1isg

W= wey towgy ( 3.130 )

where wes: and w

i refer to flow and solvent inhomogeneities

si
respectively. In the present case the excessive value of w
may some how be related to thé 02 term. The fact that the
w for Ar and CO2 are less than that for helium can stem

from the dependence of the true w on R ( see eqgn. (3.11L4) )

and the C, constant on k/(1 + k)?. Since

Hi

k

W
®
-]
w
fnt
~

(1 - R)/R ' (

and

1t

k KWS/Vm ( 3.126 )

then 1t can be seen that both the true o and the 02 constant
will decrease as the effective WS becomes smaller du€ to
carrier gas-surface interaction. This however, would pro-
bably require that the calculated w for Ar be less than that
for CO2° The fact that this is nol observed need not
contradict the above reasoning if one recalls that the

calculated w was derived from a limited number of experi-
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mental points and also that the C2 term which was included
in the C term when w was calculated, deperds on uOPOj/f2
rather than uOPO. No steps were taken to prove or contra-
dict this statement since it is of no prime importance.to
the present purpose.

The fall off observed in the case of 002 can stem from
several sources., Some of the possible ones aré listed
below.

a) coupling effects

b) turbulence

c) decresse of true w and 02 with increasing pressure

d) combination of some or all of the above
Although it was found that A values of the magnitude pre-
dicted by the fclassical'! equation vere required to describe
the present results,; coupling cannot be dismissed on these
grounds. The presence of the A tefms can stem from extra-
column contributions to ﬁ for which no correction was made.

The fall off can as equally be explained by turbulent
effects. As Giddings et. al. (205) have bointed out that
for packed columns turbulence can be‘fully developed at
R_ > 1609 If one refers to Fig. (3.23) one will observe

e

that at the highest FO values the Reynolds number 1is

approximately 30 which is much highesr then for the cther

two gases. At R_ = 30, considerable turbulerice can be eX-
. g : e b2

pected.
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The effect of pressure on true w and 02 has already
been discussed.

The situation becomes more complicated when one con-
siders experiments ArI, 002119 and CO,III. Plots of ﬁ/f2

against uOPO for ArI, and Ar(II and III) are shown in

Fig. (3.52), and for CO,I, CO,II, and CO,III.in Fig.

2 2
(3.53). As can be seen there is no obvious trend in these
plots. One thing is obvious though, and that is that the
relationship between I:I/f2 and uOPO depends on whether the
inlet pressure is changed in an increasing or decreasing
direction. If as before one considers the order in which
ArI, ArI1, and ArIII experiments were performed aﬁd that
ArIT and ArIII are reproducible, a conclusion must be
reached that there is a plate height hysterisis. As before,
the term hysterisis refers to the fact that a different re-
lationship is obtained if one changes the inlet pressure

in an increasing or decreasing direction.




FIGURE ( 3.52 )
PLOYT OF H/f2 AS A FUNCTION OF uOPO

FOR ArI AND Ar(II AND III).
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FIGURE ( 3.53 )
PLOT OF H/f2 AS A FUNCTION OF uOPO

FOR C0,I, CO,II, AND CO
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CONCLUDING REMARKS

It may be said that the attempts to separate the five
isotopic methanes on a conventionally packed column were on
the whole unsuccessful. The results in general, hov}ever5
'should not be categorised by the above statement. The
efforts of this study have resulted in the introcduction of
a qonventionally packed column { having many desirable
features ) which is capable of qguickly séparating CHM”CDu
mixtures. Morrison (210), in his study of the thermo-
dynamic properﬁies of the isotbpic methanes, has extended
the use of this type of column to preparative workc

According to Hollis (129, 130, 132) the various porous
polymer beads can be prepared from & combination of the
following monomers:- ethylvinylbenzene; divinylbenzene,
styrene, and t-butylstyrene. The difference between the
various porous polymers stems from a different combination
and/or Qoncentration of the above monomers. This and the
fact that different Porapaks were found to give a different
degree of CHumCDM separation, suggests that the porous
polymers can be tailored so as to enhance this selecﬁivit;yn
Before this can be done, it must be first determined what
factor controls this selectivity. An attempt was made by
the author to establish some trend within the various Pora-

:paks but both the I.R. and the manufacturor failed to reveal
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any information. Once this selectivity controlling factor
is found, it should be possible by the proper cholce of
the many simple and substituted monomers to prepare a con-
ventionally packed column capable of separatihg the five
isotopic methanes.

As i1t was previously mentioned, the one factor which
defeated the §eparation of the five methanes was the band
broadening. One way to improve the situation is to reduce
or eliminate the observed A constants in the plate height
equations ( equations (3.127), (3.128); and (3.129) ).
This can be accomplished by using other than the conven-
tionally packed type of column. Considering that the de-
composition temperature of these polymers is approximately
250°C., columns that require the glass drawing apparatus
cannot be considered. Since the micropacked and the
H.I.M.C. systems require a special high pressure appa-~
ratus, the best chbice would probably be the porous layer
capillary column prepared by the colloidal suspension
method (38, 39). 1In the first place this type of column
will completely eliminate the band broadening which is
attributed to multiple streams and gas velocity inequality
( the A terms ). The consequence of using very small
particles is a further reduction of the plate height if
the C2 term is operative ( 02 «d < d_ ). The speed and

, ¢~ P
efficiency of the capillary columns allows for operation at
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lower column temperatures where the K(CHM)/K(CDA) ratio is
much larger. It is the author's belief that a combination
of low temperature and a Porapask S coaﬁed capillary column
will lead to a relatively eaSy analytical separation of the
five methanes. This task will be undertaken immediately
after the completion of the present study.

Another source of further investigation stems from the
results obtained on the Saran charcoal column. From what
has been observed, it appears that this material is capable
of separating the CquCDu mixtures. Its highly retentive
properties indicate that a capillary column prepared from
this material could be used to separate the five isotopic
methanes at higher column temperatures then that of Porapak
S. Unlike Porapak S, this material is not limited to the
capillary column preparation by the colloidal suspension
method. The possibilities of using Saran charcoal to sepa-
rate the five methanes will also be investigated shortly.

With the aid of the accurate and highly reproducible
flow meter,-the second phase of the study has revealed some
unusual properties of the column. Without repeating that
which has already been said, it can be stated that there
remains a number of unanswered guestions. In ovrder to
ansver some of these questions, many more experiments must
be carried out. Some of these would require the extension

of the P range. By doing thils, some insight may be gained
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into the nature of the 'break through'. It would also be
beneficial to extend this study to hydrbgen gas since it
has properties somewhat similar to those of helium. Un-
doubtedly a temperature study would furnish additional in-
formation on both the flow precperties of the column, and
.the nature of the n terms of the adsorption isotherms.
Perhaps one of the most difficult questions to be answered
is that related to the permeability and the plate height
hysterisis., Without doubt this will require an extensive
experimental undertaking Involving a precise control of the
various experimental paramneters and accurate measurements.

It is the author's opinion that the anomalous effects

observed in thils study are worthy of further investigation.
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RAW EXPERIMANTAL DATA FOR EXPERIMENT Hel,

P % P, ¥# p, %% F _(a) t(b) t,(e) AW, (cm.)
0 R %

73.90  190.0 1056 54.62  0.908 52.28  0.763
Th.O 165.75 932 41.98 1.179  59.44  0.819
74,60  1b5.25 826 32.96  1.500 67.25 0.882
Th 60 128.00 737 26.34 10875 75.48 0.948
74.60  109.00 638 19.98 2.471  87.06 1.068
75.10 88.00 530 13.729 39592 105.30  1.257

75,00 70.50 440 9.459 5,212 128.18 1.589
74.90 51.00 339 5.575 8.839 170.50 2. ulp2
Th.95 35,00 256 3.077 16,009 239.70 I, 034
% Chile

i pressure gauge reading in p.s.i.

absolute pressure in cm.
(a) cc./min.
(b) time in reference to the flow meter. Approx. 6 readings.

.o

(¢) in minutes,
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'RAW EXPERIMANTAL DATA FOR EXPERIMENT Arl..

p # P, wE p, ##d F (a) t(b) tp(e) AW, (cm.)
(e} R 5

O 1 1
73.70 30.50 231 2.297 21.44 274,73 3.834
74,10 44,50 304 3,984 12.365 196.45 2,515
74,90 61.50 393 6.664  7.395 144,50 1.890
75 .40 77.75 478 9.825 5.018 115.93 1,609
7530 97.00 577 14,32 3.445  93.83 1.352
74,30 117.25 681 19.97 2.7y 78.67 1.156
73.65  137.50 785 26,14 1.889  68.00 1.042
73.55  156.00 880 32.55 1.519  60.36 0.946

73.35 177.50 991 40.65 1.217 53.53 0.848




RAW EXPERIMENTAL DATA FOR EXPERIMENT ArII.

263

16.077

P ¥ P P RER B (a)  t(b) tplc) Aw%(cma)
73.70  167.00 937 36.67 1.349  56.07 0.870
7h.,50  1k8.00 8Lo 29.27 1.688  63.05 0.922
74,40 130.25 7L8 23.48 2,103  71.48 1.024
73.30  111.00 647 18.063 2,732  83.47  1.106
7h.05 89.00 534 12.256 4,023 102.95 1.339
74.80 70.25 1438 8.184 6.023 129.15  1.589
74,10 bo.75 331 L.711 10.457 178.75  2.146
73.00 23.75 196 1.538 32.02  360.30 5.326
RAW EXPERIMENTAL DATA FOR EXPERTMENT ArIIT

73.90  180.50 1007 hi.64  1.188 52.47  0.872
74.10  161.00 907 34,15  1.448  58.73  0.916
74,10  143.00 814 27.72  1.782  66.28  0.964
73.95 118.00 684 19.96 2.473 79.75 1.076
73.40  103.50 609 3.069  90.18 1.192




RAW EXPERIMENTAL DATA POR EXPERIMENT CO_T.

2

2614

P¥ ' Pi%% Py#uE B _(a)  t(Db) tgrle) AU (em.)
75.15  195.00 1084 61.37 0.808 24,20 0.457
74,70 167.00 938 48,17 1,028 27.19  0.494
74,85 14,75 823 37.87  1.306 30.71 0.543
75.30  126.50 730 30.52 1.619 34,33  0.585
75.75 99.50 590 20.72 2.383  u42.40  0.650
75.00 7775 477 13.893 3.550 53.75 0.735
75.00 57.25 371 8.453 5.831 72,28 0.92L
75.20 38.75 276 ,597 10.718 106.10  1.29Xk
75.20 24,00 199 2.291 21.50 168.60 2,052
RAW EXPERIMENTAL DATA FOR EXPERIMENT CO,II.
7h.25 19.25 174 1.654  29.78 212.00 2.856
73.70 39.00 275 4,701  10.479 104.1)  1.293
74,20 59.25 381 9.117 5.407 68.82  0.936
Th.85 78.75 482 14.375 3.431 52,10 0.765
Th.70 99.00 587 20.87 2.365 L42.18  0.646
74.55 118,00 685 27.90 1.771 36.00  0.572
74,00  138.50 790 35.78 1.382 31.58 0.526
74,00  159.25 898 Ly, 75 1.106 28.22  0.478
74,55  179.00 1000 53,43 0.9275 25.84 0,462
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RAWV EXPERIMENTAL DATA FOR EXPERIMENT COZIII;

P ¥ Py ¥ p,¥EE Fo(a) t(b) tR(c) Aw%(cm,)
74,10 20.25 179 1.889  26.07 194.65 2,645
73.80 42.00 291 5.267 9.355 97.38 1.221
73,20 61.25 390 9,679 5.093 67.17 0.896

73.90 80.00 L88 14.907 3,309 51.60 0.730

74,00 102,00 602 22.08 2,236 41,18 0.640
74.85  120.25 697 28.63 1,726 35.55 0.582
74,60  140.00 799 36.51 1.355 31.38 0.530
74,05  159.50 899 45 .13 1.097 28,25 0.492
73.85  185.50 1033 57.59 0.8609 25.14 0.450

Since these are given of illustrative purposes only, the

other remaining experiments will not be included.



