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ABSTRACT

This investigation vas undertaken primarily for the purpose of collecting
reliable experimental'datavon hinary gaseous diffusion'coefficients of polar
systems. 'Ihérbinaryfgas pairs investigated were the A - 802 » A - HC1 , and
50, - HC1 systems; Diffusion through a porous solid.in a flow apparatus was
adopted.for the diffusion measurement. The diffusion cell was standardized by
making diffnsion runs_using the N2 e‘COQ system at 5 different temperatures,

‘room temperature, 70°C, 120°C, 200°C, and 250°C, and using also the N, - K

2 2

system at,roomrtemperature.. Thermal'condnctivity cells and chemical methods,
alone_or-in-combination, were used for:analysis of the gas streams.

" The results'in all these three systems could be represented by straight
~Jines on logarithmic'plots of diffusion coefficient against termperatures from
2009.7 250°C. In the_first two'pas pairs,-the.experimental coefficients appeared
to be 25. 3% and 29 2% less at room temperature, and 20. O% and 12. l% less at
:about 25000 than the respectively predicted values obtained by using the
Stockmeyer potential:function in the Hirschfelder diffusion equation. The
slopes of the -lines werevl;§88 and é.ME; respectively.,'lt was found that the
A - 802 system could be represented by a potential: function of the Lennard-Jones
type, although the molecular force parameters determlned from the diffusion data
did not agree with those calculated_from the-pure component values and the usual
empriical combining rules. ‘The system A - HC1 could not be . represented by a
function of the Lennard- Jones type

The third system, 802 - HC1, 'was also found to behave more or ‘less the same
way as A - HCL system. However, the slope of_the line obtained from a Long Vs
.Log T plot.(2.22) was smaller than that of‘the A - HC1 system, although still
.greater than that predicted by u51ng the Monchick angd Mason (12 6 3) potential
function. The magnitudes of the diffusion coefflcients within the range of
temperatures stndied vere found.to be within ll;O% of the predicted ones.

Nevertheless, the system did not conform completely to the Monchick. and Mason



model. -
© Some qualitative reasons are given for the inadequacies of present potential
functions énd'combining rules for use in predicting binary diffusion cpefficients

in mixtures containing polar molecules.
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INTRODUCTION

From the point of view of both applications in many engineefing
operatipns‘and an understénding of the nature of the unlike molecular interact-
ions, it is important to have reliable valueé of the binary‘diffusion
coefficients of gases.

According to the rigorous kinetic theory of gases, the mutual diffusiop‘
‘coefficients'of gases in binary systems, in the first approximation, is
dependent only bn the unlike molecular interaction. Hence, its accurate
determination is liable to give information about the force laws between
unlike molecules better than possibly any other property of gas mixtures.

Based on éimplified assumptions Hirschfelder and others! have deduced a
mathematical expression for the prediction of binary gaseous diffusion
coefficients. bThié relationship has been found to be valid over fairly wide
‘ranges of temperature and pressure only for nonpolar, nearly spherical
molecules, that is, those molecules for which the ILennard-Jones pctential
functién might be adequate.

A médification of this function‘has been applied to predict the diffusion
coefficients of systems involving a nonpolar substance as one component and a
polar substance.as the other. Unfortunately, the experimental data at
varying temperatures for such systems availablé in the iitérature are scanty
and oftén do not agree with the predicted values. Obviously; reliable‘
experimentalvdata on diffusion coefficients of nonpolar - polar systems over
a reasonable range..of temperature are needed to test the modified equation of
HirScﬁfelder and others. |

Finally, for the prediction of diffusion coefficients of systems involving
pélar molecules aé both components, there exists no equation in the literaﬁure.
Furthermore, no attempt has &et been made for the exper;mental measurement of

the diffusion coefficients of such systems as a funcfion of temperature.



”JEIt:may'be mentioned in this connection that, based on certain
:_simplify;nggéssumptions thch thqqgh not rigorously Justified are cléiﬁed by
"th¢ aufhof$ ﬁo be physically réasonable, a théory has been worked out by
5'Monchiék~aﬁd;Mason2 for the'predictiop of the transport properties of pure
gases whiéhihave permanent dipole moments. An acid test for this theory lies
in\itS‘simultahéous applicafion to the viscosity and the self-diffusion
 cogfficieﬁt.aata.: Although relisble viscoslity data of many polar gases are
vayailable in the literature,_unfortunately? the data on the self-diffusion
coeffiqients of‘such substaﬁces are almost negligible. Therefore, whether
_or not Monchick and Mason's médel represents the true picture of polar molecules
. in ég_far_asvtheir transport prqperties are concerned, remains to be seen

v whén'réliaﬁlé measurementé of their self—diffusion coefficients are available.
| n"Fdftherﬁdre, this équation of Monchick and Ma;on is nof adaptable as

. suqh‘to binafy systems. Some combining rules, either purely empirical or
5a$ea on .some physical reasoning, are needed for the parameters of the
‘proposed potential function for polar substances. Obviously, this requires
reliable experimental data on binary.diffusibn coefficienfs of such systems
"-if»éﬁcﬁ rﬁles ére to be adequately‘tested.

- The present investiggtion is thereforerdireéted1towards the measurement
_éf biﬁary diffusion coefficients of'bblar.systems;

An outline of the plan of investigation is given in the next section.



METHODS OF APPROACH

" As a first stgp tdward the present investigation it was“plaﬁned that a
. review of the'pertinent literature.be made fof the purposestf fﬁe selection
of systems of gas pairs:ahd a-method for the measurement of their'diffusiqn
.coefficients, ‘A brief account of this is given in the section, REVIEW OF
LITERATURE.

To permit prediction of diffusion éoefficients, two equations were
- selected, one based on cléssical kinetic theory -and anéther based‘on modern
kinetic theory; For the first, the Arnold equation‘was chééen, and for the
seqond; that of Hirschfelder. An acéount of this ié given in THEORX OF
PREDICTION.

The systems selected for study were Argon - sulphur dioxide, argon-
hydrogen chloride, and éulbhur dioxide - - hydrogen chloride; The_method chosen
fdr the measurement of their diffusivities was by diffusion through a porous
solid dnim. floﬁ pparatus... Aﬁ account‘of the design and construction of the
apparatﬁs is given in APPARATUS. |

In order to obtain a methematical expressioﬁ for fhe calculation of  the
diffusion coefficients of the selected systems from the measured data, it was
deqi@ed to integrate the general diffusion eQuation under the conditions of the
experiment. This is given in the THEORY OF MEASUREMENT.

For the purpose of the standardization of the apparafus it was planned
that the diffusion cell be calibrated by making“diffusion_runs.of a binary
gaseous system whose diffusivities at various temperatures.were fairly
accurately'kﬁowﬁ. The system selected for,this purpose was ﬁitrogen-éérbon

dioxide and the data to be used were those obtained by Walker and Westenburg3.

Also, it was planne@ that the temperature dependence of the calibration
factor, if any, be determined by repeating the calibration procedure at

various temperatures ranging from room temperature to about 25000. Further,



bh.

it was decided that the indepehdence of the calibration factof of‘the
particular binafy system, be checked:by repeafiné the_éalibration procedure
with at leasﬁ orie different gas pair;  The system ;elected for this purpose
was the.ritrogen - hydrogen system, and the data?tQ be used were those
obtdined by Scott .and Coxu.v An account ofvthé caliﬁratioﬁ procedure is given
in thevsectipn entitled PROCEDURE while the results obtainéd therefrom are
given in RESULTS. |

v Finally, the diffusion coefficients of the proﬁosed systems obﬁained

experimentally are presented in RESULTS.



.- REVIEW OF LITERATURE

Quite a few‘review articleé on,binary gaseous diffuéion are available
in the current literature. The one writteﬁ by_Westénburg5 is fairly recent
énd comprehensiie. However, a good_deal of work has been déne after this date
by various workers.iaclﬁding Walkef and‘Westénburg theméelves. For the
purpose of the.preéent investigation the origiﬁal‘works'of.interest>were
all reviewed again. A bibliography is given in APPENDIX A. |

From this review, it appeared thét-Sulphur dioxide and.hydrogen chloride
would be a good choice for polar gases, as‘both of them have high dipole
moments, and as their molecular structureé do aot deviate very much from the
ideal apherical shapes. For ﬁaking.a nonpolar —_pélér combination with these
polar gases, it was thought that an inert gas woﬁld be the best selection, as
it would conform to thé ideal molecule assumed in the ordinary.kinetic
.theory of gases. It was fouﬁd in the pertinent iiteréture survey fhat no
work had yet been done on argon - sulphur dioxide, argon - hydrogen chloride,
~and Sﬁlphur dioxide .- hydrogen chloride systems. Consequéntly, these systems
were selected for the purpdse‘of the present investigation{

On the available methods for the meaéurement of the binary gaseous

diffusion coefficients, a review has been made by Paul and Srivastava6. The

so_qalled "Point soufce technique" of Walker'and Westenburg for the
measurement of the diffusion coefficients invbinary‘gaseous systems is
particularly spitable for high temperéture measurements with a high degree of
prgcision. However, the apparatus is highly complicéted, aﬁd-difficult to
duplicate with equal precision for wérk with corrosive gases., Diffusidn

L

through a porous solid as reported by Scott and Cox appeérs to be a simple
yet suitable method for fairly high temperature measurements. As far as the
precision in this method is concerned, the authors have showa in at least

one case 1.e. in the case of nitrogen - hydrogen system, that the data
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cbtained Dby this method agree reasonably well with those obtained by Schafer

and Moestal » Schafer, Corte and MoestaB, Jaqkmann9, Waldmannlo

, and Boardman
and Wildll, as weli as witﬁ those predicted by the Hirschfelder equation
using the'Lennard-Jones-potential function. |

- It was therefore decided ﬁhat for the purpose of the present investigation
the method 6f measufing diffusion through a porous solid in a flow system
shogld be used. This method has the advantage over conventional types,
like the Loschmidt Cell, in that it avoids the difficulties normally

associated with heating a gas to high temperatures, in particular convection

effects.



THEORY OF PREDICTIONS

Based on the early kinetic theory of gases, a number of equations were
formulated for the prediction of binary gaseous diffusion coefficients. A

13

critical review of this subject has been given by Reid and Sherwood ~. It
can be concluded from this review that the results from the semi-empirical
Arnold equation appear to be less erratic for non-ideal systems than those

calculated from other expressions. This equation is

0.00837-77/2 ( M +.M )/M M i
e A B AB__
Onp = /3 1/3\2 | (1)
P Vv, +V (T+8,.)
‘ b, " Yoy AB

where Dpp  is the binary gaseous diffusion coefficient

MA,MB are the moleculaf weights of the respective
components,
T _is the femperatufe,
P is the pressure
Vb ,Vb‘ are the molal volumes of the pure components
A B : .

at their normal boiling temperatures,

'SAB is the Sutherland constant for the gas

mixture estimated by
F \/s s_, or
AB AR’

l.h? F/TbA?bB in cases where S,r Sp

are not available,

S

1l

i

F an empirical factor varying with the ratio,

vy /V. -, as tabulated by Arnolad.
"bg’ By

The modern version of the kinetic theory of gases has led to the

development of the Hirschfelderl equatioﬁ which takes into account the forces
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of attraction and repulsion between the molecules undergoing encounter.

His equation for binary systems is

Dyp = 0.0026280  —em-momomomooooooooloo (2)
o QA
P Ups AB (T*_)
where C&B is the collision diameter or the distancev

parameter of a potential function,
Q(l l)-)(— .

AB(T is the collision integral that accounts
‘for the unlike molecular encounter; it.is
a functlon of TXB in the cases of nonpolar-
noppolar, and nonpolar - polar systems

while it is a function of TZB and a second

~

parameter LkB’ in the case of polar-polar systems.

¥
Typ = kT/ E‘AB
€AB is the depth of the potential well, or the

aneaygn parameter of a potentlal function.
This equation (.2) is perfectly sound and adaptable to any binary system,
i.e. it can be -applied equally well to nonpolar-nonpolar; nonpolar-polar: and polar-
polar systems, if a suitable potential fuanction be available. A number of
potential functions are, in fact, available in the literature, but only one of
them has been used extenéively to evaluate the_collisionbintegral and that

is the Lennard-Jones functionl

, which is descriptive only of nonpolar -
nonpolar systems.

This function considers only the short range repulsive force and the long
range dispersion force which, therefore, covers only the‘encounter between two

isolated ideal molecules i.e. molecules with spherical shapes, electrically

neutral (i.e. having no charge or dipole or multipole moments) and which
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undergo inelastic collisions.v The first force has been approximated by an
inverse 12th power of the distance of separation, while the second has been
found to be proportional.to the inverse'6th'power of this distance. This is

expressed in the Lennard—Jones-potential function as

f{”;“ - §j;4>» (31)
RS |

The collision integrals both fdr'like aqd unlike molecular encounters have
been calcuiated using this potential function. The parameters and for;
pure components céﬁ be obtained from Qiscosity data; as this phenomenon
depehds on iike molecular intéractions. The puré component parameters are

then combined by empirical rﬁles suggested by Hirschfelder, that is

€ =V G
| (%)

and QZAmtw;iB.
2

1

g
and used in £he Lennard-Jones potentiai function to permit prediction of

the behaviour of binary mixtures, and particularly the binary diffusion
coefficient, whiéh depends on only unlike molecular interactions.

The diffusion coefficients calculaﬁed using this technique agree

vfairly well with experiment for nonpolar - nonpolar systems as might be
expected.

In the case of nonpolar - polar systems, in addition to the above mentioned
two forces, a force of induction due to the interaction .between the dipole
mement of one molecule and the polarizabiliﬁy of the other, comes into effect.
This force waries as the invérse 6th povwer of the distance.of separation of
the point of dction of the dipole and that éf the polarié&bility. For this

" purpose, therefore, the Stockmayer potential function rather than the Lennard-
Jones has been suggested for ﬁse. The Stockmayer potential function for

nonpolar - polar systems takes the same form as the Lennard-Jones with an
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v gdditloﬁal,term to accouht for the primary induction effect, i.e.

- . o 1 p .
(x) = vt T T T ()
vTﬁls‘eX§fession.neglects»terms describing interactions between multipole
moments,"lt:bas:been shown by-Hirschfelder.thatvequatlon (?5) cam be
'written;lmtthe same-mathematical,fofm as the Lennard-Jones potential if it
isﬂassumed=tﬁetltheflhdoetiomtlnteraction ls_also from centre to centre
i.e. theldipole.is assumed.to;be a point'dipole situated at the centfe of the
'.polar molecule and similarly, the polarizability 51tuated at the centre of

the nonpolar molecule. That 1s,

T = \;"} LN (6)

np.-p ‘ »
where E/ = (AB {/ + Ezépﬂﬁs%
L MEgCigl 1
T ST AN KnpMp |
SRR R IR T

gfﬂhfoftunately, ekeeptefor»Water in systems with a nonpolar substance,

' f this potential functlon does not agree with the experimental results, g1v1ng _

1nvalues which are t0o hlgh by up to 30%.

In the cases of polar - polar systems, neglecting induction forces

' between.polarizability‘Of one-molecule and dipole or multipole moments of the
other, snd takingbinto account only the interaction.between two dipole moments,

the Stockmayer potential function assumes the form

_ QQr) - 'ﬁ EAB
PP |

A4 112 -
“u-% ;_m%
roT r3 )
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The last term i.e. the dipole-dipole inteéraction depends, apart from the
distance of separation of the points of action of the dipoles, upon the
orientations of the dipole moments‘of the molecules, 1.e. it is an angle
dependent force. On the assumption of centre to centre interaction.i.e. the
dipoles being assumed to be situated at the centres of the respective

2

molecules, Monchick and Mason“ have expressed the function in the form of

Lennard-Jones potential function but with three terms and three parameters,

i.e.

(:8)

They have also calculated the collision integrals averaging over all
orientations, and have applied their results to the viscosity data of some
polar gases. However, this approach has not yet'been tested for diffusion,

as self-diffusion data of polar gases are not available: Further, in order
to apply this function to binary systems, some combining rules for 6, s
CYAB’ and Uyn are necessary.

The parameter (5 introduced by Monchick and Mason for a pure component

can be related to those used in the Stockmayer potential function by combining

equation ( 7) for a single component with equation (8) to give
' 3 X 2 »
»€EG 0 = 2M (9)

Assuming that Monchick and Mason's approach is valid for binary systems, the

relationship between the binary parameters is

| 3 |
v €p Oy O = 2 My My . (10)
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/
{

"AB

" - valid, then L%B ‘can be calculated from equation (10). However, no

If Hirschfelder's combining rules for QAB and are assumed to be still

experimental data are available to test the validity of the combining rules.

?If:values of the parameter C>are available for the pure components, i£ can
vbé;prdven that i%B can be satisfactorily obtained from either the geometric
éf the arithmeticAmean of these pure component values. This proof is given
in Appendix E.

Both Hirschfelder's approach for nonpolar - pblar systems, and Monchick
" and Mason's for polar - polar systems, suffer from limitations.

In the case of nonpolar - polar systems, in addition to the interaction
between the point dipolé of the polar.molecule and the point learizability
‘of fhe nonpolar molecule,; there might be (l) force contributions due - -to
ihteractions betweenvthe perﬁanent roint dipole of the polar ﬁolecule and
quadrﬁpole or multipole moments of.fhe nonpolar molecule - if it happens to
have one, (2) contributions due to the point-action assumption, that is, due
to deviations (a) between the ideal point ‘dipole and the real case for most
polar molecules in which the effect spreads over the molecule (v) between the
‘ideal point polarizability and the one non-uniformly distributed within‘the
vnonpolar molecule, and (g)_caused by the non-coincidence of the cenfre of
eigctric'field with the centre of the polar molecule (in which case the
diétance df separation of the polar moiecule from the nonpolar one at the
‘point at which the potential function reduces to zero, i.e. as it appears in
thévLennard—Jones potential, is not the same as the distance for induction
interaction,).and (3) contributions due to chemical force (i.e. of the type
of hydrogeﬁ bonding, or whaﬁever causes association or cluster‘formation
betﬁeén.ﬁblecules). |

The first one represents angle depéndent interactions, proportional to
"the -inverse Lth andeth powers of the distance of separation of the ;entres

of electric fields in the‘two molecules, and their total effect may not be a
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~negligible quantity in all cases. However, there is no way, at least at
this stage, to estimate this contribution to the potential function, because,
first of all, the quadrupqles and higher multipole moments are not available
and secondly, the collision integrals for this angle dependent function have
not yet been evaluated.

It does not .seem feasible at this stage to e;timate by theoretical means
“the gontributions mentioned under (2). Attempts havevbeen made to calculate
-their effects on the Stockmayer potential parameters € and (%B -in the

AB

céses}of.organic polar molecules interacting with nonpolar molecules by
Blénks and Préusnitzeg,»using the concept of homomorphs. Obviously, this
approach is unténable in the cases of inorganic molecules as there exists no
hémomorph f9r~fhem.

Finally, the estimation of the contribution .due to chamical force,
mentioned in (3), is beyond the present scope of the kinetié theory of gases
and no clue is available as yet as to how itlcan be evaluated theoretically.

In the cases of polar - polar systems, apart from the point dipole - point
dipole interaction which has been taken care of invthe Monchick and Mason
potential, there might be (1) contribution due to induction interaction
_betﬁeen the poinf dipole of one and the ideal bolarizability of the ofher,

(2) contribution due to . interaction .between point dipole of one and
quadrupole or higher moments of the cher, (3) contributions due to deviations
from ideal point‘dipole, central dipole, and fromvideal polarizability, and
(h) contribution due to chemical forces as mentioned in the case of nonpolar -
polaf systems.

The first and the second contributions are complicated by the factors
discﬁssed in the case of nonpolar - polar systems, whereas the third and the
fourth contriﬁutions suffervfrom the same disadvantages of evaluation as

mentioned above.
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APPAEATUS

The principles on which the apparatus was designedﬁamé been explained by
Scott and.Coxu. They have also given a sketch of the apparatus.

The primary objective was fo attain counter current ordinary diffusion
taking place.through the pores of a properly selected solid, and then to
analyse the outgoing streams in.order fo calculate the diffusion coefficients
of the systems under investigation.

The solid selected for the purpose was a plug of Pyrex fritted glass
¢ylindrical in shape, approximately 1 cﬁ. in length and 1 cm. diameter, and

‘having a mean pore diameter of 4 to"5 microns (Corning'"fine" grade). The
radius, therefore, was at least teﬁ fold greater than the mean frée path of
most gases and guaranteed predominantly ordinary diffusion.\ This plug was
fused in the middle of.a pyrex glass tube 20 cms. in length and 1.25 ems. in
diameter. On each side of the porous solid the glass tube was provided with
anvinlet and an outlet for the gas streams. The two Sides of fhe_porous solid
were also connected to a draft gauge in order to detect any inbalance of
pressure. A sketch of this diffusion cell is given in Figure 1.

For the purpose of metering the inlet gases, tvo flowmeters - one Matheson
rotameter. type and. the other a'capillary'type - Were inserted, one on each
stream. The capiliary flowmeter was constructed with three parallelvgapillary
tubes to give a wide range of flow rates of gases. and 3 totameter tubes were used

For the analyses of the outgoing streams of gases, a number of methods were
tried to suit the specific systems. For nitrogen - carbon.dioxide, nitrogen -
hydrogen and argon - sulphur dioxide systems, thermal conductivity cells were
used to.analyse both the streams. For the argon - sulphurvdioxide system, in
"glgo. > .. a combination of thermal conductivity and chemical aﬁalysis was used,
the former for analysis of argon in a stream of suiphur dioxide, and the latter

~for analysis of sulphur dioxide in a stream of argon. The combination method
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was also used for the argon - hydrogen chloride syétem, whereas methods of
~chemical analysis were used for the sulphur dioxide - hydrogen chloride system.
‘The_fhermal.conductivity cells used for these.pgrposes were Gow Mac Model NIS
Diffusion Type; The T.C. Cells were thermostafed in order to eliminate the
effe;t of temperature variation during the day, or from day to day.
| The gases émpldyed were obtained-in'cylinderé, and after being dried over
anhydrousAcéléium sulphaﬁe, were ﬁsed without further purification, except for
: hydrogen-which was passed through a De-0xo Convertervprior to drying. The
specifications for each gas are given below as guaranteed by the suppliers:
Nitrogen‘f 99.99% purity, Canadian Liquid Air.
Hydrogen - 99.94%% "  Canadian Liquid Air
Carbbn'dioxide-- 99.5% purity, Liquid Carbonic Co.
Argon - 99.99% purity, Linde Co.
Sulphur dioxide - 99;92% Canadian Industries Ltd.
Hydrogen chloride - 99.0%.pufity, Matheson Co.Inc.

The temperature variation .in the forcedvcirculation hot air oven in which
the diffusion cell was placed was + 1°C at 250°C.

Fdr the ineft gases, copper tubing was used for all lines except in the
diffusion cell itself. For corrosive gases, all-glassvequipment_was employed.
with the.exception df'brass_throttling valves and flow cqntroiler, and a few
rubber.sleeves.

Diffusion cell temperatures were measured by means of an iron-constantan
thermocouple bead in contact with the outer glass surface of the diffusion cell.

A sketch of the lay-out of the apparatus is given in Figure 2 and the
modifications made in using the cdmbination method for analyses is shown in

Figure 3.
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THEORY OF MEASUREMENT

A. Counter diffusion in a Flow System

Under the conditions of the experimeﬁt, a pure gas, A, 1s flowing through
one compartmeht of the diffusion cell, while another pure gas, B, is flowing
through the other, thus allowing counter current ordinarylAiffusién to take
place through the pores of the glass plug separating the two compartments.
Under these conditions of steady continuous flow of gases with.steady_states
of temperature, pressure, and concehtration at any point in the apparatus, the

ordinary diffusion equation is given for {ired coordinatcs; and perfect gases as

dCA

dz
where NA’ NB are the total transfer of gases, A, and B, into streams

of B and A, respectively, moles/sec.

DaB ‘is the diffusion coefficient of gas, A into gas, B, cmg/sec.

s is the area for diffu.sion, enl

.z is the length of the diffusion path, cm.

CA " is the céncentration of gas, A, in the bulk of gas, B? aoles/cmB

Py is the partial pressure of gas, A, in the bulk'of gas, B,; &im.
and P is the total pressure. agtm.

On integration it gives the Sherwood and Pigford equation:

Ng
1o (1 - =F) ya,
| DpgP S N,
Ny = — 1n (12)
A N N
RTz(1 - B 1-(1 - B) (1-vyg)
N N 1

A A
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'whéré: yAé_brépresents'ﬁhe mole fraction of A in

" compartment’ - 2 i.e:. in the outgoing stream
of gas,’3,>,

" and .YB' ‘representé'the mole fraction of B in the

1
outgoingbstream of gas, A.

The ratio, NB/NA’ can be calculated if the total pressure is constant
frbm the'relationship'with the sguare-root of the inverse ratio of their
"moleculaerQights as shown_by‘Scott'and Dullien (12), i.e.

N

B - [T '
2 -z (13)

A
where:MA; MBfére‘the moléecular weights of A and B respectively. However, if
an experimenpal measﬁrement of yAé and yB1 : is made, then it becomes possible
to calculate the exact value of NB/NA simply by means of a material balance

around the diffusion cell. - Equation (12) is independent of variations in total

pressure because the product DAB

P does not vary with pressure. Therefore, an
‘experimental determination.of the ratio Ng/N, means that the value of the

diffusion coefficient'calculated'fromgequation.(Lﬁ_is_independent of ekperimental

errors in maintaining constant pressure . .across the diffusion cell.

B. Material Balance around the Diffusion Cell
 Referring to Figure 1, let
“;Ai'be_the?flowrate'Qf‘A’in:ccs/min, entering,compartment 1,

2lbefthé-fl,owréte'of B in ccs/min. entering compartment 2,

.Ai béAthe flowraté of stream-rich in A leaving the cell,

'Bé7be”thé'flowrate of stream rich in B.leaving the cell,
be the mole fraction of A in the stream Bé, and

_yAgn
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yB be the mole fraction of B in the stream Ai .
1 .

Then by an over all materisdl balance, assuming constant temperature and

pressure,. ' _ .

A -4 = B, — B ' (14)
by the balance of component A,

M- MO - ) = By, (1)
and by the balance of component b,

B, - Bé(l — yA2) = Al VB, .(16)

Therefore the total volume of component A entering into compartment 2 is

VA — 32 yA2

: BQYAQ o (Al‘ + B2) yAgyBl

_ (17)
1 -y -
A, "By
and the total volume of component B entering intc compartment 1 is
5= A
: 1
Ay
1B _— .
_ 1 (1 * Ba) yp¥p, (18)
1

TV TR
Since these two gases are under identical conditions of ‘temperature and

pressure within the diffusion cell, VB/VA will be equal to.NB/NA assuming that

the gases behave ideally. However, V, and Vg as expressed by equations (L7) and

(18, are under the conditions of room temperaturé and pressure rather than those
at which the diffusion takes place. This does not alter the value of the ratio

of NB/NA’ nevertheless it changes the absolute values of both NA and NB.

Thus, 1
VAPR VA P

No = Rl;, = RT (29)
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where VA is the new value of VA measured at the conditions of temperature, T,
and pfeSsure, P; at which the diffusion actually takes place.

. Therefore, from equation 09) and equation C£9

P._T
NS

NART =

| DygP 8 ] PRGN AUV
z(1 - Yé/vA)

'i"'<1-vB/vA)<1-yBi>

-On substitution of equations-(7) and (8) and on subsequent simplification,

_this equation gives theffollqwing:

Va, T MYy Pa, (20)

D,n =/3
AB / 1n
, L-yp -V% Ay
A, B, o 1VB,

i.e. a function of the geometry of the diffusion cell.
Therefore, the diffusion cell factoiy X}, can be determinéd by making a
-diffusion study of a gas system whose diffusion coefficients are known fairly

accurately, and calculéting from equation (20) using observed values of yA2
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PROCEDURE

The experimental procedure consisted of four phases:
(8) calibration of flowmeters for the gases to be used,
'(b) calibration of eqﬁipment for the analysis of the outgoing
gases from the diffusion ceéll,
(¢) calibration of the diffusion cell,

() diffusion measurements of the selected systems.

CALIBRATION OF FLOWMETERS:

The fkéwmeters, both Matheson rotameter and capillary types, were calibrated
for insoluble gases ife. nitrogen, carbon dioxide, hydrogen, and argon - against
a wet test meter for lérge flow rates and against soép bubble flowmeters for
small flow rates, i.e., for flow rates less than about 200ccs/min.. For
hydrogen chloride and sulphur dioxide, the flowmeters were calibrated against
soap bubble flowmeters for both high and low flow rates. For this purpose, an
extra large soap bubble flowmeter with a capacity of 250cc measured at 20°C was
constructed.

The calibrations were expressed in terms of fluid properties and the
flowmeter characteristics, so that any effect due to changes of temperature
and pressure on the flow rates could easily be taken into account.

The derivation of the groups for calibration is given in APPENDIX B.

CALIBRATION OF THERMAL CONDUCTIVITY CELLS:

One of the thermal conductivity cells was calibrated for small percentages of gas,
B, in a mixture with gas, A, while the other for small percentages of gas, A,
in a mixture with.gas, B.

For the first, 200 cc/min. of gas A was led through the reference side of
the thermal conductivity cell, and 100 cc/min. of the same gas led through the

sample side, in order to set the zero in the potentiometer connected to the



2h.

circuit. Then 100 cc/min.‘of a known mixture of a small percentage of gas B
iﬁ A was_led‘through the sample side of the same thermal conductivity cell
instead of the_lOOcc/min. of pure gas used;for setting the zero. The
cdrresponding millivol€ changes were noted with the potentiometer, and plotted
against peféentages of B,

vIThelsegOnd,thermal conductivity cell Vas calibrated also using the same

-technidue, but interchanging the gases.

CALIBRATION OF -DIFFUSION CELL: "~

The -diffusion cell was calibrated by making diffusion runs through the

apparatus using the system nitrogen - carbon dioxide. Nitrogen metered in a
in a Matheson roﬁametér,éntered bhe combartment of the diffusion cell at a
rate of 100 cc/mih. while carboh aibxide metered in a cagpillary flowmeter
entered the otheriat about the same rate. _Both the gases and the diffusion
cell wéré maintained.at a constént tempefature by ?lacing the apparatus inside
“an accurately temperafureicontrélled heated oven. The flow of the gases Was
soiadjusted that the pressufe difference between the two compartments of the
diffusion cell was practically zero,'with,fluctuatiOns of less than 2/lOOth
of“an inch of the draft gauge.oil (sfegic gravity 1.0). The two streams leaving
the diffusion Qell were analyséd by the two thermal conductivity cells previously
calibratéd.forithe_pﬁrpésE- Thesé déta gave an effective diffusion coefficient
of the systém at the particﬁiar temperaturé. Thisbeffective diffusion
,cbeffiéienﬁ, together with the known true diffusion coefficent of the system
at.thé same temperature, enabled the calculation of the characteristic
difquion cell cﬁlibration factor,/i}, which is the ratio of the true
diffusivity to the effectiye diffusivity.‘

"'The'calibratioh‘brocedure was carried out at (l) room temperature, (2)
70°C, (3) 120°C, (4) 2009C, and (5) 2500C. The effective diffusion coefficients

obtainedvare‘plotfed against tempefature in Figure k4. The calculated
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l;characteristic_factor,‘/3,<of;the diffusion cell are also plotted against

v:”"f;‘itemperaturefas shown .in Figure 5.

- Thefprooedure was-repeated‘at room temperature using the nitrogen - hydrogen
Vsystém as-well,fin-order:to check‘the’constancy of the calibration factor with
respect to.differentvsystems. 'This_result'at room temperature is also shown in

Figure 5.

MEASUREMENT OF DIFFUSION COEFFICIENTS OF THE SELECTED SYSTEMS:

Argon - Sulphur'dioxide.system:_ The same technique was employed for the

- diffusion runs as that used for.the'diffusion oell calibration, as well as

:the same method of analys1s uslng the thermal conduct1v1ty cells for the
diffused. streamsA The measurements mere made at 5 dlfferent temperatures,

'-room”temperature,m709, lon 200°, and 250°C. The dlffu51on coefficients were

. calculated uslng the known ralues of the diffusion cell callbratlon factors.

‘:-heror;thelpurpose offchecklng-the results, the diffusion rates were measured

ionoe'again using this time'the,chemical method of analysis for sulphur dioxide

'1n the argon stream and a combined chemical and T.C. cell method for argon in

’:the sulphur dloxide stream The chemical analysis for sulphur'dioxide consisted'

of takllg a’ known volume of the gas mlxture, dlssolv1ng it in l/lOO Normal
hlodlne standard.solutlon,'and obtalnlng the amount of sulphur dioxide by . back

o titratlonfwithvl/loo Normal sodium thiosulphate standard solution. Combined

\w1th a” knowledge of total volume of Sample, the concentration of sulphur dioxide

'was~caloulated5 The comblned chemlcal and T.C. cell method consisted of

.absorbing'the'bulk of the sulphur dioxide by passing it orer a 10% solution,of

'sodlum hydrox1de contalned in .= 250 ce flask agitated by a magnetlc stirrer.

In. the flask the small resldue, pr1nc1pally argon, was diluted by nltrogen

:flow1ng at . the rate of 50 cc/mln fThe mlxture of argon and nltrogen was led
through a. tower contalnlng a- 50 50 mixture of Ascarite and Drlerlte, and then

analysed in a T.C,'cell previously:callbrated for this purpose at a flow rate

[
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of 50 cc/min.’offbothvreferénce.and sample gases.

Argon - Hydrogen chlofide»syétem:' Usingifﬁe_séme technique as before for

+diffusion runs; buﬁ‘only.the éhemical and combined chemical - T.C. cell method
Qf analysis,‘the,s§steﬁ, argon F>hydfogen chlofidé; was studied also at the
‘same-S.températures asvargoh:— éulpﬂurldiogide. In'this.casé, the chemical
method‘of”analySis»céhsistéa pf_dissolving the'hydrogen chloride contained in
‘a_knowﬁ Volumé'éf tﬁetgrgoﬁ;riéh gés51eéving the aiffusion cell in 50 ¢c of
distilled wafér, ahd:estimating the chloride ion by the Mohr method using
.l]iOO Normal,silver nitrate.standard solution. The combined chemical -'T.C.

cell_method was exactly the same as before.

éulphur.dioxide -'Hydrogen chloride. system: | This system was studied by using
' chehiéal analysis for both stréams leaving the diffusion cell. For analysis of
suiéhuf.dioxide in the HCl-riéh stream, a known Vélume of the gas'sample was
'7 di§éolVéd in a known amount of 1/100 Normeliiodine standerd solutioﬁ; and back
- :tit_x_jnat":e.d with 17100 Normal sodiun thiosulphate standard solution. For the
' analysis'of hydfdgen éhloride.in the Sbéfrich‘stream, the known volume of the
gas samﬁle was: dlssolved in 50 Je of-dlstllled water, and the sulphur dioxide
was b01led off for half an hour,‘addlng distilled water slowly in order to
malﬁtaln the same consfant volume'of»SO-cq;. ‘After all sulphur dlox1de‘had
been expelled, the solution was cool§d and titrated against 1/100 Normal silver
nitrate solution. ThisvtechniQﬁe,‘prior to'ité use, was tésted with a known
amountlof hydroéen chloride. Mdhr‘é method was folloWed in the silver nitrate
titration and a blank test was‘élwaYS,made-
‘The diffusioh rates weré’ﬁéasnred for this'sysfem at the same 5 temperat-

ures used for other systems.
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RESULTS

. NITROGEN- - CARBON DIOCXIDE SYSTEM.

’fiFrom'the measured flow rates and concentrations of the inlet and outlet
streems,_the effective diffusion coefficients, DE, for this system were
calculatedAusing equation (20), and are given in column 3 of Table 1.

' Column,l represeﬁts the temperatures, expressed in ©K, at which the

diffusion studies were made, while column 2 gives the ratio of the volume
efvcarbon‘dioxide'to the volume of nitrogen_diffused at the corresponding
;4£eﬁﬁeratﬁres

| Flgure h represents a plot of Log DE Vs Log T as well as Log DT vs Iog T.
C:Each p01nt on the plot of Log Dp Vs Log T represents an average of at least
two runs. Individual.rgns differed'from,one another by not more than 2.4%.
The best curve obtained from these data by the method of least squares is a
straight§linebwi£h a sldpesl.GEE. The sfandard deviation is 0.89% and the

maximum deviation is 3.02%.
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TABLE 1

EFFECTIVE DIFFUSION COEFFICIENTS
OF
NITROGEN - CARBON DIOXIDE SYSTEM

Temperatures Ratio, v /v (1) " Effective diffusion
' ' c N Coefficients, cme/sec.
op Dg
. 096.5 . 0.5997 | 0.0090
0.7000
301.0 0.4304 0.0092
343.3 0.4354 0.0110
: 0.5995
393.0 0.4345 0.0142
| 0.5692
- L71.6 -0.5907 0.0183
co - 0.6707 :
. 525.0 . . 0.5828 | 0.0230
S . Q.62274 ' ‘

(1) Constant pressure value VC/VN = 0.789
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NITROGEN - HYDROGEN 'SYSTEM

The fesﬁlts obtained from the:study of this system calculated as in
nitrogen - carbon dioxide system; are given in Table 2 where the columns have
the same significance as those of Teble 1. In this case, the value given

represents.an average of two runs differdng by 0.75%.

. TABLE 2

EFFECTIVE'DIFFUSION'COEFFICIENT

OF
NITROGEN - HYDROGEN SYSTEM

. Temperature Ratio, VN/VH (1) ' Effective diffusion
_ . ‘ " Coefficient, cm?/sec.
oK o DE .
298.2 © 1.95 0.0412
1.91

(l) Constant pressure values, VN/VH , 0.267
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DIFFUSION CELL CALIBRATION FACTORS

The aiffﬁsion cell calibratioh factor,/[}, calculated for the nitrogen -
,carbon.diQXide system using the value of true diffusivity obtained from an
S ' 1h

gequétioh representing the experimental data observed by Waikef and Westenburg

withih'l;E%;'is expreésed as a function of temperature in Tsble 3, and is

':}jﬂjbldtﬁédfinAEiggré'5.'fThe}latfer a4lso shows )C}calcuiated~from the nitrogen -

Vvhydrégen éystem results at room temperature, and identified by a cross

“within a-circle. .



TABLE 3

,DIFFUSION CELL CALIBRATION FACTORS

Temperatures

°g

2966
343.3
1397.0
u71.d

1522.0

Diffusion cell calibration
fac@prs

J5
19.1506
19. 7644
20.3077
20. 8707

- 21.1596

32.
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ARGON ~ SULPHUR DIOXIDE SYSTEM

The results obtained from the study of the argon - sulphur dioxide
system as calculated using equation (20); and the diffusion cell calibration
factor, ‘LB, from Figure -5, are given in Table 4, and shown in Figure 6. Each
point again represents an average of at least two runs differing by a maximum
of 5.6% (only in one case). The best curve drawn through these points
by the method of least squares is a straight line with a slope, 1.988,  The

‘standard deviation is 1.01% and the maximum deviation is 5.362%.
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TABLE U
' DIFFUSION COEFFICIENTS

OoF
ARGON - SULPHUR DIOXIDE SYSTEM

Temperatures Ratio Diffusion cbefficients, cm2/sec..
o VA/VS(l) Experimental  Arnold  Hirschfelder
{Ave. >  (Egn.1l’ ) (polar-nonpolar)

522.0 1.00k4 0.2556 * 0.3445 - 0.3176
0.919

-343.0 1.240 0.1120 * - 0.1568 0.1461
1.226 ' ,

298.8 ' 1.304 0.0807 * 0.1194 0.1122
1.093 -

296.6 1.283  0.0828 * 0.1192 0.1111
1.161 : o

294.0 6.019  0.0855 0.1162 0.1086
4.888 |

345.0 6.338 0.1087 0.1585 0.1487
4.650

397.0 6.468 0.1482 - 0.2072 0.1925
4.385 A _

433.9 .3.365 0.1734 0.2449 0.2270
3.357
2.956

471.0 %.518 0.2089 0.2852 0.2631
L.ok1

501.5 8.841 0.2515 0.3439  0.3170
6.579

* Indicates that the results were obtained by the combined chemical-T.C. cell
method of analysis.

\

(1) Constant pressure value VA/VS = 1.268 (Eqns 13)
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'~ ARGON - HYDROGEN CHLORIDE SYSTEM

The resuits obtained .from this system, following the same procedure of
calculation as for argon - sulphur dioxide, are presented in Table 5, and
shqwn in Figure 7. Each point in this case is an average of at least two
runs.differing by not.mére than 2.7%. The best cur&e drawn through these
" points by the‘methdd of least squares is a straight line with a slope 2.424.

_Thé_stahdard deviation is 1.265% and the maximum deviation .is U4.713%.
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TABLE 5

DIFFUSION COEFFICIENTS

OF
ARGON - HYDROGEN CHLORIDE SYSTEM

Temperatures Ratio Diffusion coefficients, cm2/sec.
VH/VA(l) Experimental Arnold Hirschfelder

ok Gt (Eq.1") (polar-nonpolar)
. Ave. v .

297.0 1.057 0.0976 0.1589 0.1551
1.098 _ , .

343.8 1.57h 0.1506 0.2106 0.2053

' 1.481 .
393.0 1.654 0.2013 0.2711 0.2640
' 1.690 '

475.0 1.710 0.3055 0.3851- - 0.3733
1.589 :

523.0 ©1.815 0.3998 0.4588  0.4hsk
2.016

(1)  Constant pressure value, VH/VA = 1.046  {Eguaviom L3)
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"SULPHUR DIOXIDE - HYDROGEN CHLORIDE SYSTEM

The results from this system are given.in Table 6 and shown in Figure 8.
Each point represents an average of at least two runs differing by not more
than M72S%. The best curve drawn through these points by the method of least

squares is a straight line with a slope, 2.22. The standard deviation .is

O-707%lénd the maximum deviation is 4.456%.
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TABLE 6

DIFFUSION COEFFICIENTS
OF
SULPHUR DIOXIDE - HYDROGEN CHLORIDE SYSTEM

Temperatures Ratio - Diffusion coefficients, cm2/sec.
o Vy/ Vg (1) Experimental Arnold Mason etc.

K e (Eq.11) (polar-polar)

296.5 1.822 0.0867 0.0882 0.0910
1.396
343.0 1.032 0.1240 * 0.1188 0.1225
1.021 ‘
393.0 1.678 0.1641 0.1561 0.1603
J1.h472 : | ‘
Lh72.5 1.620 0.2490 - 0.2242 0.2301
L 1.34k0 :
523.0 1.660 0,2965 * 0.2727 0.2793
1.470
525.2 1.552 0.3250 0.2750 0.2815
1.518

* Indicates thatvthé results‘were_obtéined by analyzing HC1 in SO,-rich
stream by solution of a gas sample, followed by evaporation of all the
80, before titration with AgNO3 standard solutipn.' In all othér cases
the S0o was'oxidized by sodium peroxide,, . B r-"' '»” S

Cl).rConstant.pressurerratio'VH/Vgéil-325 (Eqn. "13)
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DISCUSSION

In summarizing the whole investigation, it may be mentioned that one major
disadvantage of this method is that it requires large amountsof gases. One way
of economizing the gas requirement would be to let one stream of gas act at
first as reference in the T.C. cell, apd léter as inlet to the diffusion cell.
The difficulty with this technique 1is that the T.C. cell reference side would
always remain under pressure, which increases with increase of the temperature
of the diffusion cell, whereas the sample side of the T.C. cell would always
remain under atmospheric conditions. Whether this increasing pressure on the
referencé side of the T.C. cell would alter the calibration made under atmospheric
éonditions would need to be checked. On investigation, it was found that the
T.C. cell calibration was indeed altered significantiy, and that this alteration
was not linear. Therefore, this method of gas economy could not be readily
iapplied, and no other way to achieve gas économy appeared to be feasible. The
flow measuring devices could have been operated under a constant positive pressure
by using a suitable throttling valve, as was done by Coxu, but the sensitivity
of the thermal conductivity cell to slight changes in absolute pressure made this
technique a difficult one in practice.

The increase in the diffusion cell calibration factors with temperature
cannot be explained at the present time. Considerations of thermal expansion
~would lead one to expect a slight (1ess than one percent) decrease in the value
of the calibration factor. 'On these grounds, Cox used the value measured at room
temperature as a constant applying at all temperatures, at least up to 3000¢.
Further investigation of the flow and diffusive behaviour of porous solids as a
function of temperature seems to be advisable_in light of the results obtained in

this work.
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_piugﬁincreasedu
_An estimation of probable error involved in this technique showed that in

a typieal-diffusion run for the No-COp system the maximum possible error was

1_1&.13%. However, a large contribution to this error was due to the subtraction
of logarithmic terms required in equation (20), aﬁounting to :.7.093%. A similar
examination’ of No-Hp syetem showed the maximum possible error to be + 8.72%

out of which + 3.28% was theﬂcontribution:due to the loggrithmic terms. It

was observed that the contribution to the error due to these terms depended

on their magnitude. As long as this loggrithmic tenn‘was'away‘from unity -
either greater or less than unity - the magnitude o%:error was reduced. Fortunately
this source of errdr can be controlled. Depeﬁding on the molecular weighte of
the‘gases,'MA'being greater than Mg, yBl is greater than YAQ under equal

pressure conditions, and vice-versa. Therefore; by adjusting tpe flow rates
Albahd B2 properly, the logarithm of the ratio in equation (20) can be main-
tained at values either sufficiently greater than unity or sufficiently less

than unity, so that the maximum_possible‘error'is minimized.

The reeults obtained from the study pf the argon - sulphur dioxide system
"showed.that.the slope of the line obtained by a log-log plot of diffusion
coefficients vs. temperature, was somewhat greater than that predicted by the
‘use of the Stockmayer potential function and Hirschfelder's technique for
getting the ﬁarameters. However, the maghitude of the diffusion coefficient
was ebout 25.3% less at room texmperature and,E0.0% less at 250°C than the
Hirschfelder's prediction and 29.8% less at room tempereture and 26.3% less at
250¢C than the prediction by Arnold’': eguation. An attempt to force the
experiﬁental data to conform to the Lennardeones_potential function gave the
values of the parameters, obtained by a graphical superposition method, (see

Appéndix D)as follows:

Ca-50 _ 363.0%  ama A-50, = 3.809 &
K



4s,

These values now correspond to the 6, and 0’ defined b)} equation (6), and can

be compared to results calculated from pure component values as outlined by
Hirschfelder et al.l On this basis, the energy parameter appeared to be closer
to that of 502 (using the pure component values from Viécosity data listed by
Hirschfelder et al l) than of argon, and to be much greater than the calculated
value. The collision diameter found here, 3.809, was also greater than the
calculated value.

The results of the argon—hydrogeﬁ chloride System showed a somewhat similar
trend to those of the argon-sulfur dioxide system, in that the magnitudes .of the
diffusion coefficienfs were sbout ,29.2% less at room temperature, and 12.1%
less at about 250°C, than those predicted by equation (2), and 30.9% less at room
temperature, and 14.7% less at 250°C than the prediction from the Arnold equation.
The slope of the line from the log-log plot of diffusion coefficient vs. temperature
was much higher than any of the predi;ted values. This system could not be
reﬁresented by a potential function of the form of eduation (6), inasmuch as
collision integrals for thefsmall values of T* arebnot available in the literature.

Monchick and Mason2 have given values of the parameters € and ¢ for both

HC1 and SO2 ,‘calculated for the pure components from viscosity data, and

applying the collision integrals for their potential model. These pure component
parameters were combined using the customary combihing rules to give binary
parameters‘for use in the prediction of diffusion coefficients from equation (2),
uéing Monchick and Méson's integrals. The results for the S50,-HCl system
showed that the magnitudes of the diffusion coefficients at room temperature
and at 250°C were 3.3% less and 11.1% greater, respectively, than the prediétion
by the Monchick and Mason model, and 0.3% less and 13.8% more, then the
prediction by the Arnold equatioé;

For the case of‘nonpolar-polar systems, qualitative reasons for their observed
behaviour may be put forward. The possible forces of interaction are (l) short

range repulsive forces (2) long range dispersion forCes (3) dipole forces
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7L(h)':non-idéal and non-central dipoie contribution
'<5) éhemical fOroecontriﬁution.

- The first two have been‘taken care of in the Lennard-Jones potential
function. The third one has been introduced into Stockmeyer potential,
whereés the fourth and fifth are left unaccounted for. In the case of A-SOE,
an examination of the molecular model of S0, shows that its dipole-point 1is
neither a point dipéle nor is it situated on the centre of the mass. Whether
or not_SOg has. the 5th contribution is not known with certainty. However, the
éffect of all the;e forces that are not accounted for in the Stockmeyer
potehtial, on tﬁe A-302 system appears, from experimental evidence, to be such
as to increase the energy parameter 6?12 considerably while decreasing thg
céllision diameter parameter,. (ji2 .

In the case of A-HCl, apart from the above mentioned force contribution,
there ﬁightvbe a contribution due to‘the specific nature of the HC1l molecule.
Experimenfal dipdle moment determinations have shown that its molecular model
is somewhere in-between a neutral fqrmAwith the H-atom attached to the Cl-atom
by a Co-valent bond, and a moleéuléi'form having the negatiVe charge distributed
within, a. dithe positivedchargé=duéhmoﬂtheLseparati0n of :a.H-nucleus:after the
HhatomfhasbgiVénﬁoffiitSuélectrdhaﬁottheaCl#atomgﬂflbatingionlthe~Surface of the
Cl-atom. .These chérges'df the HCl-molecule while interacting with the Argon
molecule may give rise to force contributions proportional to the inverse of
the lsf, 2nd and 3rd power of the distance of separation of electric fields.

" This éont}ibution,is in no way a negligibl® quantity.
: "-Einagily,_ in the case’of “thé"S‘OQ'EHC'i“%ystem,'; the possible forces, &dpart from
 ﬁhe“Lennafd-Jones potential forces, are:
' '.(l) ‘point dipole - point dipole interaction
(2) ﬁoint dipole - induction interaction

(3) point dipole -'multipole»interactiqn
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(h)' éontribﬁtion from non point dipole, noncentral dipole, non ideal
polarizability ete.

(5). chemical forces‘contribution

(6) contribution arising from the special moleéular'model of HC1.

. Monchick and Mason's potential function onl& takes care of contributionS$due

tq (l).-vAll the ‘other contributions ére unaccounted for.-in their potential.
FHOWever, the prediction'of diffusion coefficients by the Monchick and

Méson‘potential ﬁsing assumed combining rules for the parameters{ are within.

ll%‘of the gxpgrimental daté within the range of temperature up‘to 250°cC.

Therefdre,.this'potentiai functién as'iﬁtegrated-b& them represents the best

‘presently available means of predicting diffusion coeffiéients in polar - polar

‘systems.
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CONCIUSIONS AND RECOMMENDATIONS:

In conclusion it may be mentioned that (1) Monchick and Mason (12-6-3)
'potential function appears to be promising for the prediction of diffusion
coefficients of binary polar systems, althoﬁgh it seems to have some
theoretical shortcomings as well; (2) Hirschfelder's approach with the
Stockmayer potential function does not seem to describe adequately the inter-
action between nonpolaf and polar molecules as evident from the experimental
measurements of diffusion coefficients of such systems; and (3) results
presented here, and by others, indicate that no suitable potential function
exists for nonpolar - polar systems. Apparently, the dynamics of collisions
between nonpolér and polar molecules are not yet adequately understood..

For the purpose of quaiitatively explaining the ;bove results, it is
recommended that (a) similar expefiments be carried out with the other members
of the family of tﬁe halogen acids in combination with argon or any other inert
gas.

If the reason for this peculiar behaviour lies in the chemical force
contribution, then the above experiments would show some trend in the results.
If, however, the reason lies in the noncentral placing of the dipole moments
and not in the chemical force contribution, the results of the above experiments»
should agree with those of the A - HCl system.

For the purpose of further testing Hirschfelder's approach using the
Stockmayer potential for nonpolar - polar systems, it may be further recommended
that, (b) similar eiperiments be performed with polar molecules so chosen that
their dipole moments are buried within and not on the surface of tﬁe molecules;

for example, with HES'

Further work on the behaviour of diffusional and flow processes in porous
solids as functions of temperature are indicated by the apparently anomalous

results obtained here for the calibration factor.
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TABLE OF NOMENCLATUREZ

““a;NAjNBi‘ ‘are the total transfer of ‘gases, A, and B, into

streams of B and A, respectively,
E DAB”- " is the diffusion coefficient of gas, A,. into gas,B,
_‘é ._ .~ is the area for diffusion,
. is the length of the diffusion path,
CA   .: ,'.is the concentration of gas, A; in the stream rich

in gas, B,

4‘?A* g is the partial pressure of gas, A, in the stream
susi 0 rich in gas, B,

.*F"'J?f?*5 total pressure

. MA{MBé;i;  are fhe molecular weights of gases A and B respectively,
yA2 ‘." is the molé fraction of A in the stream rich in B,
yBl i. ‘: is'the.ﬁQle ffaction of B in the stream Fich in-A,
Al’Bé afe the'flow'ratéé of A and B entering diffusion cell,
Ai,Bé* ' 1are the. flow rates of streams rich in A and rich in B,‘

respectlvely, leav1ng the diffusion cell,

'VA,VB ' are respectlvely the volumes of ‘A and B going into the
e . streams rich-in B and rich in 4,
7.R .i‘ : . is the.ﬁhiQersal gas constant,
Y,ITR o _».is thé room temperature,
' PR  , is the atmospheric pressure,
T ‘is the temperature at which the diffusion study was made,
'P .' | ig 1 atmosphere,
'VA Vé | are the values of V and V respectively at T and P,
/3  .~ is the diffusion cell calibration factor,
-Vb,,Vﬁ are the molal volumés of A and B at their normal boiling

"~ points,




A’ "B

Ty > Ty

doil;dgas
pgas

M poHp
Q9 |

Lo.

:gfsiéﬁthensutherland,COHStant-for.the gas mixture, estimated by

F \/sAsB

1l+7F T
\/ bAbB

are the'Sutherland.constants for A and B, respectively,

R

or

.are the respective normal boiliﬁg'temperatures,

.is-an empirical factorbthat depends on the ratio of

Vp_./Vy, as tabulated by Arnold.

B : . ,
is the collision diameter, or the distance parameter of
the Lennard-JoneS'potential parameter,

is the depth of the potentlal well, or the energy parameter
of the Lennard-Jones potential parameters, '

v-isﬂtﬂe.éélliSion integrél*for unlike molecular encounter,

fkT/ -EAB

is. the Monchick and Mason potential parameter for dipole-

“ dlpole ‘interaction,

.are:densitieS'of-manométer 0il and the gas respectively,

viscosity. of gas,
'dipqleﬁmOMents of A and B,

,guadrupole‘moments of A and B.
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. APPENDIX A

' Temperature Dependence df‘Binary Diffusion Coefficients

V'BIBLIOGRAPHIC REVIEW OF PERTINENT LITERATURE

Syetemsbstudied . Temperatufe Range of Reference
R - . diffusion study  in
| | (k)
Non polar - Non polar ‘
"Hé: o A ~ 233.0 to 363.0 Schafer and others(7)
:ﬁet >‘ 'Av a 300 'ilOO | Walker and Westenburg(lu)
Ne A 9 43T . ' Schafer -and others(15)
Ne  A ' .T273 | 318 _ Srivastava and Sri&astava(IB)
Ne ”Kfﬁ bﬁ27élk ) ﬂ318‘." SRR Srivastava and Srivastava(IB)
Kr A 90 - b37 : ’ | Schafer and others(lS)
Kr | A.‘ . 273 | _ 318 - Srivastava and Srivastava(lS)
" Xe A 194.7 378.0 " Andur and Schabzxi(6)
He N, 300 1100 - ) © Walker and Westenburg(l“)
A N2 233 363 | | . schafer .and others(7)
Ne | | By 253 . 341 _ ' -faul_and.Srivastava(6)
A Hy 253 341 . ... Paul and Srivastava(f)
X, Hy 253 31 Paul and srivastava(6)
Hy Ny é52 ) 308e Schafer and other_s(7>
i, 0, . 300 1100 . Walker and Westenburg(2o)
Hy co, 252 308 o Schafer and others(’)
N, | ~co, -'252 308  Schafer and others(T)
N2 fCOé‘f . 300 - 1100 - ~ Walker and Westenburg(lu)
0, €O 300 1100 - . Walker and Westenburg(20)

0, CHM,‘ 300 1100 » Walker and Westenburg(20)



" Systems ‘studied
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Temperature Range of
diffusion study in
(o)

Reference

52.

Non polar'- Polar

He

Air'f

Alr
Mz
Air
Air
»Air,
Alr
Air
Coy
CHy,

CoH),
o,

CO2

Polar - Polar

‘None

0

. CH

- CH,OH

- Co 5

Hy0

co.

HyO

%

3
H_OH

CoHoOH

" Isopropyl

alcohol
Sec-Butyl

-alcohol
n-Butyl -

alcohol

‘Sec-amyl

273

300

307.1

307.1'
298.9

307.9

273

273

’ . n
"

"o

" ‘alcohol
~ Ethyl-

=0
CH.,OH

CEH

. acetate e
“'Toluene‘.‘-

Aniline

AChibfoben

Hy0. .

2

5OH

273

"

"

zene

o307
3307.5? 
307.6

213

307,170 352;

‘;352-
352.
332.
3522
73é2:6':
e
"+ 339.

298.9 333,

"

352.
352.
_.352-'
322

339:

1100
b
.

0]

2

;6~‘.

9

Schwertz and Brow

Walker and Westenburg

Schwertz and Brow

(17)

(17)
(17)

Schwertz and Brow

Gillilana(19)

Schwertz and Brow(l7)

Landolt-Bernstein(Ql)

n ”n

Ci11iTanalt9)
RS 1 ]

n

Schwertz and Brow

coon

Landolt~Bernstein

n

”

(1_7)

(21)

(20)
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APPENDIX B

THE DERIVATION OF THE GROUPS
' FOR
THE CALIBRATION OF FLOWMETERS

A. CAPILLARY FLOWMETERS:

In this case, pressureZdrop due to friction is equal to the hydrostatic

pressure head of the oil in the manometer, i.e.

Ap = Bldgy -dg.08 (a)
gC
2fufd__ . L
but = gas ()
g D
or ¢ = BD(dygy - dgas)g ‘ : (c)
2
2 M dgasL
but = o (MPdeas) ' o (a)
Rgas

Equating (c) and (4d),

R(dy57- Ggqq)

. _ n
lgas gas K (de as )
Mzas Mgas

Therefore, a plot of the group on left hand side vs the group on the right

hand side would give a smooth curve.
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APPENDIX - B

B. ROTAMETER TYPE FLOWMETER:

In this case, the drag coefficient is‘equated to a function of Reynold's

number, >
dgas
Drag force, ¥ = — . “o “en 1
b 2gc . . ( )

where C = drag coefficient

A = area of the solid (cross sectional area of the float)

Vv

relative velocity between the fluid and the float.

From a force balance on the float, .

ve(dp-dens) & e s (2

&c
From (1) and (2)
2Vf(df'dgas)g

L V2
A AV

c =

2
f and V = Q

where Q = volumetric flow rate

Sg = area of gas flow, constant for constant reading of the rotameter
but varies with different reading.

Df = diameter of the float.

Therefore
2Vf(df-dgas)g

ne )
dgaéDﬂDf <
N 52
o
2

8 Vf(df-dgas)g So

Ma D°@Q°
gas 7 ' J

Q ad

£1( Ddegas//Aigas) — Df gas)

So//aéas
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Since this function is known to be a'logarithmic function,

v (d e 82 ‘ (D Q d )m

£ gas o] z

e

where z and m are constants.

D d
Multiplying both sides by ( f q 535)2 and simplifying

Sy ;/Qéas.

D.Qad
Vf(df‘dgas) dgas ( f ¥ "gas ) m+2

/LL gas S /gas

At a particular reading, R, in the particular rotameter Df/ SO is constant.

]
-

Therefore, at constant R, (the reading in the rotameter),

( df -d as) d a.s Qd
£ £ is a function of (—__88S) ,
2 o /lgas

A gas
Q

Also ( dgas ) is a function of R when d as andyﬁd are constants.

A gas

(a,-a )a
' f as as i .
But when dgas and/ztgas are constant, g g is a constant

2 N
/“gas

d R a_ -d d
Therefore, __&288 myst be a function of ( T gas) gas

A gas 2
A4 gas

when both R and ( de 'dgas) d gas vary.
) 2
A gas
Consequently a plot of Q dgas vs R (df ans) dgas

gas
“ /L‘ gas

should give a smooth curve that would account for the variations of Q@ with

thqfe of dgas ’/agas and R.
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APPENDIX C

SAMPLE CALCULATION

Systen : SO2 - HC1

Run 1 Run 2
Flowmeter readings:
Capillary flowmeter-2
(HC1) 27.2 27.2
Matheson rotameter, 203
(s0,) 9.0 9.2
Gas sample bulb numbersf
HCl-rich stream VIII I1I
II Iv
SOz-rich stream VII v
I VI

Titration for SOZ:

25cc of iodine standard solution 24.05 cc of N/lOO sodium thiosulphate

solution

For sample No. VIII, thiosulphate reguired was 19.70 cc -

II, " n 19.15 cc Run 1
III, " " 19.25 cc
v, " " 19.40 cc Run 2

Titration of HC1l :

For blank test, the AgNO, standard solution required was 1.5 cc of N/100
: ’ 3 - .

For sample No.VII, " " " 5.30 cc
I, .‘Il " ” 5.15 ce Run l

v, " " " 5.30 cc
VI, " " - 5.30 cc  Run 2

Calculation of equivalent gas volume:

Example bulb VIII, volume of SO

Bulb volume = 233.80 cc.

Density of SOz = 2.675 x 1073 g/ce at 23.3°C (room temperature) and 754.1 mm
Hg. (barometric pressure).

(Standard density taken from Handbook of Chemistry and Physics)

Iodine required for S0, = 24.05 - 19.70 = 4.35 cc

Equivalent volume of SOp = L.35 (6L.07)/ 2 (1000)(100)(2.675 & 1073)

o*

= 0.521 cc.
Concentration of SO by volume5 = 0.521 x 100/233.8 = 0.2225% SO,
Concentrations by Volume: ' Run 1 Run 2
SO, in HC1 rich stream -0.2225% 0.2475%
0.246 % -0.2395%
HC1 in SO rich stream 0.381 % 0.368 %

0.369 % 0.377 %



APPENDIX C
SAMPLE CAICULATION
'ExpérimeﬁtalfData:

System : SO, - HC1

2
. Room temperature, T,., = 296.6°K
>' Atﬁoépheric pressure, P, = 754.1 mm.Hg.

Diffusion. temperature, T,

393.0%K. -

760.0 mm. Hg.

Pressure, P,

‘Diffusion cell calibration factor, 3, = 20.28

‘ _ Run 1 ‘
Flow rate of HC1l, H,, o 122.2 cc/min.
»Flowfrate of’SQ2,"S2, : S 119.5 ce/min.
Mole fractiors of ‘HC1 . .

in SO2-rich stream,_yﬁé, ' . 0.00375

Mole fractions of ‘S0, o :

in HCl-rich stream, yg;, .. "0.00234

‘Calculation .of terms in Equation (20)

1. _ o SpvE, o ¢.hg813 ,
2. H,¥g; 0.28595
3 Sgyﬁgt- Hyys, } 0;162;8
b . 1- Vi, - Ve - 0 0.99391
> Sovie - Ha¥B1 . 0l16317

1 - Yhe - ¥EL

X

6. SypHyYs, T L Proo .
L-¥pm ¥y T P

S
= PHT VS,

x 393.0 x Ths5.1
J_ - sz- ysl 2966 760.0

021452

5k

Run 2
102.2.
123.5

0.00372

0.0024k4

o

L5942
.29817

o

.16125

- O

(@]

99384

o.16é2h

©0.21330

ce/min.

cc/min.
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"Run 1 » Run 2
S yy - H
7 B 48 prox jé
1 - - Ve ‘
yHE fysl Tr P
- S.¥E,-H:¥s T
= ik = Pr
1 e LA Tr X 3~ % 20.28 L. 350L7 L.32572
1-9u,- s ' _
2 1
8-‘ S yH ' .
oVHp 1.56716 1.54079
i ysy
9. g oVHp 10.44926 © 0.L43229
| | Hy¥sy
~ Substituting in equation (10),
| .DH;SdJ?E?:"Sgyﬂg”;inyél T _ Pr | “©S_yy
. 2 X T X ﬁ—_xll}/ ln 272 , Cm2/min
’ ‘ 1 -yg, - Vs, - H yg
. 2 71 1"°1

“term 7.1'
" term 9.

’ Cn@/miﬂ

0 b.30572
60 x 0.43229

= _tem 7

60 x term.9 kv

i ©0.16139 = 0.16676

. 5
Average DH_SO2 s = 0.1641 °M/gec.

Prediction of DHCl-SOE by ‘Monchick and.Mason metho@:

Data given by Monchick and Mason®: -

Dipole moment of SO,, p802 , = 1.63 debye = 1.63 x 10-18(stat-conlombs)(cm)
Dipole moment ' of HCi,_ pﬁci“ = 1.08 debye = 1.08 x 10-18 " " "
€0, = o |
. o
2 = 3u7%; <jéoe = L.ok A <Sso = 0.h2
-k T 2
~HC1 = 328?K; - (7ﬁ01 =3.36 A ; é)HCl = 0.34

k
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Calculation of terms in Hirschfelder equation ()

Assuming the combining rules of Hirschfelder,

€. c .
HC1- 802 // HCL 302 = /328 x 347 = 337.3%K
) OE'ICl-SOZ = . %Cl e dSO2 = 3.36 + )-L-OLF = 3-70 R
, S — T2
. 2
Using equation (10)

| h€H01-802C7ﬁ01-soé3 '“X(337‘3X1'3803X10'?L6)(3-7Ox10'8)3

0.37h

HC1-80, = KL = 393.0 = 1.165
‘ CHC1-80, 3373

From tables of collision integrals givén by Monchick:-and Mason,

S e
_ corresponding to ‘U= 0.375 and T* = 1.165,

(1,1)*
| = 1.368
HC1-50, :

Substituting in equation (2 )

|~

: 3/2 36.47+64.06 2
DHCl-SQ2 = 0. 0026280 393 2x36. 5764 .06

1x (3. 70)2 x 1.368

=" 0.1603 cm? /sec.
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APPENDIX D
GRAPHICAL SUPERPOSITION METHOD

FOR
THE CALCULATION OF POTENTIAIL PARAMETERS

(This method has been adopted from Mason and Mohchick;s technique for getting
parametefs of pure polar gases from viscosity data, on the assumption that Cfis
independent of € .)

Writing the Hirschfelder equation for the binary gaseous diffusion coefficient

in the form:

Dy P | 0.0026280
2 12 - 12

the left hand side represents the experimental quantities while the right hand

side, the theoretical quantities. Taking logarithms on both sides,

e Ja@ae 17
log —T . = log 0.0026280 - 2 log (J,, + log | (\:? R
/2, 2 | 12 e () L)
2M1Mé
Again, Tig* = k'_I. ,
€12
and taking logarithms on both sides
% : 612
LOng2 =L08T"L°g-—k—
o €12
or ILog T = Log T),* + Log —= | (2)
D, P
Therefore a plot of Log 12 vs log T
M Mp
o - [ (1,1)% 11 |
sshould be superposable on a plot of Log g? * j vs Log T, *
. 12 (T,,7) . 12
12 J
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The'translation of the experimeﬁtal plot along the temperature axis over the

" theoretical plot until a good fit of the curves is obtained gives Log ;2

' Similarly tfanslation.along;the ordinat gives Log 0.0026280 - 2 log Cfié: from’

which. Cfié'cah be’ calculated.
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o
'APPENDIX E

‘COMBINING RULE CF (SMAX FOR BINARY SYSTEMS

The theoretlcal expressmn, glven by equation (fl.O), for

((SAB ‘max - ls v AB G 3 é = 21p Mg
o , 2 €AB_UAB
For pﬁre compohénts' N (5 = M 2 ‘
D A A | (2)
. ' ' 2 €A GAS
R 5. = 2
'”(55' B (3)
| 26;3 CYB3 ,

_Assuming 'Hirschfelaei" s combining rules for € ana d, :
€p =V EA €5 o (L)
o e |

2

1

(5)

Substituting equations (k) and (5) in equation (1)

AB = Mp Mg
2€, C3 (QA 2@ _\ 3
’ /
Y N
AN E AR
€x 2<7A)
2 MB‘
n >4
- A ap
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(7)

similarly, Cpp = O

Arithmetic average

. I R
Assuming that OAB be an agrithmatic average of ("A and UB’ the necessary
conditions can be derived as follows:

From equations (6) and (7), by adding

X . MB | Ba
2 Op - Oa A . OB B
LB[3+CB 13 LA, A3
CAL 2k VeBl el
L f \ /
S Tk e w (B
= A Mp \ ¢B '\ g(ﬁ; “B 1 €Al\ 2UA
B €A1, UBI3 o A3
€A €B | 2(7Ai 12 2(JB
i i \ /
- O3 JEn up . B3 JEB M
_ A Ap JEB. +OB up JEA
= - I
Now assuming that OAB =“>A——;;—§—§ ,,,,,,,,,,,,
A e SR
or ECAB L,,A..%ACB ;
_ _ .
Therefore, (J'As VA Mg k’B3 \/“B M
B JoB =1 = Mp <A
Ca * (2'1'3\;3 {’O/A + B ‘g3
i 2 | 2 j
|
! : i \ /
v BB o [ G o
&l J=3 | ° ]
!
and B i3 omy o (Ca + (B)3 (10)
MB \/QY-\

Inrorder that both equations (9) and (10) are simultaneously .satisfied
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a3 Ea BB 0p3 /G Ma
Ry JEB ug JEA
or _C_f‘\f_gg . U8 €
).IA uB2
. 1 | 1‘ & _ '
e é;K B dsg o LQA - é% .

But this is not - likely "« to have equal (bs for different polar gases.
Therefore - the arithmatic average for pure component éé camnot be used

for AR ©of the mixture.

Geometric average:-

Assuming that C%B bé a geometric average of <5A and(ﬁB,, the necessary
condition can be derived as follows:

From equations (6) and (7); by multiplying

. : “B | Za
Ay S, . N
OB x OaB - OA\/— NI x OB T BD
| i 20‘A) €B 2% 21
_ On Os ox’ g8’
[Ca «(B_\6
(’ 1
2 ;
. /
Now assuming that QSAB .=—\A5A (53
or 5AB2 = (SA' §B
§ (A O’B)3
| T2

The necessary condition, therefore, is that

g8’
((jk + CTB)6
2

Ta JB)% . Oh+ OB ...(10)
2
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i.e. the geometric average of 'y at (jﬁ be equal to their arithmatic
average. This is possible only wﬁen (:Z_= (B -

Mlthough the exact équivalence of C& and(j% is not -1ikely, .in
reality valﬁes of(]ldo not differ very much. Therefore, if the values of

are pretty close to each other, a geometric average would be a close

approximation.
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APPENDIX ~ F
METHODS OF Ammsxs

This analysis was carried out in the set of apparatus shown in
Figure 3, 50ce/min. of nitiogen gas was led through the apparatus, entering

into the flask containing 103 solution of NaOH, passing over the surface
and then through the vertical columm containing a 50-50 mixture of Ascarite

and Drierite, and finally flowing théongh tho sample side of the T .Ciceil.
Another stream of 50cc/min. of n:ltmgéix gas was flowixig at the. sé.me time
through the reference side of the same T.C.cell, When steady state conditions -
were ‘reachéd, the electrical circult Ic;f ihe T.C.cell was ad;}ust.ed to give
no deflection in t.he galvanometer. After thus etting‘the gero of the T.C.
~cell, 100cc/min. of 50, gas was introduced through another opening into

tho same flask through which nitrogen was flowing. Most of the S0, was
dissolved in the NaOH solution and the remainder, if any, was swept away

by the nitrogen stream into the column of Ascarite and Drierite where it

was completely removed, together with any wat.er vapour, before it entered ,
the.T.C;,.c_e_ll. The electrical circuit showed no deflection in the galvanometer,
indieéting that S0, ‘was completely absorbed in the apparatus, and that
impurities in the SO, stream did not affect the T.C.c_ell.;_

The procedure was repeated three times using 302 and three times

uging HC1l gas, and the result was confirmed in all cases,
(v) Analysis of the stream out the diffusion cell:

After setting the gzero of the T;C.céll ag described above;_ the T.C.
cell was calibrated for analysing érgon in. a gtream of nitrogen by making
known mixtures oi’ argon in nit.rogen.\ ‘Known mixtures were made by taking *
about 100090/min. of nitrogen and from 5 to 20cc/min. of argen. 50cc/min,
of this mxture entered the sample side of the T.C.cell, after flowing hrogh

the apparatus of Figure 3, and the corresponding millivolt changes were
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noted in the %oﬁentiometer.

Ai'tex* the calibration was done, the stream of gas which came ‘out of the
diffusion cell, and which was to be analysed was introduced into the flask
thmough the same opening which’was.prévidusly~used for-letting in~802 Qr

HC1 gas: |
a Thé éo&ésﬁéhding :niiiivélt ehangewas .m’ied and eomrertedinto con—

centration units using the calibration chart

@mm - 2, Aw OF S0, IN ARGON-R ;ca STREAM
| - (a) Checking the aceuracy of the method: |

A gas bulb of about 250cc. éapaciﬁy and provided with stopecocks at
each e_,nda,. i@.s £illed with a known mixture of 502, sf.n_argpn; anci hold in a
slaﬁtnsg position with oné end of the bulb dipped in 25¢c of N/100 Iodine
standard solution diluted upto lOOcé; while the other end connected to a
water'reséerir by meané of a rubber tubs, The‘502 was dissolved in'watér
by letting it flow from the reservoir through the upper stopcock of the
gas bulb & little at a tine and shaking 'well;» The séluts.ori of 50, in water
was then allowed toﬁflow down into the standard iodine solution by opening
the lover s\‘wpcock; while keeping the lower end of the bulb dipped in
iodine solution. This ﬁas:répeated;three times. The golution was then
analysed for exéess,of iodine using N/ioo Sodium thiosulphateisolution and
starch indicator; - | |

The process was repeated three times and the results checked well.
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- Exactly t.he sams teckmique was used as dascribed above except that,
_ the gas. bnlbe now. ‘contained sample: gaa rather than a known mixture, Duplicat.e
gas samples were obtainad in each x'un by allowing the outlet strgaam from

C g

,_thca dii‘f\mien cell m flow eontimmusly through m sam')le Bunaa m sex"ies.

R A gas, bulb, ai‘ about. -250¢¢. capacity, provided witph stopcoeks at
~eash end was ﬁlled wit.h a kmwn mixt.ure of ml in A and dismlved in water
;‘uaing the same tachnique as describeﬂ in the analysis of Sﬂz :Ln argon-r:‘lch
str@a.ms . A A
e The rsolutiom of HC]. gaa in water was i:.hen nét‘ralised ‘by ‘vgdng

‘maﬁc% and t.he pK was adjusted by rmoa o mmos to ' vALus botwosn' 7 and

- 8. It was then titmted aga:inst» N/mo Ag%% solut.ion uaixng pot.ass:lum
: Jy.’;‘. md@ea@r as indicator, i.e. using the Mohr's metkod for ehlors.ae

f* ‘..jestim *ton as given by Kolthoff and Sandell "Quantitative Imrganic Ana.lysis"
ichMillan and Co. (1936) | . o
" A-blank test was sinmltaneonsly perfox*med on the game:volums of
.' distilled water by ad:;uatiug t.he pﬁ %a th@ same valua ancl tit.rating with
't.he sam AgNQ solution followin.g the same technique. :
| The reading of the blank @;@ga@;on xeras anbtracted from %hat of
the amm%a;.«titm&iqn, -and"the. result was found to agree with the known mix-

+ . Thig cheek was also repeated three times.

The. same . technique as described above was i’ollewed with the same

888, duplicate samples again being obtained for each run.
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(1) A gas buJ.b, a8 deacx“ibed above, of xcrmm capaeity vag filled vmh
2 gas taken i‘mm t,hea oyl:i.ndar. Tha gas was then disanl\red 121 an mzcasa

' ofﬁ appmﬁmately w—NaOH solitdon’ (absut 200ce). 5 ec’ af /160 %1 solution

was then added and the solutim wag oxidized by codium pemdde, edding
a Mttle a’a a: t.:‘imfa a.nd stirmlg vigomusly while k@@p&ng bhe solutien
suff:%.eienm Wam, unt&l about ‘&wice %he mquimd amount of l\lazez Wa 3

' addad. A spot test on a white surface w:!.th a drop of zlodfme solution ami
the oﬁdiaed solution was. ma.de to ensnz'e the completion of oﬁ.datﬁ.on. |

The -solution was, then nentralizea and brought to a pH bat.waen

.........

7 and 85 aml mtrated using N/].OO Agm solution mth thga Mohr metkmd as
described above. A simnlt.aneoua;iplank test was made on t.he sams voltame afh

m‘aer. e T :
.-". o Th@ ¢hack was. rapeated thmcg t@m@s., N . -

(2) Altematﬂ.vely, the 803 gas aample t.aken in a gas bulb waa |
Hosolved in 50 ce o€ water by dipping ons end ‘of the gas bulb ints the
1iquid -and opening the lowor stépedck. 566 of N/100 HOL standard solution
 was added and the solution was boiled a.fz"\;,« adding water gmdu&lw to keep
the voium' erénstant- ﬁnﬁi’l all sb wag x-‘emve'd Thé ‘sgme spot "i‘.est' as
described above, ma employed te ensure t.hat. m 502 wad J.eft. The solution
was noutialized and ta.trated as deacx‘ibed in (l) ahav@.

- The same techrique was eiployed as. that used in cliscking the method
axcopt thiat the small amount of HOL wes present in the gas samplo.
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_ Except for the teckmique ci.' dissolving the. gas; this method is . .
: _emctly the same as described in Methada-z. R »

. In this case the lewer énd of the gas bulb.us dipped 4n a 25cc
of /200 Todine solution diluted to 300cc. and. the lower stop-cock was
opened. All the liquﬁ.d eucked ﬁ.n and £illed the bulb. After sh&king
seveml tﬁ.mes, ;I;he solntion wag drained. off and the bulb washed three
?.imes with distined water,

‘I‘ne total solntion ms um titrabed agaz-.nst m/mo ﬁodium thiosulnhate
collutton o deceribed 1n mothod-Z,
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APPENDIX F
METHODS OF ANALYSIS

METHOD 1. COMBINED CHEMICAL - T.C. CELL ANALYSIS:

(a) Checking the accuracy: of..the method:

This analysis was carried out in thé set of apparatus shown in Figure 3.
50cc/min. of nitrogen gas was led through the apparatus, enteriﬁg into the
flask containing 10% solution of NaOH, passing over the surface and then through
the vatrtical column containing a 50-50 mixture of Ascarite and Drierite, and:
finally flowing through the sample side of the T.C. cell. Another stream of
SOcc/min. of nitrogen gas was flowing at the same time through the reference
side of the same T.C. cell. When éteady state conditions were reached, the
electrical circuit of the T.C. cell was adjusted to give no deflection in the
galvanometer. After thus setting the zero of the T.C. cell, lOOcc/min. of SOE'
gas was introducéd through another opening into the same flask through'which
nitrogen was flowing. Most of the SO2 was dissolved in the NaOH solution and
the remainder, if any, was swept away by the nitorgen stream into the column of
Ascarite and Drierite where it was completely removed, together with any water
vapour, before it entered the T.C. cell. - The electrical circuilt showed no

deflection in the galvanometer, indicating'that 50, was completely absorbed in

the apparatus, and that impurities in the SO, stream did not affect the T.C. cell.

The procedure was repeated three times using SO and three times using

HC1 gas, and the result was confirmed in all cases.

(b) Analysis of the stream out of the diffusion cell:

After setting the zero of the T.C.'cei} és déscribed above, the T.C. cell
was calibrated for analysing argon in a stream of nitrogen by makihg known
mixtures of argon in nitrogen. Known mixtureé were made by taking about 1000cc/
min. of nitorgen and from 5 to 20cc/min. of argon. 50cé/min. of this mixture
entered the sample side of the T.C. cell, after flowing through the apparatus

of Figure 3, and the corresponding millivolt changes were noted in the
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potentiometer.

After the calibration was done, the stream of gas which came out of the
diffusion @ell, and which was to be analysed was introduced into the flask
through the same opening which was previously used for letting in 50, or
HC1 gas.

The correspondingbmillivolt change was noted and converted into concen-
tration units using the calihration chart.

METHOD 2. ANALYSIS OF Séz IN ARGON-RICH STREAM:

(a) Checking thelaccuracy of the .method:

A gas bulb of about 250cc. capacity and provided with‘stopcocks at
each end, was filled with & known mixture of SO, in argon, and held in a
slanting pqsition with one end of the bulb dipped in 25cc. of N/ldo Todine
standard soluﬁion diluted up to 100cc., while the other end connected to a
water reservoir by means of a rubber tube. The S0, was dissolved in water
by letting it flow from the reservoir through the upper stopcock of the gas
bulb a little at a time and shaking well. The solution of S0p in water
was then allowed to flow down into the standard iodine solution by opening
the lower stopéock, while keeping'the lower end 6f the bulb dipped in
iodine solution. This was repeated three times. The solution was then
analysed for excess of iodine using N/lOO Sodium thiosulphate solutién and
starch indicator.

The process was repeated three times and the results checked well.

(b) Analysis of the sample stream:

Exactly the same technique was used as described above except that the
gas bulbs now contained sample gas rather than a known mixture. Duplicate
gés samples were obtained in each run by allowing the outlet stream from

the diffusion cell to flow continuously through two sample bulbs in series.
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METHOD 3. ANALYSIS OF HC1 IN ARGON-RICH STREAM:

(a) Checking the accuracy of the method:

A gas bulb of about 250 cc. capacity, provided with‘stopcocks at each
end, was filled with a known mixture of HCl in A and dissolved in watef using
the same technique as described in the analysis of SO, in argon-rich streams.

The solution of HCl ggs in water was then neutralized by using NaHCO3
and the pH was adjusted by HNO3 and NaHCO3 to a value between 7 and 8. It
was‘then titrated against N/lOO AgNO3 solution ﬁsing potassium chromate .as
indicator, i.e. using the Mbhr's method for Ehloride estimation as given by
Kolthoff and Sandell, "Quantitative Ihorganic Analysis"™ McMillan and Co.(1936).

A blank test was_simultaneously performed on the sémé volume of distilled
water by adjusting the pH to the same vélue and titrating with the same AgNO3
solution following the same technique.

The reading of the blank titration was subtracted,from that of the sample
titration, and the result was Tound to agree with the known mixture.

This check was also repeated three times.

(b) Anslysis of the sample stream:

The same technique as described above was followed with the same gas,

duplicate samples again being obtained for each run.

METHOD 4. ANALYSIS OF HC1 IN SO -RICH STREAM:

(a) Checking the accuracy of the method:

(1) A gas bulb, as described above, of known capacity was filled with
SO2 gas taken from the cylinder. The gas was then dissolved in an excess of
approximately 1N-NaOH solution (about 2Q0cc.) 5ce. of N.100 HC1 solution was
then added and the solution was oxidized by sodium peroxide, adding a little
as a time and stirring vigdrously while keeping the solution sufficiently

warm, untilabout twice the required amount of Na,0, was added. A spot test

on a white surface with a drop of iodine solution and the oxidized solution
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was made to ensure the completion of oxidation.

The solution was then neutralized and brought to a pH between 7 and 8,
and titrated using N/lOO AgN'O3 solution with the Mohr method ags described
above. A simultdpeous blank test was made on the same volume of water.

The check was repeated three times.

(2) Alternatively, the S0p2 gas sample taken in a gas bulb was dissolved
in 50cc. of water by dipping one end of the gas bulb into the liquid and
opening the lower stopcock. Sce. of N/lOO.HCl standard solution was added
and the solution was bolled off, adding water gradually to keep the volume
constant ﬁntil all S0, was removed. The same spot test, as described above,
was employed to ensure that no 50, was left. The solution was neutralized
and titrated as described in (i).above.

(b) Analysis of the. sample gas:

The same technique was employed as that used in checking the method

except that the small amount of HCl was present in the gas sample.

METHOD 5. ANALYSIS OF 802 IN HC1-RICH STREAM:

Except fof the technique of dissolving the gas, this method is exactly
the same as described in Method 2.

In this case the lower end of:the gas bulb was dipped in a 25cc. of N/lOO
Iodine solution diluted to 300cc. and the lower stop-cock was opened. - All
the liquid sucked in and filled the bulb. After shaking several times, the
solution was drained off and the bulb washed three times with distilled water.

The total solution was then titrated against N/100 Sodium thiosulphate

solution‘as described in Method 2.



