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SUMMARY

Investigation of the thermal diffusion phenomenon has
transcended the merely academic phase., It 1s recognized that
in some cases thermal diffusion can represent an effective
means of separating components, such as isotopes in gases,
close bolling components and isotopes in the liquid phase,
and electrolytes in aqueous solution. If the separation in
a thermal diffusion column could be predicted, it would be
possible to scale up, make economic feasibllity studies and
other pertinent calculations., Thus thermal diffusion would
Join the mass transfer operations such as distillation,
extraction, and the relatively new ion exchange.

Thermal diffusion in gases has been adequately ex-
plained. Theories pertaining to liquids have been varied
but in general require the determination of postulated quan-
tities, "heats of transport," which have not yet been evalu-
ated. At present there 1s no unified theory applicable to
gases and liquids, since extrapolation of gas concepts to
liquids has not been successful,

| In this report equations have been derived based on
the postulation that irreversible thermal diffusion can be
represented as a quasistatic transport process with the
Boltzmann equation applicable. By considering gases as being
composed of 1deal particles, and liquids as condensed gases,

a system of equations was derived which allowed, within about



30 per cent, the successful prediction of separations to be
expected 1n helium-argon, neon-argon, non-polar organic liquid
pairs and electrolytes in aqueous solution. It was also pos-
sible to predict the dependence of the separation upon con-
centration and temperature.

In the course of the mathematical development unknown
quantities such as the partition function of a liquid mole-
cule were introduced. It was necessary to make pragmatic
assumptions concerning the form and magnitude of these func-
tions in order to proceed. The ‘justification of these as-
sumptions rests upon analogy, "reasonable estimates and the
apparently successful final result.

Application of the equations to electrolytes in
aqueous solution gave agreement within about 30 per cent
except for sﬁlfates. The search for the reasons behind the
anomalous behavior of the sulfates led to a correction term
which takes into account the ion-association and other factars
involved in non-ideal behavior of electrolytes. With this
correction factor applied to all the electrolytes, sulfates
and non-sulfates, the experimental data and calculated pre-
dictions were generally within approximately 30 per cent of
each other. Based on these results, it would appear that the
equations derived will be useful in predicting Soret coeffi-
cients, where no data are available. It is suggested that

the equations be further tested with the view of extending



vi
the concepts to mixed electrolyte solutions.

The scarcity of reported Soret coefficients prompted
a new design for a Soret cell, incorporating two cellophane
du Pont PT-600 membranes., The membranes do not permit a
macroscopic flow of solution. In addition, they apparently
do not affect the distribution of components under condi-
tions of no net transfer and hence do not alter the Soret
coefficient. The membranes partitioned the cell so that the
"dif ferential™ volumes contiguous to the hot and cold zones
offered a ,050-inch diffusion path with the remainder of the
cell offering a .350-inch diffusion path. The entire "dif-
ferential® volume could be removed as a sample without dis-
turbing the rest of the cell.

With this cell; the cusou-Hao, CoSOu-Hzo and CuSOu-
CoSOu-Hao systems were investigated over a 0,1-0,6 molar
range, with temperature gradients of 159°-59°F, 140°-L40°F,
and 100°=40°F,

Soret coefficients increased monotonically from 9.0-
10.3x1073 °¢=1 over a 0,1-0.6 molarity range for Cusou and
7.0-7ohx10°3 °¢c=l for CoS0O), over the same molarity range.
For the mixed salt system, no significant change in Soret
coefficient o; e ach component was detected as a result of
the mixing. These results are about 10 per cent higher than
Bosanquet (2) reported for the same experimental conditions,

but with a cell partitioned in two equal halves, separated



vii
by a cellophane membrane. Average values of concentration
and temperature for each half were assumed.,

At higher temperatures it was found that the Soret co-
efficient for CuSOu was essentially constant but at the lower
temperatures the Soret coefficient decreased with decreasing
average temperature. The high temperature behavior is gen-
erally in accord with the predicted results, based on the
mathematical derivation.

With a membrane l;fe of approximately one month, the
cell, once assembled, was operated continuously without dis-
mantling between runs. Such ease of operation is a very
attractive feature in conjunction with the effective 1isola-
tion of the bulk solution by the membranes when removing the
samples. It 1s therefore recommended that further data be
obtained, as a function of temperature difference, mean tem-
perature and concentration so that a satisfactory statistical
analysis may be undertaken. It is further suggested that a
more durable membrane be found and integrated into the design
of the cell used in this investigation. A thorough investi-
gation should also be launched to study the effect of this

membrane on Soret coefficients.
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PART I
INTRODUCTION

Thermal diffusion 1s a transport process, as are heat
transfer and ordinary diffusion. It is more complex than
heat tranéfer and ordinary diffusion because the temperature
gradient imposed upon the system usually causes a migration
of molecules with a concomitant concentration gradient. The
concentration gradient then gives rise to an ordinary d4if-
fusive flux in the opposite direction. A steady state is
attained when both fluxes are equal. Phenomenologically,

this 1s represented as follows:

Jyg = p[Di°§i (1- §1) grad T - Dy grad §1]' T
' (1)
where

the net flux of the 1th component, moles

S
n

per unit area per unit time
P = the molar density of the system, moles per
unit volume
Di' = the coefficient of thermal diffusion, area
- per unit time per degree, referred to the
1th component
D1 = the coefficient of ordinary diffusion, area
per unit time, of the 1th component
§' = the mole fraction of the ith component



T = temperature, degrees absolute

-3
n = unit normal vector

The initial recorded observation of a concentration
gradient across a system resulting from a temperature gradi-
ent 1s attributed to Ludwig (22), who noted the phenomenon
in an aqueous solution of sodium sulfate. Subsequently,
Soret (29) investigated this effect more extensively with the
result that thermal diffusion is sometimes referred to as the
Ludwig=Soret or Soret effect. It is usually found that the
heavier component migrates down the temperature gradient.
This 1s generally true for electrolytes in aqueous solution.

Attempts to present a unified, rigorous theory for
thermal diffusion in gases and liquids have been unsuccessful
due to a lack of knowledge concerning the liquid state.
Though the rigorous mathematical treatment of this non-
equilibrium phenomenon in non-uniform gases 1s complex, 1t
has been treated extensively by Chapman and Cowling (6),
Chapman (5), Enskog (12), Clark Jones (8) and others with
good results. The approach is from the kinetic theory point
of view utilizing assumptions concerning the intermolecular
interactions, such as:

a) the molecules behave as rigid elastic spheres;

b) the molecules exert a repulsive force, F, which
varies inversely as the UVth power of the distamce r, that
is, F= K=V :



c) the molecules exert an inverse power attraction
superimposed on an inverse power replusion, so that the re-
sultant force 1s

F = Kr"U- Ko~ V!
where K and U refer to the repulsive force, K' and V' to
the attractive force. The Lennard-Jones model of interaction
is of this category. A comprehensive survey of thermal dif-
fusion in gases 1s to be found in the text by Grew and Ibbs
(1y).

Liquid thermal diffusion theories have been far less
satisfactory since they are encumbered by the anomalous and
abstruse behavior of liquids. A theoretical explanation of
the effect was suggested by van’t Hoff (18) in 1887, based on
the supposition that the direction of the concentration grad-
ient was in conformity with the principle of equality of
osmotic pressure. Experimental results did not confirm the
predicted effects and more complex concepts were introduced.
Liquid themal diffusion theories may be partitioned accord-
ing to two approaches: kinetlic and thermodynamic. The
kinetic theory approach of Nernst (24), Wirtz (36), and Den-
bigh (10) conceived of liquid thermal diffusion as the trans-
port of activated solute molecules from one equilibrium site
to another in discrete jumps, requiring an "energy of activa-
tion." This energy served to break the cohesive bond of

solute and solvent, and, in addition, this activation energy
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was also assumed to provide the "energy of hole formation."
This 1s the energy required to produce a hole in the solvent.

The thermodynamic approach in non-isothermal systems
originated with Eastman (11) and Wagner (34). They imputed
to this essentially irreversible phenomenon reversible char-
acteristics by neglecting the irreversible heat conduction.
They then proceeded to treat it by the usual means of thermo-
dynamics, introducing a "heat of transfer," defined as the
quantity of heat absorbed by a diffusing substance in moving
from one region to another. To these quasi-thermostatic
methods was added the theory based on the thermodynamics of
irreversible processes utilizing the Onsager reciprocal re-
lations. In developing an irreversible thermodynamic theory,
de Groot (15) introduced a "heat of transport,” similar to
the terms described previously. Macroscopic theories, avoid-
ing the direct utilization of probablility theory, vector
analysis, statistical analysis and molecular energy terms,
were proposed by Porter (25), Wereide (35), Chapman (L4), de
Groot (15), and others,

Considerable interest is focused at The University of
Tennessee on liquid thermal diffusion of electrolytes--single
salt and mixed salt solutions. A horizontal continuous,
countercurrent thermal di ffusion column was designed and
operated by Von Halle (16) with organic solutions and a phe-

nomenological theory for the separation behavior was presented.
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Further investigation of the operating characteristics of the
Voq Halle column and other column designs (with aqueous elec-
trolyte solutions) has been conducted (13). In addition,
Soret cells have been designed and have proven successful,
giving consistent and reproducible results. A Soret or

'equiiibnium” cell consists essentially of a hot surface, the

-Top

Concentration
inoreases from
top to botto :

Temperature
increases from
bottom to top

Bottom

Figure 1. 8Schematic Representation of a
Soret Cell

interstitial liquid and a cold surface, arranged contiguously.
The hot surface is on top to avoid convective currenta;

There is no flow of material into or out of the cell, only a
migration of molecules within the system. Long (21) and
Bosanquet (él designed Soret cells and obtained Soret coef-
ficlent data for the cusou-cosoh-ﬁzo system at a steady state



or "equilibrium.” Soret coefficients are generally calcu-

lated from the relation

! X2
g A7 1n oy (2)

where
( = Soret coefficient
AT = temperature difference across the cell
X2, X; = mole fraction of component of interest, at
the cold and hot side, respectively

Equation 2 can be obtained from Equation 1 at steady state
when the net flux, J;, is set equal to zero. It is also
implicitly assumed that D!'/D is independent of temperature
and concentration, and that (1qx1)/(1-x2) is approximately
equal to unity.

It was apparent that extensive separation (Soret co-
efficient) data would be required if equations describing the
performance of the horizontal column and other columns were
to have any utility. Soret coefficients vary, depending on
the component, its concentration, and temperature. Reports
of Soret coefficients in the literature are sparse and sub-
Ject to disagreement and hence an investigation was begun,
with the aim of predicting Soret coefficients in liquids,
specifically in aqueous solutions of electrolytes.

Equations, based on a combination of theory and



reasonable conjecture, have been derived and are the subject
of Part II of this report. These equations enable the cal-
culation of separations without resort to experiment. 1In
addition, another Soret cell has been designed and consider-
able Soret coefficilent data have been obtained for single
salt and mixed salt aqueous solutions of CuSOh, Cosoh, and
CuSOh-CoSOh. With these data, it was possible to determine
the variation of Soret coefficient with varied concentration
over the range 0.1l molar to 0.6 molar and with temperature
over the range 100°-40°F to 140°-}40°F., The experimental
study is treated in Part III.



PART II
CHAFTER I

DERIVATION OF EQUATIONS FOR PREDICTING
THERMAL DIFFUSION SEPARATIONS

In this chapter equations will be derived based on the
postulation that irreversible thermal diffusion can be repre-
sented as a quasistatic transport process with the Boltzmann
equation applicable. By considering gases as being composed
of i@eal particles, and liquids as condensed gases, a system
of equations will be derived from which the separations to be
expected can be calculated without resort to experiment. 1In
the course of the mathematical development, unknown quanti-
ties such as the partition function of a liquid molecule will
be introduced. It was necessary to make pragmatic assump-
tions concerning the form and magnitude of these functions in
order to proceed. It is realized full well that such assump-
tions as well as the starting postulate itself cannot be
justified on any firm theoretical basis, but they must be
regarded rather as "educated conjecture." In defense of this
approach, however, it should be pointed out that the liquid
medium is yet to be satisfactorily elucidated as far as force
fields, molecular distribution functions, interactions, etc.,
are concerned. Many times engineers, when faced with a lack

of information relating to their work are forced to make



"educated guesses" in order to proceed, and this was done
here. The Jjustification of these assumptions rests upon
analogy, "reasonable" estimates and the apparently successful

final results.
I. PERFECT GASES

Initially, thermal diffusion in a monatomic perfect
gas system will be consldered since 1t will involve fewer
assumptions. The entire derivation for this system will be
presented and, thereafter, a parallel derivation for liquids
will be given. In the following chapter experimental data
will be compared with the predictions from the developed
equations.

-Because. of the slowness of the thermal diffusion pro-
cess, 1t will be advantageous to consider this process not
as an irreversible transport phenomenon but rather as a
quasistatic process. The system will be envisioned as being
initially in equilibrium, at a uniform temperature. With
the imposition of the temperature gradient, thermal diffusion
proceeds quasistatically, during which the system i1s at all
times infinitesimally near a state of equilibrium, so that
the Boltzmann distribution function is applicable.

Consider a themal diffusion apparatus composed of a
hot surface, cold surface and interposed perfect monatomic

gas. Establishment of the temperature gradient causes a
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migration of the atoms, resulting usually in a measurable
composition change at the hot and cold surfaces. Assuming
a quasistatic transport process, the Boltzmann equilibrium
distribution will be introduced.

For atoms 1n equilibrium, the ratio of the number of
atoms in energy states r and s 1s given by the Boltzmann

distribution equation,

== (3)

where

k = the Boltzmann constant
The following nomenclature will be useds:

7213 = the number of atoms of component, 1, 1in energy
state, J, per unit volume
(1 =1, 2, 600y, m3 J=0, 1, 2) eo0ey N)

TH, Tc = the temperature of the hot and cold wall,
respectively, degrees absolute

the total number of atoms of component 1

=
]

& the volume of the cell
= the cross sectional area of the cell (assumed constant)

the linear dimension along the temperature gradient

BN <
]

= the length of the cell along the temperature gradient

EiJ = the energy of an atom of component, 1, 1in energy
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state, J
E = the total energy of the system

k = the Boltzmann constant

Consider the system initially at a uniform tempera-
ture, Tg, with N;/V = 7,. If at a time, t_, one surface
| is brought to TH and the other to Tc, the temperature
gradient will be rapidly established. It will be assumed
that at ts migration has not yet occurred but is imminent
and Equation 3 is applicable. Therefore, from the 1deal gas
equation, if the pressure of the system is assumed constant,

it can be shown that

o]
7?1=-T- v (4)

Z 7?1“— z (4A)

The system possesses an energy per unit volume

Z Z E“n“ (5)

ts i=1 J=0

It will be helpful to introduce another form of Equation 3,

n

Y MNag= M, 2
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or

n n - /
Z nij=7?inz e_fikf.

J=0 j:O e‘Ein/kT
and finally
n
-E4 /KT
n 7zin Z e J
=0
> My = = (6)
J=0 " e.Ei.J/kT

Let P; be defined as the partition function for component
i, then

n
Py = Z e-Eij/kT (7)
J=0

If Equations 6 and 7 are combined, with some rearrangement,

o E1n/kT ﬁ Nijy
n, = =0 (8)
in Pi

the result 1is

n
Define Z 7?13 = 7?1 and change the notation of Equation 8
J=o
so that /
-B; ; /kT
o I (7My)

Nij = = (84)

and combine this with Equation 5. The result is Equation 9,
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y o By™

hfd

n
> (9)

1 j=0 Py

~1s

<t

¥, -

Recalling that at time, tg5, no migration has occurred,

| and
U]

Equation L4 is applicable. Substitution of Equation L4 into
Equation 9 yields

|

At some time after tg, thermal diffusion will com-

m T, Ny -Ey4/kT

n
) = Z ZEU%TG (10)
ts Py

1=1 j=0

<

mence, proceeding until tf, at which time the system has
attained a steady state and no further concentration changes
can be detected. It 1s assumed that the thermal diffusion
phenomenon, occurring in a system closed to mass transfer,
with a fixed temperature gradient, proceeds in a manner such

that each incremental volume maintains a constant total

%)x,ts= (%

To justify this assumption, an appeal will be made to the

energy from time t; to time t¢3

x’tf

fact that the number of atoms per unit volume that have
migrated from their positions during the tg - ty time period
is small compared to the number that have not. Hence the net
energy change resulting from the difference between the en-
ergy of those atoms that have migrated, and the ones that
have replaced them will be small compared to the total energy



1
of the unit volume.,

As a consequence of the above assumption,

|

B
v x,t

<=

) =
xgts £

and it follows that

( iﬁ ii Ny By °-Eij/kT)
x,t

= = P
i=1 J=0 i by
m n N T, °E1j/kT
< 7w Ei3 e
(Z Z = 1; ) (11)
1=1 j=0 1
J x’ts
Let n
Q = zz:Eij e-Eij/kT (12)
J=0

and substitute Qi into Equation 11. The result is
Equation 13,

(Z N, &

i=1

(Z %%;ﬁ) (13)

% e X, tg

For clarity, Equation 13 will be expressed in concrete form
for a binary system, that is, let 1i=1,2. Also drop the sub-
scripts tf and tg. Equation 13 now becomes
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or

- (3] (T)(P_Ei] g b

Py Q@
Let X = > 51- o The evaluation of (X will be shown later
’ >
in this chapter. Equation 1l now is of the form
T N. N '
(*) 1 2
nﬁ?[“ *Oﬁr} - N, | (15)

The needed relationship between 7?1 and 722 can
be obtained from the kinetic theory (10, 24) and thermodynamic
approaches to thermal diffusion (11, 34). Both of these ap=-

proaches yield

%
J o< .%E (16)

That is, the Soret coefficient, g s 18 proportional to Q¥
(an energy of transport term) and inversely proportional to
'.l‘2, where T 1s the absolute temperature. For an experiment
with a finite temperature gradient, T 1is the arithmetic

average temperature, T If Ty and Tg are the hot and

avg®
cold side temperatures, respectively, then

T or

2 2

TpTg = avg = "2 avg L

or



~ 2
7T T Tavg

16
(17)

For the systems considered, the error introduced in neglect-

ing (AQT)2/ emounts to, at most, 1 per cent. Equation 16

is now of the form

<
e _Q
TuTg

or

H-*

TyTg

Equations 19 and 2 are combined,

3
2 _ _H

7 = 7%5 n % TxTc

5*

yielding
*
H QT
52 = o THTC
X
or

(18)

(19)
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or

3¢
UPYAL - r,eET_
(1 + 712/7(1)

(20)

Implicit in the above development i1s the imputation that
H*en*avg, and that the actual variation in H¥ over the
temperature range TH’ TC introduces no appreciable error,
This was verified for the extremes of experimental conditions
employed, and in Appendix Part II-F the verification is shown.
Since the primary concern is with dilute solutions,

where (14 715/M;)&1, define

H#*
_72..2. = re-‘i._ (21)
(i

where the quantities r and H¥ are to be determined. Note
the analogy between Equations 21 and 3, From Equations 15

and 21,

N, + O(N H*
TI [—1_'—'2‘] /(14‘0(1‘9 ) (22)

In the determination of H¥* and r, 1t will be

necessary to invoke limiting conditions such as

L

N =8 fnlu

o
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and L
N2 = S ./rnz dx
o
with
H*
—2 = reT
n,

From these equations and Equation 22,

L
N, + QN
N =8 [[— ( L 2)/ (1+O<reH*/T)] dx (23)
o

and

L

Ny = 8 f[reﬂ*/w 5

o

N1+CXN

)/(1+o<reH /T)] ax  (24)

Based on the assumption of a linear temperature gradient, let

DT
: )
ar = - (H C’d.x

Now set Tel/z; dT= -dz/z2; and with an appropriate change
of integration limits, Equations 23 and 2 are transformed

as follows:
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l/Tc

SL Nl"O(Nz)T j’ dz
- v ]o T~ B¥z.
/Ty

N = (—T‘TH- .

z(1+Q(re" 2)

1/T¢

N1*0<N2 T rerz
—t) = dz
v )° (1+0(ret 2)

| l/TH VA re

SL
N, =
2 {TH'TC

and noting SL=V,
1/T¢

= To dz
Ny = (Ny+Q(¥,) (TE:T-C-) [m (25)
l/TH

/% gw,

To re
r"'-'H""‘['c) fz (14'0(1'9EIIE ) dz  (26)
1/Tqg

N2 = (Nl'i'aNa) (

Eaquation 26 can be altered by the method of partial fractions:

__I:_G_H__":E_u__ = _\'Lj. + —Q_'-i{-'—
z(1+QX(rel %) z (1+X(reB™Z)

or

Y(I*O(I‘GH*‘Z) + Qz = reH*.z

From this: \1/-=61<-; Q=-al;

If this result is combined with Equation 26, some rearrange-
ment yields



20

1/Tg 1/T¢

CKN2 TH'T dz dz
(Wﬁ;) (-T'o—)" z [z (1+O(rel®z) (27)
1/Tg

If Equations 27 and 25 are added, much simplification is

1/Ty

effected and

T (28)

With elimination of T, between Equations 28 and 25, the

result 1is

1/T¢

N T
o R = iz (29)
1Nz C , z (14X re“™2)
1/Ty

Unfortunately, no method has been found for integrat-
ing BEquation 29 in a closed form. It has been necessary to
resort to an expansion of the integrand in a Taylor series,
make appropriate assumptions pertaining to uniform convergence
of this series, and then integrate term by term. The mathe-
matical operations are shown in the Appendix, Part II-B. The
final result is given below:

H* = £ [-A0w + (1-24) + L3541 ] (30)
where
Ny

A = Moo (302)



2l

i
Tﬁfd" (30p)
T
C e 1ln -8 (30c)
Te

It is apparent that Equation 30 is insufficient to determine
H* and r. It is necessary, therefore, to consider the fol-

lowing representation of the concentration gradient:

atoms
n: volume

T, temperature

Figure 2. Concentration versus Temperature
at Steady State

dy4 /T
The curves drawn conform to 'ni=cie since it was postu-

lated that nz/'n1=renﬁ/T. The curves have been drawn to
indicate the heavier component migrating down the temperature
gradient, which i1s generally true. This need not be the case

since the analytical approach is general and hence it is in-
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consequential how a particular system behaves.

At T,,
Ny +O(N, H*/T)

711 = = . [——-——V ] / (1#Q(re ) (31)

from Equation 22; T, is given by Equation 28,

At Tg,
N N
N2 . /™ - +
N Ty [ Nq+OXN 3%
M (7)e, Tg[_l_%é]ﬂuo@eﬂ /28)
(32)
again utilizing Equations 22 and 28.
From Figure 2,
Ny, ~ M
( T(].)TB + ('-I'A"'-['B)(7“,.1-‘.—)5,..3== 2 (33)

if it is assumed that d7?l/dT is approximately constant in
the TA'Tb range. This seems to be a reasonable assumption
since the separations encountered in thermal diffusion cells
are usually smeall.

In summary, there are four non-linear algebraic equa-
tions with four unknowns. To add to the difficulty of ob-
taining a solution, these unknowns are implicitly bound in
the equations. The equations (Equations 30, 31, 32, and 33),
after some simplification, are presented below. The algebraic
manipulation of Equation 33 i1s shown in detail in the Appendix,
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Part II-C.
= C - (1-4)

#* = §[-a0 + (1-24) + ~22]] (30)
where A, B, and C are defined by Equations 30a, 30b, and
30c.

T N
1 = 22 (140G2)/(140(re™ TA) (31)
A 1
T N B
=2 (N—;"*O()(re 7t
1 = B T (32)
(l-bO(r;E'i B)

L. T°(1+O(§—‘:') [are"fy k: [2 TBZ-»H’.‘ITA»TB)-TATB] + [2 TBaoTATB]]
T3 (l#CXrgﬁyié)z

Tyt (334)

T (28)

o © 1n Ty/T,

Equations 28, 30-=33A, in conjunction with a knowledge
of Xy Ty and T enable the calculation of the separation
to be expected for two perfect gases. Though the calculation
procedure requires a sizable amount of tedium, there are
"short cuts" which will be explained in the Appendix, Part

II-A. A parallel derivation for liquids is presented below.



II. LIQUIDS

All that has been written and assumed for gases before
Equation |} will be considered to hold for liquids. This in-
cludes the postulation of a quasistatic process and the
validity of the Boltzmann distribution. However, because of
the relatively small coefficient of expansion of liquids, no
temperature dependence will be indicated for ‘ni at tg,

that 1is,
~ N
N, = T% (4n)
or
m m Ni
> N, = Y+ (4L-A)
i=1 i=1

The subsequent derivation for the gas system is ap-
plicable through Equation 9. Because of the change intro-
duced by Equation 4L, the liquid counterpart to Equation 10

i8 now

m n N
1 <Eq1/kT
E =§ E By B/
v, P, (10L)

8 1=l j=0

Again all arguments proceed as before, with the absence of

the To/T term. The definitions, (X = 1% 4 Te reH'*/T
Py Tzl
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are similarly introduced with the following results:

N_+(XN
n, = L‘?‘—Z / (1egere /T) (22L)
and
1/T¢
(-—L)(T 1) = e (291)
Np+QO(p [1PHT50 22(1+0(rell" 2)
1/Tg

The expansion of the integrand of Equation 29L is
shown in the Appendix, Part II-B, The final result is given

belows
=L [ - l=4A

B =g [-aCtr + (1-28) + ia;l] (30L)

where

Nl .
m (301'..-8.')
B o

= 1n TS (30L-b)
C= TH-TC (30L=-c)

The rest of the liquid development parallels that for
gases in principle but differs in one important aspect.
Whereas in Figure 2 it is noted that T, and Tg represent
the temperatures where 7? = % and 722 = I;_z , respectively,

1l
this is not the case for liquids. It will be noted from
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N N
Equation 15 that for liquids, (7'(1+0( 7’(2)=("T$O(-v-), so that
1f 7?1-=N1/v at Ty, then 7] =N,/V also at T,. Figure 3
below illustrates this situation.

T, temperature

Figure 3, Concentration, and Concentra-
tion Ratio, /N1, versus
Temperature at gtea%y State

Therefore, from Equation 30L it is possible to calcu-
late a set of (r, B¥) values and there remains the task of

culling the correct (x, H*) pair from the equations given

below,
At Ty,
n N o
T o5 T (34)

which allows the calculation of a Ta corresponding to

(r, H¥), The correct (r, H¥, T,) valuss can be determined

by substitution into Equation 35:
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d
N2 M)y Moy, @ d;?_z_)TA )
B o g

Equation 35 assumes (dTIZ/HT) and (d7?1/dT) are constant
over the TH,TA interval., This would appear to be justified
in view of the small separation obtained in thermal diffusion
experiment s, Thié assertion and its justification will be
considered in more detail in the Appendix, Part II-G, If the
expre ssions for 7?1, 722, (dna/dT), and (d1],/dT) are
substituted into Equation 35, and some rearrangements are

made, the result is Equation 363
GH*/TA[:TA? (l@ereH%/TA) ] H*(TﬂaTA)]

eH*/TAI:TA? (1¢CXreH*7TA) @ H?CXreH*/TA(TﬂeTA)]
(36)

The mathematical manipulations are shown in the Appendix,

l =

Part II=D,

In sunmary, Equaticns 30-L, 34, and 36 permit the evalu-
ation of the correct = ,B¥ pair. A calculation ¥short cut"
obviated the need for burdensome trial and error éalculations.

This will be explained in the Appendix, Part II-A.
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III. THE EVALUATION OF (X
P
=L |
P2 Q

l. Perfect Monatomic Gases

Let Eg denote the total energy per atom. Therefore,

Eg = Epg + Eggp + Eyrp + Egprer + Emisc (37)
where

Epgr = translational energy
Egor = rotational energy
EyiB = vibrational energy
EgrEcr = electronic energy

EMISC = miscellaneous energy terms

For a perfect monatomic gas, Eror and Eyrg are
equal to zero. At the temperatures considered, it is as-
sumed that a negligible number of atoms are in excited
electronic states, that 1s, all the atoms are in their
ground state, indicated by Egygcp = E°.

From the principle of equipartition of energy and
the defini tion of a partition function,

P = Ppp Pprgor Pror PviB PMrsc (38)

Classical statistical mechanics and quantum theory predict

Pog = (27kaT)3/2£% = cm® ,8°b = f(m,ﬁ ) (39)

where 4a, b, and ¢ are constants and /8== L ., Assume

kT
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Pyrgc can be expressed similarly,

Puzsc = o'n* 8 '= g(m,Q) (40)
and note for an ideal monatomic gas
Pror = Pyrp =1 (41)
Then Equation 38 becomes
P= (cmaB"b)(c'ma?,B‘"bé) eQEC)S (42)
From the definition of Q, it can be shown that

)
Qe - 2—p (43)
o8 .
and, therefore;

.2 1) (mete ' o (o#b') -ES
Q BB {(cc )(m 28 e ;8

or
Q= -(cet)(m?*2") [e“E‘?Bﬁ"b*b" [-&° - (m»)/g"l]]
(b and bt ~_2)

8ince E° generally ranges from several thousand electron
volts to higher values, and 1801=.026 electron volts, it

seems reasonable to assume (b-ob')/g "l « E,. Then
0
Q = (ccv) md®e’ e"EIQIQ'(b*b') E° (4ly)

and
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0*
P Q E;

B cnes o =

e T B e

The calculation of E2°/E1°, the ratio of the ground state
electronic energies of components 1 and 2, 1is obtained
by summing the energy of every electron of the atom. The
electronic energy is the energy necessary to remove an
electron in its ground state from its orbit to infinity,
that 1s, the ionization potential. The data are available

in Atomic Energy Levels (23) and other texts. In Figure l,

log Z versus log I.P. are plotted, where Z is the atomic
number and I.P. 1is the ionization potential. These data
are plotted for 1s 28%9 1s2 lso, 152 28 28%, ceey OtCe,
and a curve is drawn relating Z to I.P. for each orbit.
In Figure 5 a log=-log plot of E° versus 22 1is linear,
where E° 1s the sum of the electronic energies of each

electron in the atom in its ground state orbit. The orbit

energies were obtained from Figure L.

2. The Evaluation of X Far More Complicated

Molecules in Gases and Liquids

Even for complex molecules it will be assumed that

equations similar to Equations 37, 38, and 42 can be written.

#The significance of (¢ is discussed in the Appendix,
Part II-H,
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Included in the miscellaneous energy term could be such
quantities as interaction energy or heats of solution. A
ma jor difficulty arises because the rotational and vibra-
tional energies are no longer zero. To circumvent this

difficulty, the following will be assumed true:

Ppg = h(m,IB) =r msﬁmt (46)

Ppor = k(m,S) =t md’ g7 (47)
and

Pyrp = n(m,Q) = rit n® ' Q7 (48)

Pyrgc = AmB) = rrrms''t gttt (49)

The complex molecule equivalent of Equation J2 is therefore

P = (g nt)(r'msflg nt?)(r"ms"/g %) (o ms";e-t'" )e-E°/8
(t, tv, t", t™m . 2) . ' (50)

With Equations 50 and 43, and proceeding as before, it can

be shown again that

A =

r-’nol mwo

if (tet'+t"+t™ )B "l « E°., For atoms that chemically
combine to form molecules, it will be assumed that the major
interaction affects the outer electrons. The energy of these
electrons is much smaller than those closer to the nucleus
and hence contribute a very small fraction of the total elec-

tronic energy of the atome. Thus any error introduced by
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ignoring the interaction effect should be negligible. A
similar argument will hold for electrolytes in solution. The
ionization will affect the outer electrons and its effect on
the total electronic energy will be neglected. For example,
the heat of formation of CuSOh(S) is -184,700 cal/g.mol and
that of C,HZOH(]) 1s -52,230 cal/g.mol. Since 1 W
is equivalent to 23,050 cal/mol, the bond energy interactions,
as indicated by the heats of formation are approximately 8
electron volts for CuSOh(S) and 2 electron volts for
CZHSOH(K). The total electronic energies of CuSOu and
02H50H are approximately 100,00 EV and 3000 EV, respectively.
It seems quite reasonable, therefore, to neglect interaction
energies. Similarly, ionization effects in solution are of
the magnitude of a few electron volts and can be ignored.
Since for electrolytes, electroneutrality i1s assumed to exist,

the salt, in its migration in the cell, will statistically

be assumed to be of the (cation~anion) form.



PART II
CHAPTER II

THE COMPARISON OF PREDICTED AND
EXPERIMENTAL RESULTS

The per cent separation was calculated for the helium-
argon and neon-argon systems. The temperature gradient was
fixed but the concentration was varied, as shown in Figures
6 and 7. A summary of the calculations is given in Table I.
The calculated curve is compared with the data of Van
Itterbeek (20). Calculated separations based on the Lennard-
Jones (6, 12) model, as reported by Hirschfelder, Curtiss and
Bird (17), are also shown. For liquids, Soret coefficients
were calculated for various values of ¢(, with a fixed tem-
perature gradient and concentration. The calculated line
obtained is shown in Figure 8 for 50 mol per cent concentra-
tion in a two-component system with superimposed experimental
data, Figure 9 shows a similar calculated curve for a two-
component system with the concentration fixed at 1.8 mol per
cent of heavier component. In Flgure 9, Soret coefficients
for various electrolytes are plotted for comparison with the
calculated line. Tables II, page 4O, and IV, page 46, sum-
marize the calculations of Figures 8 and 9.

A sample of the multiple trial and error calculation
procedure is shown in the Appendix, Part II-A.
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NEON-ARGON

T, = 90.2°K

T =283.1°K
X = 4.34

-—-1BBS and GREW E xp.{
74 — HIRSCHFELDER, et al.{
——HERSHEY

l l

20 40 60 80
PER GENT OF THE LIGHTER COMPONENT

FPigure 7. Per Cent Separation versus
Concentration for Neon-Argon

100



TABLE I
SUMMAEY OF THE CALCULATIONS OF THE PER CENT SEPARATION FOR GASES

System Wo /8 Equation 30 T2/M)u 2/M)c & Separation
B* =
o . - 2808
Neon arson ; 125r ¢ 9603 ¢ =22 0893 1.14h 6,17
(Ot= 4.35) 3 -273r + 28,2 + 2923 30 .380 Yo22
3 -47.6r ¢ 132 + 328 5 g8 3.18 1.85
Helium-argon 1 =153r + 154 -854 1.142 7.27
(&(=199) 3 h52r + 154 .297 435 7.42
3 =51.0r ¢ 154 2,78 3.36 3.55
0176 =850r 4 15 0166 .25l 6.00
Notes:s

Tg = 293.1°K,  Tg= 90.2°K.

Simplification of Equation 30 is due to the large value of (X.

separation & Tz o l—.
R separatio 77?%5) c (785722)3

gt
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TABLE II

SUMMARY OF THE CALCULATIONS OF SORET COEFFICIENTS
FOR ORGANIC LIQUIDS, BASED ON EQUATION 30L

Mgl % of 0 x103

eavy

X' Gomponent No/Ny Equation 30L MMy T2Mc  (og)-2
H*/298 =

15 50 1 -.938r + 875 + 20625 .967 1.156 6.50

8.40 50 1 -.890r + .788 + 2106 .921 1.062 5.3

3.08 50 1 ~.T55r + 510 + 2243 .96l 1.038 2.9

1.01 50 1 -.503r 4+ 004 + e_LLz;Z <994 1.004 0.4

Notes Tg = 32.7°C; T = 19.3°C

ot



I. GASES

For the helium-argon and neon-argon systems, it 1is
apparent from Figures 6 and 7 that the calculated results not
only predict the proper shape of the curve but also lie within
about 30 per cent of the experimental line.

II. ORGANIC LIQUIDS

Non-polar organic liquid pairs seem to conform as a
group to the calculated line in Figure 8. Polar liquid pairs
tend to deviate from the line, implying some sort of inter-
action or molecular association. If the system is limited
to Mideal®™ liquid pairs such as the non-polar groups, it
appears as if the calculations are satisfactory within about
25 per cent over the range of (X examined. Closer scrutiny
of the deviations of the non-polar systems from the predic-
tion would perhaps reveal the nature of the correction factor
i'equired. However, the primary interest at this time concerns
aqueous solutions of electrolytes and it is these systems

that have received this closer scrutiny.
III. ELECTROLYTES IN AQUEOUS SOLUTION

Figure ©® shows the calculated line and experimental
points for various electrolytes in aqueous solution. The
data conform to the calculated line satisfactorily, with the

exception of sulfates which are not shown. The sulfate salts,
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such as CuSOh, CdSOh9 Mgsohp and Naasoh deviated markedly
from the calculated curve and in all cases gave Soret coef-
ficients that were too high for their corresponding (. If
the sulfate data were to fall on the calculated curve, then
the apparent O must be greater than the calculated (X .
This anomalous behavior of the sulfate class of electrolytes
has been recognized in studies of conductivity and colliga-
tive properties; and has been imputed to lon association,
partial dissociation of the salts, complex ion formation or
hydration of the ions (26). It appears as if ion association
and hydration of the lons are more widely accepted at this
time as an explanation of the sulfate class behavior. In an
attempt to reconcile the above explanations with the results
obtained from the present investigation, one fact stands out
prominently: 1in all cases, if the (X values were greater
than the calculated values, these Soret coefficlient data
would better conform to the calculated curve. Since (X is
equal to the ratio of the electronic energy of the salt
divided by the electronic energy of water, this implies that
the salt behaves as if it were heavier than 1ts molecular
welght would indicate. Another way of looking at this 1is to
suppose, for example, that after dissolving 2 moles of a
salt in water, the properties observed suggest, statistically,
that there are only 1.9 moles present. Some sort of ion as-

soclation 1s suggested.
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Hydration of the salt in solution i1s also a valid
factor to be considered. Since the development presented in
this thesis 1s concerned only with conditions of no net trans-
fer, the effect of hydration upon the mobility of the ions
should be on no consequence. Two possible effects of hydra-
tion do seem to be important: (1) the effect upon (X of
the assoclated water of hydration, that is, (X = Eﬁlfﬁééiggg,
and (2) the effect upon the apparent concentration of this
"bound" water. In an attempt to correlate all the data with
the calculated curves, the presence of hydration effects will
be recognized, but discounted in view of what follows.

Suppose all the'experimental data were sub ject to
negligible error. What correction factor would need to be
applied to (X in order that the experimental Soret coef-
ficient data points would all fall on the calculated line?
More specifically, what correction factor should be applied
to the atomic number of the salt in order to accomplish this?
These correction factors have been determined for all the
salts included in Figure 9 and also for the sulfates, at
three concentrations. They are tabulated in Table III under
the heading, Hershey. The calculated curves are shown in
Figure 10, followed by Table IV which summarizes the calcu-
lations involved. Table V presents the original Soret coef-
ficient data. Sample calculations are given in the Appendix,

Part II-A.



TABLE III
CORRECTION FACTORS FOR ELECTROLYTES

Py
@1 Hershez @E Hershey @ "1 " Hershey

KCl1 l.1 1.1 1,6%
NaCL 1.0 1.6 1.1 2.3 1.1 #
KBr 1.1 0.8 1.1 1.1 1.1 Cl.3%
NaBr 1.0 0.9 1.0 l.h4 1.1 1.7%
KI 1.0 0.5 1.1 0.5 1.1 0.5%
NaI 0.9 0.5 1.0 0.6 1.1 0.7
NaNO, # 2.4 # 2.6 # 1,6%
KNO4 1.5 2.0 1.3 1.9 1.2 l.2%#
AgNO3 0.8 1.2 1.4 1.5 1.2 0.8
Pb(NQ92 - - 1.9 1.0 1.6 1.1
BaCl, - 0.8 0.6 1.1 1.0 1.2 1.3
SrCl, 0.7 0.6 1.0 1.1 1.1 1.6
CuSOh - - 2.2 2.7 2.1 3.0%
Co80), # 1.2 # 2.3 # 3.0
Cdso), 1.7 1.0 242 1.5 2.1 1.8%
Na80), 1.5 1l.2 2.2 2.3 2.1 2.9%
Zns0) 1.5 1.3 2.1 2.3 2.5 2.1
Mgs0), 1.4 1.6 1.9 3.1 1.9 3.8%
Na80), 1.6 - 1.6 3.6 - -
(NH))280, 1.6 1.6 1.6 2.6 1.5 3.3
.I:I-otes: Qﬁ"l data from reference (26). # No data.
- Data too limited for # Uncertain ex-

extrapolation. trapolation.
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TABLE IV
SUMMARY OF THE CALCULATIONS OF THE SORET COEFFICIENTS
FOR ELECTROLYTES, BASED ON EQUATION 30L

Mol % of a x10°3
X csﬁiﬁent No/Ny Equation 30L Mo/m)y Mg (o)=L
H®/305 =
300 0.89 .009 ~81.0r + .460 + 290243 00880 00940 L.6
100 0.89 009  -52.6r + .052 + =90t .00897 .00906 0.71
300 3.85 on -23.1r + 846 + 200308 4355 .0420 11.8
100 3.85 .0l -20.0r + .600 + 49%99- .0381 -0418 6.15
50 3.85 O -16.6r 4 .334 + 20133 o301 .0410 3.25
300 1.77 018 ~46.8r + .688 + 09281 5169 .0190 8.60
100 1,77 W18 -35.7r + .286 + <0083 4175 .0182 2.7L
50 1.77. .018 ~26.3r - .052 » 200248 4180 .0183 0.75
5 1.77 018  -.58r - .83 + 20186 0180 .0180 0

Notes Tg = 312.1°K; Tc = 298.1°F.

9f
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TABLE V
SORET COEFFICIENTS OF ELECTROLYTES
IN AQUEOUS SOLUTION

Investigator - Tanner (30)

Mean Mol % 3
Thot Tcold Temperature Heavy Cfxlgl
Salt (°C) (°C) Component SOCQ
13.9 31 0.89 0.50
KCl " " 1.77 0.94
" " 3.85 1.40
1&.0 33 0.89 0.80
NaCL " 1.77 1936
" n 3.85 1.680
13.9 31 0.89 0.8
KBr h n 1.70 1.33
n n 3.85 1.80
4.1 31 0.85 0.30
KI " 1.76 0.45
" " 3.85 1.10
1&.1 3l 0.89 0.40
Nal " 1.77 0.79
" " 3.85 1.30
1k.0 3l 0.89 1,60
NaBr , n 1.77 2.06
" " 3.85 2.20
1&,1 31 0.89 3.20
BaCla " 1078 2.6’.].
n " 3085 2.30
1&.0 %l 0.89 2.06
8rCl, | 1.77 1,50
" " 3.85 1.0
‘ 1&.2 31 0.89 2.81
(NH), )80, " 1.80 2.35
n " 3.85 - 2.30




TABLE V (continued)

L8

Mean Mol %
ThotmTcold Temperature Heavy (IXIOB
Salt (°¢c) (°c) Component (°¢)-1
o 1%.0 31 0.89 6.85
Cdso), " 1.79 .85
" " 3.85 S.40
1.2 31 0.89 7.90
CoS0 n 1.77 6.10
4 " " 3.85 2.90
13.0 31 0.89 11.8
cusoh n " 1.78 10.15
1&.9 %1 0.89 6.17
Mgsoh " ” ]3.:’8?2 %: ;g
14.6 31 0.89 7.6
N1S0), ' n 1,92 6.38
" " 3.85 3.3
14.2 31 0.89 7.80
ZnSO,_'_ " 1080 6. 95
" " 3.85 4.00
1.l 31 3.85 9.20
Na80), i n 1.76 8.50
" " 3.85 9.2
1&.2 3y 0.89 1420
A3 " $ 308 7k
13.8 3) 0.89 6.55
Pb(No3)2 11#.2 : 1.g§ g.éo
! 3. +90
1&.1 31 0.89 0.20
KNO3 " 1.77 1,22
" n 3,85 3.60
13.8 32 0,89 O
NaNO4 n n 1.77 1.36
n " 3.85 3,10
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This correction factor represents a deviation of the
electrolyte in solution from its ™"ideal" behavior and should
somehow be related to deviations in expected colligative
properties. A measure of the deviations in expected colliga-
tive properties is given by the van't Hoff Factor, 1,
defined as follows:

i = ATf = AEb = [AY; = 7T
[ZSTf)o ([BTb)o (ZSPjo (7T)o

where
ZBTr = freezing point lowering
QDT = boiling point raising
AP = vapor pressure lowering
M= osmotic pressure

(ZSTf)o = F.P, lowering of nonelectrolyte

The quantities without the subscript zero refer to the elec-
trolyte and those with subscripts to the nonelectrolyte of
the same concentration.

Therefore, a correction factor analogous to the
"Hershey" values in Table III should be .%; , where UV
is the number of ions produced by an electrolyte at infinite
dilution. If an electrolyte behaved i1deally, the ratio -%i
would be unity. van!'t Hoff Factors are not readily avail-
able but osmotic coefficient data are. From Robinson and

Stokes (26), Vg = 1, where g 1is defined as the "rational®
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osmotic coefficient. The molal osmotic coefficient, qb, is
tabulated extensively, and 1s equal approximately to g.
Therefore, if the approximations are valid, -_E:/- & 1. qb"lo
Values of Qb are tabulated in Tsable VIII in the Appendix,
Part II-E,

As noted from Table III, the two correction factors
are of the same order of magnitude, and in most cases are in
good agreement. Where one factor increases or decreases, the
other behaves similarly. Figure 1l shows the values of the
Soret coefficient for various electrolytes compared with the
values predicted from the mathematical development.

The variation of Soret coefficient with temperature
was calculated and plotted as shown in Figure 12. It was
noted that there was a slight dependence of Soret coefficient
upon temperature and the functional relationship was linear.
As a comparison, data found in the literature were also pre-
sented in Figure 12 and it was noted that these data could
also be displayed linearly with a small temperature depend-
ence.

The concentration dependence of the Soret coefficient
was calculated and as indicated in Figure 10, the Soret coef-
ficient should increase with increasing concentration. This
is a typlcal behavior, supported by the data in the litera-
ture. The experimental data presented in this report, as

shown in Part III, Chapter 1II, also confirm this calculated
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behavior.

On the basis of the results summarized in Figures 6,
7,. 8, 11, and 12, and Table III, it is felt that the predic-
tion of Soret coefficients for electrolytes in aqueous solu-
tion 1s now possible.

Part III which follows describes the experimental ap-
paratus, procedure and results. Experimental values of the

Soret coefficlent were compared with calculated values.



PART II
CHAPTER III
CONCLUSIONS AND RECOMMENDATIONS

A mathematical development based on a quasistatic
approach to irreversible thermal diffusion has been developed.
By considering gases as being composed of ideal particles,
and liquids as condensed gases, a system of equations was de-
rived which allowed, within about 30 per cent, the successful
prediction of separations to be expected in helium-argon,
neon-argon, non-polar organic liquid pairs and electrolytes
in aqueous solution,

The overall agreement between predicted and experi-
mental results is encouraging, and while 1t obviously does
not provide Jjustification for any specific steps in the
development, it does indicate that the results may be used
with reasonable confldence for estimating separations where
theoretical and experimental results are lacking.

It was also possible to predict the dependence of the
separation upon concentration and temperature.

It 1s suggested that this approach be further tested

with the view of extending the concepts to mixed electrolytes.



PART III
CHAPTER I
A NEW DESIGN FOR A SORET CELL

Two of the major experimental difficulties involved
in obtaining separation data from a Soret cell are sampling
techniques and the determmination of the point of attainment
of a steady state condition. Sampling difficulties hinge
upon the requirement that there must be no disruptive con-
vection currents caused by the technique. Some designs
circumvent both of the above difficulties by not removing a
sample from the cell., A cell described by Tanner (30) util-
ized a transparent glass Soret cell and an optical system
which measured the deflection of a beam of light passed
through the cell. Chipman (7) had two electrodes in the
solution. Both of these schemes could monitor the concen-
tration changes and note simultaneously the arrival at steady
state and the concentration at that point. These methods,
however, are not easily applied to the two-salt aqueous solu-
tions since the change in the property measured would now
also be a function of amount of each salt present. It would
be necessary to measure two independent properties of the
system simultaneously.

The cell used in this investigation is sketched in
Figure 13, with photographs of the entire system shown in
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Figures 1l and 15. The cell design allows the removal of
T-ml samples from the hot and cold ends without disrupting
the remainder of the cell. This i1s accomplished by placing
two cellophane membranes close to each end. Long (21) found
that these porous membranes, though resistant to rapid macro-
scopic flow of solution, apparently did not affect the dis-
tribution of components under conditions of no net transfer.
With a Beckman spectrophotometer available for analysis of
samples as small as 1 ml, the cell design incorporated:
(1) a minimal diffusion path and (2) solution samples that
were representative of end conditions and not averages of
each half of the cell. The systems chosen were CuSOh-HZO,
CoSOh-HZO, and CuSOthoSOhmﬁao. The concentration, mean
temperature and temperature gradient were varied for the
systems. A graphical summary of the results obtained is
shown in Figures 16-20 of Chapter II.

I. CELL DESIGN

The cell consisted essentially of three circular sec-
tions, two of copper and a plexiglas spacer between the cop~
per sections. Each of the copper sections had an outside
di ameter of 6-3/l4 inches and an inside diameter of L4 inches,
with an .050-inch diffusion path. Cellophane membranes
separated the copper sections from the plastic spacer. The

plastic spacer provided the bulk of the diffusion path, 0.350
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Figure 1llj. Photograph of the Apparatus with the Cell in an
Upright Position,
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Figure 15. Photograph of the Apparatus with the Cell Tilted.
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inch, and measured 5-3/4 inches in outside diameter and U
inches in inside diameter. The three sections were clamped
together. All of the "differential®™ liquid between the mem-
brane and the end of the cell constituted a sample, which was
removed from the cell by tipping the cell, opening the sample
ports, and drawing the liquid into a hypodermic syringe.

II. HEATING AND COOLING FACILITIES

The upper copper section housed a 375 watt "pancake"
electric heater. Two copper-constantan thermocouples in the
volume between the membrane and the hot wall monitored the
temperature for a Leeds and Northrup Micromax controller.
Provisions were also made for the simultaneous check of the
thermocouple signal to the controller, using a Leeds and
Northrup portable potentiometer.

The lower copper section incorporated a hollowed por-
tion through which flowed the refrigerant, Freon-12. The
refrigeration system was of a standard 1/2 HP, 6000 BTU/hr
type. Two copper-constantan thermocouples were installed in
the space between the membrane and the cold wall, with the

emf signals read on the portable potentiometer.
III. EXPERIMENTAL PROCEDURE

A run consisted in tipping the clamped cell vertically,
filling the cell by inserting a hypodermic needle filled with
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solution into the lower sample port of each section and in-
Jecting solution till it overflowed out of the upper sample
port of each section., After the sample ports were closed,
the cell was returned to a horizontal condition and the heat-
ing and cooling begun. At the conclusion of the run, the
copper sections'! sample ports were opened, the empty hypo-
dermic needle inserted, the cell tipped and the sample drawn
out. A steady state was achieved in about 24 hours.

The cellophane membrane was du Pont PT-600 which had
been soaked in distilled water to remove the plasticizer,

The membrane life was about one month under constant opera-
tion, so that the cell had to be dismantled only once a
month. Wire mesh screens provided support for the membrane
in the cell.

The analysis for the Cusoh-Hao, CoSOu-HZO, and CuSOu-
CoSOh-HZO systems was made with a Beckman model DU spectro-
photometer., The calculation of concentrations from the orig-
inal spectrophotometer readings is shown in the Appendix,
Part III-B, along with the governing equations and necessary
absorbancy indices. In Long's thesis. (21), the treatment of
spectrophotometric data 1s déalt with in more detail.



PART III
CHAPTER Il
DISCUSSION OF RESULTS

The experimental results are Summarized in Figures
16-20 and Tables VI and VII, In Pigures 16 and 17, the sep-
arations obtained in single salt and mixed salt experiments
are plotted for 100°F temperature differences: 1)0°=L40°F,
and 159°-59°F. A straight line was drawn to represent these
data by the usual least squares method and the standard
deviation determined from this. The details are given in the
Appendix, Part III-C. Tolerance limits of plus or minus two
standard deviations are indicated by the dotted lines above
and below the regression lines. It was found that all the
data fell within the two standard deviation limit. Thus
it can be asserted that if the regression line represents
the data, and if it i1s assumed that the data are distributed
normally about this line, then it would be expected that 95
per cent of the data points would fall within the two standard
deviation 1limits. The data do conform to this specification,
It 18 recognized that the sample consists of only twelve
points and any concluslions drawn from this must be couched
very conservatively.

It 18 noted from Figure 19 that the Soret coefficient

increases with increasing concentration. These experimental
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SUMMARY OF THE CALCULATIONS OF THE SORET COEFFICIENTS
-CoS0, =H_0 SYSTEM :

TABLE VI

FOR Cusoh ), "o
Spectrophotometer R'dig . Soret Co
% Transmission Molarity 0 x 101 System
Initial Hot Cold Initial Hot Cold (°c)~
us 52,0 41.9 «598 .485 <654 8.87
75 78.3 73.4 208 177 .22l 7.05 ( 100°-I40°F)
90 9l1.2 89.1 .0753 0654  .0824 6.88
I 58.8 39.8 .598 .392 .695 10.2
60 70.0  55.5 «376 «259  .U35 9.27 Cus0),-H,0
75 81.3 71.2 .208 <149 2L6 8.99 159°-59°F
1,,00-)40°F
90 92 4 87.7 .0753 0562 .0939 9.21
60 68.1 56.5 1469 352 .52, 7.10 CoS0), -H,0
75 80.0 72.0 .26l 205 .301 6.92 ( 159°-59°F)
O_)0°F
90 91.7 87.9 .0965 .0799  .118 7.09 14074 _

89



TABLE VII

SUMMARY OF THE CALCULATIONS OF THE SORET COEFPICIENTS
oF GuSOu a&D CoSOu IN MIXED AQUEOUS SOLUTIONS

Spectr;photometer Reading

Soret _Coeff.,.

(% Transmission) Molarity T x 103
Hot Side Cold Side Cuso CoS0 (oc)~1
Initial Cuso& cosou Cusou,,coso Init Hot Cold 1Init ot Cold Cusoh
us 58.8 56.3 39.8 0.8 o579 378 674 o724 .521 .812 10.3
60 70,0 68.1 55.5 56.5 e36)4 4250 422 463 348 .518 9.33
75 8l1.3 B80.0 T71.2 720 0202 J1lhly 239 <261 +202 298 9,05
90 92.4 91.7 87.7 87.9 «0729 +0543.0909 .095) «0709.117  9.26

CoS0
L

7.90
7.07
6.89

707




70
results are compared with values calculated by the methods
described previously and are shown in Figure 20, It is ob-
vious that the experimental concentration dependence 1s ade-
quately described by the calculated values.

Figure 21 is a plot of the temperature dependence of
the experimental CuSOh Soret coefficients. On this same
i gure calculated coefficients are also plotteds Note that
at the higher temperature the experimental curve is horizon-
tal, confirming the prediction of a small dependence of Soret
coefficient upon temperature. However, at lower temperatures
the Soret coefficient decreases, indicating perhaps an in-
creasing complexity of the liquid structure. It can be
stated, therefore, that it should be possible to predict
separations to be expected for aqueous electrolyte solutions
solely from non-experimental information, perhaps with the
exception of low temperature conditions where the fluid devi-
ates most strongly from the simple model postulated in the
mathematical development,

For the 100°F gradient, the experimental coefficients
were about 10 per cent higher than the corresponding results
of Bosanquet (2). He used a cell partitioned in two equal
halves, separated by a cellophane membrane. Arithmetic aver-
age. values of concentration and temperature were assumed for
each half,

Temperature control on the hot and cold sides was



16 Cu S04
0.2 MOLAR
14 Tule = T2 avg.
—O-EXPERIMENTAL
12 CALCULATED
T avg.:ARITHMETIC
AVERAGE TEMPERATURE
d 10
X0
6
4
2
(o]
1.00 I.10 .20
-%r- xIOs
T avyg.

Figure 21. Soret Coefficient versus the
Reciprocal of the Square of the
Average Temperature for Cusoh

71



72
maintained at approximately 41 degree. The spectrophotometer
was reproducible, #0.5 per cent transmission. Before making
a run, the cell was always flushed with a portion of the
solution that was about to be used, eliminating any signifi-
cant residual errors., The two thermocouples in each sample
zone were always within about two degrees of each other and
hence an arithmetic average seemed reasonable. There was no
measurement which appeared to introduce an unwarrantable de-

gree of uncertainty.



PART III
CHAPTER III
CONCLUSIONS AND RECOMMENDATIONS

A Soret cell has been designed which allows the re-
moval of a sample from the hot and cold ends of the cell
without disrupting the rest of the contents. Soret coeffi-

'300-]

cients increased monotonically from 9.0-10.3x10 over a

0.1-0.6 molarity range for CusSO, and 7.0-7.4x1073°¢™1 for

COSOH over the same molarity raﬁée. For the mixed salt sys-
tem, no significant change in Soret coefficient of each com-
ponent was detected as a result of the mixing.

At higher temperatures the Soret coefficient for
cusou was essentially constant but at the lower temperatures
the Soret coefficient decreased with decreasing arithmetic
average temperature. The high temperature behavior is gen-
erally in accord with the predicted behavior based on the
development given in Part II.

A more durable membrane should be found and integrated
into the design of the cell used in this investigation.

It is recommended that a thorough investigation be
launched to study the effect of the membrane on Soret coef-

ficients.

Soret coefficient data, as a function of temperature



h
difference, mean temperature and concentration need to be
gathered so that a more satisfactory statistical analysis

can be undertaken.
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PART II



APPENDIX A

SAMPLE CALCULATIONS

le Calculation of Per Cent Separation of Neon-Argon

The trial and error solution of Equations 30- 32, and

33a will be shown for a 50 per cent mixture.
From Equations 30, 30a-=30c, with

TH = 293.1°K; X = }.3Y
Tc = 90.2°K; Np/Np =

293.1
C = 1n 90.2 = 1018

- 293.1-90.2
(293 1)(90.2)

= .00769°k-1

A= NI;——ﬁE 3——E 0.187
and

" H# = «125r + G6,3 + §%$§,

If r 1s varied,corresponding values of H* oan be

calculated. A summary is given below.

(1) gg)e (3) (L) (5)

P T (2)496.3 125 r He=(3)-(L)
0.5 57.6 153.9 62.5 91.4
0.6 U48.0 k.3 75.0 69.3
O.g hl.2 137.5 87.5 50.0
O. 36.0 132.3 100.0 32.3
0.9 32.0 128.3 112.5 15.8
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From Equation 28,

T = 22301"90.2 = 172010K
° 1n 2931
902

With Equation 31 and r=0.5; H#=91.l4, the result is

17201 (14),,3))
1= ZA
14(L.34)(0.5)e9L+4/Ta

A trial and error solution is TA=211.6°K. Similarly for
r=0,7 and r=0.9, trial and error methods are emplayed.

For r=0.5, H#=91.L, Equation 32 becomes

172:1(143.34) (0.5 e91:4/Tp
91.L/Tg

l =

1+(4.34)(0.5) e

It is necessary to agein resort to trial and error methods
of evaluating Tg. The solution is Tp=167.7°K. Again

values of Tp &re determined for r=0.7 and r=0.9. The re-

sults are given in the following table.

N =¥
_r_ Hat Ta Ts
0.5 91.4 211.6 167.7
0.7 50.0 185.0 170
0.9 15.8 174.3 171.8

If Equation 33a is written in function notation as
1 = f(r, H%, T,s Tgp)
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and the three sets of values r, H#, Tp, Tg substituted
into 33a, it is found that

£(0.5, 91.4, 211.6, 167.7) = 0,980
£(0.7, 50.0, 185.0, 170) = 0.995
£(0.9, 15.8, 174.3, 171.8) = 1.005

Interpolation yields
r = 0080
H¥# = 32,3

The separation is defined as

eparation ¥ & - _7_23_
separetl (711"‘7?2 )c (711"712)H

MMl Mo/M)y
© 1"(#» N/ - DU/Mla ™ 100

MM )e [1+ N2/M ) ]- No/M)E [1*(7?é/7?1)c]

<y

[2+ MMy ) 6| [2+N2/My M)

_ MoMy) e~ No/Ma )w
Separation [W%W%Tq

From Equation 21, with r=0.80, H#=32,3, the separation is

calculated below.

0,8032:3/9002.¢ gq3203/293.1
(1*00893203/9002) (1*09893203/29301)

= __(—B')'(‘!ﬁ%_—r"&)'[u R TR ]0-['%21%6 CT.IIe]

S8eparation =
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= ,0617

The separation is therefore 6.17 per cent.

2. A Calculation "Short Cut" for Ligquids

For the calculations involving the liquids, a short
cut was employed. This short cut involved the recognition
that in most cases the heavier component usually migrates
down the temperature gradient. Therefore, if initially
NZ/N1=3’ whe re NZ. and N; refer to the number of atoms
of the heavy and light components, respectively, then at
steady state it would be expected thats

_TLZ.) BY 3 and _R_g) < 3
M cold M hot

Schematically, this is indicated in Figure 22, below.

Mo 3 - — - = _
N1

Temperature

Figure 22, Concentration Ratio versus Temperature
at Steady State.

If in Equation 30L various corresponding values of H# and
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r are obtained so that curves such as in Figure 23 can be

plotted from Figure 22, then it 1s possible to avoid trial

Figure 23. Concentration Ratio versus r
at Steady State.

and error methods by utilizing the implications of Figures

N2

Ir > 3, then from Figure 23, the lower limit
‘ 7?1 cold
of the Tg curve is given by r=rs. Similarly, if _;IE < 3
1'hot

the indicated upper limit of the Ty curve is given by
r=rge. Thus rg<r<rg represents the permissible range of
r. If corresponding values of ( 7],/ 7)oy &nd ( N2/ ko1
are determined from Figure 23 for »r equal to rgs Tos and
intermediate values, Soret coefficients can be calculated
from these 712/721 pairs. The values of the Soret coeffi-
cient by this method for the organic liquid pairs varied
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only slightly over the range of r so that an arithmetic

average could be confidently used. The result was a Soret
coefficient for a fixed temperature gradient and N2/N1.
This procedure in detail is presented in the section 3 of

this appendix. The calculations showing the conversion of

a (75/ nl)hot and ( N,/ nl)cold pair to a Soret coeffi-

cient is also shown.

For the aqueous electrolyte calculations, the above
procedure was utilized to determine the allowable 1r range.
The calculations proceeded, governed by the equations devel-

oped in Part II, Chapter I of this report.

3. The Calculation of Soret Coefficients from Equation 30L

The following procedure obviates the tedious trial and
error procedure outlined in section 1. All calculations in-
volving liquids, including electrolytes, followed the "short
cut” procedure. Let N,/Nj=.040 (3.85%); TH=312.1°K;
Tc=298.1°K. The heavier component is denoted as component 2.
For ({ =100, with Equations 30L, 30L-a— 30L-c,

N
1 1+13f=o.20

Az o =
N1¢CXN2

g = 312.1"298.1 =
B 1 12.1 305
n 298.1

Bquation 30L becomes
H# = 305 [ -20r + .600 + :%,‘-@]
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If the heavier component is assumed to migrate down the tem-
perature gradient, then, at steady state, (712/ nl)c > 4040
and (7?2/7z1)H < .040. Corresponding values of H# and r
will be calculated, so that /],/7, values (from Ua/nlg
reH*/ T) straddle the allowable reange. A summary of such

calculations is given below.

(1) r .01 .005 003
(2) 20r 200 100 060
(3) .008/r .800 1.60 2.67
(4) .600-(2) 400 «500 540
(5) (3)+(4) 1.20 2.10 3.21
(6) H#=305(5) 366 640 979

(7)(N/N )y 0323 .0389  .0692
(8 N/ N 1) 0341 .o0u28  ,0801

In Figure 2, (7?2/)?1)c and (722/7(1)1_1 values are plotted
as functions of r, with the allowable range for 7?2/721
marked off. Three values of r, ,0040, .0052, and .0056,
represent the extremities and the mid-point of the allowable
range. The corresponding values of 72 2/ 7(1 from Figure 2|

are - tabulated below.

r (N/Mde  (N2/ N1y
.0048 .0438 .04400
«0052 0410 .0381
.0056 . 04400 .0367



.08
T
o< =100
Nz _
07 N, - .040 ||
Ty = 312.1°K
L\ T= 298.1°K

.06
N2
7
.05
N2
(77).>.040
J(%‘f)ﬂ( .o:k Qic
o4 — :i::§>\<:“
.05
.003 .004 .005 .006
r
Figure 2. Concentration Ratio versus

r for Liquids
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represents mole

Jo/n
(Ve

ratio, with N equal to Avogadro's number. Therefore mole

N2/ N

fraction is equal to i+ 7?2 7? « The Soret coefficient is
1l

Since 7? represents atoms per volume,

defined by

g = 1_ ,, (mole fraction)g
Tp-Tq (mole fraction)g

where component 2 1is the component of interest and represents

the electrolyte. Therefore,

= . = 1 20438/1,0438 _
r=.0048: & 1n°—0u93—m§:roh%- .00622

r=,0052 g = .00635

r=,0056 g = .00589

Hence

Jd =x10° = 6.15
avg

L, Derivation of Figure S

For an atom to be in its ground state, each electron
of the atom must be in its orbital ground state. The energy
of each electron i1s then the energy required to remove the
electron from its orbit to infinity. This energy is called
the ionization potential. In Figure L, the ionization poten-
tial is plotted as a function of atomic number, 2z, for
various orbits. The sum of the ionization potentials of all

the electrons in an atom is defined as the electronic energy
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of the atom,

As an example of how the points were determined for

Figure 5, consider carbon (Z=6) in its ground state.

Carbon: 2Z=6

Ground State Ionization Potential
(electron volts)

182 282 2p2  3p, 11.3
182 282  2p ng 2l 1y
182 282 lg, L7.9
152 2s ZSL 64.5
182 1s ) 392.0
1s 28% 489.8

1029.9

Carbon: 22 = 36; I.P. = 1029.9 EV.

5. The Calculation of (X for Some Systems

Three representative systems will be selected to

illustrate how X was calculated.

From Figure 5

Neon-Argon: E
I.P. a‘—a-
E)
#Component 2: Argon (Z=18) 16,700 Lh.34
Component 1: Neon (2=10) 3,850

#Component 2 1s always the heavier one.
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G6H6“C6H501=

In dealing with molecules, the calculation of the elec-
tronic energy of each species becomes considerably more uncer-
tain. However, if it is assumed that in the formation of a
molecule from its elements, the energy change involves only
the outer electrons, and then only on the order of magnitude
of the heat of formation, the calculation method becomes more
rational. For example, the ionization potential of the outer
electron of carbon is seen to be 1l1l.3 EV. The heat of forma-
tion of 06H6(L) is 11,600 calories per mole, or about 1/2
electron volt per molecule. In section 4 of this appendix
the electronic energy of c arbon was found to be 1,029.9 elec-
tron volts. Noting the possible energy changes introduced
by carbon-hydrogen, carbon-carbon, and the benzene ring form-
ation, 1t would seem reasonable to neglect these effects and
proceed to calculate (X by adding the contribution of each
atom in the molecule, For the C6H6-C6H501 system,

From Figure 5

I.P.
Carbon (2=6) 1030
Hydrogen (Z=1) 13,6
Chlorine (Z=17) 13,053

and

Electronic Energy, CgHg = 6(1030)+6(13.6)=6,260 EV

Electronic Energy, CgHgCl = 6(1030)45(13.6)+13,053
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Therefore,
= 19,300
X ‘2?%66 3.08

HZO-CdSOu:

Tonization of an electrolyte in aqueous solution is
usually assumed to affect the outer, or valence, electrons
of an atom. It has been noted previously that the contribu-
tion of the outer electrons to the total electronic energy
of an atom is very small. Therefore, the error introduced by
ignoring the ionization when determining the electronic energy
of the atom should be negligible.,

The salt will be assumed to be completely ionized in
solution. Any deviation from this will be corrected for by
introducing a correction factor, %?, where UV 1is the number
of ions produced at infinite dilution and 1 1is the van't
Hoff Factor. The use of the correction factor is illustrated
in section 6 of this appendix. Since electroneutrality is a
necessary condition, it will be assumed that statistically
the salt migrates as a neutral molecule (or ion~-associated
complex). Therefore,

From Figure 5

I.P.
Cadmium (2=8) 170,000 EV
Sulfur (2=16) 12,000
Oxygen (2=8) 2,300

Hydrogen (Z=l) 13,6
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Electronic Energy, Cdsou_ = 170,000412,000+4(2,300)
= 191,000 EV

Electronic Energy, Ho0 = 2(13.6)%2,300

= 2,330 EV
and
O = 1315520 = 82.0
6s The Calculation of (X Using the Correction Factor, %
From Robinson and Stokes (26), -If- =t = ¢=.1’ where

(pis the molal osmotic coefficient. Sincg the deviation of
the electrolyte from ideality has been imputed to an apparent
atomic number greater than the 1literature va]:ue, the correc-

tion 1s applied as indicated below.

Hy0-(Cd50) )#
cax = O~ ca
S# = ¢ml S
0% =¢-l 0

For a 0.5 molal solution, ¢ = 466, or q)"l = —ﬁg = 2,1

Specifically,
From Figure S
yA I.P.
Cd# = 2,1(48) 100.8 1,000,000
s = 2,1(16) 33.6 70,000
ox = 2,1(8) 16.6 L4(14,000)
1,126,000

#Denotes apparent behavior,



93

and

- 1,126,000 _
X= 243550 = 183

7. The Calculation of the "Hershey" Correction Factor

The Hershey factor is defined as the correction to the
atomic number of the electrolyte so that the coordinates
(O, (X) of each electrolyte, fall on the calculated line de-
termined from Equation 30L. The Soret coefficient, Cf, is

the experimental value.

Hao-CdSOh:

The Soret coefficient for a 0,50 molal solution (0.89
mol per cent) is given by Tanner (30) as Cf1103=6.85. From
Figure 10, (X =345 18 required for the data point to fall

on the calculated line, Since

E#, E#caso, **gasoy
= = =

(0
= El EHZQ 2300

345

it follows that
K
caso, 793,000
21 = HZ, or Cd# = H|Cd = H(48)
S# = H|S| = H(16)
o# = H|O| = H(8)
To the nearest tenth, it was found that H = 1,8

#Denotes apparent behavior.



The calculations are shown below.

2
S# = 1,8(16) 28.8
o# = 1.8(8) ]J-I»o,-l.

The Hershey factor = 1.8

#Denotes apparent behavior,

oL

From Figure 5

I1.P.
720,000
50,000

)4 (10,000)

810,000




APPENDIX B

DERIVATION OF EQJATIONS 30 AND 30L FRMM A
TAYLOR EXPANSION OF THE INTEGRANDS OF
EQUATIONS 29 AND 29L

l. Perfect Gas, Equation 29

l/Tc
_-Nl 1n T—H = dz
N1 +QX(Np Tc z(1+Q(re*Z)
1/Tg
= 1 ; £(0) = 1
Let f(z) (1+O(reH*z) (0) (Toex ™)
Hitz
£ (Z) = &I‘H*Q s £1(0) = - aI’H*
(14X ref¥2)2 (1+Q(r)2

Neglect second order and higher terms. (The error introduced
by neglecting second order and higher terms will be approxi-

mated at the end of Appendix B.) Therefore,

£(z) _ 1 = (rat—) L - Q(rHs
2 z(l'lO(reH*z) T+O(r z (1*ar)§

and from Equation 29

1/Tc 1/Tc
Nl 1n .'Iil. = ( 1 ) d_Z_ - O(rH* dz
ﬁ1+(xN2 Tq lx(xr z (1+O(r )2
1/Ty 1/Ty



96

If the integration is performed and the limits substituted,

the result is

1 T
" ‘moE) %

Ar
1+(Xr

X

l+x =

and substitute these quantities into Equation B-2,

rearranganent, Equation B=3 can be obtained,

A-—21_|C=- __7"3* B
[ (1+x)] [(1+x) ]

and finally,

cr 1
Hit = E)[ 1+x) A]
. X
=
gw = G [ (1+x) _ (1+x)?-A]
B x x
Hi#t = C [ (1~A}+§1-2A)wax2]
B X

H - X rH#
(1+0(r)2

T, -T
H ~C
[fv‘g@g‘] (B-2)

With some

(B-3)
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H# = % [- AQ(r + (1-2A) + i%%%l } (30)

2e Liquids, Eqgquation 29L

1/’TC

NI"O(NE HC 22 ( l+O(reH*z )
1/Tg

As done previously, if second order and higher terms are

neglected,
1/Tc 1/7c
N
1 1 dz _ _ X(rHs dz
Weome TaTe) TG 2~ (140r)2 z
1/Ty 1/Tg (B=l)
or
! 1 Orix . T
T (Tg=Tc) = (i) (Tp=Tc) - (120(r) 2 1n T, . (B=5)
With
N
A= 1
N +(XN
T
B = 1ln '.1.—6
C= TH-TC
x = ((r
l+x = 14((r

and Equation B-=5, the result is:
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_ Hix
AC = (1) ¢c - B
1+x (l+x)2

1 xB
H# = C(T3x-A) / (1#+x)2
B = cgl-A-g)gluz
s [.u.(l-m,l.,;&]

or finally

H# = % [-ACXr + (1=24) + %é%%l] (30m)

Error Introduced by Neglecting Second Order and Higher
Terms in the Derivation of Equations 30 and 30L

Given:

£(z2) = (l*o(ieﬂ*z) 200 = T (B-6)
Then-

£1(z) = -EuQ(re™"2 £1(0) = =BXr_ (B=7)

(1+O(reli®z)2 ’
rw(z) = df;zz = é% (-H#(Xr) [eH*z (1+CXreH*z)-2]

= (=H#((r) [eﬂyz(-a)(1+CXreH*z)'3(CXrH*eH*z)

+ (1+((reB¥#2)-2 (H&)en*z]
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-ZCXreEfz .l
(1+O(reb®2)

(-H# Ofr ) (14#Q(rel*Z) =2 (HseHtz ) [

-(H*)ZCKreH_f ~20(reb %4 thXreH*z
(1+(r eH%z e (l*CXreH*z)

-(H*)ZCXreH*z (1L-O(rei¥2) :
" = (B-8)
£"(z) (1+CXreH z)3 ‘

The Taylor series expansion about zero with the LaGrange form

of the remainder is given by
£f(z) = £(0) + £1(0)z + R, (B-9)
where
Mm(x) .2 £M(z) .2

Rpy= =37~ 2 7~ =z 2

since Zpgy ~~ Zeoladr
From Equations B-9, B-8, B-7, and B-6,

Ry
T(0)+2' (0)z

H#(X 1z

, |
25 (H#)20(rel¥2 (1-COreB¥2)/(14(yret¥?)3 ‘
(T (140(r)2

-22(8#) () (re®*%) (1-O(re™*%)
5 [g1+cxrz-H*Csz ] (14 (Xreli¥2)3
(1+0(r)2

=22 (5#) 2( Q) (re™*2) (1-re™?) (140Xr)?
2[ 140(r (1-B2) | (140tre™*2)3

(B-10)
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As an example of the possible error involved in neglecting

RZ’ consider the following:

X ~ 5x10°
r ~ :I.O-3

ref#2 .~ 10-l

H# ~ 4x10°
and
R, B 16x104) (5x182)| 1-(5x102) (184 ][14». 2]
T{0)+17(0)z 2[1+(5x162)(16“) 3[14».5 (2-1.3)]

~ «05

That is, the remainder is approximately 5 per cent of the

first two terms,



APPENDIX C

DERIVATION OF EQUATION 33A FROM 33

Starting with

an N
(7?1)T + (T -TB)( 1) ~ 3 (33)
and
+(N
N = T[-l—cx-g]/(l-rcx o/7) (22)
Let
A=T, (N_lfgg.?.
B=Xr

Equation 22 becomes

nlzm

and
-[T _(ﬂfggff{g) + (1+BeH§/T)]
A —

anl,

T
T2(1+B9H*/T)2

dnl A BBH*/T H#-T)-T (C-1)
T T p(14BeB*/T) | 12(148eBH/T)

If Equations 33 and C-1 are combined, the result is
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A ef*/TB (Ht-Tp )-TB N
14(T,~Tx) = = -1
75 (1+BeH*/TB) A™B [ 752 (1+BeH#*/TB) v

Simplifying this result,

AI BeH*/TB[2‘1‘32+H*TA-H{’1‘B-TATB] + [ZTBZ'TATB]] _ N
S v
753 (14B61%/TB)2

whereby the final equation is obtained if A and B are
replaced by their defined quantities and the result divided

N
by -1
T T

N
o (1*O<N§" [ O(reE*/TB (2rp2+m#(TA-Tp) -T4Tp | + [22p2-T ATB]]
TBB ( l*areﬂ*/TB ) 2




APPENDIX D
DERIVATION OF EQUATION 36

From Equation 35,

d
Do ma/mg _ Madee | Mo)mpe —;?TQ]TA(TH-TA)

1 (nl)TH d 1 (D-l)
| (711)%4( %} v, (TH-T4)
with ;
N N
7?1’"‘ %“2 / (l-bO(reH*/T) (22)
and
113 = reH#/T (21)
M
the following development is obtained:
an 1) (nl)TA&rH*eH*/TA D2)
—_—] = . D-
TV 02(240¢reB*/Ta)
[} S el (0-3)
dr Irp  p,2(140reB*/Ta) )
H#/T :
Mo = M)y, v "/ (D-4)

Combining Equations D=1, D=4, 21 and 22, with some
simplification, Equation 36 results:



10}

B/Ta [ p,2(14 O(re ™/ TA) - (25-T, )]
eH*/ TH[TA2(1+O( reH*/ TA)#H*O(reH*/ TA(THT A)]

(36)



APPENDIX E

THE DETERMINATION OF OSMOTIC CCEFFICIENTS
WHERE NO DATA ARE AVAILABLE

For electrolytes where no osmotic coefficients are
available, Prutton and Maron (27) state that it is possible
to approximate these data by classifying the electrolyte.
For example, with V and C representing the number of ions

produced at infinite dilution ( V. and molar con-

K280u=3)
centration, respectively, and QD the osmotic coefficient, a
plot of (I-QD) versus UC yilelds a family of curves.

It 1s found that uni-univalent electrolytes generally coin-
cide, di-divalent salts likewise behave similarly, and so
on for other combinations. It is thus possible to find
osmotic coefficients for Zr(NOB)h and Hr(NO3)h from

the data of Th(N03)h.
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TABLE VIII
OSMOTIC COEFFICIENTS,
REF. (26)
(25°c¢. )
Mol % Mol %
Salt Heavy Qb Salt Heavy Qb
Comp. Comp.
0.89 .899 0.89 -
KCl 1.77 .897 CoS0), 1.77
3.85 .918 3.85 —
0.89 .921 0.89 0&69
NaCl 1.77 «936 Cuso0), 1.70 61
3.85 «990 — —_—
0.89 <904 0.89 .522
3.85 <934 3.85 .723
0.89 917 0.89 .
3.685 «965 3.85 649
0.89 952 0.89 483
NaI 1077 0991 ZnSOu 1.80 . 78
- 3.85 1.104 3.85 .659
NaBr ?‘?3 '3§§ Na,S0 0.82 ‘e
[ ] [ a l. [ ] 2
3.88 12048 255 382 ¢4
0.89 86l 0.89 .811
3.85 1.160 3.85 1.169
2 . 1.00 Pb(NO 1.77 .5
3281 1.373 3’2 3l 0P
(NH),) 80 ch).gg '2113 KNO 0.99 5L
2 ° ° 1077 0756
b2Th 35 -62), 3 3.85 -650
, 0.89 466 0.89
cd80), 1.79 452 NaNO4 1.77 —
3.85 .591 3.85 __

#There is a slight variation with temperature.



APPENDIX F

JUSTIFICATION OF THE USE OF AN "AVERAGE" VALUE OF H#

OVER THE FINITE INTERVAL, Ty,Tg IN Mo, o/t
1

From the experimental data shown in Figure 12, it ap-
pears that a sultable equation describing the linearity of
the data 1is

g=-2_4+1b, or
TyTe

a * b TyTe _ ya
ol o (F-1)
TyTe TaTe

This suggests

Mo, _ms/r _ _ a-bI2/

1

(F=2)

which can be shown to yield (F-1):

N2 ) 2
N a-bT¢ 8 . 8 _ pTa+bT
721 c re 1IC Te "TE ¢TH
= = ¢
(721)1-1 re “H

a(T,-Tc)

+ b(TH-T
- o TG+ °lrEe)

U=-5]'-1n2 = i 1n(n2/711)c A

T Xy DT (TIZ/nl)H = THTG +b
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or
a4b THTG H#

.
THTc TxaTe

O« (P-1)
which confirms the choice of H# in Equation F=2,
With H# a function of T, it was desirable to investi-
gate the error involved in the integration of Equation 29-L
1/Tg

M = e dE_ (29-L)
1/7y 25 (140Cre 1)

where (1) H# 1s not a function of temperature, and
(2) H# = a-bT2

Choose: for cusoh

T, =333°K; 2y =g = 3.00x1073
H
To =277 g = g = 3.61x107

Talc = 9.22x10l4

8o that from Figure 12,

X = 180 T = ,0013
0 = 5.22x1073 a = 338
H# = )81 b = 15.2x107%

a
H*(Tc LS of eTE'ch

(MgfNy)g = F o
_  Hs/T
(No/Ny)g=Te ?

From the above information: »r = ,00332.

a

bT
e el B



By graphical integration, it will be shown that

M' , where

=
IR

1/Tg

M= J( dz =
1/".['H 22(140(re 2" Z)

and
1/Tq

M' = [ dz _
. . Hit
1/TH 22 ( 14’&1’6 z )
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The calculations are shown in Table IX and the plot

of the information appears in Figure 25,
that the error introduced is negligible.,

It is obvious



TABLE IX
SUMMARY OF GRAPHICAL INTEGRATION CALCULATIONS

— —— —

w— e

(1) (2) (3) (4) ég% (6) (7) : (8)
z 22 H  Ez e XT(5) 14(6)  (2)(7)
3.00 x 103 9,00 x 10'6 481  1.443  4.233  2.64 3.64 32.8 x 107 -6
3.1 " 9.61 481 1.491 L.4h2 2.77 3.77 36.2
3.2 " 10.2 " 481 1.539 L4.660 2.91 3.91 39.8 '.'
3.3 " 10.9 " 481 1.587 L4.889 3.05 ).05 ug,l n
3.4 " 11.6 n 481 1.635 5.13 3.20 L4.20 L8.7 ™
3,5 n 12.2 " 481 1.682 5.39  3.36 L4.36 53.2 "
3.61 " 13.0 " 481 1.73 5.67 3.54 L.54 659.0 "
X = 480 T = ,0013 XT = .62
(1) (2) (3) (4) (5) (6) (7) (8)
1 1 (4) < ] 5
pA az b(2Z) (2)-(3) € X r(5) 1+(6) Z5(7)
333 1. 01g .506 508  1.662 2.6 3.6 32.8 x 1076
322 189 559  1.749 2.7 .7 36 "
312 11083 L7h .608  1.837 2.92 .92 Lo "

3
3
303 1.115 1460 .655 1.925 3.06 L Lu,é
29 1.1%9 UuL7 .702 2.018 3.21 L.21 L
1.1 435 . 748 2.113 3.37 n 53
277 1.220 A2l <799 2.223 3.54 L 59

a=338 b=15.2 x 10~4 X =480  r=.00332 O r=1.59)

oTT
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Figure 25, Graphical Integration Solution of

Equation 29-L



APPENDIX G

JUSTIFICATION OF THE ASSUMPTION THAT —— AND

d
dT?l
dT

an,
T
ARE CONSTANT OVER THE Ty,T, INTERVAL

For dilute solutions, where 7?2 << nl s

N ~ 1o
- = —j7- G-1
N1 Ny /Y (6-1)
so that n
2
2 1 NV XL
T v % =7 (6-2)
Therefore, for
o o N.?.
TH = 289 K; TC = 277°K; EI = ,00611

by the calculation procedure described in Chepter II,
(N,/N )¢ = -006l1
(N/My)y = +00598

Tp = 285°K
J x10° = 5.79

Figure 26 and Equation G-2 illustrate the reasonableness of

the assumption made,



T
0064
/
0062 ——— /7717771
.0060
0058
CuSOg4
Ty = 289°K
Te= 277°K
N
—2 = -
.0054 N, .006ll
.0050
289 287 285 283 28I 279 277

TEMPERATURE, °K

Figure 26, Concentration Ratio versus Temperature
for Cusoh_ (Calculated)

1344



APFENDIX H

(o]
E
SPECULATION ON THE SIGNIFICANCE OF (X = —2—

Elo
Pl Q

The evaluation of (X from (X = =— -2 was based on
Pr

the postulation that the total energy of an atom could be ex-
pressed as the linear sum of 1ts various components of this
energy, that is, translational, rotational, vibrational, elec-
tronic, etc. The further speculation as to the general form
of the partition function corresponding to each energy term
together with the equipartition principle led to
o= 2
E,°
where E° 1s the electronic energy and the subscripts refer
to a particular component. A question of the significance
of eleétronic energy when dealing with transport processes
is pertinent, particularly at the "ordinary" temperature with
which thermal diffusion is concerned. An attempt will be
made here to impute to (X some significance which is not
readily apparent.
In general, the partition function for a gas atom is

written as
P = Ppp Ppor Pyis PenECT* -+ PNUC

and at the usual temperatures, Pgrrpcr and Pyyc are dismissed
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as irrelevant since the atom is assumed in its ground state
as far as electronic and nuclear energies of the atom are

concerned. By definitilon,

. P
Eerrer E 03 ElecT - &

Exuge E 05 Pyue = 2

where g is the degeneracy.

The question that naturally arises from this regards
the validity of assigning a value of zero to these energy
terms (electronic and nuclear) when one is dealing with a
single specie in a system. In effect a zero point of energy
is being defined for the atom; EB & O when the atom is at
rest (translation, rotation, etc.) and in its electronic and
nuclear ground state. However, suppose there are two species
of atoms in the system. How then does the zero point of
energy for specie 2 compare with that of specie 1?2 What is
the significance of assigning EELECTco for speci; 1, when
it is necessary to evaluate a quantity such as (EELECT)Z/
(EEEECT)12 While pondering this problem, consider also that
there 1is a.relationship between intermolecular forces and
electronic energies. Shouldn't, therefore, it be possible to
express intermolecular forces and interactions in terms of
electronic energies? In an attempt to rationalize what ap-
pears to be a confuéing situation, a speculative mechanism

for molecular interactions will be proposed below together

with a consistent definition of the zero of energy.
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Consider a system composed of atoms of species 1 and 2,
The zero point of energy will be defined as E=0 when the
atom 1s at rest (translation, rotation, etc.), is located at
infinity with respect to its nearest neighbors and is in its
electronic and nuclear ground state. Now allow two atoms to
approach each other. It is proposed that the resulting inter-
action conforms to the "square well" type of diagram, as

shown in Figure 27.

Potential
Energy O[-——- —-

Figure 27, "Square Well" Interaction Between
Two Atoms
At distances greater than Pos the two atoms do not
exert any influence upon each other and the total energy of
each atom is given by the sum of its translation, vibration,
and rotational components. However, at T.s and until r_,

m
there i1s an interaction between atoms--an interaction which
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is proportional to the electronic energy of each atom. The

total energy of each atom is therefore given by

E = Eqg ¢ Eyrg # Epor * EINTERACTION

where

ErnrERACTION = ¥ EELECTRONIC

If it 1s intuitively felt that EINTERACTION should vary
over the r, »T, Tange, then let it be asserted that this
variation is small enough to allow an average value to be
used over the S
It was on the basis of the above discussion that the

range.

o
final result, (X =Eg_ s was derived. It is proposed that
E, °
(' ve called an "interaction coefficient."
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PART III
APPENDIX A
ORIGINAL DATA

Tables X and XI are tabulations of original data,
They are compiled from pages 1251-125) of the Original Record
of Research, Volume V, Department of Chemical and Metallur-
gical Engineering, The University of Tennessee, Knoxville,

Tennessee.



TABLE X
TABULATION OF ORIGINAL DATA, SINGLE SALT

Spectrophotometer Reading ‘Temperature
(£ Transmittancy) System (°F.)
Run # Initlated Terminated Initial Cold Hot Hot Cold
1 June 7 June 9 50.3 Ll .0 . CuSOh-Hao 139.0 L40.0
2 June 9 June 10 49.8 43.5 _ " 139.5 L40.0
3 June 10 June 11 50.0 4.0 60.0 " 140.0 L4o.5
L June 11 June 12 50.0 45.0 62.0 " 140.5 L40.5
S June 12 June 12 50.5 48.0 59.0 " 140.5 L40.0
6 June 1l June 1l 0.5 47.5 60.5 " 140.0 L40.0
7 June lg June 15 32.5 4o.0 57.5 " 140.0 40.0
8 June 1 June 19 2.5 79.0 83.0 " 140.0 L4O.O
9 June 19 June 20 84.0 85.5 " 140.0 40.0
10 June 20 June 21 51.5 48.0 B0.0 CoSOy-Hp0 140.5 L0.0
11 June 21 June 22 79.0 75.0 81.5 " " "
12 June 22 June 2l 85.0 81.5 86.5 i " "
13 June 2l June 25 66.0 62.5 73.0 " " "
1 June 25 June 26 75.0 71.5 81.0 CuS0),-Hp0 " R
15 June 26 June 27 82.5 79.0 87.0 " " N
22 July 1 July 2 26.0 43.5 53.0 " 100.0 L40.0
23 July 2 July 3 0.0 6.5 65.5 " " "
2L July 3 July 2 76.0 73.0 178.5 " " "
25 July 2 July 25.5 40.0 59.0 " 159.0 59.0
26 July July g 2.5 55.0 73.0 " " "
27 July g July 83.5 78.5 88.0 " " n
28 July July 9 53.0 50.5 6.0 CoS0y-Hp0 " "
29 July 9 July 10 69.5 63.5 76.5 n " "
30 July 10 July 11 85.5 82.0 88.5 " " n
35 July 15 July 16 78.0 4.5 81.0 CuSOh-HZO 119.0 40.0

0ct



Run # Initiated Terminated Initial

16
18
19
31
33

June
June
June
July
July

27
29
30
11
13

TABLE XI

TABULATION OF ORIGINAL DATA, MIXED SALTS

June 28
June 30
July 1

July 12
July 14

85.5
76.0
82.0
76.0
85.5

Spec. Reading

% Trans.)
CuSO%

Hot d
89.0 83.0
82.5 172.5
86.5 79.0
82.0 73.0
87.5 81.5

Initlal

79.0
88.5
84.0
88.0
79.5

Spec. Reading

(% Trans.)

CuSO& .
Hot d
83.5 77.0
91.0 87.0
87.0 82.5
90.5 86.0
8105 7505

()

140°-)0°

1590-590

TetT



INDEX

ABSORBANCY

— . DATA |BY FISHER [(13)
—— | | :'=
Cu SO4@ 700m 4
CoS0,@ 525m
Cuso, @ 525-0.073
CoS04(@ 700=0.155
} [l |
o.l 0.2 0.3 0.4 0.5 0.8 0.7
MOLARITY
Figure 28. Absorbancy Indices versus Concentration for

CuS0), -CoS0, -Ho0

cel



APPENDIX B
SAMPLE CALCULATIONS

1, Calculation of the Soret Coefficient,( ,
for a Single Salt, Cusou

From original data on page 1270 of the Original Record

of Research, Volume V,

(1) Initial reading, % transmittancy = 45.0
(2) # transmittancy, cold wall = 39,8
(3) # transmittancy, hot wall = 58.8

(4) Temperature difference = 100°F = 55,6°C
(5) Avsorption cell thickness = 0,097 cm

100
(6) Absorbancy coefficient, = logyo T¥em (3]
hot wall item (5)
=238 440
(7) Absorbancy coefficient, = logyo Item (2]
cold wall item (5)
= .12
(8) Salt concentration, hot wall = item (6)

absorbancy index

238 = 392 g.moles
6.07 ° liter

item (7)
absorbancy index

= 4.l2 =  g9g B.moles

(9) Salt concentration, cold wall

«93 liter
(10) Mole fraction, hot wall = 11:;3(%_8) =
1tem (8)41900 g. H20
mw H20

= ._3:9%3._6 = ,00700
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- item (9)
(11) Mole fraction, cold wall 1000 g.H,0
.. item (9) #

mw Hy0
= .69§
° 9 + L

.012)

12) Soret fficient 1 item (11
(12) Soret coefficient, U = gy 1» He

55.6 10 50700

= 10.2x10"3 °c-1

2. Calculation of the Soret Coefficient,(f s for
CuSOh and Cosoh in a Mixed Salt Solution

From original data on page 1279 of the Original Record

of Research, Volume V,

(1) Initial reading, # transmittancy = 60.0
(2) # transmittancy, Cusou, hot wall = 70,0
(3) # transmittancy, CuS0),cold wall = 55.5
(4) % transmittancy, CoSOy, hot wall = 68.1
(5) % transmittancy, CoS0),cold wall = 56,5

(6) Temperature difference = 100°F = 55,6°C

(7) Absorption cell thickness = 0,097 cm
= 10810 If-lg%zy
(8) Absorbancy coefficient, CuSO) = em
hot wall item (7)
= 1,60

, logyo 100
(9) Absorbancy coefficient, CuSO) = ItTem (3)
cold wall 1tem (7)
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= 2,64
1o 100
(10) Absorbancy coefficient, CoS0, = €10 T¥em (L)
hot wall item (7)
1 100
(11) Avsorbancy coefficient, CoS0), = ©810 Ttem (5)
cold wall item (7)
= 2,56

(12) Salt concentration, Cusoh, hot wall:

abs. index _ abs. index
CoSOh@SZS x item (8) C0S0,,@700mu x item (10)

* abs. index <808, index _abs. index _abs. index
CuSOh@700mu CoSOh@BZSmu CoSOu@?OOmu Cusou@525mu

= i% 88;51 60;-%.1%5;%1.2 ; = .250 g.moles
ol - 073 ¢ liter

(13) S8alt concentration, CuSO,, cold wall:
L

abs, index abs. index
C080),@525mu * 1tem (9) - go50, @700mu * 1tem (11)

* @bs, index _abs, index _abs, index _abs, index
CuSOh@700mu CoSOh@SZSmu CoSOh@700mu CuSOu@SZSmu

88 2.6 - o% 2072 = 0’-'»22 gil::les
. . =\e . er

(14) Salt concentration, CoSOh, hot wall:

abs., index abs. index
CUSOh@700mu'x 1tem (10) - sus0 @525mu x item (8)

abs, index _abs. index abs. index abs. index
CuSOh@700mux0080w@525mu CoS0), @700mu” CusS0},@525mu

6.16 1. 2)- .0 1.60) _ g Bemoles
o1 - 073) = 348 Siteer

(15) Salt concentration, CoS0),, cold wall:

abs. index . abs. index
CuS0,8700mu * 1tem (11) - Cus0,@525m * item (9)

abs., index xabs. index abs, index abs. index
CuS80),@700mu CoSOu@SZSmu C0S0),@700mu CuSOh@BZSmu
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‘ 56.06;%2956;-(.073)(206&% - 518 somo:l.es
00 ° - ol 0073 T liter

(16) Mole fraction, Cusou, hot walls

item (12)
= jtem (12) + item (1l) + 1000 g.H20
mw HpoO
= 220 = o045

«250 4+ 348 + 55.6

(17) Mole fraction, CuS0),, cold wall:

item (13)

‘ 1000 g.Ho0
item (13) + item (15) + ma B0

1122 =
= GzZ % .58 +55.6 - 00748
(18) Mole fraction, oS0y, hot wall:

item (1)

" item (14) + item (12) 4 1000 g.H20
mw Hp0

= L] 8 =

5= ,5%% T 00620

(19) Mole fraction, CoSOh cold walls
item (15)

1000 g.H-50
item (15) + item (13)+ = g 523

2518
= TBI0 ¥ .L22 + 55.6 - 00917

1 item (17)
(20) Soret coefficient, Cusoh = Ttan (57 1ln I?EE_%T%T

=_L1 ., 200748
55.6 .00}, 5

= 9,33x10"3 °¢-1
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1 item (19)
(21) Soret coefficient, CoS0y, = Ttem (57 10 Ttem (18)

1 .0091
=ggp 1n 50
= 7007



APPENDIX C

CALCULATIONS INVOLVED IN THE LINEAR CORRELATIONS
OF FIGURES 16 AND 17

l. Linear Correlation of CuSQ;, Data of Figure 16

Let
X = initial spectrophotometer reading, # transmission
y = hot side n " "

z = cold side " n "

The following equations are given by Croxton (9)

I: ) y=Na + b)x (c-1)
II: Y xy=aYx + b} x? (c-2)
I''s Yz=Na' +b' VX (C-3)
II's Yxz=a'¥Tx+1b'¥x? (C-L)
where
Yy = a + bx (c-5)
Z = af+ bfx (c-6)

The standard deviation i1s defined by

8% =-\/§:za-gasz + bLxy) (c-7)

The following table summarizes the calculations.



TABLE XII
SUMMARY OF LINEAR CORRELATION CALCULATIONS, CuSOu

“Temp.,
Run No. Range x Yy z Xy x2 y2 22 Xz
(°F.)
1-6 140°-40° 50.0 61.0 L44.0 3050.0 2500.0 3721.0 1936.0 2200.0
7 n 2.5 57.5 40.0 2443.8 1806.2 3306.2 1600.0 1700.0
1y n 75.0 81.0 71.5 6075.0 5625.0 6561.0 5112.2 5362.5
15 " 82.5 87.0 g9.o 7177.5 6806.2 7569.0 6241.0 6517.5
#16 " 85.5 89.0 3.0 7609.5 7310.2 7921.0 6869.0 7096.5
#18 " 76.0 82.5 T72.5 6270.0 5776.0 6806.2 5256.2 5510.0
#19 " 82.0 86.5 T79.0 7093.0 6724.0 7482.2 6241.0 6,478.0
25 159°-590 25.5 59.0 40.0 2684.5 2070.2 3481.0 1600.0 1820.0
26 n 2.5 73.0 55.0 L4562.5 3906.2 5329.0 3025.0 3437.5
27 " 83.5 88.0 78.5 7348.0 6972.2 7744.0 6162.2 6554.8
#Mixed salt
Yy x = 685.0 )y xy = 54,313.8 )} x2 = 1,9,496.2
Yy ¥y = 764.5 Y x z = 46,676.8 Y ¥2 = 59,920.6
Y z = 642.5 N =10 Y 22 = |),062.6
If Equations C-1l and C-2 are solved simultaneously, the result is
y =24.7 + 0.756 x (c-8)
Similarly, C-3 and C-l4 yield '
S
(Neo

z = -6.69 + 1.04 x (c-9)
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The standard deviation sy.x is calculated from C-7
with a and b values from C-8 and N=10. In Equation C-7,
1f y, & and b are replaced in C-7 by z, a and b' and C-9
is used to obtain a' and b', Equation C-7 will yield S8

Z.X"®
These results are summarized below:

Sy, = 0.678

sz.x =1.33

2. Linear Correlation of CoSO

)y Data of Pigure 17

Equations C-1 - C-7 are applicable. The method of
calculation is exactly as before. The results are summarized

in Table XIII.



TABLE XIII

SUMMARY OF LINEAR CORRELATION CALCULATIONS, CoSOh

Temp,
Run No. ?g;§§ X y 2 Xy X2z x2 y2 z2
10 1400-40° 51.5 60.0 48.0 3090.0 2472.0 2652.2 3600.0  230L.0
11 : 79.0 B8l1.5 75.0 6438.5 5925.0 6241.0 6642.2 5625.0
12 " 85.0 86.5 81.5 7352.5 6927.5 T7225.0 7482.2 6642.2
13 " 66.0 73.0 62.5 818.0 125.0 356.0 5329.0 3906.2
#16 " 79.0 83.5 77.0 596.5 083.0 241.0 6972.2 5929.0
#18 " 88.5 91.0 87.0 B8053.5 7699.5 7832.2 8281.0 7569.0
#19 n . 84.0 87.0 82.5 7308.0 6930.0 7056.0 7570.0 6806.2
28 1599-590 53,0 62.0 50.5 3392.0 2676.5 2809.0 L096.0 2550.2
29 n 69.5 76.5 63.5 5316.8 L413.2 4830.2 5852.2 032.2
30 " 85.5 88.5 82.0 7566.8 7011.0 7310.2 7832.2 724.0
#Mized salt
L X = 741.0 Y xy=59,932.6 ¥ x2 = 56,552.8
Sy = 791.5 L x z = 54.262.7 Y 32 = 63,657.0
Yz = 709.5 N =10 Y 22 = 52,088.0

y =21.4 + 0.7680 x
z = -5.,13 + 1.03 x

TET



LIST OF SYMBOLS



LIST OF SYMBOLS

Variable defined in Equation 25a and 25 L-a
Variable defined in Equation 25b and 25 L-b
Variable defined in Equation 25¢ and 25 L-c

Coefficient of thermal diffusion of the ith component,
Equation 1.

Coefficient of ordinary diffusion of the ith compon-
ent, Equation 1.

Energy of atoms in states r and s respectively,
Equation 3.

Energy of an atom of component, i, in energy level, j.

Total energy of- the system

E10,Ex° Electronic energy of components 1 and 2 respectively

F
H3t
Jy
L

Nl:NZ
NI’/Ns

Ni’ Nl,

Repulsive force between gas atoms

Defined by Equation 21

Diffusive flux of the ith component, Equation 1.
Length of the cell along temperature gradient

Mol fraction at cold and hot side respectively,
Equation 2.

Ratio of the number of atoms in energy states r and s,
Equation 3.

N2 Total number of atoms of component i, 1, 2 respec-
tively.

Partition function for ith component, Equation 7
Vapor pressure change
2
- Pi

Cross sectional area of the cell



TpsTp

81" 88

N

8y 8

r

13}
Standard deviation of y as a function of x, Equation E-7
Temperature, Equation 1
Temperature of hot and cold sides respectively
Initial temperature of the system
Intermediate temperatures between TH and TC
Boiling point change
Temperature gradient, Equation 2
Freezing point change
Volume of the cell
Linear distance along the cell; mol fraction
Atomic number
Constants, Equations 16, 32-36
Constants, Equations 16, 32-36
Constants, Equations 32-36
Derivative
Base of natural logarithms, Equation 3
Punctional notation
Statistical weights of energy levels r and s, Equation 3
Planck's constant
van't Hoff Factor
Boltzmann constant
Mass; molality
Unit normal vector, Equation 1

Intermolecular distance; constant, Equation 16

r,r',r'',r''"" Constants, Equations L46-50



!
8,8 ,8

tg

te

t,t',t'

X

o

N N

(04

R

M2
Ry

7?1n
K, K'
v, V'
),
§,

T
o]
of
z
¢
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'V s Constants, Equations 6-50

Time of implementation of the temperature gradient
Time at steady state

',t''" Constants, Equations L46-50

Linear dimension along temperature gradient
Initial spectrophotometer reading

Hot side spectrophotometer reading at steady state
1

T
Cold side spectrophotometer reading at steady state

g%% 2o Ratio electronic energles of two components

Reciprocal of kT

Atoms per unit volume of components 1l and 2 respectively

Number of atoms of component, i, at energy level, j,
per unit volume

Number of atoms of component, i1, at energy level, n,
per unit volume

Constants
Constants

Number of atoms produced by electrolyte at infinite
dilution

Mol fraction of the ith component, Equation 1
Osmotic pressure .

Molar Density, Equation 1

Soret coefficient, Equation 2

Summation

,q5'103motic coefficient and its reciprocal respectively



Tr
Rot
Vib
Elect
Misec
1528y
=
I. P.
EvV

Translation
Rotation
Vibration
Electronic
Miscellaneous
Electron orbit

Ionization potential

.. Electron volts
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