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INTRODUCTION

THERMODYNAMICS OF SOLUTION

The present investigation was carried out as
part of a wider plan to determine the effect of methanol
In bfeaking down the water structure in water-methanol
mixtures and the possibility of preferential orientation
0! one or other of the constituent molecules of the
wnolvent in the neighbourhood of the solute molecules.

Work on the solution process of ions in water-
mi;thanol mixt{ures by Perriguseemed to indicate preferential
oricntation of water molecules round the ion. This was
nhown by Debye and McAuleyW;vho stated that an 1on 1n a
mi xture of polar molecules will tend to sift out the
Jdipoles so that the more polar molecules congregate round
Lthe ion. Uncharged gas molecules however should not,
und in fact do not, show any tendency to cause preferential
orientation.

- The measurement of the solubllity of a gas over
a temperature range mrakes possible the calculation of the
thermodynamic quantitieszﬁGsOlv..¢8801V.¢AH501V_, that is
the free energy, entropy and heat of solution.
If y is the Ostwald Coefficient, which is the ratin

of the volume of gas absorbed at any pressure and temp-

urature, to the volume of the absorbing ligquid, then



m e 82:1 x ¥
AGgo1v. = =Rl lny + RU In 1

the last term corrects to the standard state used by

Frank and Evans for the solution (i.e. No = 1). Ae

will be seen later this equantity varies from author to

nuthor.
Q B = djip j— -—
858301v. = ~ T (AGSolv.) = R lny + R1 dT Iny
R 1n Q{%‘—T + R0 D 1nvy.
L DT
Allsolyv. = AGgzo1v. + TdSgolv.

“h€é considerable amount of work which has been done on the
theoretical evaluation of the entropy of solution may be
divided into two types:
(1) 7“Those postulating a mechanism; such as Eley's cavity
formation.
(ii) <Lhose postulating no definite mechanism; e.g. Frank

and Evans.




A. ENTROPY OF SOLUTION FROM CAVITY FORMAT ION

A number of attempts have been made to calculate

1,2,3.
a

the entropy of solvation of gaseous ions nd

moleculesh’5’6’7', but in practically all except that of
I'rank and Evans some mechanism has been postulated.

Efey splits the process of solution of gas
molecules into two steps with the following energy changes:
1. Formation of a cavity in the liquid involving

a positive internal energy change4%%g .

2. The gas moleeule is then placed in this cavity

40;& calories of energy being liberated.
t'he internal energy change for the solution of a mole of
gas is then

AE® = AE; + AE,

1The idea of the formation of a cavity in the liquid was
first put forward by Sisskind and Kassarnowsky7 and Eley's
treatment differs only in the method of calculating AEq.

If —AEA>nAECdEhe temperature coefficient of
solubility will be negatiﬁé and if‘AEC)-wAEA it will be
positive.

Korosy8 has shown that in general the temperature
coefficient is positive for gases with a critical temp-
erature Ty under 180°K and negative for those with Tg

above 180°. Because the solvent-solute interaction term

<AEA would be expected to increase with increasing TC such



a relation should arise for a series of gases in an
organic solvent if AEs is constant over the series in
comparison with QE,. These regularities break down in
water where the temperature coefficient of solubility is

nearly always negative at ordinary temperatures, i.e.

0 - 52°9.
In calculating AE® from Eley's model we have
- 2 Qs
AEA’T = AEA,O + KT 3T 1”‘@5
. 2> 1 VW
AEC,T AEC,O + Kl T n Q_W

QS Partition function for the gas in solution.

QG " . for the gas.
& L " for water molecules in solution.
Qy o " for pure water.

If we assume that there is no change in water structure

from 0°K to 273°K we may write

A OB, 5.

Er,073

When a mole of gas dissolves in an infinite volume nf
gsolution at a concentration of 1 mole per litre a dilatatiou
of V c.c. Occurs.

a8

For solvent 2%%gT = B

™ thermal expansion, & compressibility.

1'his is only true for small volume changes, and if we

assume o4 and K9 are the same for the solution as for the
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solvent we may write

Vo = -1
= X gy = XV = 02412V cal. mole L ge
ASg fVJ_E Vel : % y
RE) . E‘gﬁg
NowE oV)p = P + T >V) and as p 1s negligible
AE; = T % V = 0241 T% V cal. mole-1

AEq and<£SC are found to be negligible at room temperaturc
but to increase rapidly with 7.

¢3EA can be shown to vary only slightly with temperature:-

n2 _ m?2 Q

OBy, AByp, + K (B T )?Ia'r 1n Q_cs;

Wow roughly EE'T_ 1n %8 2w N -i m Y - N o _ .08
S o7 Ng

so that the maximum correction at 353°K to the above valuves
will be only 05 Kcal, i.e. small compared with AEq.

Thus the temperature variation of AEC may be
represented by variation irnAEC. Assuming this, the
values listed below were calculated. These are somewhat
larger than the observed differences but show the same
general variation.

Gas 293°K. 293°%.

SE AEg $S Asg
He 0-11 0:61 Qe 2:0
Ne 0+5 0.65 1-7 2.2
A 0.7 1.23 2.1 L3
K 1-07 151 L+6 5¢2



The calculated values of E0 are obtained from

i.e.

o)
ABp = OByog9 + AEg,r,

the value of AE, used is that at §°e.

Calculation of AEq.

The energy of cavity formation may be estimated

by any one of three available methods:

(a)

(b)

(c)

That used by Eley for most of his calculations: -
i.e. AEg = 13V

If we assume a similar structure for the internal
spherical surfaces as for the macroscopic solvent

surface we may calculate HEg fromo the surface

free energy in ergs/cmz.

LB = gHg = 454 (0= T 3%)
For Ny = 10 c.c. i.e. cavity radius = 1°58 R
This is comparable to Uhligs11,3Gc = 5nr%r
Lange and Marten9 suggest
r 32
OEq = AE o
o = 0Bvaol)

where rg is molecular radius of the solvent and
r the radius of the cavity. This AEC is approx-
imately the energy required to put a solute

molecule onto a quasi lattice point of the solvent.

I'he three methods give comparable results for



organic solvents.
AE; Kcal/mole 20°C.

Solvent rs(g) a p'O c
Yater WA D32 531 131
EtOH 2.0 086 2:01 6.0
Hexane 362 - 2.25 1-69
Acetone 24l 105 2. 67 3.08
Ether 27 062 1-92 1.96
cCly 3.0 0.9, 2+92 2:05
CeHg 2.5 101 3.l 3401

For close packed liquids of little structure
(i.e. organic liquids) it is to be expected that gas
molecules will share gquasi lattice points. For water,
however, special kinds of cavity formation are possible
and the discrepanclies between the three methods for water
are probably due to the fact that here quasi lattice pointc
are not occupied.

In fact at high temperatures methods (a) and

(c) yield comparable values for AEg for water.

Calculation of AEA

If we consider an inert gas atom as Jjust touching

a water molecule, i.e. with separation of centres cf



rq + Ty there are three forces operative:
(i) London Forces (attraction)
(ii) Polarisation of gas atoms in the field of
the solvent dipole (attraction)

(iii) Repulsion Forces
2

o M A & InI b
ThUS&EA = - __—(‘!_.‘YL-_- 6 _.% G. W G G W 4 em———— 9
(rqg + ry) (rg + ry)° Ig+ Iy (rg + ry)
ot polarisability; I ionisation potential.

Using values of 4y and ry from Bernal and
Fowler12 and £ and I from London13, we find that to obtain
exact agreement with experiment for the rare gases about

10 water molecules must be packed round each solute mole-

cule.

Gas rG(K) -E, (keal) é§;§11
He <93 « 256 1.6
Ne 112 +166 109

A 154 *416 73
Kr 1+69 436 9-8

- — . —— — — — = -

Calculation ofigso

. . e
If 48898 1is plotted against % R 1n Y (where
mg is the reduced mass of the gas molecule against a water

molecule) ; a straight line is obtained for the inert gases.



This is to be expected as no appreciable restriction of
water in the field of the gas molecule occurs and the main
change in entropy is due to loss of translational motion.
For gases of increasing complexity the AS® values
are more negative indicating the presence of additional
factors;, e.g. some loss of rotation on solution.
Considering only loss of translational motion to

contribute toAS°we find:-

0 NS + Ng 3 mg VGN RN 1
AS™ = Aa8g + R{}n N *?2 In — + 1n —§— + T §T 1ln Vg —H

This equation can be derived as follows.

T'he entropy of 1 mole of gas at 1 atms. pressure in a

volume V is

§% = Nk [m (ﬁﬁj@% ¥ +%]

In solution, if we regard the Ng solvent
molecules and Ng gas molecules as perfectly interchangeable,
ow Ng + Ng guasi lattice points without seriously
increasing the energy of the system, then the partition
function Q(T) for the system is given by the formula of

Guggenheim.lb
AT) = wg (v) Q4 (v)

3/ 32
_Ng + Ng (2mmgkl )2 (Ng ( 2makT) NG (stg+ £5)
" NgINgT EVS hd Jsg EVG h3mG JG; e

where V is the free volume of the molecule.
J is the partition function for the internal energy

of the molecule.
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E,the contribution of 1 molecule to the configuration-
al potential energy of the solution, may be neglected for
purposes of entropy. So

Ng + N N
1) = ﬁ%T:‘—gv bs S ¢G

The entropy of solution 1is .
5 -
s(r) = k[ln QL) + T 3T 1n Q(Tﬂ
The partial molal entropy of the gas in & solution of

concentration g moles in ng moles of solvent,

_ fastmy) L @

bnG )nngyp bNG ;HS’T’p'

(9]

Therefore,

= Nk[]_ NS““N + 1nﬁG+'l-§flnﬂg]+Nsk[é——£

\OnG gnS 9T

- {Xz% (T ;bf In ﬂfs)} nST]

g0 substituting for @ we get
Ng +No 3 .. m VN 'y .
o _ S
NS —ASC+R[ln—__N-é——&+21nﬁQ+1n—6—+TsTanG_ﬂ

This will only hold for organic solvents with a minimum

of structure, i.e. where quasi lattice points are occupied.
for water, where the solute molecules will occupy cavities
already present we must add a further term,

0 _ na NyH-Ng ) mg VgN ., 2
ASY =405 + R (1n — 2 In— + 1n - * I 57 1n Vg +

g
Ny-N
T gi'ln Ho28 - 1]
T Ng

where NH is the number of cavities or available sites in

the water solvent.
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B. FREE VOLUME ASPECYS OF ASgeo1v.,

The work of Frank and Evans?® on the free
volume aspect of solutions has eliminated one of the major
weaknesses of earlier theories, i.e. the necessity to
postulate some definite mechanism.

Their basic equation,

48 = R In %%vf
2

(V_, free volume of gas,83 free angle ratio of liquid,Vyf

g
free volume of liquid)
may be derived quite generally as follows:

The statistical definition of entrogpy is

S =R 1In w

where w is the total number of possible states of the
sysitem compatible with the prescribed total energy.

when the motions are classical w is the volume
of phase space within which the representative poiut may
be found without violating the assumed conditions.

1 Y
: ccessible
1.8. W = ] T . Z)t f J1
N - I\I . e ¢ 0 o N [ ] h X A *e d
1 2 S region * . it

N4, No etc. are the numbers of the different kinds of atcns
present.

3t is total number of degrees of freedom of the system as

t = Ny + No ... Ng.

We may choose the g's as the Cartecisn co-ordinates of the
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individual atoms X4 ¥4 24 X, Yo e+«..o.the p's being
the co-ordinates of momentum.
T'hen the energy E is given by
i=t 4 2 2 2
E =Ey + Ejpg + ) o3 (pxi + Pyi *+ Pzy )
i=1
Ey is the potential energy.
Ejnt is the sum of the i;ternal energies of all the part-
icles.
By the principle of equipartition of energy15
the sum of the 92 terms is g tkT which will be correct for
any state of the system in which all the external motione
of the atom are classical. The integral over the p's

is then the hypervolume of the hyperellipsoid which is
defined by

2 2 2 2
(pxi + ?yi + pZi ) = 2 tkT.

This is equal to (2ijkTe)3 Ni/o

J=1
(8 = number of kinds of atoms present.)
. 'q’-
_ 4=8 (2-m kre?LW? all xyz
go W = ;E{ ”ﬁfTﬁ“jN. x‘//compatible dxqeeeer dzyg
J J with E
. N -
JfE?nmjkTe)B V2 v N "
= T 3N f - (A
'J=1 NJ. h j j ".

where Vf1 =’fEX1dy1dZ1 (over all configurations compatibls

with E).
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(A) defines the free volume of any atomic species as the
reometrical mean of the extensions of real space accessiblna
to each of the Nj atoms of the kind in question.

Wow for any isothermal system,

q - - _ B
53 = SB SA = k 1n o
= N k 1n &VfB g + No k 1nEE£§} R wa
Vie, #1 VfA)2

1hese results hold only for a classically excited system.
For polyatomic liquids the free volume must
include a term for the degree of freedom of rotation of
the molecule,
i.e. Complete free volume =§¥f
33 is the "free angle ratio" of Kincaid and Eyringl6-
This is defined as the average fraction of the
isiree rotational motion which the molecule is able to
execute after condensation, and is equal to %%Tz . It
ohviously must always be less than or equal to unity.
g is the solid angle subtended at the centre of the mole-
cule by the restricted atom after condensation.
n 1is the angle subtended at the centre through which the
restricted atom is free to move.
The equation 4SS =R 1n é%;fllg- is rigorous
gas
provided that,

(i) The internal vibrational motions are separable



1y

from the translation and rotation of the molecule.
(ii) The internal vibrational motions of the molecule
are not changed by the presence of neighbours.
(iii) 1'he oscillations which have replaced rotation
in the liquid are effectively classical.
It is obvious from the above discussion that
one of the major advantases of Frank and Evans' theory
is that it does not postulate any mechanism for the pro-
cess of solution, dealing only with the initial and final
states of the gas molecule. This appears to be a step
in the right direction as theories such as Eley's can at

the best be only semi-quantitative.
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FREE VOLUME AND FREE ANGLE RATIOS

Wwe will now consider the meaning of free
volume and methods of calculating it.

As we saw above Frank and Evans define it as
the geométrical mean of the extensions of real space
accessible to each of the atoms or molecules in question.

Kincaid and Eyringl6 define 1t as the total
integral over that part of the potential energy of the
molecule in the liquid which is due to thermal displace-
ments of the centre of gravity of the molecule from its
equilibrium position. The free angle is the correspond-
ing integral over angular displacements of the molecule
about its centre of gravity.

T'hese workers assume that each molecule is
trapped in a cell whose boundary potential is infinite.
Because the potential energy tends to infinity the idea
of communal entropy has to be introduced to account for
the possibility of a molecule moving from one cell to
another. Hill17 avoids this by assuming that as a
molecule moves out from the cell centre the potential
energy increases and before it can pass into another cell
it must pass over a finite potentinl barrier.

For a classical perfect gas,

3
2nmKkT
-A/NKT = ln§—ﬂﬁ§rg? v }(T) + 1
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= V%q and J(T) is the internal partition function.
In passing to the free volume model of a liquid
Hill replaces v (the volume per molecule) by an effective
free volume vy, - X is the potential energy of inter-
action, calculated when the mole€cule is in the centre
of its cell. Neglecting the dependence of Xon 1 we
have:i -~ j

KT X(v)
-A/NXT = n&_ﬁ%"”; ve (vyT) J(2) + 1 + K¥.

Now assuming both vy and X are functions of v only.

From this equation and

g o= W)
we have
R R R R
where A = 2z2f£ (2 is average number of nearest neighbours)
AP (v) = X(v)
vE(v,l) = ve (v,T)

v* = r'3/3* x* depends on type of packing.

(fhese follow Fowler and GuggenheimlD)
b = bln vf dln f

n (V/ve) T+ S1n ( V/ye)

d

B = d 1ln (V/vl)

From these Hill calculates values of f and Yy for the gases

Ne, No and A. f(v,T) is the fraction of the actual volume
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that is effectively free.
Eyring16 defines %yf by

r ————
C'ij = ) S

where ¢,the free angle ratio =

Partition function for restricted rotation in liguid
Partition function for free rotation in gas

The molal free volume is related to the average volume
of cell v by
Vf = Nvf

where f is a fluctuation factor taking account of:i-
1. Temperature variability of v
2 Encroachment of molecules on each other's free volume
3. Whether or not a molecule is counted as being able

to occupy the physical volume assigned to another

without changing places with it.

Suppose the liquid is divided into cells of

average volume %i - one per molecule. Diameter of a

: i
cell is proportional to é!§;3

. ) V)3
i.e. distance between 2 molecules = ¢ N

c depends on shape assumed for cell, i.e. ¢ =1 for cubes,
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V1,3
uo the molecule can move in a length c(F=)~ - d.

.

+ o Volume of cell in which molecule is free to move
3[(V1)s 4! 3
=b7(F) ~cl
b depends on the geometry of packing. For simple cubic

b=2'

v 13
P Vf - d 4

Nfb3|éﬁi§

i

b va'-N%wl3
{

*1nibof) 1 % 2 $(2a') |
e (dln V£ 21lnib-r. vy =1 - 3\ed
* ‘%"XV"‘%;z?"_Eﬁrq—*%T # (= = Hed ) tvl 2= 3N idv gTJ

-

e« . (D

il

1 2 31n (b3f)
£30g VeI V7O 4 E ng% ;

() tre'y) (3
3 (V1 In V T = 1 = (ol T

g measures the effect of change in volume on the exclusion

T

whore g = 1

dlameter.
5 Vg )
Now Frank and Evans-” showed sAS = =R 1ln E’g;—
53Vy)
whence
28) 1 [ (2B) il a_.uzm
ﬂV T v + Pl' i b
)T ‘_ "‘V)T o A4 T
(2E ) | ?ln Vf; gan & 3)

Bucause P is very much smaller than the "internal pressure"

B
AV r



@0 Ifrom (1) and (2) we have

Ve = fodgd [ __RI E
I = ndy,° L(bE/av)TJ
Whero b = 4 < Ro o210 (b3r &3]/ av)

(dE / 2V)q

18 EEE) - n &Ey
Now liildebrand has shown bV)T T
5.3 -
foog” {gi_ 3

wo Vy = h3n3-vl ABy !

whore QEy is the energy of vaporisation.

Eyringl?2222921s Ghtained a similar equation.

"RT_T 5
Vf = b3f Vl[ ‘Z_Ev“}
1 [ 2_RT 7
e Ve = V2 [P ¥ (RE/aV)q |
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(3)

(4)

Ilo derived this latter equation by considering the molecules

auy hard spheres. This is not necessary as Kincaid and

Eyvlng22 have treated liquid mercury assuming that the

wlze of the molecules varies with both temperature and

vo Lume.

when attempts are made to calculate free volumes

from (3) or (4), two main difficulties are encountered.

(i) ''he values of the parameters f, b,

are not known and approximations must be used.

(11) ~rhe value obtained is that of Vy while that

actually needed is the product bjyf.

gy, hy, and n,
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The first of these objections can be elimina®cd
by calculating V¢ from sound velocity data while approx-
lmate values of 33 may be obtained from spectroscopic

moagurements.

Cnlculation of Vr from sound velocity data.

b

ol

s =Y & o e “
N p . ) \
A ) { B [ ¢ |
; P\ / \ ,
~_ - N~ M
e f -

[t a sound wave first travels from the inner edgc cf A 1o

the adjacent edge of B with velocity Ugas

Nl_&

7 -
; _
Ygas = | J
where W is the ratio of the specific heats.
Ihis equation is obtained from
p is the pressure;, d the density.
pV = RT or p % = RT
_uM [Be] =

« 0 U.gas "/ E = | M ‘[

P

No that uggs is independent of pressure assuming thet the
vas law holds. As soon as A collides with B the signal

1s transmitted almost instantaneously to the opposite edp-

of B.
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TABLE I
Carbon

i‘nutd Acetone Ether Chloroform Tetrachloride
Qor. °C. A B A B A B A B

1) <57 :55 .2l .29 «2) + 26

«) ‘45 *54 *70 - 65 <29 38y «28 .31

30 +90 ] *34 40 5 I

40 TN «63 4O .47 «38 43
il —

A. Vr from sound velocity measurements.

1. Vf from e¢nergy volume coefficients.

1 1 2R =2

V2 | b+ (PE/aV)y

All tigures from Kincaid and Eyringl6.
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', SRas %_\;;gs (Eyring 19)

Hecause the ratio of the total distance to the free space

. v )3
between two points in a liquid is given by (;f) y Or

(z_gl

more correctly by % vt %, ¢ is a proportionality factor

)

© \< 1 9
; 22; 3 Eﬁlﬁ)%
o ullq = c Ve M ) o

Thus, if the velocity of sound in the liquid
and in the gas is known, values of ¥ can be calculated.

Quite good agreement is found between values of
ve calculated from sound velocity and from energy volume
coefficient data (Table I).

A method of determining free volumes which should
become of increasing importance is from spectroscopic
measurements.

The frequency of vibration of molecules in liquids

is related to the freg volume by the approximate relation-

ehipl6,
1 1 ) |
(2 nmkT)Z V3 %mra)% _ns kL (27imkT)3 78
h upiq (M) T 7 hBY h f

which connects the velocity of sound in the liquid with
the energy hv for a translational degree of freedom.

Thus one would expect the light scattered from
ligquids to show the familiar Stokes and anti-Stokes lines

o' the Raman spectrum. Such lines have been observed23
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and as Debyezb noted; they show the same correlation
between frequency and sound velocity as would be expected

from the above equation.

The Free angle ratio.

The value obtained for the free volume of
water at room temperature is about 0°¢, cc. but the product
ijf from heats of vaporisation and vapour pressures at
the same temperature is about 002 cc. The discrepancy
cf a factor of about 20 may be assigned to a small free
angle ratio, i.e. considerable restricted rotation of the
water molecules. Cartwright25 Observed frequencies
corresponding to 167 and 590 cm.-1 in liquid water at
room temperature and interpreted them as arising from
restricted rotation of the molecules.

Stearn and Eyring26

using a doubly degenerate
frequency at 167 cm._1 to represent this absorption band
calculated the values of {3 shown below (Lable II). Quite

pvood agreement with vapour pressure figures is obtained.
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TABLE II

Free Volumes for Liguid Water

Temp. Be1 (S(;Vufnd (S\?:; .1/83 é’ij/f;j
Velocity) Press.) (Spectroscopy)

10 ‘L3 012 25 36

20 L2 01y 25 <35

30 42 ‘017 2, 41

40 43 021 2l +50

The free angle ratio, giving a measure of the
rostricted rotation, may be obtained from dislectric
constant values.

If for non-linear molecules 82 = (53)%
and O is the polar angle through which the molecule is
free to turn;

cOs 8

2 -
Kincaid and Eyring list values relating 82 to A4 /“g
where 4] is the dipole moment in the liquid and /4y that in
the gas where free rotation is assumed.

From the well known equation

2
z -1 LT . A
V = A S
i+ 2 3 N (s BkT)
2
and mE - g - dame
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where & is the dielectric constant
n the refractive index
4 the dipole moment
V the molal volume

£ polarisability

we can calculate values o@ﬂl%/l;Q and so obtain values
of 82 and 83.

This method of calculation leads to a valaoe
Ofgg for methanol27 at 0°C of 025 while sound velocity
and vapour pressure data give 0.13,

There is a tendency for 82 from the dielectric
constant to be greater than (55)% determined from other
sources. This may be due to a restriction on rotation
about the axis in which the electric moment of the mole-
cule lies which is probably greater than that about the
other two axes.

From these considerations we see that the
cbnormalivies of the so-called associated liquids can be
:xplained from the standpoint of restricted rotation of the
moleculeag. Thus, although water and methanol are
ordinarily classed as highly abnormal, their free volumes
trom sound velocity data are not markedly different from
those of other liquids. It is only the product &d3Vg

rather than Vg itself which is of a different order of



26

magnitude for '"hydrogen bonded" as compared to normal

liguids.

itelationship between Vf and viscosit y.

Attempts have been made in the past to link
viscosity with free volume by means of an empirical

equation.

€ele Batschinski28 1] = %f

30

This equation has been developed by Lederer and by

McLeod29 who obtained an equation
K ModX

n= K

Mg is the molecular weight and < the degree of associatier.

L'he agreement between values calculeted from
this equation and e xperimental results is sufficiently
good to show that an inverse relationship does €xist
between free volume and viscosity.

32 concept of a

Boswortho!, using Frenkel's
"phonon gas'" derives an expression relating viscosity to

ree volume or to sound velocity in the liquid
1 fMRz %3
*2068 N ¥ Vf

7L "
or N = 2068 N3 w2y Mgp S[RT53]

U

"

il

The calculated results agree quite well for "normal"
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liquids but wide deviations are found for water and

ulcohols, This may possibly be due to the fact that the

equation

V % (RT¥)%
Uljqg =

X )
Ve M)
does not apply strictly to "associated" liquids, a

proportionality factor ¢ being required, as was seen
above.
(V)3

-8 U1jq = © (vfg E M
where ¢ ¥ 1.
This would increase the calculated values ofll and bring
them nearer to the observed ones, Alternatively it
may be necessary to use the product 83Vf in place of V¢ ,
which for highly associated liquids is much less than V¢ ,
here again an increase inv\ would result.

Eyring19’3’“35 attempted to obtain an equation

from statistical theory but his final equation of the

form

1 . 4
n = 5 ved (2mmkr)® e o /KT

gives a direct relationship between viscosity and free
volume.

Ihe author, by changing one of Eyring's assump-
tions, obtained an equution which is very similar to that
of Bosworth. Powell, Roseveare and Eyring33 derive an

uxpression,



28

Nh  AG*/RT
m = ¥V €

where AG* is the energy of activation of the molecule to

the mobile state.

Let N be the distance between equilibrium
positions in the direction of flow and M A2 A3 be
distances between neighbouring molecules in the three
directions at right angles. Using the theory of absolute
reaction rates and postulating a symmetrical potential

energy barrier

Shearing force (f)

Without shearing

Energy

If £ is force per sguare cm. tending to displace 6ne layer
with respect to another the applied force on a single
molecule in direction of motion is f A2 A3 as Ay Ay is
sffective area per molecule.

He$ce the energy acquired by a molecule at the

top of the barrier = fA2 A3 X A

‘1§f AD 7\.37\.

If €ep is the energy of activation at 0°K, the number of
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times a molecule passes over the barrier per second is:-

KT F* . g/kT
K = h 'F'"""G

F* and F are the partition functions for unit volume of
molecule in activated and initial states.

Specific rate of flow in the forward direction

is
XL F* -( &-2fMoM3N) /KT
. f = nF
,
_ xe®fhe A3k /KT

and in the backward direction

. - TN 2131/1{'1‘

i

%Xp

Hence the distance moved by a molecule per second 1s %Xf A
in one direction and X, A in the other.

.« Nett rate of flow in forward direction Ou is given

by

Au N = %p)

A
or Ay . 2\ % sinh fQQ;E

(From above equation for %, and %)

But we know by definition that
T] = fl1
Eu

. _ AT
20 sinh  (£AoA s\ /2kT)

Now 2kt ) flzljk and on expanding
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n = N1 kT
Q e_/%T
_ ket %
From above x = h T €
. N = l‘]h E e Go/kT
L = A
Ao hgh2 I
i
Eyring here assumes that A — A, and because M M2 A3 =g
he obtains
Nh  Eg €0 /KT
n= "V F €
Y 4 1
or replacing %* by (2H§ki 2 Vg3 (which is equal to the
ratio of the partition functions).
N 1 1 /KT
m = V ve? (2IMKT)Z e o
, V)3
The assumption that A = Ny = ﬁ) appears to the author

to be rather doubtful. This distance would be expected
1 1 1
to lie somewhere between Exgs and él)s - byif) 3 ang
; N N) N
probably much closer to the latter.

1 1
Assumi A = §!)3 (Yf;3
uming that ) 'b(N

(b § 1 depending on cell shape.

The most likely value 1s b = 2)

. Nh 2 B, &o/kI
e o - 3 e
" v%[v%-bvf%] ¥
Nh F
i = LT o7 1 - G /kT
= vi[vovs 7L 20vIV;3) F* e O
Nh F € /KT
= 2 4 < g 4 —* €
V + bV3Ve3 =~ 2bVD Ved @
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al 3( 2 z Elco/kT
P4 e !
V + 02VF Ve ooyl 2T M) Ve

a F 8o/KT AG*/rr
or since K = Te € = €

Nh AG* /RT.
= i ¢ y e
N = w23y By v ooy By

Here, as in the equations of Bosworth, McLeod and others,
the viscosity is inversely proportional to the free
volume. 1

The replacement of é%g% by E%;%;bi§ﬁgj will
increase the values of m by a factor of approximately
1.5 = 3.

This equation reduces to Eyring's for liquids

with small free volumes,

i.e.VL;O 2%3% - béyﬁg% : E%;%

and so we are left with

Nh F.__6€y/kT
n o= ¥ e’
Powell, Roseveare and Eyring33 using their
Nh _ AGY/RT

equation M= found that AG® was a function

of the energy of vaporisation of the liquid,

2+45

Since the energy of activation for viscous flow is related

to the work required to form a hole in the liquid the
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experimentally observed activation energy AEyjg may be

expected to be some fraction of AEygps

= BEvap
n

ioe. AEvis

Eyring finds the following values for n at

25%¢,
n = 3 for CCl,, CgHE
n = 4 for CSop , CHClz, Ether, Acetone
n = 2+ for water,

i.e. liquids with smaller free volumes (63Vf) have smaller

values of n.

The activation energy for viscosity AEyjg differs
from the free energy of activation AG;is on account of
the entropy change accompanying activation for viscous
flow.

For gases (where Vg Vys) the author's equation

for viscosity reduces to that obtained by Eyring®l’ %"

(2 ImkT)Z
Coele n = V:_f-%—

’ Fa 1 F
i.e. €, is zero and writing Lg%mﬁila Vg3 for the ratin F*.

From the above equation for viscosity it should
be possible to calculate values of Vg when M and AEvap are

known. This equation will be referred to later in
connection with rates of solution of gases where it is

found to give much better agreement with experiment than
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that of Eyring et al. Prigogine“o found that values of
m calculaved from Eyring's equation were closer to the
experimental values when values of V¢ calculated from the
Lennard-Jdones model were used. Summarising these
relationships between free volume and quantities capable

of experimental measurement we have:-

BL , -blfvag
fbIg3 RT
Ve = —-333
J hon ; Evap
_ __x)t
U1iq = Evf; E M)

1
Uliq = w adiabatic compressi- .
17 TEep (Bo PP 1ity)
va

= 1 1 € nR’I‘
1 V = 20V Bupd 4 b2 yiyed3
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CORRELATION OF GAS SOLUBILITY WITH PHYSIC AL

PROPERTIES OF THE SOLVENT

Many attempts have been made to discover
regularities in the solubility of gases. G. Just36
found that the solubility of one gas in a solvent may be
found approximately by multiplying its solubility in
another solvent by a factor which depends only on the
solvents and not on the gases. He also observed a
negative correlation between the refractive 1ndex and
the dissolving power of solvents. Skirrow37 and Ghra‘stof%
found that surface tension and dissolving capacity are
negatively correlated. This was also noted by Uhlig1
who found

-4, Xr20 __+ E
ln ¥ = kT

where ¥ 1s the Ustwald coefficient.
i.e. a plot of ln¥ against 0 for one gas in a number of
solvents is linear.

Sisskind énd Kassarnowsky7 examined the relation
between electric polarisability, dipole moment, and solvent
pOWEr., An increase in either of these two appears to
increase the solvent power but certaln deviations are
found. Hildebrand39 discussed the influence of cohesive
forces on solubility and expressed these 1in terms of

internal pressure. He found that the solubility decreased
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more or less regularly as the function (%? )% increased.
He ascribed the discrepencies as did vammann®! to the
disconcerting lack of agreement of the published data.

when it is remembered that the internal

JE ) : .
pressure(jy ) ~appears in the equation for free volume
L

fb3g5[ RT 13
Yt = wdvi2 | (ar/av)g

-

it seems very likely that the solubility of any one gas
in a number of solvents should be progortional to the
free volumes of the solvents or to the product CBVf.

On plotting values of YV] fi.e. solubility
converted to & mole fraction basié} against 0O3zVr the
author found that for a number of gases the points
scattered about straight lines with remarkably small
deviations when the accuracy of the data used was con-
sidered. (rable III. Graph I).

Veilues of éjvf are only available for a few
solvents so that from the remaining solubility figures
values of 63 for the solvent may be caloulated and compared
with known 63 values. Values calculated in this way are
compared in Table IV with values from the work of Eyring

and Frank and Evans.

¥rank and Evans calculate values of B from

RT |AEyg 3 -AH /RT
Pvap = Wl["ﬁi"g] s
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where B = &fb3g3/h3n3
They then assume as a first approximation that

63 = %6 for most liquids.

The straight lines were found to have slopes
proportional to the volume of the gas molecule and
calculated values of rgas are compared below with those
obtained from electron diffraction work by Lenardh2,

Ramsauer’3 and Mayer“b .

He Ne Ho A No 0o
Thale 1. 28 150 1+ 85 2+ 8 229 2+ 69
Lo xp 1e41 148 2+ 0 2+8

Thus it is found that

Yv, = 63Vf X Vv
or &vVy = YY1
v

where v is the volume of the gas molecule or effectively
Van de waal's b. From this it is seen that a plot of
YV1 against b for a number of gases in any one solvent
should also be linear and this is found to be the case
as 1is shown by Graph II.
An empirical relationship between the velocity

of sound in the liquid and its molecular weight and density
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III

Y (Ostwald Coefficient)

All Figures at 25°C.

Etp0 . CH3COCH3 CgHg CHClz CoHsOH H20 CH30H CCly,
He - 136 <021 - 032 <0086 036 -
Ne - 052 ‘031 - «045 +013 +048 -
Ho <145 .+ 100 .072 067 «085 «018 +099 085
No .293 .179 «120 = - - 11 *162
Op 455  «280 .223 - - <031+ 24 302
A - « 299 (e 242) (+18) <258 <034 *267 -
Kr - (1.2)  (1.0) - - 061 - (1+36)
Xe - - - - - +109 - -
Rn 140 5.8 110 138 507 21 - ~

Vy = solubility corrected to molal volume basis.

Etp0 CH3COCH3 CgHg CHClz CpHsOH Hp0 CH30H CCl,
He - 2.7 19 - 1+7 +055 15 =
Ne - 3.8 2.8 = 2:5 <24 17 =
Hp ©9r&8 74 6eL4 541 52 3y 3.8 8+2
N2 306 132 107 = - - 5°7 157
02 476 20.7 199 - - <56 9.8 29-3
A - 2241 (21.7) (14+5) 139 65 109 -
Kr - (688.8) (88) - - 1410 - 13241
£e - - - - - 196 - -
Rn 14644 429 982+3 1113 334 3-8 - -
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TABLE IV
(at 25°c.)
Ve From Solubility Data
Liquid Molal Sound Energy O3Vf  %Vr 63(s.v) O3(E.v.c.) 92(s.v.) O2(E.v.C)z ®2(calc’
Vol. Velocity Vol. (Frank (Law) éE & 0.
Coeff. E%ggs) ’
Et20 1046  -68 - 67 59 - 60 - 88 -89 -92 *93 -
CH3COCH3 74°0 =47 250 - 20 - 26 = 515 ‘47 -67 - 60 ~
CHC13 83-7 29 * 35 ~ - - - - - -
CeHg 89- 3 <27 29 - 21 - 238 - 87 -82 * 91 - 88 =89
ccy,, 971 32 - 33 -39 * 31 *97 *9y -98 -96 -
CoHgOH 586  *52 - - 175 -+ 34 - 48 - -
CH30H 40-7 92 - - e125 <13 - .25 - e13 = 2
H20 180  «49 <42 <015  -015 +230 - 036 -12 +19 <12
CH3COOH 57-5  +22 - - <14 <64 - e 74 - -
CSo 60-6  -28 .62 - <19 .70 . 31 .79 .46 =
nCgHy, 119-0  -46 - - - 46 10 1+0 1.0 10 -

8¢
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was put forward by Raol‘6

1

- uyy =
R = uliq o

i.e. relates uliq with molal volumes.

This work led Lagemannl*8 to note that the ratio
%éig appeared to give an indication of the amount of
aséociation occurring in the liquid. Table V gives the
values of this ratio for a number of liquids. It may
be seen that for those compounds commonly accepted as being

associated the ratio is smaller than for normal liquids.

TABLE V
Liquid Meziiz/sec. Ref. %ﬁiﬂ
CHzCOCH 3 1173 (47) 6+16
CHC1l3 98 (47) 6¢52
CeHe 1gég ézgg 6+86
cCl, 919 (47) 674
CH3COOH 1140 (45) 6+ 39
CoH50H 1207 (46) L+8Y
CH30H 1130 (46)  3e5y
H20 1494 (47) 2-88

The relatively high value for acetic acid may
be due to the fact that it is associated to about the same

extent in the liquid and in the vapour.
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1his empirical relation of Lagemann is seen to

have some theoretical basis when it is remembered that

u1li V %
Géjg = C év;g where c'e 1

It was seen above that values of Vg for both
associated and normal liquids are of the same order, but
that ¢ is much less than unity for associated liquilds so
that the ratio %ﬁ%& would be expected to give a measure
of the amount of association. This method has the
advantage that it is independent of measurements connectec
with the liquid surface where conditions must differ fron

those in the bulk liguid.
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LYHE NATURE OF ALCUHOL-WATER MIXYURES

The present investigation of gas solubilities
in alcohol-water mixtures was carried out in the hope
of elucidating the structure of these mixtures.
Measurements of their physical properties show that
important changes in the structure of water and of the
alcohol occur when they are mixed.

These changes, for which an explanation will
later be attempted on the basis of the concept of free
volume, are best discussed under the following headings:-

(i) Partial Molal Volumes

(ii) Heat, Entropy and Free Energy of Mixing
(iii) Viscosity

(iv) Sound Velocity

(v) ©cas Solubility and Entropy of Solution.
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(i) PARIIAL MOLAL VOLUMES.

The partial molal volume

R\
V4 dn4
T av

V2 = a";]'z

gives a measure of the variation of the volume of the
solution V when a small quantity dn4y of one component or
dnp of the other is added.
Thus adv = ?1 dnq + Gg dnp
or for finite amounts of the two components
V = Vyn1 + Toonp
Lewis and Randallh9 give values of V1 and VQ
for ethanol-water mixtures and the author using their methr~
of intercepts calculated the corresponding values for water
methanol. These are shown in Table VI and Graph III,
where, for the sake of convenience, the partial molal vol-
ume less the molal volume of the pure liquid is used as
the ordinate. All the figures listed are at 2500.
It is seen that for ethanol-water mixtures at
10 Mole % a considerable contraction occurs on mixing while
for methanol-water mixtures a similar phenomenon occurs at
20 Mole % though to a lesser extent. The fact that more
water has to be added to ethanol than to methanol to

produce this minimum is not unexpected when it is remembered

that 63Vy (EtOH) >  93Ve (MeOH) .



TABLE__ VI

Methanol - Water

L3

Mole % MeOH 74 Vo T4 - Vo Vo = Vo
Q 18054 3744 0 -3-23
19 18°05 3743 9 =324
20 18410 3731 + 05 -3+36
30 1800 37.86 - 05 -2. 81
60 1710 39449 - 95 -1+18
80 16405 4022 -=2:00 - *45
100 1415 40672 -390 0
Ethanol - Water
Mole % EtOH 74 Vs Ty -Vvy Ty -V
0 18405 5465 0 -4 +00
10 1805 53¢25 0 -5+ 40
20 1770 55487 - .35 -2.78
30 17242 56465 - +63 -2.00
60 16+07 5743 -1+98 - +80
80 1520 58+ 21 -2-85 S 1
1900 13+65 58+655 -4 40 0




= HO2T *° HO? b/ Z W
oo/ (0, =4 o9 (2 2 QZ
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(ii) HEAT, ENTROPY AND FREE ENERGY OF MIXING.

'these thermodynamic functions were calculated
from vapour pressure measurements by the method of
Scatchard and Raymond50. The standard states were taken
as the pure components at the same temperature and pressure
as the mixture.

‘'he difference in any of these functions in the
state under discussion and in the standard staté will be
designated by a superscript M. (mixing) and the difference
between that function and one for an ideal solution of the
same composition by a superscript E. (excess).

Thus for the chemical potential,

i

u,1M RT 1In a4

w4 E RT 1n ¥4

where a, and y4 are the activity and the activity coefficier”

of the first component.,
Scatchard and Raymond show that the chemical
potentials of the components in a solution at pressure Pg,

are given by

Wy = F,q + RT InPy + BP + 6P(1-y) + V4 (Po - P) (1)
Mo = Foy + KX InP(1-y) + BoP + 6Py2 + Vp (Py - P) (2)
where:

F1O and F2O are functions of the temperature only.
P the vapour pressure of the mixture.

Py and P(1-y) are the partial pressures of the two compore- ‘.
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y the mole fraction of component 1 in the vapour.

V4 and Vo molal volumes of the components.
6 =2871,2, =B - B2
where B is a function of the reduced temperature and

pressure of the gases.

From equations (1) and (2)

M
My =Fyy +RT In Py + By P + 6P(1-y) 2 + V; (B -P) -

[F1O + RT 1n Py + BPy + V1(PO—P11]

P
RT 1n Ex + (61—V1)(P—P1) +6P(1—y)2 N )

]

M

L2 = RT In E-é,—;ﬂ) + ( B-V,)(P-Py) + 0Py2 . ., . (1)

]

where Py and P, are the vapour pressures of the pure

components.

P
E e M- Rr 1n x = RT 1n ﬁfx + (B4=Vy)(P-Py) + 6P(1-y)®
(5)

P(1-
;,LQE= RT 1n ?é‘(TH) + (Bo=V,)(P=Pp) + 5py? . . . . (6)

where x is the mole fraction in the liquid.

1}

Hq

E
AGE = 067N + Np) = xfy o+ (1-x) pE
E E
A0Sy = - (804G AT, .
M E E E
bHy = O0Hy = 0G4 + TS,

These are all per mole of liquid.
According to this theory of corresponding states

the limit at zero pressure of‘BPc/‘rc should be the same
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function of Ly for all gases, where Tp is the reduced
temperature -%c ' In terms of critical and reduced
quantities the equation of Keyes, Smith and Gerry51

becomes

2
0+1930/
BPo Mo = 115 = (24+78/Tp) x 10 r

where B is in cc./mole, P, in atmospheres and T, in degrees
absolute. Values of B and V used are shown in Table VIII
while the results for alcohol-water mixtures calculated
on the assumptions that & = 0 and that the ratio B4 o
was given by the theory of corresponding states are shown
in Table X and Graph IV.

The listed vapour pressure figures are taken
from the work of Bredig and Bayersz, Vrewskiss, Dobson56,
and Butler?3, These figures however do not give
sufficiently reliable values of AGiE to enable AS% to be
calculated from their temperature coefficients. This 1is
shown by Table IX where values of AGE; at three tempera-
tures calculated by the above theory are given. To obtain
values of ASE’ which were even qualitvatively correct the
author calculated AGE’ from Butler and Dobson's vapour
pressure figures and used values of AHE: interpolated from
the work of Bose?Y whose results are shown in Table XI.

Graph IV shows that ethanol-water mixtures depart

from ideal behaviour to a greater extent than do methanol-

water mixtures. This divergence 1s greatest at 20 Mole %
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Te Pg -Bj{ce. /mole)
remp. 25  39°80 49+76 5481
Methanol 513-1 78 7 - 963 -800- 4 =713°3 -676
Water oL7* 1 2177 -1266 -985 -845+1 -787
Ethanol 516°3 631 -1239 -1028 - -8673
b

Temp. 25 3976 49+76 54481

Methanol 4LO°7 41 4 41+9 -

Water 1805 181 182 -

Ethanol  58°7 59°6 - 60°6




TABLE VIII (cont.)

METHANOL-WATER

25°c.53 39.76°¢c.52 39.90°¢. 95 49-76°¢. 22
XCH30H ~ YCHz0H P(mm.) XCH30H YCH3O0H P XCH3OH YCH30H P XCH30H YCH30H P

- 0000  -0000 23-8  -0000  -0000 54-6  +0000  -0000 54+7 0009 0000 92-0

+0202 <1438 26-7 <0478  -2559 68-1 <1499  -6279 105-3  -0486 <2741 119.5
-0403  -2564 30-0  -0925  -4595 86-0 -1785  -6624 114-0  +1218 4741 157-0

-0620 3426 33.9  .1523  -6164 103-4 -2107  -6960 122-4 <1478  .5220 169.7

-0791 4152 36-3 -2027 -6796 119-1  .2385 .7125 129.6 -2131  +6294 196-0

1145  *5043 42+6 <3065 7612 142+7 2731 7378 136+4 -3252 -7580 236-6

<2017  +6480 55+3  -4172  -8048 161-5 3106  -7573 1437  +5143 -8203  283-0

* 3973 *7940 754 .-5033  -8457 175-4  -4014 -7956 160-5 -6279  -8654  306-4

-6579  -8900 96-2 -5933 -8619 188+2 -,4704 -8181 173-1  -7083  -9Q07  324-1

-8137 +9518 109-9 <6949 -897, 206-L4 +5580 -8532 185.7 -8037 -9406  3,8.)

1-0000 1-9000 126-6 8002 -9536 2231 -6899 +9004, 2075 -9097 -9627  373-5
-9270 - 9761 2445  -8607 .9572  235.3 - 9461 .9736  391-1

1-0000 1-0000 259-8 1+9020 1-099D 260-7 1-0000 1-0799 L4046




TABLE VIII (contd.)

EIHANJUL-wATER

253¢.°° 39.76°¢. 27 51,-81°.2°
*C pHgOH 302H505P(mm-) XC Hs0H Yo Hs0H ¥ *C, Hs0H YO, HSOH P
*0000 Q097 23+8 00270 0000 546 0000 <0000 116+6
*0523 3165 3317 <0689 -,560 81<4 0916 <4753 1929
*0917 -4336 38+44 1452 5431 99-4 1157 5036 204°2
*1343 +5130 L3-42 2208 +5874 1073 +2120 5727 228+1
12023 +5685 47-21 +3677 6341 115:7 +3698 <6151 217-5
+2849 6102 503-33 4808 <6726 1219 4788 <655, 2566
*4904 +6792 5395 <6089 7189 125°3 <6102 7102 264-6
+7811 . 8161 58:08 7796 +8129 129:2 <9145 +9145 2759
1°0000 1*0000 59°01 °+9390 °+9397 131*5 10000 140000 275°2
*9552 9552 131-4
1+0000 140000 1298




Mole % MeOH

TABLE IX

METHANOL~WATER.

Values of AGE (cals)

D2

50

s
19
20
30
40
590
69
790
82
90

1909

250027 3999, 77 4,9+76°C.
9 0 0
20+0 ~9:0 320
51+2 16 618
638 +22+1 71.6
68-9 +55+0 76-0
69+ 0 +70¢2 760
668 +721 70+0
59+ 0 +65-0 586
397 +4l 7 3643
190 +19+0 12+
0 0 0




Mole %
Alcohol.

10
20
30
490
50
60
70
80
90
100

51

TABLE_ X
At_25°C

METHANOL-WATER ETHANOL-WATER

ao,” 1as,”  an,”  ao,”  as,t  aHE
0 9 0 0 0 0
22 113 135 70 96 166
50 150 200 141 53 19y
63 147 210 176 -8 168
69 136 205 182  -46 136
70 117 187 175 =70 106
68 97 165 156 -7 85
59 79 138 136 =70 65
40 60 107 113 -66 W7
20 40 60 74 -18 26
0 0 0 0 0 0

All values in calories.



e HOQT T YW ¢ Ho?l/ 3 °1°W
ool o5 09 o [eF4 o 001 ﬁh nwb oF Q2

L , J

H o2

ot~ 09

o/

'5/0_-)

o+

0 08/

ocz

B T/Op
e

..TN\

9/




52

TABLE XI

Calorimetrically measured heats of mixing.5“

MELHANOL-WALER ETHANOL-WATER
Mole % 0°C. 19:69°c. 42.37°%. 0°Cc. 17.33°Cc. 42-.05°
Alcohol.

O ‘00 'OO 000 « 00 « 00 '00

5 190+0 816 600 1486 116.7 7440

10 168+ 0 1435 1041 237+ 5 186+ 8 1098

15 205+ 8 1823 1338 265+ 9 208+ 3 117.6
290 229+ 1 209 3 152+ 5 258-0 2044 2 112.7
25 237+ 3 218+ 7 160+ 6 238.0 192.0 101. 4

30 237+ 3 219+ 8 1629 219+ 5 178 2 86+ 5
40 227+ 5 212+ 1 155+ 7 181+ 0 14401 60 8
50 209+ 3 194+ 5 1417 1471 1137 40 4
60 185+ 3 171. 8 1240 119. 2 899 237
70 1547 14349 100.2 98. 3 70 4 1244
80 116+3 1090 . 68:7 752 51+ 0 53
90 66+8 60+0 3242 4544 2841 143

100 + 00 « 00 + 00 + 00 + 00 « 00
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for methanol and at 9 Mole % for ethanol. This is shown
more clearly when the total entropy of mixing is used in
place of anE.

Ihe entropy of mixing of an ideal system is
given by the well known equation

ASIdeal = --RN1 1n N1 - RN211’] N2.

e BSyixing = 08x° +  081geal

i'he values for water-methanol and watar-ethanol

systems are shown in Table XII.

TABLE XII

T 0Syixing at 25°C.

Mole % Methanol-water Ethanol-water

at 0! 0
10 299 273
20 448 348
30 504 348
40 523 347
50 533 347
60 _ 485 317
70 438 288
80 358 233
90 219 129

100 0 0
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These show that as we pass from methanol to
ethanol there is a decrease in the amount of random
orientation in the solution which is at a maximum for
methanol at 45 Mole % and for ethanol at 30 Mole %.

The type of TZ&SXE plot given by ethanol-water
is very similar to that reported by Scatchard and RaymongO
for ethanol-chloroform mixtures. They state that the
positive excess entropy of mixing is due to the reduction
in the amount of association of the alcohol and the
negative excess entropy to an association of chloroform
and alcohol. If we apply their explanation to ethanol-
water mixtures it would indicate that the number of
alocohol molecules in a cluster is greater if the cluster
also contains a water molecule since the negative excess
entropy occurs in alcohol rich solutions, but that each
molecule is then less tightly held.

Until more accurate vapour pressure data is
available however it seems unwise to attempt to draw

any detailed conclusions from these entropy figures.
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(iii) VISCOSITY.
Knowledge of the viscosity of water-alcohol
mixtures should lead to information about their free

vclume and general structure when it is remembered that

Nh AEK_%B
n = ; _ en
2 4 i g
V- 26773 V3 + b2 ViV, 73
Gugel57, on the basis of kinetic theory obtainzd

an equation similar to that of Batchinski,

&
n - Vg

1 1
where Vg3 = Vg3 - D
D being connected to the molecular diameter d by:
d = D QM?ﬁ
where M is the molecular weight and N = 6:06 x 1093

9890
1-0182.

He calculated that. d for MeOH

I

and for EtOH

I

An early theoretical approach to the viscosity
of binary liquid mixtures was attempted by McLeo&8 who
proposed that it was a simple function of the "free
space” within the liguid. Previous to this the change
In volume on mixing liquids had been effectively neglec*ec
as shown by the work of Kendall et a1.59.

McLeod obtained an equation,
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X1 Xo
n = MmN =+ mN2

N 4 and N o Mole percentages of the components.
xq and xo their "free space".
x = xqvq w %vp Do
v4 and vp volume percentages.
¢ change of volume for 1 cc. on mixing.

1'he free space (x) at any temperature was
obtained from a knowledge of the viscosity and density
at two temperatures but this was unsatisfactory for
associated liquids where the degree of association
changed with temperature. ¥Yor normal liquids, however,
quite good agreement was obtained.

60

Recent work by Panchenkov who proposed the

equation,

n = 348 M (D%M%) i ee/RT (1—e'B/RT)?

where € is the bond energy of the molecules.

For mixtures use € = 81¢c$ + 284504C0 +  &oCop

C1q and €11 Mole fraction and bond energy of component 1.
€42 mutual pond energy.

and Srinivasan61

il |
i - m
N3 = (pg/123) (MP vy + MPvy) (Pole)

m is a constant.

vy and Vo volume of component in 100g. of mixture.

100

Po observed density and Po calculated density from ;T—:“;E
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has made possible fairly accurate calculation of the
viscosities of associated liquids. These equations
give good agreement for water-ethanol and water-methsnol
mixtures.

The vigscosities of water-methanol and water-

ethanol mixtures as measured by Tammann and Pillsbury62

and by Bingham and Jackson (Graph V) are seen to pass
through a maximum. It appears likely that the

occurrence of a maximum in the viscosity curve. is
associated with a minimum in the free volume. This is

not altogether unexpected as we would expect a considerable
tightening up of the water structure when even small
amounts of alcohol are added and here as before the effect

is produced by less ethanol than methanol.
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(iv) SOUND VELOCITY AND COMPRESSIBILITY.

Mikhailov6b

noted that many mixed solvents
showing a maximum viscosity also gave a maximum sound
velocity at or about the same composition when one of
the components was water. He explained this as being
due to increased association in this region, i.e. a
reduction in the free angle ratio, but it appears more
likely that the real reason is a decrease¢ in free volume
Vf rather than 63. This point of view is supported by
the work of Parshad65 who claimed that the association
of water 1s decreased by the addiivion of alcohols,
i.e. an actual increase in 63. It will be seen later
that the increase in QSis sufficient to overcome the
decrease in Vy and so make 63Vy increase steadily from
water to alcohol.

I'he velocity of sound in the liquid (Uliq) is

related to the adiabatic compressibility B¢ by

1 .
uliq. = ~qi;5 where P 1s the density

and to the free volume Vg by
(¥ ;((mg— .
Uljq. = c(Ve) (M ¥ is the ratio EE
V.
Table XIII shows the variation of ujjq and By

in alcohol-water mixtures for the latter of which the

minimum is seen to lie at about 18 Mole % alcohol.
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TABLE XIII
METHANOL-WATERO EPHANOL-ATER?®
Mole % ullq B(p . uliq ECD
0 1494 452 1494 4542
20 1562 42+7 1647 395
40 1450 52+ 1545 L5
60 1338 67+9 14,09 60-0
80 1223 86+0 1281 7502
100 1113 105+ 8 1151 98+0
Velocity of Sound in Gas at 25°C.

Water Nethanol Ethanol

401 319+ 4 249+1
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(v) A3 SOLUBILITY AND ENTROPY OF SOLUTION

Previous to the present work, the only gas
solubilities measured in water-alcohol mixtures were
hydrogen67, oxygen67 and nitrogen36 in ethanol-~water
mixtures. The results obtained (Table XIV) all show a
minimum at about 10 Mole % . (Graph VI). In methanol
solutions hydrogen shows no minimum but the rare gases,
helium and neon,do (see below). For all these three,
however, YV] shows no minimum. This appears to indicate
that 0zVf passes through a minimum for ethanol-water
mixtures but not for methanol-water mixtures.

Calculated values of AGgg1p Show a maximum
for tne rare gases at 15 - 29 Mole % methanol while ASgp1ln
ot high temperatures shows a minimum in the same rcgion.
his would indicate more freedom of the solute molecules
et this concentration and probably explains why King68
“ound that the absolute partial molal ionic entropies of

+

Na* and K* pass through a maximum at about 29 Mole %

rethanol.
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TABLE__XIV
HYDRJUGEN OXYGEN NITRUGEN
Mole % EWOH B, B oo Mole % EtOH B 25
0 - 0189 0273 0 +0149
3.7 0133 .0259 61 «0141
7+3 +9120 0241 1244 .0158
19+5 0199 *1235 100 1314

1346 0097 <0232
1643 0109 +0249
281 +0188 0326
43+9 *0238 * D461

1000 + 0862 « 2201
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SUMMARY AND CaLCULaLION OF FREE VOLUME

OF WATER-ALCOHOL MIXIURES

Summarising the above lines of evidence we

have: -
WALER-MELHANOL .

The free volume V¢ appears to pass through
a minimum at or below 2) Mole % methanol while the product
63Vf should show no such decrease. A maximum in the
free angle ratio 63 is indicated particularly at higher
temperatures, e.g. AOOC. at a low methanol concentration.

At room temperatures no maximum should exist.

WATER-ET'HANOL .

Both the free volume V¢ and the product O3Vp
should pass throursh a minimum at an alcohol concentration
less than that required for methanol. Ihe free angle
ratio 63 does not appear to pass through a minimum and
should pe greater than the corresponding values for
methanol-water mixtures, i.e. less restriction on the
rotation of the molecules especially in alcohol rich

solutions.

We will now attempt to calculate values of Vg
and 63Ve. The free volume may be obtained from listed

data on sound velocity since,
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Ugas _ Ezﬁ
Ulig v

)5
)

while GBVf may be calculated from gas solubility data.

_yYVy
OV = ol

or from heats of vaporisation
= ~b0Hygp /RT
63Ve = o5 €
where p is the vapour pressure in atmospheres.

Table XV shows values of V¢ calculated from sound
velocity and also 63 and O3Vy obtained as above. These
values are plotted against alcohol concentration in
Graph VII.

Studies of nitration and picration in ethanol-

90

water mixtures by Kortum showed ﬁhat a maximum occurrec
in the aosorption band at about 29 Mole % ethanol. He
accounted for this on the basis of a varying structure c*
the solvent which seems to confirm the fact noted above
that the solvent is most closely packed at about this
concentration.

1he values of the free volume of water-ethanol
mixtures listed above may be compared with those calculated
by Matsuyama151 which, while not referring to guite the
same thing, may oe taken as a measure of the volume in

which the molecules are free to move. He calculated the
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volume occupied by 1 mole of water and 1 mole of ethanol
from known aimensions of the molecules and obtained
figures of Vi 196 c.c. and VCQH5OH 3 -2 . e

rhen for a given solution the "free volume" was

defined from

"Free volume” = V - (10:6 Nppo + 31+9 Ngouson)

where V i the molal volume of the solution.

i'he relative free volume is then defined by

' .
'F?ee volume" ;43 the following results obtained:

5
: "Relative

Mole % EtOH \ "Free Volume" Free_Volume"
0 18.969 747 D415
29 21+239 8+72 D+ 411
49 25.572 196 D415
59 28467 1.9 7+418
67 32091 - 135 Dep22
89 41861 18.2 7436
199 58689 26+ 8 D457

lhese values are seen to show the same trend
as those calculated from solubility and sound velocity
data in that a minimum is found in the region of 20 Mole %

€ethanol.
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TABLE XV

MO ANOTEATER Gas Solubility
Mole So MeCH uliq Vf 65Vf 63
—-_5 1494 « 35 *015 * 04
k) 1562 . 33 «025 - 07
49 14590 « 43 + 040 « 09
60 1338 . 56 - 069 11
89 1223 « Tk -+ 995 13
199 1113 . 96 «+ 125 *13

ETHANOL-WATER

Gas Solubility

Lisle % EtOH Ulig Ve O3V g 85
1494 *35 ‘015 DL
~0 1647 -29 016 055
50 1545 “ED 025 07
50 1499 43 .050 115
82 1281 *51 109 20

100 11 51 *59 175 30
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GaS_SOLUBILILY MEASUREMENLS

Many methods of procedure and kinds of apparatus
have been used in the measurement of gas solubility.
Most of these can be clasged definitely as either physical
or chemical. The latter methods depend on specific
chemical properties of the gas and thus can be used
with only a limited number of gases. The main physical
methods depend on the measurement of the quantity of gas
necessary to saturate a known volume of initially gas-
free solvent. This may appear to be a simple matter

but the following difficulties are encountered:-

1. Complete degassing of solvent.

2. Attaining equilibrium without the danger of
supersaturation.

B, Measurement of solvent volume and gas space
above 1it.

L Use of dry gas or gas saturated with solvent

vapour.

1. The production of gas-free solvent is not an

69

easy matter as was shown by Leduc who found that even
after boiling distilled water o long time it gave up gas
bubbles on freezing. The usual method of preparing gas-—

free liquid for solubility measurements has been boiling
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followed by cooling in a vacuum. After degassing care
must be taken that the solvent does not come in contact
with air or low solubility resulis are obtained. For
organic solvents, 30 minutes degassing is sufficient but

for water prolonged boiling over several hours 1is required.

o) In the earliest gas solubility work, by Bunsen70,
equilibrium was attained by vigorously shaking the gas and
solvent in the absorption vessel where both the gas and
solvent volumes were measured. Ostwald /1 introduced a
method which proved to be much better than Bunsen's, the
fundamental difference being that the gas volumes were
messured in a burette connected to the absorption vessel
rather than in the vessel itself. Equilibrium was still
attained by shaking the absorption vessel which was
connected to the burette by a flexible capillary tube.

72

Stern used a glass capillary spiral as did
Maxted and Moon’- (fig. 3) while metal spirals were used

by Steiner’4 (Platinum), wimofejew/d (Platinum), Estreichgg
and Curry and Hazelton '/ (Copper).

1'he whole apparatus was shaken by McDan16178
and by Lannung79 (Fig. 1), but wherever vigorous shaking

is used to secure equilibrium there appears to be a danger
of supersaturating the solufion. This aspect was discussed
by Cady, Elsey and Bergerso who considered that supersat-

81

ura‘tic., mes e€easily attained, Morgan and Pyne attempted
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to test this by using an apparatus in which the gas was
repeatedly bubbled through the solvent. lhey obtained
eimilar results for the system carbon dioxide-water as
other workers who had used violent agitation, but their
method seems Jjust as likely to cause supersaturation as
the ones used by the workers whom they were trying to
check.

Rakestraw and Emmel82 found that when sea water
was shaken with air and the solution allowed to stand until
bubbles were no longer visible the nitrogen content was
two per cent higher than the equilibrium value.

A method of stirring which ensures that the
correct equilibrium is obtained is by means of an iron
bob enclosed in glass, and a magnet. 1'his was used by
Akerlof?/, Antropoff83, Cady, Elsey and Berger8O (Fig. 2),
Cassuto®4, wright and Maas8® and HoriutiB8®. - Although
there appears 1o be no danger of supersaturation when
this mechod is used it has the disadvantage of requiring
a large dead gis space above the solvent thus reducing

the accuracy otf ithe results.

3. 1he usuzl method of determining the solvent
volume is by mercury displacement (Lannung)‘or by weighing
the =2bsorption vessel (M=xted and Moon). Both of these

result in the absorption vessel being completely filled
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78

with degassed solvent and McDaniel produced a suitable
gas-liquid inverface by running out solveat and weighing
it to finad the volume of gas which replaced it. When
this procedure is followed there is some danger that a
part of the solute will be lost especially when the
density of the solvent increases after gas solution.
Horiuti showed that a considerable error was introduced
by this method for the systems sulphur dioxide and nitrous
oxide in acetone. A petter alternative method is to
leave mercury in the absorption vessl and run it out in
the same manner. This was done by Lannung, Horiutil and
Cady, Elsey and 3erger.

Lunge connected the bottom of the absorption
vessel to a levelling bulb of mercury which could be
lowered to let mercury out of the vessel. after equi-
librium was &atvained the solvent level was raised to the
original mark and the gas volume measured. A similar
method was used by Cady; klsey and Derger.

Chrisnoff58 brought the liquid and gas into
contact before measuring the gas volume. He found that
the rate of solution was such that no appreciable volume
of gas dissolved during the measurement. It will be
seen later thet while this may be true for water as a
solvent, it is certainly not true for organic solvents

such as e&ther. Estreicher76 and Drucker and M016888 left
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a vacuum over the liquid when the vessel was filled, which
was later filled with gas from the burette after the
volume had been measured.

t'he change in volume of the solution as a gas
dissolves introduces a certain error. Markham and Kobe89
showed that the solubiliity of carbon dioxide in aqueous
solutions might be 1n error up to 0¢1% for this reason,
while Cady, Elsey and Berger80 consider that it constitutes
one of the main errors in Antropoff'883solubility work on
helium. Another source of inaccouracy is the variation
in solvent volume with temperature. This 1is very
important in an spparatus such as Lannung's where the
solvent level is not returned to the same mark before a
reading is taken. For this reason the author considers
that Lunge's method probably leads to the most accurate

results under ordinary conditions.

h-. Some workers have used dry gas in the burette
while others have used gas saturated with solvent vapour.
If the gas in the burette is saturated, the vapour pressure
of the solvent is of little importance, but if it is dry
the vapour pressure must be known accurately since all gas
coming into the free space above the liquid in the
absorption vessel picks up vapour increasing its volume

to an extent determined by the vaipour pressure.
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When wet gas is used the whole apparatus must
be kept in the thermostat or solvent vapour will condense
out and cause errors. Horiuti claims that wet gas gives
anomalous results near the pboiling point of the solvent
but this appears rather unlikely as in all gas solubility
work the gas over the solvent in the absorption .vessel
is saturated with solvent vapour.

when a mixed solvent such as alcohol-water is
used, the gas taken into the burette must be dry, as it
is practically imposwsible to have degassed solvent of the
same composition as the solvent in the gas saturator since
the alcohol content of the solvent is considerably reduced

during derassing.
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“YPES OF GAS SOLUBILILY APPARATUS

The general principles which have been discussed
are best illustrated by considering representative types
of apparatus:-

A diagrum of the essential features of Lannung's
apparatus is shown in Figure 1. Solvent was brought in
through S oy allowing mercury to run out through 1 until
A was about half full of solvent. The Jjoint S was then
connected through drying towers to a pump and the solvent
degassed at room temperature. Mercury was then let 1n
through 7 until the solvent surface was at d. The tap
3 was opened and the remainder of the apparatus filled
with mercury. The whole apparatus was then placed in
an air thermostat and brourht to 29°C. the solvent level
being xept at d by raising or lowering g. The gas burette
was then filled and mercury brought through the syphon
tube to a. Tap 4 was then closed. By opening 7 and
raising g a few drops of solvent were passed over into the
gas burette to saturate the gas with solvent vapour. After
bringing the solvent surface to f a small quantity of
mercury was blown from the horizontal capillary to the
surface of the solvent. ''he rest of the mercury wes
then sucked ovack to C. A8 the bulb A and vertical

capillary hf constituted a sensitive thermometer it was



FIGURE Z



easy to tell when temperature equilibrium was aittaincd.
Saturation of the solvent was brought abcu*
by running out through 1 about 1 cc. of mercury which was
weighed, and thsn putting the apparatus into an air
thermostat where it was mechanically shaken. The change
in gas volume was read from the levels in B and C and
the solubility calculated directly.
With the vigorous shaking employed by Lannung
there is some danger of supersaturation, which was

eliminated by Cady, Elsey and Berger80

who used a magnetic
stirrer (Figure 2). To start a measurement the bulb B
was filled with dry air at atmospheric pressure and
sealed. C and F were pumped out through the three-way
stopcock below . During the process, the stopcock
between B and C was carefully opened until expansion of
air in B had driven the mercury in the manometer up to
the stopcock e&nd through its bore. The cock was then
closed and wthc cvacuztion of C and F completed. The
bulb ¢ was then filled with mercury from K. 1The solvsnt
in M was depeassed for about 4 hour and then brought to
atmospheric pressure. 1he gas was introduced iﬁto the
system as follows. The bulb E was evacuated and filled
with mercury from wu. A small amount of solvent was

introduced ~nd boiled under reduced pressure to remove the

air. Helium w2s then introduced and the water boiled



again by reducing the pressure ensuring the removal of
sir from the water.

Finally E was left filled with pure helium under
atmospheric pressure and in contact with water. The
gas-measuring system C was then filled with helium from
E and brought to the pressure of the air in B. Degassed
solvent was brought over from M into I by running out
mercury into L which was weighed to determine the volume
of solvent. The levels of the manometer between B and C
and the level of the mercury in the gas burette C were
read,; then the grezter part of the gas was transferred to
F and its solution started. 1he rate of solution was
increzssed by using 2 magnetic stirrer but eguilibrium was
only obtained after about 24 hours. The solvent level was
thén returned to 1ts original mark, the pressure adjusted
and the volume of the remaining gas read.

The mnin disadvantage of using a magnetic
stirrer is the long time required to attain equilibrium-.
This is considerably shortened by using a gentle sheaking
method developed by Maxted and loon /2 (Figure 3).

In this apparntus the gas space above the solvent
was reduced to a minimum by employing an absorption vessel
of the form shown at A. This vessel which was immersed
in a thermostat contained in addition to the solvent, a

small guantity of mercury B, w«nd was rocked so that the
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mercury and the gas bubble C moved along the tube in
opposite directions. This caused the gas-liquid interface
to be constantly renewed while the mercury stirred the
liquid. The 1 metre long capillary D was used to Obtain
sufficient flexibility to enable the absorption vessel to
be rocked.

10 carry out a measurement the absorption vessel
was detached by cutting at F. A small quantity of mercury
was introduced and the vessel filled with solvent except
for the space C. 1'he degassing of the solvent which was
carried out in situ was aided by periodically shaking the
absorption vessel.

It was then reconnected to the remainder of the
apparatus and the capillary link D evacuated with a Hyvac
pump-- ihis was then filled with gas from the burette E
and the zero point observed. This assumed that in the
absence of rocking the rate of solution was sufficiently
low to be neglected while the initial reading was taken.

The above considerations have lead to the
development of a new apparatus using Maxted and Moon's
metﬂod of securing equilibrium but improving the method

of determining gas and solvent volumes.
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CRITICISMS OF PREVIOUS GAS SOLUBILITY WORK.

Gas solubility work before 1919 was considered

92

by Markham and Kobe to be all rather inaccurate. This
was due to the methods used to attain equilibrium, which
consisted in the main of violent shaking which led to
supersaturation and high results. Jther possible errors
were incomplete degassing of solvent and impure gases, the
latter factor being important in the case of the inert
gases (He, Ne, 4, €tc.).

Cady, Elsey and Berger eliminated the error due

to change in volume of the solvent during a run by pushing
the solution back to a known mark after absorption. They
only degassed their solvent (water) for about 30 minutes,
but in the present work it was found that up to 2 ‘hours
were required for the complete degassing of this particular
"solvent.

the basis that the contact surface was small but a more
important error appears to be the failure to correct for
the expansion of the solvent when the gas dissolves.
Because the volume of the solution is greater than that

of the pure solvent the gas space must decrease, so that
the solubility figures listed by Lannung will be too low.

lhis difficulty was overcome both in the present work and
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by Cady, Elsey and Berger by returning the solvent to a
definite mark after saturation. Degassing the solvent
at room temperature also seems rather unsatisfactory,
especially for water.

Akerlof used a method which measured the
difference in pressure after solution. This eliminated

the error in Lannung's work and higher results were

obtained.
_Pos
Lannung Akerlof
He + D086 - 0087
A *0319 *0332

Maxted and Moon give but few details of their

apparatus, but it seems that there was at least no danger
of supersaturation while equilibrium was attained in a
reasonably short time. The capillary connecting the
burette to the absorption vessel, however, was at a
temperature differing from that of the solvent and the
gas in the burette and this would introduce errors which

were probably not unappreciable.
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THE APPARATUS

In Maxted and Moon's apparatus the solvent
volume was determined by weighing the pipette before and
after filling with solvent. One must then assume no
solvent loss on degassing which appears rather unlikely,
especially for organic =olvents of low boiling points.
However, the method of securing equilibrium was very
efficient and this principle was employed in the present
apparatus (Figure L 1he solvent volume 1is determined
by mercury displacement and the apparatus is so designed
that during a run neither the gas nor the solvent is in
contact with any stopcocks.

i'he apparatus consists essentially of

(i) A gas measuring system.

(ii) A pipette in which equilibrium is attained.

'hese two parts are each immersed in thermostats
containing about 30 gallons of water, the two being 1. metre
apart to obtein sufficient flexibility to allow the pipette
to be shaken. T'he coil (C) was put in to increase this
flexibility and together with the connecting capillary is
jacketed and water circulated round it from the thermostats
by means of the pump (P). By means of the valves (a, b,

c, d) it is possible to pump out either of the thermostats
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to waste or to circulate water from left to right.

The pipette D is fastened to a copper cradle
by means of two saddles, the lower half of each being copper
and the upper half perspex. The cradle is pivoted from
a point opposite w and moves,; with bakelite tearings which
are water lubricated, against a sheet of copper fastened
to the right hand thermostat.

T'he actual movement is obtained from a %5 h.po
motor through a gear box and flexible coupling on to an
eccentric. The cradle is fixed to a spring (Figure 5)
which takes up half of the load and gives a smooth even
rocking motion.

“"he solvent is degassed in the flask (F) and
brought into the pipette (D), the volume being determined
by mercury displacement. The gas which may be wet.or
dry, depending on whether a pure or mixed solvent is being
used 1is measured in the burette (B) and about 3 cc. pushed
over into the pipette (D). ‘''his is then rocked to speed
up the rate of saturation. The small amount of mercury
which remains in the pipette after bringing the solvent
over stirs the liquid while the movement of the gaé bubble
causes the gis-liquid interface to be constantly renewed.
N4 and Hp 2rc twd pieces of neoprene to provide sufficient
flexibility between the flask (F) and the rocking pipette (D),

he baths are hecated electrically at 3500. and



,0°C. and with gas at lower temperatures while, when
necessary; cooled water-glycol mixture from a refrigerator
A

is pumped tnrow:h the cooling coil.
A description of the procedure for a typical

run will make the above points ¢lear:-

(A) If a pure solvent is being used. €.g. water.

About 600 cc. of solvent are placed in the flask
(F) and with taps (19) and (14) closed a low vacuum (from
a water pump) is applied through (13) and (15). The flask
is heated by means of a hot-plate whose output is controlled
with a Sunvic energy resulator. For water the degassing
process reguires several hours, but for organic solvents
is much more rapid. 1he trap (H) which is filled with
3o0lid CJo and acetone is used to reduce the loss of more
volatile solvents. Wwhen the solvent is completely degassed
the tap (13) is shut, the condenser (G) drained, and the
heating continued until the pressure above the solvent, is
&t atmospheric pressure as shown by the gauge (i). This
causes the solvent to rise through the coil (E) until it
has completely filled the tube up to the tap (10), no air
bubble being visible.

1I'he apparatus is then evacuated through (5) by
means of 2 two stage mercury pump, and filled completely

with mercury between taps (7) and (19).
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The three-way taps (9) and (10) are turned
to the appropriate positions and mercury run out through
(11) until the solvent level is between (9) and (10)..
More mercury is then admitted into the apparatus and this
solvent pushed out at V. This is repeated several times
to ensure that only air free solvent will finally be
admitted into the pipette as initlally the bore of tap
(10) was filled with air.

A beaker of ice water is placved round the coil
(E) and the mercury run out through tap (11) into a weighed
beaker until the required amount of solvent has been
admitted. This is then allowed to come to thermal
equilibrium after which tap (19) is shut and tap (9) opened
sO as. to allow mercury to fill the capillary up to the
mark (Y), mercury being run out of tap (11). The tap (9)
is then shut and the solvent is nowhere in contact with
tap grease. 1The weight of the mercury run out through
tap (11) gives the total weight of solvent from tap (10)
to the mercury surface. From this must be subtracted the
previously determined volume between taps (9) and (1Q),
including the amount in the bore of (9), as this amount
of solvent is trapped when tap (9) is shut.

With taps (1), (2), (5), and (7) shut and (3),
(4), and (6)_open gas is passed through the saturator (A)

and out through (6). The saturator, which was designed by



82

Mark‘nam91

s contains about 200 cc. of pure solvent and
ensures that the gas is saturated with solvent vapour.

The use of this is only possible with pure solvent as it
will be seen later that the composition of a mixed solvent
changes during degassing.

After the gas has been passing through the
saturator for some time, tap (2) is opened and (3) and (6)
shut. The gas in the system is pumped out through tap (5)
after which more is admitted. Initially this was done
through tap (3) but it was found that solvent from the
saturator splashed over into the gas line even after a trap
had been placed in the head of the saturator. To eliminate
this the pressure is raised to 3 atmospheric pressure by
allowing gas in through (1) after which this is shut and
(3) opened until e pressure is shown by the gauge (K).
Tap (6) is then opened. By this method some dry gas is
introduced but by conitinuing to pass gas for some time this
is removed and quite reproducible solubility figures arec
obtained.

The three-way tap (7) is opened to the gas line
after tap (6) is shut, while tap (8) is opened. Mercury
is run out of the burette (B) until about 9°8 ccs. of gas
have been admitted. Mercury is then run in through tap (7)
to prevent the gas from coming in contact with tap grease

during a run which may take up to three days. The two
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columns of the gas burette (B) are levelled, and, with
the aid of a velescope containing a scale, the volume
read to °*002 cc. The burette had previously been
calibrated by running mercury out through tap (12) and
weighing each *1 cec.

At this stage the gas is separated from the
solvent by a mercury thread between (W) and (X). Mercury
is run out through tap (11) into a weighed beaker until the
gas reaches the mark (Z) etched on the vertical capillary,
the columns of mercury in (B) being kept level. The
weight of mercury run out gives the volume between (Z)
and (W). It is necessary to determine this for each run
‘as the position where the mercury thread breaks at (W)
varies somewhat.

More mercury is run out through tap (11) until a
bubble coantaining about 3 cc. of gas is formed in the
pipette (D). Rocking is then commenced and continued for
1 to 2 hours. At the end of this period mercury is admitted
to_the pipette until the solvent level is at (Z) and the
volume of gas in the burette read. The difference between
this reading and the initial one minus the volume (W-2)
gives the.volume of gas dissolved.

Gas is then pushed over to form another bubble
and the process repeated until no further absorption of gas

is detecteble after shaking for some time.
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(B) Mixed solvents. _e.g. water-methanol.

The procedure is the same as for pure solvents
except that dry gas must be used. When the water-methanol
mixture is degassed a considerable loss of methanol occurs
so that the composition of the solvent in the pipette (D)
cannot be determined until after the run when a density
measurement is carried out.

Dry gas is brought into the burette through
tap (1). 1'his 1is then saturated by means of the solvent
in the pipette at the same time as the solution process
is continuing. The amount of solvent used for this is
negligible and is neglected. T'he solution process is
always complete pbefore saturation of the gas, and gas must
be passecd from burette to pipette and back until no further

increase in volume is noted.



FIGURE 6

/0
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MANIPULAL ION OF RARE GASES

1'he method employed to get rare gas from a
sealed bulb into the burette is shown in Figure 6. The
sulb of rare gas (1) is sealed through tap (5) to a bulb
(3) of 1 litre capacity, the two being connected through
taps (8) and (9) to a high vacuum system. The tap (10)
shown here is identical with tap (7) of Figure ) and
connects with the gas burette.

Taps (10), (6)_and (7) are shut and the system
pumped out through (9). By using a two-stage mercury
diffusion pump backed by a two-stage rotary oil pump,
vacua bsttcr than 10=0 mm. of mercury are obtained. At
this stage sufficient mercury is admitted through tap (7)
to fill the tube (2) when the vacuum is lowered. Tap (9)
is then shut and the pip of the rare gas bulb broken by
means of a magnetically operated steel ball. lap (5)
iz then closed and the gas in the rest cf the system
brought to atmospheric pressure by admitting mercury through
tep (7).  When this is attained the level of mercury in
(2) (with tap (6) open) is the same as the level of the
mercury in bulb (3).

When rare gas has to be admitted to the burette,

the letter is evacuated through taps (9) and (10) and filled
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with mercury. Taps (8) and (10) are then closed and

the T-tube pumped out through (9). This is then closed

and gas allowed in through (8). When gas is required it

may then be drawn directly into the burette through tap (15).
When working with He, Ne, and A only dry gas was

used as insufficient was available to use a saturator in

the line, but it was found with hydrogen that the same

result was obtained with either wet or dry gas.
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PURTRICATION JF MATERIALS

The methanol was refluxed for six hours over
guiclklime and distilled. It was then dehydrated by the
method of Lund ai:l Bjerrum, described by Weissberger and
Proskau6r95, using magnesium activated by iodine, finally
being distilled 2nd the middle fraction collected. 1his
distillation was in ar all glass apparatus with a 50 cm.

fractiorating column filled with glass heads.

Physical Constants.

taj Boiling Poin% 63-75°C.

(b) Refractive Index 1.328) / 29°cC.

Helium_and Arpgon.

Spectroscopically pure samples from the British

Jxygen Comnany WEIreE uoe€d.

Necn.

Spcéctruscopically pure neon from the Linde

Ailr» Company was us-=d.

®Bleznrolytic hydrogen from a cylinder was passed
through potassium hydroxide solution to remove carbon

dicxide, through concentrated sulnhuric acid and over heated
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copper and platinised asbestos to remove oxygen. The
gas was then dried over phosphorus pentoxide and passed

through a liquid air trap to remove easily condensable

impurities.
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METHODS OF EXPRESSING GAS SOLUBILITY

w0 coefficients have been employed to express:
“he results of solubility measurements with pgases.

whe first, proposed by Bunsen (1857) is defined
as the vclume of gas reduced to N.1.P. dissolved by unit
volume of solvent at the tewperature of the experiment

under a partial pressure of the gas of 1 atmosphere.

If v, 1is the volume of gas dissolved, at N.T.P.
V is tbhe volume of the =olvent,
p 1is the pasrtial prcesurs cf the gas 72

atrosphercs,

Then the Bunsen Coeffizient B is given by

B = = .

L'nis assumes that the idee’. ges laws hcld, but
Markham and Kobe92 shioved that an error of O-7% was intrc -
duced for the solupility of carkon dloxide in water at
0%,

If the soluhility is expressed per gremme of
so.vén: we have what 1s known as the Kuenen Coefficient.

A more useful coefficient is that suggested by

Ostwald (1888) ,¥, which is defined as the volume of gas

measured at the temperature and pressure of the experimer’.
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dissolved by unit volume of the solvent. If v is the
volume of gas dissolved at a temperature i and a partial
pressure of the gas p, then assuming the gas laws are

obeyed,

=]

W
-
o |-

\' = VO

>
I

2
ORNC | = B 27

W
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STANDARD STATES

he particular states used for both the gas and
the solution in calculating thermodynamic functions for

th€e process
X(gas) ——— X(solution)

have varied from author to author, no two apparently using

the same states for both.

@gl;gp9h employed as stendard states No = 1 for
the solution and a pressurc of 1 mm. for the gas.

ggl;93 ussd a prcssure of 1 etmosphere for the
gas but for the ed>ution. he chose the state at which the
concentration of the solution is equal to the concentration
of the gaseous phase,

Elgglgh stardard states are a pressure of 1
atmosphere for the gas end a concentration of 1 mole per
litre for che solutionr.

Fgggg;gg@_gxggz5 used a pressure of 1 atmosphere
for the gas and No = % for the solution.

The problem of whether to use Np =1 or 1 mole
litre'1 as the stande~d state for the solution is a complex
one but when comparing the thermodynamric functions for any

one gas in a number of solvents the former is the more

satisfactory. In the or.sent work results are quoted on
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the basis of both Eley's and Frank and Evans' standard
states,

L'ne above variations in standard states give
rise to different equations for @Ggy1, OHgoin 8Sgo1p 8ll
of which, however, are interconvertible by the addition

or subtraction of suitable terms.

. R'T x 760
0Gput1ep = ~RI lny + RT In T
where R' = 82¢1 cc. atms. deg~1

8Gge11 = <-RT ln ¥
AG = -RI Iny + RT 1n 2L

Eley 1000

tm

BGyrank and =Rl 1In ¥ + RT Iln Bvi

Evans 1

So for theé corresponding entropy terms we find

8Sprank and Evans = 0Sput1er *+ R 1ln 760.
OSFrank and Evans = 0Spell - R1InR'" =R 1n Vy
V1

ASE ley -~ R 1n

U

AS1pg; 1000
OF¥rank and Evans 1000

This causes variations of the following order.

Ho in benzene at 20°C,
883611 - 3
ASEley - 71

OSprank and Evans -11+6



Ho in water at 2500.

ASButler
BSgiey

ASFrank and Evans

392
~18+2

-26°0

93
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CALCULATION OF RESULTS

Due to the change in methanol concentration of
the solvent during degassing the experimental solubility
figures were not obtained at even methanol concentrations.
Because of this the results of six or seven runs at each
temperature were least squared and values at each 20 Mole %
methanol interpolated.

These values were then converted to Jstwald

coefficients since
T
P =Y 373

Values of the free energy of solution may then be obtained

from
?

R'T
0Ggo1y= -RT 1ny + RT In 37~ (Frank and Evans)
or 865, 1,= -RT 1nY + RT ln -082T (Eley)

The variation of 8Ggg1y with temperature can be
expressed in the form of an equation by the method of
least squares which on differentiation gives values of
&SSolv' In the present work the equations relating
0 Ggolv, to temperature were quadratic so that on
differentiation a straight line relationship was established
between temperature and entropy. This may be criticised,

but when the order of accuracy of the results is considered
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( *0+5 eu.) it is seen to be guite unimportant. This
inaccuracy of up to 5 eu. seems t0 have been neglected
by workers such as Eley, who strove to obtain theoretically
values within 0«1 eu. of the experimental ones, when the
latter are often possibly several entropy units out.

In the following tables (XVI - XIX) the thermo-
dynamic functions are listed for the standard states of
both Eley, and Frank and Evans. For purposes of
comparison between different solvents the latter only
should be used as the molal volume of the solvent is
taken into account.

Yable XX lists the values used for the vapour
pressure of water-methanol mixtures in the calculation of
the listed Bunsen coefficients. These were interpolated
from data listed by Vrewski55, Bu‘cler53 and Bredig and
Beyerd? and are accurate to Y1 mm. This will introduce
an error into the resulting solubillity figures, which will
however be not greatesr than 1% in the most unfavourable

cac€y il1.€. within the experimental error.
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Thermodynamic Functions for the System He - Hp0 - CH20H

Bunsen Coefficient B

Mole % MeOH

“emp. 0 29 49 60 89 1990
10 +0098 *0098 0122 +0170 £223 +0293
15 0097 *0027 01 24 ‘0173 0235 +0306
20 +0096 0095 0126 0177 02L3 ‘0319
25  +0095 *0093 0128 0181 0259 0331
30 +0094 0091 0130 0185 £258 0344
35 0092 *0107 @51 58 +0193 1243 6,75
40 -0ON 0103 0152 0213 0288 072
Ostwald Coefficient
10 «0102 *0102 +0126 *0176 *0236 *0304
15 +0102 0102 *01 31 0183 -C2),8 0322
20 0103 0102 *0135 0190 -0 251 ‘0342
25 ‘0104 *0102 *0140 +0198 <0273 *0 361
30 +0104 0101 0144 +0295 <0286 -C382
35  +0104 ‘0114 G156 <0218 0302 «0402
L0 0104 <012y <0174 *0243 <0330 <0427
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Eley and Evan's Standard States

e

AGSO].V- ( C&].S.)

" emp. 0 20 49 60 89 100
10 4352 4340 42253 4037 3874 3734
15 4432 LS, 4298 4103 3928 3777
29 4514 4534 4364 4163 3979 3819
25 4599 4610 4422 4217 4027 3861
30 4684 1,673 Lu7h 1,265 4071 3902
35 4772 4722 4515 4306 4111 3943
49 4862 4757 4550 4341 4148 3987
Mole %
MeOH

0 AGp = =234, + 174857 = 0066617

20 bey = -23,940 + 177.6360 - 27461102

40 BGp = 12,955 + 1056991 - 1590212

60 LGy = = 9,779 83+ 768T 1235172

80  Agy = -4811 50433911 .069087°2
100 MGy = 245 1595327 0128212

0 =4S¢ = 17+485 - .006660

20 =ASp = 177:635 - .5,9220

40 ~8sp = 105699 - .31804%

60 -~ASp =  83.768 -  .2,702T

80 -ASp = 50339 - 139167
100 =A8p = 15:S33 -  .02565T
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~ 88551y,

Mole % MeOH

‘remp. 0 20 40 60 80 100
19 17 22 +2 16 -4 1345 1049 8 +6
15 17 4 194 146 123 10.2 8.5
20 173 16 -6 12+8 11 +1 9.5 8y
5] -3 138 %00 - 9.9 8.8 8.3
30 17+2 11 +1 9.3 846 8 +1 8 +1
39, 172 8y 77 74 T4 8+0
40 17+2 Bl- 7 6«1 62 6.7 79
SHso1v.

Mole ; _MeOH

Temo. 0 29 L0 60 80 100
10 -582 -1945- - 419 + 216 + 804 +1379
15 -579 -1146 + 91 + 560 + 990 +1328
29 -575 - 232 + 612 + 910 +1195 +1357
25 =554 + 49¢€ +1144 +1266 +1403 +1387
30 -528 . +1308 +1655 +1661 +1616 +1447
35 -526 +213) +2143 +2026 +1831 +1478

L0 -522 +2972 +2640 +2400 +2051 +1513
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Frank and Evans Standard States

AGSolv.
remp. D 20 49 60 89 100
10 6614 6498 6285 6004 5760 5547
15 6729 6628 6382 6103 5344 5615
20 68,8 6751 6481 6194 5925 5681
25 6976 6870 6580 6230 6003 5757
30 7104 6974 6668 6360 6977 5831
35 7231 7052 6744 6433 6147 5994
40 7353 7129 6805 6428 621 5961
_'__A Sso1lv,
10 25.2 29 -4 231 19:8 169 143
15 252 26-6 21.3 186 S 16.2 142
29 251 23.8 19.5 174 155 14 +0
25 251 210 17.7 16.2 14+8 13+9
30 25+0 18-2 16+ 0 11+ 9 1441 13.7
35 2590 | 155 14 13.7 13-4 13.€
49 250 12-8 12.8 125 12.7 135
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bHgo1v.
Yemp. 9_ 20 40 60 80 100
10 =532 -1835 - 279 + 376 + 98y +1589
15 -529 -1036 + 231 + 720 +1170 +1588
20 -525 - 222 + 752 +1070 +1375 +1587
25 =504 + 606 +128), +1426 +1583 +1597
30 -478 +1418 +1795 +1821 +1796 +1657
35 -476 +224)Y +2283 +2186 +2013 +1688
49 -472 +3082 +2780 +25690 +2231 +1723




101

TABLE XVII

Thermodynamic Functions for the System Ne - Hp0 - CH30H.

Bunsen Coefficient B

Mole % MeOH

Temp. 0 290 49 60 80 100
10 0136 0113 «0140 0203 .0290 0410
15 01 51 ‘0112 0142 +0206 +0296 Q22
20 S04 26 +0112 0144 <0211 «C 394 <0434
25 *0121 0112 0147 «0218 <0313 <0446
30 *D117 + 0111 *0152 0227 <0325 .0458
35 *0115 0121 *0160 -0238 +0339 <0472
40 *0115 +0130 «0173 +0250 <0357 +0503

Ostwald Coefficient ¥

10 « D141 <0117 « 0145 .0210 +0301 +0425
11L5) +0138 *0118 0150 «0217 +0312 <0445
20 0135 9129 0155 . 0227 0326 0466
25 * 0132 +0122 « 0169 + 0238 03,2 <0487
30 * 0130 *+ D123 * 0169 * 0252 « 0361 + 0508
35 0130 -0137  +0181 <0269  +0383  -0533
540 “0132  -0149 0198 0287 - 0409 0577




Eley and Evans' Standard Statas

0Ggo1y. (Cals.)
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Temp 8 29 40 69 89 109
40 4164 4266 4145 3944 3741 3544
15 4265 4356 4221 4004 3796 3593
20 4363 4435 4,286 4058 3847 3640
25 4157 4574 4343 4108 3893 368
30 L5471 4561 4391 4152 3936 3725
35 4633 4697 4439 4190 397y 3764
40 L715 4,642 L4690 4223 4008 3800
Mole %
)MeJdH
2 06, = - 8,943 +  65-4817T 078991 2

20 LGy = =19,069 4+ 14550447 +223221 2

K0 063 = ~15,731 4  117.4857T 1794712

60 8G, = - 8,439 +  74.882V 110012

80 Ay, = = 6,167 +  58+59,T -083351 2
100 foy = - 3,622+ 40.46981 +05354T °

0 "85y =  65.492 - 415807

20 =D3y = 1454524 = < LL64T

4O =88y = 117-486 - «3589y

60  -0Sy = 74.882 - .22007

89 =03y = 58.594 ~ 16677
100 -BSr = 400470 = <1071T



:ESSolv.

Mole % MedH
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Lemp. ) 20 40 69 89 100
10 208 191 159 12.6 114 101
15 209 169 141 115 10+5 9.6
20 19:2 1446 12.3 104} el 9-0
25 18-} 12+ 10+5 ) 89 8:6
30 1746 10°2 87 8.2 8+1 8.0
35 16-8 §-0 69 71 73 745
40 169 5.7 51 60 6+ 6.9

AHSolv.

Mole % MeOH
10 =172y =11 41 - 356 + 377 + 514, + 685
15 -1497 - 513 + 158 + 691 + 771 + 827
20 -1265 + 157 + 681 +1010 +100) +1002
25 -1928 + 878 +1213 +1336 +1240 +1126
30 - 788 +1469 +1781 +1667 +1,81 +1300
35 - 543 +2142 +230) +2003 +1725 +1453
40 - 295 +2857 +2863 +234)4 +2004 +1640
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Frank and Evans' Standard States
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_Gso1v.
‘' €Emp. 0) 20 49 69 80 109
10 6426 642 6297 5911 5627 5357
15 6562 6541 6305 6094 5712 5431
29 6697 6653 6403 6089 5793 5505
25 683y 6764 6591 6171 5869 5588
39 6967 6862 6585 6247 5942 5654
35 7992 6937 6659 6317 6719 5725
49 7276 7005 6715 6380 6974 5774

-0 Sg01v.
10 286 26+ Y 22:6 18+9 174 15+9
15 27-8 24+ 1 208 178 166 15-3
20 279 21-9 190 167 15.8 14+ 7
25 262 19:6 17-2 15-6 159 142
30 25+ 4 173 15+ 4 14+5 142 13.6
35 24+ 6 151 1346 13-4 13.3 131
49 238 12.8 11.8 1243 125 12.5
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AHSolv.
Temp. ) 20 L9 69 80 100
10 -1671 -1059 - 191 + 561 + 701 + 856
15 -1448 - 402 + 313 + 875 + 930 +1023
20 -1216 + 234 + 834 +1195 +1162 +1197
25 - "97e + 921 +1373 +1520 +1398 +1347
30 - 73 +1618 +1917 +1851 +1668 +1532
35 - 487 +2285 +2469 +2188 +1912 +1688
AO' - 245 +2998 +3029 +2529 +2160 +1860




LABLE XVIII
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Thermodynamic Functions for the System A - Hpo - CHzOH

Bunsen Coefficient B

Mole % MeOH

Temp. 20 60 80 199
10 <0446 <1121 *1779 * 2652
15 :1425 +1102 1743 2585
29 .0405 1088  +1715 2531
25 0386 +1066 +1682 +2,81
39 +0373 «1053 +1669 «2443
35 «0371 *1055 +1659 «2413
49 0381 +1069 <1648 12383
Jstwald Coefficient ¥
19 0462 *1162 *1844 2748
15 *I448 *1163 1839 2728
29 0435 <1164 1837 2717
25 0421 116 1836 <2709
59 <041y 1168 1842 <2711
35 419 *1190 1862 2722
40 AL 37 «1237 +1889 2733




zlecy and Evans Standard States

BGgoyv, (cals)
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Temp. 8 29 40 69 83 100
10 3532 3494 3258 2978 2720 2496
15 3653 3594 3338 3044 2781 2556
29 3769 3686 3410 3108 2841 2613
25 3881 3771 3475 3168 2898 2668
50 3987 3846 3532 3224 2954 2722
35 4087 3915 3582 3278 3906 2775
40 4182 3975 3624 3328 3957 2826
Mole s MeOH

0 AG, = -11,933 84+4405T - 1053112

20 AGy = -15,484 113.13887 - .162861°
LO  AGy = =13,727 + 193+21170 = 1526547

60 AG, = = 6,24 51.4,6581 - +066731°

80 AGy = =~ 4,391 374653110 - 0442912
190 0Gy = - 3,508 30+45351 - +032650°2

O =b63p = 8L+ 441 + 21061

20 -AB3p = 113139 - 32570

L0 =08y = 193.212 * 30531
67 =ASp = 51+466 +13351
80 -AST = 374653 - 08861
100=04Sp = 30453 065 3T
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Mole % MeOH
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+291

LEMP 0 29 49 69 89 109
190 24+ 8 20+9 158 137 1246 12:0
15 237 19-3 147 13:0 1241 1146
20 2247 17-6 13.6 124} 11.7 113
25 21+ 6 1640 12.6 1.7 11.2 11.0
30 29+ 6 1444 117 141 10.8 10.7
35 195 12.7 10-6 19- 4 10. 4 10.
40 18.5 111 9.6 9.7 2.9 100
AHSolv.
Mole % MeOH
'eEmMp. 8] 29 40 69 89 199
19 -3501 -2423 -1213 -990 -847 -991
15 -3175 -1966 - 896 -701 -687 -786
20 -288) -1473 - 575 -526 -588 -699
25 -25568 - 999 - 289 -320 -4 41 -611
3 ~2257 - 519 - 13 =140 -319 -521
35 -1921 + 2 + 317 + 74 -198 -429
49 ~1019 + 590 + 619 - 43 -395
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FPrank and Evans Standard States
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AGSolv.
Lemp. g) 20 q’)_‘ 69 89 1090
190 5794 5652 5329 4945 4606 4309
15 5950 5779 5422 5944 4697 439
29 6193 5993 5527 513y 4787 4478
25 6258 6031 5653 5231 LB74 456
39 6477 6147 5726 19 4960 4651
5] 5546 6245 5811 5405 5042 4736
49 6673 ©338 5879 5,85 5123 4809
- ASSol_v.
19 3246 28.1 2245 20+0 18.6 1747
15 315 2645 214y 19:3 18+1 173
29 3945 248 20.3 18.7 177 16.9
25 29 23.2 19.3 18.0 17.2 16+6
32 28+ ) 21+5 18- 17+ 4 168 16+3
35 273 19.8 173 16.7 164 1640
I 25 3 1842 1643 16+0 159 156
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LHsorv.
Lemp ) 29 49 60 89 109
10 3451 -2313 1973 740 667 691
15 -3125 -1856 - 756 =541 -507 -576
29 -283y -1363 - 435 -366 -408 -489
25 -2598 - 889 ~ 140 -169 -261 =401
30 -2277 - 499 + 127 + 20 -139 -311
35 -1871 + 113 + 457 +23), - 18 -219
40 -1569 + 610 + 769 +451 +149 -190
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LTABLE AIX

Thermodynamic Functions for the System Ho - Hp0 - CH3VH

Bunsen Coefficient B

liole % MedH
Temp. 3] 29 49 69 89 199
19 +71 39 «0218 « D301 « D441 <0632 «0875

15 <1189 +0218 +1396 448 «649 .0885
20 0172 10218 - 0311 - 0456 0650 .0896
25 +0165 <0218 .0316 <0467 <0667 +0909
30 *2157 +0219 +0325 «I478 - D68 .0927
35 « 2151 .0223 «D336 -0489 <0794 .0949
49 D147 «0235 +0353 +0518 « D744 +1029

Ostwald Coefficient ¥

10 .1196 0226 +0313 c 0457 1656 2907
15 +2199 0230 0323 e Y72 0675 0933
20 +1185 +023) 033y + 499 1698 - 1961
25 *7179 0238 +0345 - 0599 1728 0992
30 *9175 1243 « 0361 * 0530 2769 . 1929
35 +01569 +0252 + 9379 0552 9794 1071
49 *1167 1269 0495 1595 1853 +1170




Zley and Evans Standard States

BGgoyyv.(cals)
remp. 9 29 40 69 89 100
19 3974 3898 BT 3595 337 3115
15 4LI76 5972 3778 3558 5354 3169
29 4177 4042 3835 3699 3402 3218
25 4276 4107 3887 3657 3446 3262
3 L5753 4167 3935 3792 3485 3301
55 4468 4225 3978 3745 5522 3335
) 4561 4274 417 3782 3554 3364
Mole % heoH
D DG, = =5,343 + 449780 - 04263:°

208G, = -7,981 + 67-889r - 092817

4O BG, = 7,28 + 649421 - 092141°

608G, = =5,015 + U4B8:867T - 0666717

89 AG, = -6,140 + 55-8811 - 0795817
100 AGy = 8,141 + 68+192T - -10950°

0 -088p = 44-978 -~ .028526T
20 - 08y = 67.880 - :18567T
40 - 837 = 64942 - .18428T
69 - A3p = 4B8.867 -~ .1333,7
80 =~ A3p = 55881 - 159167

107 -~ A3y = 58.192 - .2910T
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Mole % MeOH

113

remp. 9 29 40 69 80 100
19 20-8 154 128 112 10+9 1143
15 204} 144 11+ 8 10.5 1041 103
=30 209 135 10.9 9.8 9.2 9.3
25 19.6 1246 12.0 91 8+ 4 83
30 19.1 116 9.1 8+ 3 7.6 7.2
35 187 19+ 6 8+ 2 745 6+ 7 6 2
40 18+ 3 9.8 73 6.7 58 52

__AHSolv.

Mole % MeOH
10 -1915 - 462 + 93 + 334 + 215 - 85
15 -138921 - 178 + 378 + 532 + LL42 + 201
20 -1685 + 85 + 649 + 737 + 795 + 492
25 -1559 + 351 + 976 + 945 + 946 + 788
39 1416 + 651 +1178 +1186 +1182 +1119
35 -1293 + 957 +1452 +1 441 +1457 +142)4
49 -1170 +1266 +1732 +1748 +1738 +1736
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Frank and Evans Standard States
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8Ggorv.
Temp. ) 20 49 69 82 190
10 6236 6056 5779 5472 5187 4928
15 6373 6157 5862 5558 5279 5997
20 0511 6259 5952 5649 5348 5283
25 6653 6367 6345 5729 5422 5158
30 6793 6468 6129 5797 5491 5230
35 6927 6553 6207 5879 5558 5296
40 7052 6637 6272 5939 5620 5338

=0850 1y,
19 28+6 22.6 19+5 175 16+9 171
15 28.2 21+6 185 16 .8 1641 1641
29 27-8 207 17+6 16.1 1542 1541
25 27+ 4 19.8 16.7 1544 1404 1441
30 2649 18.8 15.8 1446 1346 1340
35 2685 178 14+9 13.8 12.7 12.0
49 26+ 1 179 140 12.8 11.8 11.0
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_AHSolv.
Temp. 9 20 40N 69 89 109
10 -1865 - 352 + 233 + 494 + 395 + 125
15 -1751 - 68 + 518 + 692 + 622 + 411
29 -1635 + 195 + 789 + 897 + 885 + 702
25 -1511 + 461 +1046 +1105 +1126 + 998
30 -1366 +'761 +1318 +13.46 +1362 +1329
35 -1243 +1067 +1592 +16901 +1637 +163)
49 -1120 +1376 +1872 +1978 +1918 +1946




TABLE XX

Vapour Pressure of ater-Methanol Mixtures

Mole 0 Methanol

Temp. 0 10 29 39 49 59 00 70 89 90 100
10 9.2 16°90 239 29-2 359 381 428 4640 49-3 51-7 54+ 2
15 12-8 21-8 312 39-0 45+ 8 49 2 54+ 8 59- 8 64+ 4 68 0 72-2
20 17-5  31.9 430 52+ 2 603 66-3 722 78-0 841 99-0 95-1
25 23.8 40.2 55.0 66-6 75-7 83-0 92+1  100-4  109-1  117-8  124-9
39 31-8  54-7 70-6 8y 4 967  195-7  115-9 1278 1377  149.2 160.3
35 422 72+ 92.8  110-9  124-9 138-9 152.0 163-6 177-3 189-6  205.2
40 553 905 119.5 143.0 160:5 176-5 192.8 209.0 225.2 2428 269-5

oLl



(a) ACCURACY OF GA3 SOLUBILIVY MEIHODS IN GENERAL
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The wide variations in published gas solubility

data are shown in Table XXI and Graphs XVI and XVII.

TABLE XXI

Solubility of Helium in Water.

Temp. Present Lannagg Akerlgf Ccady, Else Ant?g_ Est;g_
Work and BergerS9 poff icher

10 + 0098 «0089- 2090 « 0098  «D14)

15 1797 .0089

290 1096 -1088 -0138

25 1095 0087 0086

30 +D094 .0086 .0087 «008,-+0080 «0100 0137

35 «9092

49 <0791 0102 .0138

30lubility of Iieon in Water

l'emp. Present Work Lannung79 AntropoffB3 Valentiner98
10 0136 +2111--9115 <0117 -2185

15 * 9131

20 *0125 -010, + 0146 * 0164

25 *91 21 +0102

30 *0118 + 0098 + 0158 + 0145

35 *2115 *09297

40 *0115 +09296 +0166 +0126
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Solubility of Argon in Water

118

Temp. Present Lannugg Estreichgé Winkagg Akerlof
Work
1% 0,28 <9453 <0425
15 -0387 *0371 ‘0419
20 *0350 *0336 <0379 *0351
25 *0322 W5 5 *0347 *0332
39 +0391 -0289 *0326 *N300
35 +0282 <0271 +0305
40 «0271 *0254 +0287 +0271
Solubility of Hydrogen in Water
Temp. Present Wwork Winkler101
10 +0190 <0195
15 -+ 0181 - 0188
20 D172 *0182
25 *0164 *0175
30 <0157 *0170
35 *0159 *0166
49 0146 0164
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Solubility of Hydrogen in Organic Solvents at 22°C.

(Ostwald Coefficient)

y : 13
86 laxted « 6 g Present
Solvent Horiuti Mmoon Jus% Christoff Work
CCl, +0789 *0798
Benzene <0685 + 0669 +0797
Ether +1398 *13590
Acetone .0950 +0703

Methanol + 0902 +0961
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It is seen that differences of up to 2% in the
value of the Bunsen coefficient are not uncommon, so that
the reliability of the derived thermodynamic functions
is somewhat open to question.

In calculating the Ostwald coefficient from:

_ Yo 763 _TL_
v P 215

where vp is the volume of gas dissolved, reduced to N.v.P.
V is the volume of solvent,
p 1is the vapour pressure of the solvent,

1 1s the temperature of the measurement,

the only appreciable errors introduced are in the
measurement of Vo, and in the accuracy of listed vapour
pressure aata.

If the former of these is 002 cc. the fourth figure of
¥ 1s unaffected but variations of up to 1 mm. in the
listed vapour pressure data are often found and this can
gquite easily cause errors of up O 1% in Y .

Neither of these, however, would normally cause errors
as great as 5% in the solubility and these divergencies
must be attrributed to one of the following:

(a) 1Incomplete degassing of solvents.

(b) Impure gases.

(¢) ©Lack of attainment of true eguilibrium.
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(a) Complete degassing of solvents, as we have
seen, is quite a difficult process and the comparatively
low results of some early workers may be attributed to
this factor. Jnce the solvent has been degassed it must
be kept in contact only with its own vapour until the
process of solution is commenced. This, and the fact
that no allowance is made for the increase in solvent
volume when the gas dissolves probably explains why
Lannung's results are all lower than those obtained in the

present work.

(b) 1'he high results of both Estreicher76 and
Valentiner98 are clearly due to impure gas. AntropoffB3
probably had pure helium and neon, but he found after he
had finished his work cthat his method contained a serious
sieuricel of error. He measured the gas in the burette in

a dry condition, brought a small part of it through a

long glass spiral into contact with the water in the
absorption vessel; shook the latter for ten minutes and
assumed that equilibrium had been reached and that the gas
in the measuring system was completely saturated with
water vapour. In his work on krypton he showed that the
diffusion of water vapcur was sO slow that this assumption

was wrong and that the error was great enough to change

the entire shape of the solubility curve, giving an apparent
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minimum of solubility when none €exists. Antropoff also
points out that with his method the results at lower
temperatures are in error because in the absence of liquid
water in the gas burette and since he went from a higher
to a lower temperature, the gas at lower temperatures
would be supersaturated with water vapour. Thus only the
results in the middle of his series are "correct'.

1The method used in the present work for mixed solvents
is somewhat similar to that of Antropoff83, in that dry
gas is taken initially and each run proceeds from a higher
to a lower temperature. we have seen that it is impossible
to use saturated gas, and the alternative to the present
method (which consists in saturating all the gas in the
apparatus) is to put a stopcock in the gas line between
the burette and the pipette. when this is done no gas
should be allowed to pass back into the burette but as
the volume of gas over the solvent must expand as it
becomes saturated, more mercury must be run out of the
pipette to maintain atmospheric pressure above the solwvent
or when the tap connecting the burette to the pipette is
opened saturated pas will pass back into the former. This
will only occur when the expansion of the gas over the
solvent 1is preater than the amount required for saturation
and thus depends on the free gas space above the solvent

and also on how often the connecting tap is opened. If
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this is done frequently, reasonably accurate results should
be obtained, but on the whole the method seems very likely
to give results that are too low and so Horiuti'386 results
must be open to some doubt.

In the present work the saturation of the gas
took anything up to 12 hours, compared with 1 to 2 hours
for the saturation of the solvent. Use of this method

however should give quite reliable results.

(c) Possibly the most serious error in Estreicher76

and Antropoff'sa3

work is the way in which equilibrium was
secured between the gas and the liquid. Gas 1s absorbed
very slowly by a liquid unless the surface of the latter is
changed constantly. Estreicher and Antropoff secured this
by connecting the burette to the absorption vessel by a
flexible spiral of glass tubing and shaking the absorption
bulb violently with a motor. This enabled them to reach

a static condition in 10 minutes. Violent hammering,
however, results when a vessel partly filled with solvent
and free from air or other gases is shaken, this being

used as a test for the presence of air in the vessel
because even a small quantity of gas will so cushion the
blow that no such effect is found. When a gas is acting

to stop the blow between a solvent and the glass it is

put under a pressure greater than that e€xerted by the rest
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of the gas and is driven into the solvent, forming a
supersaturated solution. All measurements made in this
manner will one in error as it is much easier to get a gas
into solution than it is to get it out again, so that
allowing the apparatus to stand for 1 to 2 hours after
violent shaking is of little use and the fact that gas
does not come out of solution during this period does not

show that the solution is not supersaturated.



125

(b) <tHE EFFECL JOF CHANGING METHANOL CONCENTRATION ON

GAS SOLUBILILYY

From the gas solubility figures listed in
Tables XVI - XKIX we see that the solubility passes through
a minimum for the two smallest gases - helium and neon.
This effect wnich is not found for hydrogen or argon in
water-methanol mixtures does occur for the former in water-
¢thanol mixtures as shown in Graph VI. It may also be
noted that as we pass from helium to neon the minima occur
at a Lly~r yole ;o methanol, but not at the higher |
temperatures.

W€ saw in &n earlier section on the structure
of water-glcohol mixtures that the free volume of water-
methanol passes through a minimum at about 18 Mole % MeOH,
so that the undisturbed liquid at 2500. is close packed at
this concentration. Raising the temperature will cause
the molecules to move more freely and therefore increase
,the free volume. It also seems logical that if large
uncharged eras molecules are forced between the solvent
molecules the structure of the liquid will be broken down.
1This probably explains why the solubility of helium passes
through a minimum at about 18 Mole % MeJOH but for larger
mases the minimum 1s either shifted to a lower methanol
concentration or disappears entirely. This shift in

minima is sihown in Graph XVIII where the Bunsen coefficient
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for He, Ne;, H, and A at 25%. is plotted against Mole %
MeOoH.
The solubility of helium even at 42°. shows
a minimum while none is found for any of the larger gases
at this temperature. This again 1s due to a breakdown
of the liguid structure caused both by increasing gas
size and increasing temperature, In water-ethanol
mixtures it would be expected that neon would show
minima up to AOOC, since noth the free volume Vf and the
product 63Vf are much smaller at low e€ethanol concentrations
than at the corresponding methanol concentrations.
Summarising we see that either increasing
temperature or molecular gas size shifts the minimum, when
it exists, in the direction of decreasing methanol

concentration.
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(¢) 1HE TEMPERAYURE COEFFICIENT OF_ GAS SOLUBILITY

Bunsen70 applied a purely empirical equation 10
the data that he found for the solubilities of a number
of gaseés in water and ethanol. This was of the form:

B = a + bt + ct?

Carius102, Than103, and Timofejew75 used similar equations.

he constants a, b, and ¢ are obtained by substituting
experimental data at several temperatures, This is
similar to the method employed in the present work where

a quadravic equation is fitted to a function of the

Jstwald Coefficient by means of the method of least squares.

11

Wwinkler added a further term in tj, but this appears

unnecessary when the accuracy of the data is considered.

194 shiowed that while a, b and ¢ for different

Wwiedeman
gases in water were very different the ratios Q@ and 9%
were nearly the same for all gases. Similar results were
obtained for ethanol.

Bohr135 proposed that at constant partial gas
pressure the osmotic pressure of a dissolved gas was
constant. Thus A1 would be constant, but on substitu-
ting experimental values he found that such was not the
case, but that B(T - a) = constant. He found a to be

a constant which for the four diatomic gas€es, hydrogen,

OXygen, nitrogen and carbon monoxide in water was & linear
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function of the molecular weight. He later attempted

to find a theoretical basis for these empirical equations
by equcting the rate of solution of a gas to its rate of
escape and making measurements of each.

He established an empirical relation for the
rate of escape which proved to give the equation that he
sought. 1T'he empirical nature of his result however
remained. Leter Kofler showed that the same equation
fitted his results for radon in water over the temperature
range ) - 75%¢C.

106

Kofler later stated that there is a connection

between the critical temperature of a gas and its solubility
in a given solvent. He plotted T/TC for a number of gases

in water against B and found they fell on a smooth curve.
107

Meyer applied the equation

B = b + e_a6

to the solubility of a number of gases in various solvents.
the equation fits better if it refers to the amount of

gas dissolved per unit weight of solvent. © is a measure
of the temperature; on a scale sﬁch that for a given solvent
there are a hundred degrees between the melting point and
the boiling point. Thus in the case of water it is the
Centigrade scale. Meyer found a to be nearly the same

for all gases and all solvents. For the system radon-water

the equation fits the results very well.



129

Jaeger13 from kinetic considerations derived

the equation, "
y = ¢ HI
Empirically he found that:-

A = a [1 + bt (1 - ct)QJ

He found that the equation represented the experimental
values within 2 to 3%s; c being constant for all gases and
equal to the capillarity constant of water.

The Clapeyron equation has been used as a basis
for the derivation of several equations relating gas
solubility and temperature. It the heat of solution of
the gas in the liquid is not a function of the temperature

over the interval used, the Clapeyron equation gives:-

ol

1. 1
( T4 To )
where the subscripts refer to temperatures 1 and 2.

Graphically log ¥ 1is a linear function of 140, More

frequently the exponential form is used.

_ A
Y = ae T

108 79

Tammann and Lannung have used this form
which may be compared with the above equation of Jaeger.
Lannung, working with the rare gases, found that log ¥
was almost a linear function of 1/ for organic solvents

but not for water.
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Ify as 1s normally the cases; the heat of
solution 1is & function of the temperature, an equation
of the form of the isochore results which may be shortened

- b ] II‘

This was used by Valentiner98 for the available data on
the rare gases in water which it fitted quite well.

Experiment has shown that the solubility of all
gases in water decreases with increasing temperature until
a minimum is reached after which it often imncreases quite
rapidly. YWYhen the solubility is e€xpressed as the Bunsen
coefficient the minimum occurs for hydrogen at 69,
nitrogen at 99°C. and helium at about SDOC. Wwhen the
Ustwald coefficient is used these minima occur at much
lower temperatures,; €.g. helium about nYe.

For organic solvents with small gas molecules
such as helium, neon, hydrogen, the solubility increases
with the temperature; at least above 1OOC. The temperature
coefficient is found to be greater fop smaller gas mole-

cules and also for higher pressures. e.g. For the
system Hy - liguid ammonia at 1390 atms. there 1s a
sevenfold increase in solubility from Oo—— 10000.
J'or larger molecules the position is somewhat
109

Oobscure, but work on radon by Ramstedt and the present

work on arc.on secms to indicate that here, as in water,
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the solubility falls off with increasing temperature.
This would lead us to expect that for a given solvent
there is some critical gas size where the temperature
coefficient of the solubillity change€s sign.

Apparently the generally accepted idea that the
solubility of gases decreases with rise of temperature is
due to most measurements having been made with water as
a solvent anc over a limited temperature range. As water
in the ligyuid state, 1is highly associated at low temper-
atures, one would expect anomalies in the temperature
coefficient of many of its properties including its
dissolving power of gases.

Prom the above remarks we might expect the
solubility of all gases in all solvents to pass through
a minimum, the position of which is solely dependent on
the particular gas and solvent. Fffor increasing gas
size in both water and organic solvents the minimum occurs
at progeressively increasing temperatures. We have seen
that this is true for several gases in water while in ether
the minimum occurs for oxyeen at -AQOC. and for nitrogen
at -196°C.

from the standpoint of Eley's theory, this means
that the relative values of AEA and AEC have changed.

He stated ivhat when —AEif) AEC the temperature coefficient

is negative and when AEC Y - AE, the temperature coeffi-
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cient is positive. If this is true, then the minimum
must occur at the temperature where O8FEz = - AEp.

Eley showed that the value of the energy of cavity
formation ( AEC) in water increased smoothly from zero

at 277°K to about 1 Kcal at 349°K. This would mean that
since the minima for larger gas molecules occur at

higher temperatures; so will the energy of interaction

(- 0E,) be greater for larger gases, and in fact this is

what is found on calculation: -

Gas - 0By (K.cal)
He * 256
Ne +166
A ‘416
Kr * 436
xe *L45

The small value for neon is somewhat unexpected, but may
be due to inaccurate data. 1hese values are all much
lower; however, than those obtained by equating AEC to

- bE, at the position of the minimum in the solubility
plot. This is not unexpected as there must be a strong
temperature dependence of - AEA, especially for larger
gas molecules. If accurate calculations of the energies
of interaction and cavity formation were possible we
would be aole 1O predict the position of the solubility

minima.
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Iammann138 interpreted the minimum of gas
solupility in water by postulating that the gas had a
stronger interaction with water I than the other water
species. Bley, however, prefers to say that solution
occurs on to those points in a hypothetical "static
water structure" where modifications of structure in the
direction I— II—» II'—w III can occur. This classificatim
of water was suggested by 3Bernal and Fowler. Water I
exists below 4°C. but at this temperature it changes to
a quartz-like structure water II. Above 4°C. thermal
expansion occurs through the formation of holes in
quartz water II together with a modification towards
close packed water III. A significant modification of
water structure occurs around 52°C. (see Magat110) which
might be called a modified quartz stuucture II'. Over
2°C. to 52°C. a continual breakdown I-w» II-> II' occurs
but above 5300. oehaves as a close packed organic liquid.

It Lﬁis theory of the minima in the solubility
is true,; similar changes must occur in organic liquids
to explain the results obtained. This may not be
unlikely as at very low temperatures (e.g. —8000.) the
liquids are probably not close packed. In fact the
main difference between water and organic solvents could

be due to the freezing point of water occuring much nearer

the temperatures where most experimental work is done,
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i.e. 19 - 52°C.

A much better approach than Eley's to this
problem seems to be that from the viewpoint of free
volume. we saw earlier that the solubility of a gas at
a particular temperature is largely determined oy the
free volume and the free angle ratio of the solvent so
that the temperature coefficient of solubility must be
controlled by the temperature coefficient of these two

factors.

biva‘g
Vi

Y::
The temperature coefficient of solubility is then given
by
gl at Yt v% cf dT (V1)
so that its sign is determined by the relative temperature
dependence of the free volume Vf, the free angle ratio 53,

the molal volume Vi, and the volume of the gaseous mole-

cule Vg.
For benzene using éjvf = +240 at 2500.
= *2,6 at 26°C.
v, = 877 at 25°C.
= 87.75 at 26°c.
. ay
we find Y25 = <0720, Yo = <0723, and ar = ++ 0003

compared with Yps = <0716 experimental.  The error in
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the value of the solubilitvy is reasonable when the
accuracy of the free volume figures is considered, while

the temperature coefficient is of the correct sign and

order.
A similar calculation for water using
59 = 0150 at 25%C.
= 0152 at 26°C.
V, = 18:08 at 25%C.
= 1845 at 26C.
(w]
rh2 = 19 A
gives Y, = ‘0218, Ypg = 0217, and §¥ = -.0001.

Here again the temperature coefficient is of the correct
sign and order.

Calculations on a large number of liquids are
unfortunately not possible vecause of lack of 0zVr data,
but the basic idea employed appears to be not unreasonable.
This also gives a possible explanation for the greater
variation with temperature of the solubility of large
gas molecules as Lhere the factor Vg would be expected
to vary to a greater extent with temperature than for
small gases such as helium. When more free volume data
is available, it should be possible to predict gas
solubilities over wide temperature ranges, and also the

positions of the minima.

The temperature dependence of 63Vy is due to
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the fact that as the temperature is raised the potential
barriers npetween the cells in the liquid become smaller
and so the effective free volume increases. At the
same time the molecules are able to rotate more freely,
and the free angle ratio must in the limit tend to unity.

As the temperature is raised, the Ustwald
coefficient will approach unity, which will be reached
at the critical temperature of the solvent: at this
point the concentration of gas in the liquid and gaseous
phases will be the same.

Winkler111 proposed an equation relating vis-
cosity to solunility:

B4 N4 k

1'he subscripis refer to temperatures 1 and 2.

From this he predicied the existence of minima in the
solubility vemperature plots since:

With increasing temperature the increasing volume of the
"golvent will cause an increase in P while the decreasing
viscosity will cause a decrease in B .

In the present work a minimum in the temperature
coefficient would pe expected to occur for e€ach gas at
some definite methanol concentration since in pure water
-0E, > OEy (negative temperature coefficient) while

in methanol the reverse is true. Thus, at some€ inter-
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mediate point it is logical from the Eley viewpoint

to expect that AEy = - AEg- 1hat this does occur
may be shown by examining the solubility data in

Tables XVI - XIX where it is seen that, when larger gas
molecules are dissolved, the minima occur at higher

methanol concentrations.
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(a) ENTROPY OF SOLUYWION

The transfer of a molecule from the gas phase
to a solution is completely characterised from a thermo-
dynamic point of view by the change in any two of the
three partial molal quantities heat content (ﬁ), free
energy () and entropy (3), these changes being'related
by the equation

A = OH - 1 DbS.

1f we consider a series of systems in which
the forces aciing are qualitatively similar, it might be
possible to derive some further relation between AG,
O0H and A3 which would be valid for any system in this
series and would thus make a knowledge of one of these
quantities suificient to determine the other two. Such
relations wmight ve of two kinds, name€ly:

(a) A relation valid for a given solute in a series
of different solvents.

(b) A relation valid for a series of different
solutes in the same sélvent.

Evans and Polanyi112 suggested that such
relations might exist and examined the available experi-
mental data for the solubility of solids in liquids. They
came to the conclusion that a relation of type (a) is
valid:

i.e, WAS = oO0H + B
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where a and @ are independent of the solvent. On the
other hand the corresponding relation for a series of.
different solutes in the same solvent was found to be

of very limited validity. All the solutes considered
by Evans and Polanyi were e€ither solid or liquid so that
it should pDe of interest to analyse the data for gases.

This was done by Bell115 who, from the data of Horiuti

and Lannung79, found that a linear relation existed
between T A3 and AH for a number of gases in a given
solvent wnich ooth in.range and in accuracy between the
observed and cealculated values was comparable to that
found oy Evans and rolanyi. When this type of-plotting
is used, deviations of up to 3 eu from the straight

line are found. If, however, AH is replaced by AG
much better plotting is obtained as shown by Graph XIX.

Lhis type of relationship is not unexpected when it 1is

remembered that:
1

”
AS = R ln —E&- Prank and Evans
Solv. 63Vf (ﬁ )
or more correctly, nB( nA
v Y Ve)
AS = R 1n £ =

(yve)oB( ¥ ve) A

for vhe removal of ng moles of solute from dilute

solution.

63Ve

&G" '

solyv. = -8 lny = -RuIn
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from this we see that for a number of gases in any
liquid, or for one gas in a series of liquids, a straight
line will be obtained whose slope is proportional to the
free volume of the gas, or to the free volume of the
liquid.

A strong decrease in - AS with increase

solw
of temperature, forlthe inert gases in water and in

20 Mole % methanol is attributable according to Eley to

a strong increase of ASC with temperature, mainly arising
from an increase in @, the thermal expansion coefficient.
The other factor which might vary significantly with
temperature is the free volume of the gas molecule in the
solvent, Vg . fiowever, for Vs = cTEb we should only

€xpect an «lteration in A3 of D*9 eu over 9 tO 10300.

s0lv.
from this source. In 20 Mole % methanol a large temp-
erature coefficient is not unexpected, as here we have
a very close prcked solvent at lower temperatures which
rapidly changes its characteristics as the temperature 1s
raised.

A large part of the difference between entropies
of solution of a gas in an organic solvent and in water
is to be attributed to the relatively large increase in
the entropy of the organic solvent associated with the
formation of a cavity in it, in which to put the gaé

molecule. That other factors,; such as the restriction of
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the solvent in the field of the gas molecule are important is
shown by the fact that variations in % R In E%g will by

no means account for the variations in the observed b8Sgo1v,
these restrictions, in order to give the observed vari-
ations in Assolv must increase rather more rapidly with
increase of size of the gas molecule than the corresponding
increase in A03;. Polyatomic gases will be expected to
restrict the solvent molecules to the same extent as inert
gases 0of similar size and polarisability. However, poly-
atomic gases are freguently more restricted themselves

than the corresponding inert gas.

If the entropy of vaporisation of a solute gas
from water is gresater than from an organic solvent, its
entropy in the aqueous solution must be abnormally low.

‘'he partial entropy of a substance in solution (the change
of entropy rner mol caused by adding some of the solute to
the solutinan) includes not only the entropy of *the solute
molecules, but also any changes of entropy which the solute
molecules bring about in their action on the solvent.

1Thus the partial entropy of a solute in water may be
abnormally low if the presence of a solute molecule
diminishes the entropy of the solvent molecules about it.
It might do this merely by the formation of the cavity,

which by reducine the number of ways in which they can
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unite with each other, restricts the number of config-
urations open to water molecules, or by reducing their
ability tvo rotate. Either of these would reduce the
product 63Vf and sO increase the entropy of vaporisation.
The abnormal drop 1in entropy, however, dimlnishes
rapidly as the temperature rises. Frank and Evans give
the following explanation for this. They suggest thst
when a rare gas atom or non-polar molecule dissolves in
water at room temperature it modifies the water structure
in the direction of greater crystallinity, i.e. the water
builds a microscopic iceberg around it. The extent of
this iceberpg is greater the larger the foreign atom.
T'his "freczing" of water produced by the rare gas atom
chuses heat and entropy to be lost, beyond what would
normally have been expected. t'he heat adds on to the
heat of solution of the gas, producing the considerable
positive AHvap° The loss of entropy causes the entropy
of vaporisation to be so remarkably large. As the
temperature is raised the "icebergs" melt giving rise to
the enormbous partial molar hest capacity of these gases
in water, which may exceed 69 cal. deg™! mol.”!  The
magnitude of this effect naturally depends on the size of the
iceberg originally present, so it is greatest for radon,
and at the nigher temperaturcs the order of AS for the

rare gases has actually reversed itself, AS of vaporisation
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of radon being smaller than that of helium.

This presumably means that here the expansion
of the system by intrusion of a radon atom loosens the
water considerably more than with helium and the resulting
gain in entropy shows up in the lower entropy of vapor-
isation. Such a tendency should also exist in cold
water where, however, 1t is overshadowed by the iceberg
effect.

1'he essumption that the rare gases form icebergs
when they diss>lve in water at low temperatures receives
some support irom the existence of crystalline hydrates
2f these substuiaincese. 1here is obviously no general
correlation between solute species and solid phases but

14

in the case o2f the rare gases work by de Forcrand1 on
their s>lid hydrateg indicates that at any rate the
geometric relnationons between the non-polar solute and the
water molecules do not preclude the existence of complexes.
A possible cause of iceberg formation was
suggested by Frank and Evans as being due to a microscopic
operation >f the Le Chatelier principle. Any solute
molecule occupies a space that is large compared with
what would be required if it were not there, and therefore
even helium causes the water to expand somewhat. Cold
water as vwe saw is unique in that there exists in it a

mobile equilibrium between different structures in which

there are pr-bebly several structures represented by
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moderately large populations, One of these structures
must be mire open than any oOther and it seems reasonable
to imagine thet at the edge of & patch of this material
there is o grester proportion of "available" space than

€ lsewhere. Wwe might therefore expect a foreign molecule
to find its way to such an edge location and to stabilise
it to such effect as to increase the population of the
iceberg material,

Considering the entropy of solution of helium,
nedcn, and argon,; we find that as the size of the gas
molecule increases, the region of maximum temperature
dependence of entropy moves towards higher methanol

concentratinn,

248
Gas Mole % MeOH for max. BT
He 19
Ne 25
A 30

This 1s doubtless due to> the fact that larger gas molecules
affect the sclvent structure to a greater extent than do
smaller odnes. The entropy of the small molecule helium,
in 20 Mole % methan>l at 10°, 15° and 20°C. is seen to be
even lower than in water and this could be due to the

large amdunt Of restriction placed on it by the olose



145

packed s»>lvent structure at this composition, if the
gas mdolecules were sufficiently small to fit into the
interstices 3f vhe solvent structure. This structure
will bre -k a2wn s lthe temperature is raised, so that it
is not surprising t> find the "normal" type >f plit at
higher temperntures.

At higher temperatures a minimum exists for
each gas; the size 2f which d:«creases with the gas size.

€.g. At 45 C. we have,

Gas Mole 4 MeOH for minimum. Depth >f minimum (eu)
e 20 20
Ne 28 148
A ) 945

LThese rigures are all for entropies calculated on the
basis of Zley's standard state. Strictly, when comparing
entropies in different so>lvents we should use Frank and
Evans stand state which takes account of the varying
molal volume of the so>lvent. When this is done the size
of the minimum is greatly reduced but s position remains
practically unaltered except in the case 2f argon where

it disappears.

Gas Mole % MeOH for minimum Depth of minimum (e&.u)
He 20 10
Ne 28 0 -8

A = o
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The occurrence Of these minima means that here
we have the maximum amount of freedom of the dissolved
gas molecule. They are t> some extent unexpected, but
it is noteworthy that for increasing size of gas molecules
more methanol is required to prcduce the minima which
2ccur only at the higher temperatures. The temperature
Of occurrence decreases as the size of the gas molecule
i{s increased. Thus for helium the only minimum o>ccurs
at uofh., for neon and for argon there is one at AOJC.
and a2 less well defined one at 3530., while for hydrogen
well defined minima are shown at 10°, 15° and 20°C. This

wZ-uld indicate that a larger gas molecule such as neon
causes a sufficient breakdown of the solvent structure
even at 35°C. that its freedom of movement is considerably
enhanced. By these remarks we tacitly imply that the
temperature coefficient >f 63Vy is greatest at the point
of o>ccurrence >f the minims s> that for mixed solvents
in the presence of larpe gas molecules 6zVy must refer to
the free volume »f the s>lvent modified by the presence
52f the gas mnlecules.

Measurements -n krypton and xenon should show
the existence >f minima at methanol concentrations above
40 Mole % and at temperatures down to 19° and 15°C.

The results o>bt=zined for hydrogsen do not fit

int? this general scheme but this may be explained on the
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basis of its diatomic nature. If its disrupting effect
is greater than would be expected from its size as given
by electron diffraction work, the shape of the curves
obtained esseniially fit the above scheme. Here the
minima are occurring at about 87 - 90 mol % methanol at
190, 15° gnd 29°C. while at higher temperatures they

have disappeared completely. Thus generalizing for all
the gases studied we may say:-

(a) Minima in the entropy-alcohol concentration plots
occur for all gases if studied over a wide enough
temperature range.

(b) 1he position of the minimum moves towards the
alcohol rich solutions as the size of the gas molecule is
increased.

(¢) vrhe position of the minimum moves towards the alcohol

rich solutions for any one gas as the temperature is

lowered.
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(e) HEAT AND FREE ENERGY OF SOLUYTION.

The large difference between AH gpolv.for water
and for methanol which is of the order of 2 Koal mole ~]
may be attributed to the difference in the energy of
cavity formation, since AEC = AH® -~ RT, and a given
gas has much the same value of AEp in all solvents
including water. Calculated values of 60H; are of the
order 2 - 3 Kcal mole-1i.e. approximately the same as
88 Hgoyye The fact that AE, is about the same in water
as in organic solvents is due to the fact that the
polarisation energy arising from a water dipole is
negligible.

dome interesting facts about the structure of
the water-methanol solvent may be deduced from the AHsolv.
results more especially for helium which has the least
disturbing effect. For this gas at 19°, 15° ana 20°c.
we find minima which occur at progressively lower methanol
concentrations as the temperature is raised. These
indicate close packing of the solvent and may be correlated
with the entropy values which indicated a large amount of
restriction on the gas molecules at these compositions.

Maxima are found to occur for all gases, but at

progressively lower temperatures as the size of the gas

molgcule increases. 1his also causes the maxima to move
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into the region of greater methanol concentration. All
these changes may be correlated with the corresponding
entropy changes which were discussed in the previous
seéction.

I'he values of the free energy of solution which
for Eley's stendard states are dependent only on the
solubility of the gas show the expected characteristics.
Maxima are found for helium and neon at decreasing methanol
concentration as the temperature is raised but at a higher
methanol coacentration for helium than neon. Here
again the maxima are mainly due to thé type of standard

states used. If we convert the values of 4G to

solv.
Frank and Evans' basis, i.€e. per mole of solvent rather
than per c.c., these maxima vanish completely and we are
left with 2 smooth curve over the whole range which,

however, does show a definite change of slope from 30 %

methanol down to pure water.
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RATE OF SOLULION OF GASES IN LIQUIDS

INTRODUCTION

The rate at which a gas dissolves in a liquid
is dependent on the size of the gas molecule and the free
volume of the liquid. Therefore, rate measurements on
% gas in a series of solvents should give a method of

determining the product ijf.

The earliest work on rates in heterogeneous
systems was done by Noyes and Whitney115 who proposed a

two step Qrocess: -
1. Rapid reaction at interface.
2. Slow diffusion from interface
for the reaction at solid-liquid interfaces.,

This was generalised to all heterogeneous systems

116 117, 118, 119

by Nernst . adeney and Becker studied

the rete of solution of air, oxygen, and nitrogen from
bubbles of known magnitude into water and obtained an

emplrical equation:

aw

at = SAP - f

W

<l

A is the initial rate of solution per unit area.
b the coefficient of escape from the liquid per unit
volume and unit arean.

S the area of boundary surface.
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V  the liquid volume,
p the gas pressure.

W the weight of gas dissolved.

120

Donnan and Masson modified Adeney and Becker's

equation and proposed:

dav  _ "
-a—- = k2 (kCg C]_)

ct

Cg concentration of absorbable gas in vapour phase.
c1 concentration of absorbable gas in liquid phase.
k Henry's Law coefficient.

ko a constant.

This is similar to the equation of Lewis,

Whitman and Keats121

di  _ _

pg and p, are the partial preséures of the absorbable

component in the gas and liquid phases respectively. In
deriving this equation stationary gas and liquid films at
the boundary were postulated. Davis and Crandall ned
assumed that the upper surface of the liquid film is

almost instantaneously saturated with the gas and inter-
preted their work on the rate of solution of oxygen into

water by the equation:

5 ¢

jah
pen

% = Kk (Ccqg -0Cp)

o

11
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Cg4 saturation concentration of dissolved gas.
C, concentration of gas in the liquid phase.
k4 constant.
n number of moles of gas in the liquid phase.
S area of boundary of surface.
1I'his theory of Davis and Crandall is similar
to that of Nernst, and Noyes and VYhitney, all being
based on two assumptions:-
(i) Existence of a stationary film of liquid er
stationary films of liquid and gas.
(ii) Instantancous saturation of the upper layer of
the stationary film with the gas.

Miyamoto122

neglects these assumptions which
will obviously not hold when the main body of the liquid
is kep® well stirred. He separates the process of
solution into two steps:-
(i) Penetration of gas molecules into the liquid
phase.

(i11i) Escape of gas molecules from the liquid phase,

and obtains from gencral kinetic theory the equation

4 & ¥ 2
Mug Mu gy
dn _ P - 2RY CiN ~RL . = ZRT

Q,
ct
§
(e}
A
E\‘
=l
I
[€5)
()
I
—_

990 M

C4 concentraivion of gas in the liquid phase.

p partial pressure of the gas.
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Uug the threshold velocity at right angles to the interface
which must be exceeded by the entering mdlecules.

U, the threshold velocity at right angles to the interface
which must be exceeded by molecules €scaping from ths
solution.

Miyamoto uses his eqﬁation to calculate values
of uy, rather than rates of solution.

All the above equations eithcr involve assumpticas
of a questionable nature or involve parameters whose
values cannot be determined with any great accuracy.

A more rigorous treatment of rates of solution

123

has been made by Stearn, Irish and Eyring who use

Eyring's theory of ebsolute reaction ratazs.
The diffusion coefficient D is defined by the

relationship:

g
ds =-Da d—f( at

This 1s negative as diffusion occurs in the dircction of

decreasing concentrction. ds is the guantity of solutc

5

which crosses a boundary of cross section A in tius ds,

. . . [de
when the concentration gradient is o ihe distance x

being measured in the directvion of ciffusicn.
Stearn, Irish and Eyring then obtain an
equation,

> KT h 3

5 vap/
P = M (Crmar)Eves

n RT
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where N is the equilibrium distance between molecules
in the liquid.
The process of diffusion is very similar to
that of viscosity (which was considered earlier) except
that in the former case unlike molecules are involved.
In order to diffuse into solution, a molecule of solute
and one bfvsolvent are required to slip past each other.
Suppose N is the distance between two successive
equilibrium positions, so that this is the distance through
which a molecule of solute is transported in each Jjump.
The change of the standard free energy with distance can

then be represented by the curve:

Direction of Diffusion

'""”"'"'LL"\"
(D) 3
O
&
G
(o]
@ >
o &) \f Vs
& ‘de
gg c c + '}\.a——x'
m o PR, —

Distance (x)

If kX' is the number of times per second that a particular
molecule is engaged in passing a ne€ighbour in the direction
of diffusion then from sbsolute reaction rate theory we

may write:-

) Eo/ .
L . kKo OF* - TYRT
= i = €
l - _.AS* _ ] .
I 8% _ kT R~ B /py
= T
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where F* and F are the partition functions of the reacting
system in the activated and normal states respectively.
AG*,ZBH* and 0S* are respectively the standard free energy,
heat, and entropy increases when the activated complex

is formed from the reactants.

Eop is the difference in energy between the lowest state

in the normal and in the activated states.

k Boltzmann constant. h Planck constant.

125 2

It can also be shown that D = 1A kr

o F* - SO/Rl
So D = ]\_2%1" F e

If we assume that the degree of freedom corres-
ponding to flow is a translational one and that the part-
ition functions for other degrees of freedom are the same

for the initial and activated states

#
.E = h—.—1 l‘l
F f27tka)E vf3
vy 1s the free volume.

If the unit process in diffusion is the passing of
two molecules in the sense of a partial rotation of a

double molecule21

s, €xtra space must be provided though
this may not necessarily have to be a hole the full size
of a molecule. ‘"herefore the energy of activation for

diffusion per mole may be taken as some fraction of the

energy of vaporisation.
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- AEvap/nRy

Values of the parameter n, which varies from 2 -~ ) can be

obtained from the temperature coefficient of the viscosity

of the solvent.

Ewell and Eyring35 assumed that the

average activation energy of flow for a liquid was given

by:

AEActL =

Rdmnydmﬂﬁ

and found values of the raLKJAEvap/ AEget. listed below.

Liguid n
water 244
Ether A
Methyl Alcohol 3

In this equation for diffusion as

one for viscosity, Eyring assumed

V is the molal volume, so that
2 il
| el EEL_) 2
D = N)yves (27 M)
Here, however,

probably much closer to (N) T

equation for D is

D =

for the same reasons as before,

2 il 2 2 : 1
N~ /%/f""((v /'3+ b2 Ve é-— 2bV3Vf3)) é_qtﬁ)

Liquid n
Acetone 4
Carbon Tetrachloride 3
Carbon Disulphide 4

in his corresponding

1
that A = (V/N)3 where

o AEvap /nRY

Ais

) so that the corrected

. -0Evap /nRT



157

It must oe remembered, however, that in general diffusion
involves molecules of two types, solvent and solute; hence
mean values of A s Vg and A:Evap should be employed.

For N and Vv weighted arithmetic means of the values

for the two pure components are obtained from:

A N4A1 + NoAp

|l

|

b2 B 1
Vf3 N1Vf13 + NgiQ‘3

while the mean value of AEvap was calculated from the

equation

(MBS

DBygp.? = NyDEqZ + NpbE,2

The mass M in the equation for D is the reduced
mass Of the two constituent molecules treated as a comhbired
unit. F'or gases of low solubility such as hydrogen the
error introduced by the use of values of h , Vg and AEvap.
for the pure solvent will pe negligible.

Ewell and Eyring found no significant difference in
the values of the free volume calculated from sound velocity
or energy coefficient data except in the case of water.

Ve(S.V.)
For five organic liquids the ratio VETE:VTG.) averaged
7¢95 and varied from 0:.85 to 1:07 whereas for water this
ratio was 2°5.

YT'hese workers tested their equation for diffusion on
a number of compounds. For the diffusion of tetrabromo-

ethane in tetrachloroethane the calculated values are all

twice as big as the cxperimental ones while for diffusion
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into water the ratio Dpopg./Degle. ranges from 4+5 to 1-7.
i'or the diffusion of gases into water they obtained the

following values:

Gas emperature  Upopg, X 195 99313‘5_122
CHo 291 1.76 .391

Cd2 291 146 *367

) 291 1462 396

Ho 291 3459 1404

lTheir explanation for this deviation is that in the
case of a liquid such as water (i.e. with considerable
structure) rotation in the normal state will be hindered
10 & greater extent than in the activated state. Thus
in cancelling out all but the translational term in the
partition functions corresponding to the two states tnis
factor 1is overlooked resulting in too low a calculated
value.

If, however, the corrected equation for D is used,
these aevideions ore reduced to a certain extent. 1I'he
sseential difference between the two is the existence of
the factior (bQVfag- QbV%Vf%) in the corrected form and it
is apparent that if 2bV%Vf%:> b2Vf2éth6 resulting values

2f D will oe less than those calculated from the equation
1

) a
of Stearn, Irish =nd Eyring, while if b2\/f_/3)2b\/"’\/f3 the

values will be greater. 1'nis change in the value of D
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may be illustrated by the following calculations for
benzene and water.,

Using a vulue of 10 for the factor b we have:-

Benzene Water
Vi1 87-7 181
Ve .27 42
Vfgvé 2+9 1.9
V5 o+ 0PV - 2ovEyeS 6° 14 24,8
v73 19+ 4 6-8

From this we see that the ratio Dgynino/Dogpp, fOT
benzene is 30 while for water it is 0-23. These factor:
are almost identical with those by which Eyring's
calculated values deviated from the experimentally
Observed ones. This 1s shown in Table XXII where valueg
calculated from Eyring's and the corrected equation are

compared with the observed values.

TABLE _XXII

Substance DEyring X 192 Dgopy.X 109 Dopg.x 400
Nitrogen - water . 396 1.72 1.62 -
Hydrogen - water 1.04 452 3.59
Carbon Dioxide - water . 367 1.60 146
Phenanthrene - benzene 3. 3) 1:.-11 995
Octyl Bromide - benzene 3.29 110 117

Iodoform - benzene 3.0 1.01 112
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The fact that the corrected equation gives values
in good agreement with the observed ones does not in
itself prove that the equation is correct, but the
improved agreement seems to indicate that the inclusion
of b and Vy is not unreasonab le. This is particularly
shown by cthe increase in the values for water and the

decrease for organic solvents.
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LYEMPERATURE COEFFICIENT OF DIFF STON

In the older treatments of diffusion in liquid
systems the effect of temperature on the data has normally
been represented by linear functions. This doubtless
arose from the limited material available, measurements
of the diffusion coefficient often being only available
at two temperatures. I'he data was then represented by

an equation of the form:-

Do /Dy = 1 + @ ('1'2 - )

126 however, showed that

Precision work by Cohen and Bruins
diffusion was an exponential function of temperature.

Although data for the temperature variation of
diffusion coefficients is meagre there are generalisations
possible which are rezdily understandable from the
standpoint of diffusion as 2a velocity process depending
upon hole formation in the liquid medium. Thus Oholm128
on the basis of data at two temperatures with a wide
variety of media pointed out that substances showing 4 high
value for the diffusion coefficient always showed a small
temperature coefficient and vice versa.

I'his is to be anticipated on the basis of Eyring's

theory since the more slowly diffusing particles require

larger holes thin the foster species and the activation
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¢nergies 1O produce larger holes are correspondingly
greater.

127

riecke attempted to formulate a kinetic

theory of diffusiosn in dilute solutions and obtained an

expression for the diffusion coefficient,

D = const. (‘I/M)%l
where M is the molecular weight and 1 the mean free path.
Values far 1 of the srder of O+ R were Obtained with
this equation, but Jnolm showed that for molecules with
md>lecular weights hetween 50 and 309, the diffusion
coefficients varied quite randomly on the mdlecular weight
basis. this may be compared with Eyring's concept which
shows that it is the shape and volume of the diffusing
md>lecule rather thar its mass which determines the
diffusion velcocity in a given medium.

Work oy Barrer'29, and Newitt and weale!39, on
the rate Of diffusion 2f gases into high polymers has
sho>wn that the v.:.lues of D obtained are comparable to those
for diffusion »f gencs into> organic liquids. 1I'he values
for hydr2>gen vere much greater, at a given temperature,
than thsse for nitrogen. 'he diffusion coefficients of
gases in various liquid and solid substances were shown
by Barrer t> increase e€xponentially with temperature

according t> the relation:
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o E’D /R:l.
D = Do €

where Dy ig a constant and Ep is the heat of activation

of diffusion.
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DISCUSSIVN .

Some approximate rate measurements were carried
out which showed that the rate of solution of hydrogen

decraased in ithe following order -

Zther ——- carbon disulphide —» n-hexane —» carbon

tetraichloride —» methyl alcohol —— water.

.

This is the order that would be expected'from values
of D calculated from the corrected equation.

Further work is now being carried out in this
laboratory on rate measurements, using the apparatus
that has been built for equilibrium measurements. The
object of this work will be, not so much to add to the
already large amount of unrelated diffusion data existing
but to give an alternative method of calculating free
volumes. Thus if the rate of solution of any one gas
in a solvent is measured it will be possible to calculate
the equilibrium solubility of any other gas in the same

sOlvent.
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SUMMARY .

1.

A gas solubility apparatus has been designed and

constructed.

1he solubility of helium, neon, argon and hydrogen
in water-methanol mixtures over the range 109 - 40%c.
has been measured and the derived thermodynamic

properties calculated.

An equation has been suggested which relates
simply the solubility of a gas to the product 63yf
for the solvent. Quite good agreement was found

for vhe large number of gases and solvents tested.

A corrected form of Eyring's viscosity equation has
been shown to represent the experimental data more
accurately and also to give the correct relationship

between viscosity and free volume.

1he structure of methanol-water mixtures has been
examined and the solvent shown to be closest packed
at about 20 Mole % and values of the free volume
and free angle ratio calculated from several sets
of data listed. Corresponding values for ethanol-
water mixtures were also calculated and compared

with the work of Matsuyam.a.
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IThe correction employed in the viscosity equation
has been extended to the corresponding equation
for diffusion and a method suggested for the

evaluation of free volumes.

An explanation has been offered for the varying
temperature coefficient from water to organic solvents
on the basis of free volume. Calculations made

with the limited data available show good agreement

with experiment.
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