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INTRODUCTION.

The property of viscosity is possessed by any fluid,
end although the methods of investigation are widely dif-
ferent in each case, it may therefore be examined in
either liquids or gases, or in solutions or mixtures, as
long as only a single phase is present.

In this thesis, work is deseribed on the viscosities
of various types of mixtures; they are, briefly,

(1) solution mixtures, where various degrees of
reaction may be expected between the substances in sol-
ution;

(2) mixtures of gases with vapours;

(3) emulsions, which, though strictly speaking not
single phase liguid mixtures, are yet as a rule suffic-
iently homogeneous to permit of the measurement of vis-

cbsity.

Part I of this thesis contains the results obtain-
ed from the investigation of Solution Mixtures. At the

same time, the densities, which have to be determined in
order to caleculate the viscosities, are included.

Part II consists of the investigation of the vis-
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cogities of mixtures of Gases with Vapours. As in the

case of the solution mixtures, the mixtures are so chos~
en that various degreés of reaction may be expected be- |
tween the two constituents of the mixtures.

Part III is an account of the examination of‘vis-
cosity in Emulsions of Benzene and Water, with particul-
ar reference to the effect of the emulsifier on the prop-
erty.

Arising out of the work described in rart III, an
investigation of the Action of the EFmulsifier in stabil-

ising emulsions was carried out, and is contained in
Part IV,
Additional Paper. This, Part V of this thesis,

consists mainly of an account of the examination of

the Absorption Spectra of Natural Tannins, Synthetic

Phlobatannins, and related compounds.
Since, in some of the work carried out, the appar-

atus was specialised, it will be described in some detail

in a special section where its nature warrants this.
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PART I.

SOLUTION MIXTURES.




INTHODUCTION TO PART 1I.

When two liquids are mixed in varying proportions
and a physical property-composition curve is plottéa, it
is found in general to be smooth and contimuous, and to
approximate to the Mixture Rule. In other words, it is
approximately the average to be expected from calculat-
ion based on the extent of the physical property in each
liquid separately.

However, in cases where combination, either defin-
ite or loose, is known to take place, between the two
components of such a binary mixture, the property deviates
to & considerable extent from the Mixture Rule, and freqg-
uently, when the formation of a compound is definite,
the curve shows a sharp maximum or minimum.

Thus, Briscoe and his co-workers (1’2’5)show that
where loose compounds are formed between such organiec 1iq-
uids as Chloroform and Ether (as evidenced by the heat of
mixing) such properties as dielectric constant and de-
pression of the freezing point do not obey the Mixture
Rule, but show maxima and minima in the property-compos-
ition curves.

Again, notable exceptdons are the cases of mixtures

of mustard oils and amines (459)and of certain mixtures

(3)



containing phenols (6’72

Viscosity, where conditions render its determination
possible, is a very suitable property to examine, in or-
der to obtain evidence with regard to compound formation.

It has been used, for example, by Thorpe and Rodger(s)
for mixtures such as Ether-Chloroform, where loose com-
pound formation takes place.

Even more striking examples of its suitability are
shown in the case of the sustard Oil-Amine mixtures
previously mentioned. These systems give sharp maximsa
in the viscosity-composition curves, which correspond
with similer maxima in the freezing point curves, and
indicate the formation of non-dissociated compounds.

Bramley, too, in his investigation of the binary
mixtureé containing phenol and substituted phenols (6,7)
finds that where two substances react chemically form-
ing an additive compound, the viscosity of a liquid mix-
ture of these two substances should be higher than the
calculated value, the maximum difference occurring with
that mixture which contains the largest proportion of the
compound. His results are, however, indecisive, which he
traces to causes connected with dissociation and assoc-
iation of the constituents.

A number of other examples are quoted by Hatschek (9).

(4)



When, however, this method is applied to cases
where definite compounds, capable of isolation, are form=-
ed, as in the case of the work of Kurnakow and his co-
workers on the mustard Oils (4»5), it is extremely d4if-
ficult to investigate the property widely. “his is be-
cause it is not possible, in general, to obtain a con-
tinuous series of liquid mixtures between two substances
which form definite compounds, since, &s in the case of
Sulphuric Acid-Aniline, there 1s also a change in physic~
al state.

In solution, however, this difficulty is avoided,
and so the viscosities of a number of acid-amine solution
mixtures have been investigated, in conjunction with
solution mixtures where no compound can be formed.

Here we have not, however, an exact parallel to
the casé of the liquid mixtures; for the determination
of the viscosities of a series of solution mixtures, since
the solutes may very well be solid, shows in reality the
efféct of the solutes on the viscosity of the solvent,
and canmot be considered a direct function of the constit-
uents as in the case of & series of liquid pairs.

The conditions may be considered somewhat similar
to those.in gas-vapour mixtures, but where the effect of
mixing is observed through its effect on the viscosity

of the solvent.
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VISCOSITY.

The viscosity of a fluid is that property to which
is due the internal resistance offered to the motion of
the fluid at any point with a velocity different from
that of an immediately adjacent point. It determines
the resistence to shear, that is, to slow stirring, or
flow through a capillary.

The coefficient of viscosity,?» , is the numerical
value of the tangential force on unit area of either of
two parallel planes at unit distance apart, when the
space between these planes is filled with the fluid in
question, and one of the planes is moving with unit vel-
ocity in its own plane relative to the other.

The fundamental unit of viscosity is 1 poise, which
is equal to 100 centipoises.

When relative viscosities are to be determined, an
Ostwald U-Tube viscometer is suitable for the determin-

ations. roiseuille's Law (10)for viscosity may be writ-

ten _ wd*hpgt _ _moev
7 = Ly Wt L
Visecosity of liquid flowing through eapillary.
Dismeter of capillary.
Mean head of liquid.
Lensity of liquid.
Acceleration due to gravity.
volume of liquid which flows in time t secs.

Comstant. '
Corrected length of capillary.

where
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With relative viscosities, the elimination of the
variation in pressure caused by the decreasing column of
liquid is possible. In the Ostwald Viscometer (Fig. 1) a
constant volume of liquid is used. ‘“he liquid is then
drawn up into the left hand limb, above the mark A, and
allowed to flow back, the time for the fall from A to B
being noted. The flow may be considered to be caused by
an average head, and all the constants may be combined
to give the formula

7 =Kpt

By determining t, the time between the marks A
and B for a liquid of lmown 7 and o, the viscosity of
another liquid of density ,»’'can be found from the equabion

) ~'t
1’ =TI/0C
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EXPER IMEN TAL .

Normal solutions of the substances were used, and
the compositions of the mixtures were varied so that
there was always 1 gramme equivalent per litre of dis-~
solved substmnce,

Thus, as & specimen, we have the proportions used

for the Hydrochloric Acid-Monomethylamine solution mix-

tures.

No. of soln, % N/1 Mono- % N/1 Hydro-
methylamine chlorie Acid

1 0 100

2 10 90

3 20 80

4 30 70

5 40 60

6 50 80

7 60 40

8 70 30

9 80 20

10 90 10

11 100 0

The viscometer was kept in a thermostat at 25°C.,
varying over not more than 0.1°C. After being allowed
to reach the temperature of the thermostat, the time of
flow of the solution was measured, the average of three
determinations varying by not more than one second being
taken, Since the viscometers used were special Ostwald

U-Tube Viscometers, having a buldb capacity of about 15
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cc., and so constructed that they gave a time of flow
for water of about 400 seconds, this means a variation
of less than 0.25%.

The substances used were chosen so as to give a
range of strengths of both acids and bases, They were
Hydrochloric Acid, Acetic Acid, Monomethylamine, Ammonia,

Urea; 8nd they were used in conjunction as follows:-

1. Hydrochloric Acid-Monomethylamine
2. Hydrochloric Acid-Ammonia

Be Hydrochlorie Acid-Urea

4, Acetic Acid-sonomethylamine

5. Acetie Acid-Ammonia

6. Acetie Acid-Urea.

In order to show the difference in the case where
no action between the two solutes is to be expected,

the mixtures below were also examined:-

7. Hydrochloric Acid-Acetic Acid
8. Monomethylamine -Urea.

Finally, viscosities of two series of solutions in
which one solute was present alone were measured, in
order better to determine the effect due to interaction
between the two solutes.

The two resulting viscosity curves were added to-
gether giving the effect of the sum of the two solutes
independent of any interaction between them. The sum,
when subtracted from the curve given by the mixed solut-

ions, then shows the effect due to interaction between

the solutes.



9. Monomethylamine-~iiater
10. Acetic Acid-Water.

Apart from one point, the preparation of the sol-
utions, and the determinations of the viscosities and the
densities, which were carried out in the normal way us-
ing a density bottle, requires no comment.

T'his one point was that the solutions, if allowed
to sit for any length of time, changed considerably in
strength, presumably due to loss by evaporation. <this
was particularly noticeable in the case of solutions which
contained Monomethylamine as one of the constituents,
and even in the preparation of the solution mixtures, if
this was not carried out expeditiously, loss was to be
expected.

It was found, finally, that it was necessary to
carry out the preparation of the solution mixtures as
quickly as ﬁossible, and as soon after the preparation
of the original sonomethylamine solution as possible.

The viscosities were then determined immediately on mak-

ing up the solutions as mixtures.
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RESULTS.

The most suitable form in which to present the re-

sults for the solution mixtures is in tabular and in graph-

ical form, and both these methods are employed.

the table following gives the results for all the

solution mixtures, and these are plotted as property-

eomposition curves in Figs 2=7.

,° = relative density: 7 = relative viscosity.
égeﬁ;'
% A 100 90 80 70 60 50 40 30 20 10 0
4 HC1 Al1.017% | 1.0150 | 1,0127 | 1.0107 | 1.0086 i 1,0061 | 1.00%33 | 0.99950 0,99613 | 0,99332 | 0,99012
B CHzNH, [»n]1.0542 | 1.0469 | 1.0413 | 1.0361 1.0290 -1.0211 | 1.0400 | 1.0671 | 1.0843 1.0966 | 1.1015
A HC1 ~11.,017% | 1.,0150 | 1.,01265) 11,0112 | 1.0095 0 1.,0044 1,00135 | 0.99830 | 0,99502 | 0,99215
B NHgy nl1.0542 | 1.0430 | 1.0%29 | 1.0173 | 1.00345 0.98775| 0,99900 | 1.0063 | 1.0120 | 1.0169 | 1.0231
A HC1 Ali.0173 | 1.0170 |1.0169 | 1.,0168 | 1.0167 1.01665| 1.01645 | 1.0163 | 1.0162 |1.0159 | 1.01575
B CO(NHg)o [m|1.0542 1.0508 1,0497 1.0477 1,0454 1.0426 1.0441 1.0430 1.0399 1.0369 1.0338
A HCl1 Al1.0173 | 1.01625] 1.01505 | 1.01425| 1.0133 | 11,0125 | 1.0116 | 1.01055]| 1.0098 1.0090 |1.0081
B CHxCOOH [9[1.0542 | 1.0631 | 1.0697 | 1.07765| 1.08525 1.0896 | 1.0953 | 1.1010 | 1.1061 | 1.11135 | 1.1157
A CHzCOOH Pi1.0081 1.0079 1,0078 1,00715| 1.00665 | 1.00635 1.00505 | 1.0020 0.99855 | 0.99535 | 0,99012
B CHgNHy (4|1.1157 | 1.1178 | 1.12425 | 1.12705| 1.12965 1.128%5 | 1.12615 | 1.11695] 1.11195 | 1.1071 | 1.1015
4 CH§COOH Pl1.0081 | 1.00815 | 1.,0084 | 1.00855| 1.00860| 1.00865| 1,00565 | 1,00235 | 0,99900 0,99561 | 0.99215
B Hz [9}1.1157 | 1.11605| 1.1187 | 1.1186 | 1.1160 1.11%35| 1.095565 | 1.07685| 1.05855 | 1,03935 | 1.0231
3 CH?COOH 11,0081 | 1.0090 | 1.00975|31.0101 | 1,0111 1,01205]1.,0124 |1,01335| 1,01415 | 1.01495 | 1.01579
B CO(NHp}gvf1.1157 | 1.10915| 1.1022 | 1.0930 | 1.0858 1.07825| 1.0706 | 1.06405| 1.05725 | 1.0475 1.05575
ﬁ CO(NHs) g 11.,01575 1.,01285 | 1.0109 |1.,00895| 1.00655 0043 | 1,0018 | 0.99892| 0,99616 | 0.99280 | 0.99012
CHzNHp {1[1.03375| 1.0397 | 1.0487 |1.0557 [ 1.0624 1.0695 | 1.0763 | 1.08175| 1.0883 | 1.0949 1.1015
g CHzCOOH |fl1.00817| 1.0077 | 1.00672 | 1,00608| 1,00530| 1.00445| 1,00375 | 1,00272 | 1.00167 | 1.00097 1.00000
A Hp0  I9[1.11515] 1.10573 | 1.09668 | 1.08469 | 1.07150 | L-06199 | 1.04870 | 1,03789 | 1.02195 | 1.0146 T.00000
B Cgﬂgf@ £10.99016 ] 0.99124 | 0.99256 | 0,99344 | 0.99554 | 0.99632 | 0.99750 | 0.99825 | 0,99930 | 1.00000 }
2 7|1.10188 | 1.08745 | 1.07539 | 1,06503 | 1.05675 | 1.04883 | 1.03943 | 1.05005 | 1,02023 | 1.01090 | 1.00000






















DISCUSSION.

While the results obtained in this investigation
may be summarised quite briefly, several points of in-
terest are raised which merit further diseussion.

In consideration of the results, the first point
to be noted is that the stronger the acid or base concern-
ed, the sharper the break in the curve. <Thus the curve
for Hydrochloric Acid-Monomethylamine (Fig.2 ) shows a
mieh sharper break than that for Acetic Acid-Monomethyl-
amine (Fig.4 ) or for Hydrochloric Acid-Urea (Fig.2 ).

This may definitely be attributed to the faet that
in the former case the salt formed will be considerably
less hydrolysed than will those formed in the case of
the two latter mixtures.

In all cases where the formation of a compound is
likely, the break can be seen distinctly in the curve,
with the exception of the case of Acetic Acid-Urea (Fig.4);
but here the existence of a compound is muech more doubt-
ful than in the case of the other acid-base mixtures.

Surprisingly, too, in this case a more definite

break is found in the demsity-composition curve than in

(12)



the viscosity-composition curve. In general, the viscos-
ity-composition curves seem to be much more suitable for
demonstrating the effect then do the density-composition
curves., In other words, the viscosity shows itself to
be a more constitutive property than the density.

| since both of the curves Acetic Acid-Water and
Monomethylamine~-iiater are almost straight lines, it fol-
lows thsat their sum will almost be a straight line also.
(Fig.6 ). The difference curve will therefore be nearly
identical with the dcetic Acid-uonomethylamine eurve, if
the end boints of the former curve are lowered to the
same level., dince the two curves appear alike, it fol-
lows that the deviation of the acid-amine curve is prob-
ably due to compound formation.

It will be seen that, with the exception of the
Acetic Acid-Monomethylamdne curve (Fig.4 ) the break
corresponds to the 50#% mark, and so to the point where
full eompound formation might be expected. The endeavour

~to eliminate the effect of the solvent in this partic-
ular case throws no light on the peculiar behaviour of
the Acetic Acid-Monomethylamine solution. It might, al-
though without much basis for the theory, be attributed
to association, for, though normally Acetic Acid appears
to exhibit slight dissociation in aqueous solution, the
Presence of the Monomethylamine and the hydrolysis of
the salt formed may have the effect of causing the acid

(13)



to associate. This, however, is very hypothetical, and
would necessitate verification by methods other than
viscosity measurements, if, indeed, it would be capable
of verification.
bven more interesting is the fact that, while the
density curves all break upwards, the viscosity curves
as a whole may be divided into two main classes, those
which break upwards, and those which break downwards.
when arranged with this difference in mind, we have

the two following groups of mixtures:- -

Break up. Break down.
Acetic Acid-Monomethylamine Hydrochloric Acid-Monomethyl-
amine
Acetic Acid~Ammonia Hydrochloric Acdd-Ammonia

Hydrochlorie Acid-Urea.

While on a cursory examination of this grouping it
may appesr that this is merely due to the different ef-
.feet of two different acids, this may on further con-
sideration be tentatively explained as follows.

In all the substances examined, hyd:ochloric Acid
may be expected to exhibit by far the greatest degree of
ionisation in solution. Again, as mentioned above, Bram-
ley {7) gtated that where addition compounds are formed,
a value higher than the calculated value is obtained in
the property-composition curve, and further evidence sup-

porting this theory is discussed by Hatschek(1l),

(14)



Msy it not, then, be the case that, where addition
compounds are formed, we have a maximum shown, that is,
in the seeond group of mixtures? On the other hand, where
a minimum is shown, the compound formed may be the result
of a purely ionic reaction, as is to be expected, for
example, in the case of Hydrochloric Acid-iMonomethylamime.

rinally, it may be noted that, in general, where
there is a considerable difference between the sttengths
of the two compounds in a mixture, the side on which the
stronger one is in excess gives a straighter curve than
that on which the weaker occurs.

In other words, one of the viscosity-composition
curves may be considered as consisting of two viscosity-
composition curves, that for acid and salt, and that for
base and salt. ‘T'hen if the acid is the stronger of the
two, the curve for acid-salt will be straighter than that
for base-salt.

If this property is general, and the selection of
eompounds dealt with here is representative enough to
.suggest that this is the case, this would appear to be a
possible method for determining the relative strengths of

acids and bases, albeit the determination would be only

approximate.



CONCIUSION.

The viscosities and densities of a number of mix-
tures of Normal solutions of acids and bases have been
determined.

Certain well defined relationships have been observ-
ed and discussed, the most obvious one being & sharp
break in the property-composition curve at the 50% mark
when the formation of non-hydrolysed compounds is to be

- expected.,

In other words, where the formation of a compound
takes place, this corresponds with & maximum or minimum
value on the property-composition curve. ‘he breaks dis-
appear or are modified when hydrolysis is likely.

‘the viscosity-composition curves in particular
would appear to indicate fully the conditions, complex

or otherwise, in sueh a system.

Ry PRy Yoy
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PART IT.

 GAS-VAPOUR _MIXTURES.




INTRODUCTION TO PART II.

The coefficient of viscosity,™), for a fluid has
elsewhere in this work been fully defined (p.6 ). It
will be sufficient to state briefly that it is the forece
per square centimetre which gives a layer a velocity |
relative to a second layer which is numerically equal
to the distance between them., In a ligquid, the main
factor affecting viscosity is the cohesion between the
molecules, In & gas, the viscosity can be shown theor-
etically to be due to the kinetic motion of the molecules,

A gas flowing over a surface can be considered as
consisting of & series of planes. ‘hese planes are
slipping over each other, the velocity of a plane being
8 linear function of its distance from the surface. If
we assume that the plane next to the surface over which
the gas flows is retarded infinitely, while that one which
is unit distance from the surface has unit veloeity, then
the frietion, or tangential force, on unit area between
any two contiguous planes is the coefficient of viscos-
ity, T] o

Since the velocity of the planes is so small com-

pared with the motion of the molecules comprising the

(17)



gas that it ean be considered as having no effect on
the motion of the molecules, we can see that the mole-
cules passing from any plane to that immediately above
will tend to retard it, while those passing from a plane
to that immediately below will tend to speed up the
slower plane. This motion of the molecules will be the
cause of the internal friction between the layers, and
the expression for the viscosity of a gas may be caleul-
ated directly from the basis of the kinetic motiom of
the molecules.

The average distance between any two consecutive
layers of molecules in the gas is equal to the mean
free path of the molecule, L. At a distance, x, from
the surface over which the gas is flowing, the velocities
of two adjacent layers are

x+1L/2 and x-L/2.

The numbers of molecules passing from one layer to

the other per unit area

= 1/6 (N.G)
where G = the kinetic velocity of the molecules
N = the number of molecules per unit volume.

Since the molecules pass in both directions, the

nett loss in momentum of the fagster layer
= 1/6[Mma(x+1/2)] - [1/6 mme(x -1/2)]

=1/6 NmGL.

(18)



The nett gain in momentum of the slower layer is

similarily
1/6 NmGL,
So that the total change in relative momentum per
unit area per vnit time is
1/3 NmGL,
which is the expression for the viscosity, v, of a
gas.,
This formula can be written
M = 1/3pGL.

We can see foom this formula that if the pressure
is changed there should be no change in the wvisecosity,
for N is increased and L decreased to the same extent,
while m and G are unchamged. That this is so within wide
limits when the viscosity is measured by means of oscil-
1ating discs has been shown by Meyer (122 and later more
conclusively by Maxwell(13,14)  put it has been pointed
out by Rankine(15) that when measuted by flow through a
capillary in apparatus similar to that used in the dres-
ent work, low pressures have a decided effect on the
times of flow, and hence on the apparent viscosity of
a gas.,

‘he effect of increase of temperature can be seen
from the formula to be an increase in viscosity, a fact
which is found experimentally(l2),

The theoretical considerations above can easily be

(19)



extended to include mixtures of gases.

At first sight it would appear that, since m is
independent of the pressure, the viscosity of a mixture
of two gases should be the sum of the viscosities of the
constituent gases. But fdrther consideration shows that
this is not the case.

1f equal volumes, v, of two gases at the same
temperature are mixed, G and m for each gas remains unchang-
ed. If these equal volumes are compressed, so that the
resulting volume is also v, then N, the number of mol-
ecules per unit volume is unchanged for each type of
molecule. L, however,.has been reduced for each type of
molecule, on account of the presence of molecules of
the other type; so that the viscosity for each of the
gases is reduced, and so the total viscosity of the
mixture,

1/3 NmGL ,
is less than the sum of the viscosities of the con-
stituent gases,
1/3 Nm,GL; + 1/3 Nm,GL, .

If the mean free path for each of the gases were
exactly halved by the above process of mixing, the vis-
cosity of the mixed gases would be the mean of the two
viscosities of the constituent gases., In other words,

the resultant viscosity would be that calculated from

(20)



the Mixture Rule. Owing, however, to the difference in
size and kinetic velocity of the two types of molecules,
the exact halving of the mean free paths does not occur,
and, as a consequence, the liixture Rule is not obeyed.

‘‘he effeet of the difference of molecular diameter
on the mean free path in gas mixtures may be more easily
followed if we consider the result of mixing equal vol-
umes of two gases of different molecular weights at the
same pressure snd temperature. The resulting volume is
then the sum of the volumes of the constituent gases.
Under these conditions, N is halved for each gas, so that
in order to obey the mixture Rule, the mean free path, L,
should be unchanged., Since, in the mixture, we have the
same total number of molecules per unit volume as in the
constituent gases, it follows that for the molecules of
the gas of less molecular weight, the mean free path will
be reduced, since the position originally occupied by
50% of these molecules is now held by larger molecules.
In the same way, the mean free path of the larger mole-
cules is inecreased to the same extent.

If we suppose x to be the change in length of
the mean free path, the decrease in viscosity due to
this cause for the gas of small molecules will be

1/3 ( N/2.myGyx )

and similarly the increase in viscosity for the




gas of larger molecules will be
1/3 ( N/2.m,Gx ).

The total deviation in viscosity from that ealcul-

ated from the Mixture Rule will therefore be
1/3 [ §/2.x ( m,Cp - m Gq)].

If we now suppose the two gases to have the same

molecular weight, M, the deviation in viscosity becomes
13 [we.x ( M6, - uey)].
At the same temperature, however, all gas mole-
cules have the same value for kinetic energy,
%mGz.
If the molecular weights of the two gases are the
same then
aey - duct
Gp= Gz
and so the deviation from the calculated viscosity
becomes
1/3 [N/z.x ( MG - MG )]
= Zero.

It would therefore appear that gases of the same
molecular weight should obey the #Mixture Rule with res-
peet to wviscosity.

¥hile it is probable that the different velocities
of constituent molecules in gas mixtures will affect the

mean free path for the mixture, it must be remembered

(22)




that gases of the same molecular weight will also have
the same molecular velocity, and so the reasoning above

is not affected.
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INTRODUCTION TO EXPERIMENTAL.

(a) EXAMINATION OF LITERATURE.

In consideration of the theoretical proof of the
behaviour of gas mixtures with respeet to viscosity,
an examination of records of gas mixtures in the literat-
ure was instituted, to see if the proof was borne out
in practice.

It was found that, in general, gas mixtures of two
gases of equal or nearly equal molecular weight obeyed
the Mixture Rule, while in the case of mixtures where
there was a large difference in the molecular weights
of the constituent gases, the deviation was great.

Ireutz and Melster(le) have examined binary mix-
tures of nitrogen-Oxygen (28:32), Carbon monoxide-Oxy-
gen (28-32), Ethylene-Oxygen (28:32), Nitrogen-Ethylene
(28:28), Carbon Monoxide-Ethylene (28:28), and Nitrogen-
Carbon monoxide (28:28), and have found that they give
viscosity composition curves which are practically
straight lines.

ror Air-Ethylene (29 approx.:28) snd Oxygen-Nitro-

gen (32:28), Landolt and Bdrnstein record values(17) which
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give practically straight line curves,

For Carbon Dioxide-Propsne (44:44), Nitrous Ox-
jde-Propane (44:44), Carboh Dioxide-nitrous Oxide (44:44),
Trautz and Kunz(ls) give values which give almost straight
line graphs.

Jung and schmick(19) have found almost straight
line viscosity-composition curves for Methane-Ammonia
(16:17), Sulphur bioxidesCarbon bDioxide (64:44), Sulphur-
etted Hydrogen-Air (34:29 approx.), Hydrogen Chloride-Air .
(36.5:29 approx.), Hydrogen Chloride-Carbon Dioxide
(36,4:44) snd Ammonia-Air (17:29 approx.)

On the other hand, mixtures of gases with Hydrogen
always show a decided deviation from the values calcul-
ated from the Mixture Rule. In no case cited above does
the ratio of the molecular weights reach the ratio 2:1.
But with Hydrogen as one of the constituents of the mix-
ture, ratios much gréeater than this are to be obtained,
and so we find that the values given by Thomsen(ZO) for
Carbon Dioxide-Hydrogen (44:2), Ammonia-Hydrogen (17:2),
and Ethylene-Hydrogen (28:2) when plotted give curves which
deviate markedly from the straight.

Similarly with mixtures of the inert gases and
Hydrogen, the results given by Trautz and hudewigs(zl)
for Argon-Hydrogen (40:2), by Nasini and Rossil22) for
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Helium-Neon (4:20) and Helium-Krypton (4:83), and by
¢i11e'23) ror Hydrogen-telium (2:4) all deviate from the
Mixture Rule markedly,

The difference between the two classes may be gath-
ered from the two figures plotted from the results of
Trautz and kunz (Fig. 8) and from those of Trautz and

ludewigs, Nasini and Rossi snd Gille (Fig. 9).
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(b) OUTLINE OF WORK.

Since s brief consideration of the problem will
show that if there is an attraction between the mole-
cules of the two mixed gases, there will be in all
probability a very definite effect on the concordance
of the viscosities with the smixture Rule, this possibil-
ity of attraction was now examined.

1t is, of course, extremely unlikely that there
will be any attraction in the case of the gases quot-
ed in the investigation 1llustrated by Fig. 9 above. »But
in other cases it is not so easy to specify when such an
attraction exists. ‘The best line of approach was there-
fore considered to be an examination, not of mixed gases,
but rather of a mixture of a gas with a vapour. This is
considered perfectly in order, for according to Meyer(24)
vapours in most respects obey the laws of viscosity in
the same way as gases. .

If then, such mixtures, in which there is known to
be a great attraction, while the molecular weights are
in or about the same, are examined, it was thought that

sométhing could be learned regarding the part which att-

(27)



raction plays in the causation of deviation of the viscos-
ity from the Mixture hule, by comparison with such curves

as those in rig, 9, where no attraction is to be expected.

(i) Ammonia - Water vapour.

A suitable mixture is that of Ammonia-water Vapour,
where .the ratio of the moleculsar weights is 17:18, and
the attraction is known to be appreciable, since this may
be deduced from the results of sacfarlane and Wright(zﬁ),
which show that very soluble gases show great attraction
for the vapours of the liquids in which they are soluble.

This mixture was therefore investigated with regard
to the change in viscosity with composition.

‘he results were\somewhat unsatisfactory, owing to
the fact that the Rankine Viscometer, as mentioned above
(p.yq ), is unsuitable for work at low pressures, and at
higher pressures only mixtures very rieh in Ammonia could
be obtained. 4all attempts to vary the composition by
temperature control or otherwise failed to give any great-
er increase in the variation of the composition of the

mixture.

(ii) Hydrogen Chloride - Methyl Alcohol Vvapour.

Since there is an extremely strong attraction be-
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tween Hydrochloric Acid Gas and Methyl Alcohol vapour(25),

it would appear on first sight that this mixture is even
more suitable than the previous one, the difference in
molecular weights (36.5:32) being very little greater
than before. |

It was found on further investigation, however,
that the variation in composition which could be obtained
was extremely small, This was found to be due to the
fact that an azeotropie mixture was formed in the same
way as is found with Hydrogen Chloride-Water(zs). The
vapour pressure of Methyl Alcohol at 20°C. is 88.7 mm.(27),
and the vapour pressures of the mixtures decreased from
the pressure on the Methyl Alcohol side, and from atmos-
pherie pressure on the Hydrogen Chloride side to reach
8 minimum, The consequence of this was that the vapour
pressures of solutions of the gas in methyl Alecohol were
in magy cases very low, whereas an essential for obtaining

a large range of compositions for the mixture was a high

vapour pressure.

(iii) Ammonia - Methyl Alcohol Vapour.

The next mixture investigated was Ammonia-Methyl
Aleohol vapour. <This showed a fairly large attraction
between the two constituents, although the difference in

the molecular weights is somewhat greater (32:17).
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Again the varistions in composition were very small,
but by using a variation of temperature control, a number
& number of mixtures varying in composition over a small

range were obtained.

(iv) Other Gases - Methyl Alcohol Vapour.

Since, however, the methods so far used showed
that it was useless to hope for full curves for a range
of gas-vapour mixtures, a number of gas-vapour mixtures
with Methyl Alcohol Vapour as one constituent were examin-
ed., These were obtained by saturating the gas at a fixed
temperature and pressure, and the compositions of the
mixtures thus obtained enabled an idea of the deviation
from the Mixture Rule to be obtained.

The results seem to show that both the amount of
attraction between the constituents, and the ratio of
their molecular weights play a considerable part in
determining the deviation of the viscosity-composition

from the liixture Rule.

(v) Gases - Ether Vapour.

In order to extend the scope of this work, an at-
tempt was made to carry out a similar investigation, sub-
stituting Ether Vapour for Methyl Alcecohol vapour. Ether
was used because it was thought that, owing to its higher
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vapour pressure, & wider range of mixtures could be ex-
samined, or at least, mixtures containing a higher per-
centage bf vapour.

However, this was abandoned on finding that, prob-
ably because the temperature control was insuffiecient to
maintain the constant proportions. of gas:vapour, con-
sonant readings for the times of flow could hot be ob-
tained with mixtures which were prepared under similar

conditions.
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APPARATUS AND METHODS.

(a) VISCOMETERS.

The Rankine Apparatus for the determination of the
viscosity of a gas depends in essence on a method of
determining the time of flow of a gas under pressure
through & very fihe capillary.

The original apparatus, as used by Rankine(l5), was
of the type shown in rig. 10. It consisted of a long
narrow capillary, of diameter about 0.25 mm., joined at
each end to a length of quill tubing with an internal
dismeter of about 3.5 mm. Two marks were etched at
equal distances from the ends on the wide tubing. The
capillary and the other limb were each about 45 to 50 cm.
long, and the etched marks were 30 cm. apart. Two taps
at either end of the apparatus enabled it to be filled
with gas. A pellet of mercury was introduced into the
wide arm, and the apparatus filled with the gas whose vis-
cosity was required., It was necessary to have the wide
tubing of such a dismeter that the mercury pellet remain-

ed whole in it.

The whole apparatus was mounted on & wooden sup-
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port which swivelled on a stand, so that the flow of the
mercury pellet was started by reversing the support. A
plumbline was attached to the stsnd to ensure that the
apparatus was vertical.

The time of fall of the pellet of mercury between
the two marks was noted, the direction of fall being
the same for each observation, and the points of time
where the top of the pellet of mercury passed the marks
being those used for the observations.

The viscosity could then be calculated from the

formula
T.p.r%.t

7= gl.v

where r = radius of capillary
p = difference in pressure on the two sides

of the mercury

1 = length of capillary
v = volume swept out by mercury
t = time of fall,

Rankine states that, while suitable for measuring
viscosities at high and ordinary pressures, the apparatus
was unsuited to determinations at low pressures,

It was found in this work that from pressures of
about 150 mm. downwards, the fall of the mercury became
very jerky, and in some cases the mercury even reversed
its direction, and flowed up the tube if it was inclined
at an sngle of about 45°. There was also great risk of
the pellet breaking up &t low pressures, particles of it
flying into the capillary.
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_ 45everal modifications of the Rankine apparatus were
used; which enabled the same pellet of mercury to be
retained in a pocket provided while the apparatus was
being filled with different gases, thus allowing the vis-
cosity to be taken as proportional to the time of flow.
The precaution also obviated any risk of the mercury
coming into contact with tap grease, and so fouling the
inside of the viscometer.

The apparatus was then calibrated against a stand-
ard, the viscosities of other gases and mixtures being
found by simple proportion.

In one of the modifications (Fig. 12) the woftien,
A, of the apparatus was made entirely of the wide tubing,
so that the length of capillary tubing, B, when fitted
into place, was held tightly between the ends of A., The
ends of both A and B were ground to make the joint tight-
er. Two tightly fitting pieces of rubber tubing were then
drawn over the joints, and sealed thoroughly with Seccot-
ine in order to make the joints airtight. Tests showed
that, while not completely airtight, the bressure only
rose a few mm, from 100 mm, in & few hours. The appar-
atus was easily taken apart for cleaning by soaking the
joints with warm water. After re-sealing, it had, of course,

to be re-calibrated against the standard.
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A special modification (Fig. 14) was used for the
Gas-Ether vapour mixtures.

Since the possibility of ether vapour attaeking the
small amount of vaseline which greased the taps was great,
the taps were completely replaced by metal valves as
shown in Fig. 15.

The plungers of these valves were led into & seat-
ing of lead, and when screwed tight formed a seal which
appeared, on testing, to be airtight, even at low pres-

sures.

The valves were seccotined on to the two side arms
of the viscometer, A A', which were both placed at an
angle, which left room for a mercury pocket at each end

of the viscometer. <Lhis proved a very satisfactory ar-

rangement.

The details of the other modifications of the Ran-
kine Apparatus may be gathered from the diagrams (Figs.
10"'15 ) ]
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(b) FILLING OF VISCOMETER.

The viseometer was filled by the following method,
suitably modified for the different modifications of
the Rankine Viscometer.

‘‘he mixture was set running slowly through the
by-pass 4B, (Fig. 18) and was then diverted through the
viscometer. After the mixture had been passed through
for some time, C was closed, and the apparatus evac-
uated through a filter pump. Tap B was then closed
and C opened. After the head of the mixture was suf-
ficient to overcome the back pressure caused by turn-
ing off the pump, that is, when it was considerably more
than atmospherie, tap B was opened, and the mixture al-
lowed to pass for some time longer. Lhis was repeated
for several times before finally closing off the vis-
cometer taps at ordinary pressure.

bxcess gas was retained by a trap.

This trap, which was used throughout this work
where & soluble gas was being handled, warrants a special
desceription.

It is recommended(28) for the absorption of water-

soluble, noxious gases, and acts very effieciently for thié
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purpose.
The geses are led into the chamber, A, (Fig. 20')

in which a stream of water flows downwards into the large
bottle, B. The level 4f the water in the bottle is main-
tained at a constant by the suetion of a pump through

the bent tube, C, and serves as well to act as a seal, -

to prevent the escape of the gas. The gas chamber must

be of a sufficient capacity to prevent sucking back, a
diameter of about 3 em. and a length of about 25 cm. being

satisfactory.

ihe apparatus for mixtures containing kther Vapour
was similar to that for the methyl Alcohol Vapour mix-
tures, but all possible rgbber connections were re-
placed by sealed glass joints, since ether is soluble in
rubber. The viscometer used was, of course, the modif-

jcation with the special metal valves (Figs. 14, 15).
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(e) METHODS OF ESTIMATING MIXTURES.

(i) Ammonis-Water Vapour.

In devising a method for the estimation of the com-
position of these mixtures, the main difficulty to con-
tend with was the fact that efficient drying agents,
such as concentrated Sulphuric Acid, also absorb Ammonia.
It will bé seen, conversely, that if, in any method which
seeks to estimate the Ammonis and Water vapour separately
by weight, a drying sgent which will not trap all the
water is used, an error will creep in which will be doub-
led, as lows in percentage of Water Vapour will also be
gain in percentage of Ammonia.

Experiments were made to determine the efficiency

of Lime and Potassium Hydroxide as drying agents for

the parpose.
Lime was found to be very inefficient, and while

Potassium Hydroxide was somewhat more efficient, it was

not nearly accurate for the purpose in view,

The mixture was therefore estimated by drawing a

stream of air slowly through a solution of Ammonia in

Water (Fig. 1¢), by which method a constant mixture of
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gas-vapour was carried over. This was passed into 5N
Hydrochloric Acid standardised by means of Iceland Spar(zg),
which trapped the Ammonia. The amount of this was found
by the addition of a mown amount of standard alkali, and
back titration. The amount of Ammonia-Water Vapour was
found by the difference in weight of the flask A, before
and after the experiment. rrom the results, the propor-
tion of Ammonia to Water Vapour could be determined.
The leak, B, was employed to allow the apparatus to £ill
slowly with air after a determination, so that the acid
should not be sucked back when the pump was turned off.
The percentage composition was altered by changing
the strength of the Ammonis solution used. Since the
amount of loss in the solution was very small, there was

a negligible change in composition during work on 1it.

(ii) Ammonia-Methyl Alcohol vapour.

The apparatus is shown in Fig, 17. The trap, A,
econtains 10 ee, BN Sulphuric Acid and a few drops of
indicator (Methyl Red). The trap B, contains concentrated
Sulphurie Aecid@ to trap the Water Vapour which may come
over from A. Both traps are weighéd and then fitted into

Place, and comnection is made through the by-pass (D,
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The Ammonia is run till it is certain that the solution,
E, is thoroughly saturated.at the temperature of the
bath (which must be below room temperature, to prevent
the alcohol'vapcur from depositing on the walls of the
viscometer while the viscosity is being measured.)

The pump is run all the time to maintain a steady
stream of air from the metal leak, F, and to keep the
pressure, as shown by the manometer, as near atmospheriec
as possible.

The tap, G, is then opened, C and D reversed, care
being taken that the bubbling through A is not so rapid
a2 to push any of the liquid into B. The flow of gas is
run until the acid in A is near the neutral point. G is
closed first, ¢ and D quickly reversed, and the Ammonia
Cylinder shut‘off. The apparatus is then disconnect-
ed at X, and a stream of &ir run through the apparatus
for a short time to restore the air atmosphere inside
the traps before reweighing. The percentage Ammonia
is then calculated as before by the difference in weight,
and titration of the standard acid.

This method appeared to give very satisfactory re-
sults, although it was discovered later that they were
probably a little low in Ammonia content, as compared
with the results obtained by another method for the mix-

(40)



ture at 15°C. (p.43). However, any error was probably
constant for the apparatus, since concordant results were
obtained. The compositions were varied by changes in

the temperature of the bath, Y, but it was found that
this had a disappointingly small effect. The temperature
range was from 17°C. to -10°C., It was impossible to
carry the temperature mueh higher than this, sinee the
Methyl Alcohol vapour woulfl probably have condensed out
on the walls of the viscometer when the viscosity de-

terminations were being made, at 20°C.

(iii) Gas-Methyl Alcohol Vapour.

As a result of the small variation found with any
one gas-vapour mixture, the viscosities of mixtures of
various gases with iiethyl Alcohol vapour were determined.
411 viscosity determinations were made, as before, at
20°C, and the solutions from which the mixtures were ob-
tained were kept at 15°C, The gases used were such as
to give as large & range &s possible in the attraction
between the gas and the vapour, being Air, Hydrogen Chlor-
ide, Sulphur Dioxide and Carbon Dioxide.

Determinations of the times of flow af 75 mm,
pressure were also made (to correspond to the determin-

ation for Methyl Alcohol Vapour itself). Great trouble
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was experienced with the viscometer during these deter-
minations, the tendency of the pellet of mercury to
shoot out of control, or to break up withdut warning
being very great. As a consequence, the viscometer was
frequently put out of order by blocking of the capillary,
necessitating frequent cleaning,

The apparatus for estimation of the mixtures is
as shown in rig. 19, The gas is passed under pressure
into a bubbler containing sethyl Alcohol and maintainéd
at 15°C., and is kept rumning through the weighed bubblers
by means of an aspirator. The tap, A, regulates the am-
ount taken by the aspirator, and the tap, B, is an ailr

leak to prevent sucking back,

A mercury bubbler, C, is placed on an outlet branch,
allowing the solution to become saturated before passing
the mixture through the aspirated branch. ‘he gas flow
is regulated to keep this bubbling continuously, thus
maintaining a sufficient pressure throughout the appar-

atus.
For Hydrogen Uhloride-uethyl Alcohol vapour, the

U-tubes contained (i) standard Sodium Hydroxide and Methyl
Red, (ii) concentrated Sulphuric Acid, and the percentage
composition was found by weighing and by allowing the

hydroxide to become completely neutralised.

The ssme absorbents were used for Carbon Dioxide-~
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Methyl Aleohol Vvapour.

For Ammonia-iMethyl Alcohol vapour the absorbents

were standard Sulphurie Acid and Concentrated Sulphurie

Acid,

For Sulphur Dioxide-Methyl Aleohol vapour the ind-
icator in the first bubbler was bleached, so that sn in-
direct method of titration had to be used.

The mixture was passed through standsrd Sodium
Hyrdoxide and then through concentrated sulphuric Acid.
The tube containing the alkali, which trapped all the sul-
phur Dioxide, was then washed out into & dish, excess Bar-
ium Chloride sadded, precipitating the Sulphur Dioxide and
liberating Hydrochloric Acid. The excess alkiall was
then back titrated with standard Hydrochloriec Aecid,
using Methyl Orange.

kor Air-methyl Alcohol vapour, the percentage com-

position was calculated from the vapour pressure of
Methyl Aleohol, since no method of estimating the mix-
ture accurately could be devised.

Since Landolt and 56rnstein(50) only record the va-
pour pressure at 10°C. and 20°C., the vapour pressure
was taken as half the logarithmic sum of these, at 15°c.,
72.5 mm, The percentage composition was then taken as
being the ratio of the partial pressures.

On account of the range of gases used, the percent-
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age composition is expressed as molecular percentage

instead of ordinary percentage by weight, in order to

bring the various gases under as similar conditions as

possible.

LammE D Dl
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RESULTS .
(a) AMMONIA - WATER VAPOUR.

The times of flow for Ammonia, and for the im-
nonia-Water Vapour mixtures were determined at 150 mm.
pressure, on account of the fact that the lower of the
two mixtures exgmined had a vapour pressure in this re-
gion at room temperature. A small variation in pressure
had no appreciable effect_on the time of flow.

I'here was a noticeable amount of slip in the fall
of the pellet of mercury, and a consequent jerkiness
in its motion, which led to inconsistencies in the times
of flow. 'fhis was due, in part at least, to the reduced
pressure within tne viscometer., The inconsistencies
were, however, surprisingly small.

A1l times of flow are the average of three deter-
minations, varying by less than 1%.

The temperature at which the times of flow were
observed was 20°C., maintained in a constsnt temperature

room which was regulated by means of an electrically

controlled heater.
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. uixture To. % Ammeniiar Time ggvfl‘dw(‘secs.vv)'
L 94,1 94,
2 96.7 RN

In the literature(3l)the viscosity of smmonia ig

given g e x107

is given as T X 107

1080, and that for wWater Vapour

= 975,

Using the value for Ammonia &8 & basis of caleul-

ation, the results become as follows:-

% Awmonia Tarx107 1
f Observed Calculated.-
100.0 1080 -——-

96.7 1005 1076.6
: 94,1 854 1073.8

g 0.0 975 -

(b) AMMONIA - METHYL ALCOHOL VAPCUR.

The estimation

17io’wfiﬁg£e sults:-

of these mixtures gave the fol-

[Mixture No. Temperature % Ammonis
1 17 86.9
2 11 87.8
3 5 88,53
4 0 89.5
5 “'5 90.56
6 -10 90.95

A% can be seen, the Ammonia content of the mixtures

only véried over sbout 4%.

The graph plotted from these

PesHlts’ (Fig. 21) enables the composition of a mixture,

at! a#}’ temperature over the range, to be determined.
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For the viscosities, air was taken to be the stan-
dard, the time of flow for dry air being 313.9 secs. The

results were all reduced to the standard of air = 100,

Mixture No. Temp. % Ammonia | Time | 7  (Air =100)
: ) ’ OFS o Calc Py
1 18.5 v 86,5 157.8| 50,310 | 51.67
2 16 86,9 158.6 | 50,565 | 51.69
3 14 87.2 159.6| 50,884 | 51.71
4 7.5 88.3 160.1| 50,960 | 51.77
5 Pure NH3 100 l64.4) 52,414 ———

n exhaustive search of the literature showed that
the viscosity of Methyl Aleohol’ Vapour over a range of
téﬁperatures had evidently not been determined, the
only visdosity measurement available being that at 66.8°C.(51).

It is probable that the valué obtained here, deter-
mined at 75 mm. pressure, is‘dﬁlymapproximate, and, as |
is shown by the determinations for other gases later,
there seems to be no regular relation between the vis-
pos;ﬁies atllow_gnd atmbspheric pressures, when measured

Ey fhe Rankine Viscometér.

Time for air 32%2.7 secs,.
Time for Methyl Alcohol vapour | 152.26 secs.
Viscosity (Air =100) 46.903

(¢) GASES - METHYL ALCOHOL VAPOUR. .

The full series of determinations for all these

gas-vapour mixtures is given in the following table for

easy comparison.
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m§§§u§§ Pressure| fTime (sees.) Tiﬁzrfor | 7(Air =100) * CHz0H,15°C. | 7,Calc. Devistion
Air Atmos. 265.1 265.1 100 .
CHz OH 88 mm. 152.25 324.,7 46,903 100
Air-CHzOH | 88 mm, 243.1 . .
NHg Atmos. 127.5 243.25 52.414 .
NH%B 88 mm. 124.6
NHg -CHz 0H Atmos. 158.7 243,25 50,724 %
COs Atmos 225.25 283 .3 79.517 || .
cg? 88 mm, 223.0
C05CHz OH Atmos 215.6 283.3 76.103
CO5-CHz0H | 88 mm. 215.4 | 9.2 76.518 0.415
- 80s Atmos. 181.8 268.4 67.735 .
<o 50 88 mm. 180.0
, ~CHz 0H Atmos. 183.6 268.4 68.405
S05-CHgOH | 88 mm, 180.2 5.8 66.b29 1.876
HC1 Atmos. 233.1 297.7 78.300 || .
HClHCl 88 mm. 229.4 ' \
iC1 ~CHz OH Atmos. 307.8 315.2 97,398
HC1-CHOOH | 88 mm. 300.2 2.2 71397 26.00L

The very small percentage of vapour is a direct result
of the solubility of the gas in the liquid whose vapour

is being used.

The vapour pressure of the liquid is low-

ered by the dissolved gas, so that the partial pressure
pour and its percentage afe correspondingly

The effects of this phenomenon sare evident
throughout this research.

of the va
decreased
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(d) G&S - ETHER VAPOUR.

As mentioned earlier, this part of the work was
finally sbandoned, owing to the lmpossibility of getting
constant times of flow for the mixtures.

The results below will show the varistion, and al-
though the investigation was extended to the whole range
of gases previously examined, in the hope that with smal-
ler percentage mixtures more constant readings would be
obtained, it will be seen that the variation was too

great for sny reliance to be placed on the results.

Mixture Times of flow (sees.)
Ajr-Ether vVapour 162.4, 165.5, 169.1
Ammonia-Ether Vapour 131.8, 135.8, 137.5
Sulphur Dioxide-Ether Vapour 179.5, 166.5, 170.1
Carbon Dioxide-Ether Vapour 160.9, 153.2, 154.1
Hydrogen Chloride-Ether Vapour| 208.6, 202.8, 207.7
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DISCUSSION.

The main faect which emerges on examination of the
results obtained in these viscosity determinations is
that the ratio of the moleeular weights is not the only
factor which affeets the deviation of the viscosity-
composition in sueh mixtures from the Mixture Rule.

If we first examine the viscosities of the Ammonia-
Water Vapour mixtures, where there is a ratio between the
molecular weights of 17:18, we see, even from the few
nixtures examined, that without & doubt they are dif-
ferent in character from the Nitrogen-Ammonia mixtures
and others quoted in the Imtroduction. In the latter
gas mixtures, of course, it is difficult to find any
other factor which might affeet the viscosity, and so
it is not surprising to find that the curves they give
are practically straight line graphs.

On the d¢ther hand, this is definitely not the case
with Ammonia-Water Vapour. Quite a large deviation is
to be found, and this leads us to look for some other
The attraction between Ammonia and Water Vapour,

factor.
which may very possibly be the sign of the formation of
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8 loose molecular compound, seems to be the most iikely'"
factor in producing the deviation. |

iihen we pass on to a2 consideration of the Ammonia-
Methyl Alcohol vapour mixtures, we are again struck by
the large deviation from the Mixture Rule. But the de-
viation here is less than in the previous case, though
the molecular weight difference is greater. This fact
substantiates the view that the molecular weight ratio
is not the only factor producing deviation, and that the
attraction has to be taken into account.

This view is still further borme out when we con-
gsider the various other Gas-Methyl Alechol vapour mix-
tures., Here we see that in the case of Hydrogen Chlor-
ide-iiethyl Alcohol Vapour, where the difference in mol-
ecular weights is not very great (35.5:32), but the at-
traction is extremely great, the deviation is also very
great. Conversely, in the case of Carbon-Dioxide-
Methyl Alcohol vapour, where the difference between the
molecular weights is much greater (44:32), but the att-
raction is much smaller, the deviation is very small.

The relation between deviation and the two proper-
ties of attraction and molecular weight ratio is ap~-
proximately, but somewhat strikingly demonstrated by

comparing the deviations with these properties, as in

the following table.
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Gas Mol. Wt.| Deviation| _MOl. Wt. | sttraction| M.4A
CHA0H
Air | 29 1.406 0.9 —— ——
c 44 0,415 1.4 0.71 0.99
17 1.338 0.5 1,17 2.08
SO 64 1.876 2.0 1.40 2.8
HC 35,5 26,001 1.1 26.0 28.6

It will be seen from this that there is quite an
appreciable similarity between the relation xA, where
i is the molecular weight ratio and A is the attraction
given by Mscfarlane and Wright(25), and the deviation,
As said before, this method must of neeessity be very
approximate, but it would nevertheless appear to show
that there is a very strong basis for the belief that
the two main faectors affecting the viscosity-composition
relation, each of which is capable of causing deviation
from the Mixture kule, are ratio of molecular weights,
and attraction between the constituents of the mixture,
the latter of which may, in some of the cases examined
above, and almost certainly does in the case of the
Hydrogen Chloride-Methyl Alcohol Vapour, amount to

a loose kind of moleculsr compound formation.

It would also appear from the results obtained in
this investigation, that of the two properties that of

the attraction between the gas-vapour is capable of having

the most powerful effect.




CONCIUS ION.

Experimental results show that viscosities of
gas-vapour mixtures often show a deviation in the
viscosity-eomposition values from those calculated from
the Mixture Rule. While in gas mixtures the deviations
noted would appear to be due to difference in the mol-~
écular weights of the constituents, in gas-vapour mix-
tures a second factor, the attraction, or possibly the
formation of loose molecular compounds between the con-
stituents also enters in, and would appear to have a
grester effect accordingly than has the molecular weight
ratio on the deviations.

This is shown approximately in the case of mix-
tures of several gases with uethyl Alcohol Vapour,
whieh proved to be the most suitable for this investig-

ation of those mixtures examined.
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PART III.

VISCOSITIES OF EMULSIONS.




INTRODUCTION TO PART III.

An emulsion(zz) is genersally considered to be a
system containing two liquid phases, one of which is
dispersed as globules in the other. The liquid phase
which is broken up into globules is known as the dis-
perse phase, while the other is lmown as the contin-
uous phase., The two liquids must be almost, or quite
immiscible.

For two liquids, say water and an oil, two types
of emulsion are theoretically possible, one where the
oil is dispersed‘in the water, and one where water is
dispersed in the oil. It is found that when two pure
liquids such as Benzene and Water are agitated together,
an emulsion is produced temporarily, but as soon as the .
emulsion is allowed to stand at rest, the disperse
phase coalesces, and the emulsion becomes two distinct
layers of liquid again. Besides the two liquids, a third
substence known as an emulsifier is necessary to produce
other than very dilute lasting emulsions. On the nature
of this emulsifier, which may vary greatly, it is found
that the type of the emulsion depends, that is, whether
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it will be oil-in-water or water-in-oil in type. The
two theoretieal types do not in general exist for any
two liquids with any one emulsifier.

Sodium Oleate, a soap which is water soluble and
colloidal, is an excellent emulsifier for emulsions of'
Benzene-in-Water. On the other hand, Magnesium Oleate,
which is practically insoluble in water, promobes
Benzene-iater emulsions of the water-in-oil type. iine-
ly divided solids of many different kinds, such as Carbon,
Lime, the basic sulphates of Copper or Iron, may also
act efficiently as emulsifiers, the type depending on

the emulsifier.

Emulsions will break down immediately if the emul-
sifier is destroyed. For exsmple, if an acid, or any
sodium salt, is added to an emulsion in which & soap
is the emulsifier, the emulsion eracks. Alecohol, or any

liquid which dissolves both phases breaks an emulsion.
ACTION OF EMULSIFIER.

Harkins, Davies and Clark{33) concluded that the

type of emulsion promoted by an oleate is very closely

.econneeted with the number of oleate radiecles which it

contains, and that the stability of emulsion globules
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appeared to be brought aboﬁt by the orientation of mol-
ecules of emulsifier at the surface between the glob-
ules and the continuous phase. According to their theory,
the molecules of emulsifier orient themselves so that

the polar groups are in the water phase, and the non-
polar groups are in the oil phase, If the emulsifier is
a monovalent metallic oleate, the surface of the globules
is thus eurved to form an oil-in-water emulsion. If

it is & divalent oleate, the globules are made of the
water phase. This theory obviously cannot be applied

to solid emulsifiers. It has been criticised by Stamm(34)
on the grounds that it is only justifiable if the emul-
gifier méléeciles are packed together, and Stamm's work
would seem to show that this is not the case.

Finkle, Draper and Hildebrand(35) attempt to ex-
plain the action of solid emulsifiers sueh as Carbom, by
saying that if the emulsifier is wet by one ligquid more
then the other in an emulsion, it will be drawn more
largely into that liguid. If, then, sufficient part-
ieles are present to cover the liquid-liguid interface
completely, the tendency to contract should cause it to
bend in such a way as to become concave to the more
poorly wetting liquid, thus making it the disperse phase,

This theory, however, can only be applied to solid emul-
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sifiers.

The action of the emulsifier has been suggested
by Harkins and Zollmann(36) $o be due to the lowering
of the interfacial tension between say Benzene and Water
to & very great extent, as is found with the Sodium Oleate.
This theory, like the two previous ones, does not seem

to have a general application.
PHASE VOLUME THEORY.

Emulsions prepared by shaking generally cream after
standing for a short time., The globules tend to pack
as closely as possible, giving a sharp boundary between
the eream and the continuous phase which is thus left
free.

Emulsions which contain more than about 74% by
volume of the disperse phase do not cream, even after
long standing.

Now it can be shown mathematically that in a col-
lection of closely packed spheres of uniform size, what-
ever that size may be, the volume of the spheres is 74.048%
of the total volume of the mass. Consideration of this
fact led Ostwald(37,38) to formulate the Phase Volume
Theory of emulsions, which postulates that an emulsion

of one liquid in énother is only possible if the volume
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concentration of the disperse phase is less than 74%,
But Pickering(zg) has prepared very concentrated emul-
sions, containing 99% of disperse phase by volume., Pick-
ering pointed out that in an emulsion the spheres are not
uniforﬁ, and that therefore there is no reason why the
volume of the disperse phase should have sny fixed value.
While Ostwald's theory, in the form put forward by
him, is untensble, more recently Parke(40) has shown that
on homogenisation, a process which comsists in forcing |
an emilsion through a very fine jet, and thus bresking
up the globules to a uniform size, an emulsion contain-
ing more than 74% by volume of disperse phase will break,
giving rise to a new emulsion containing approximately
74% of disperse phase. In this resultant emulsion, which
is very stable, the globules are found on examination +to

be of almost uniform size.

VISCOSITY OF EMULSIONS.

Very little work has been done on the quantitative
determination of viscosity in emulsions. Viscosity is

known to inerease rapidly with inerease of the volume of

the disperse phasel4l),
Hatschek(éz) has deduced the formqla
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T?" /A-“l

Total volume of émtilsion

&

where A is the ratio - N
Volume of disperse phaseé

This formula is said only to hold when the amount
of disperse phase is greater than 50%. It is to be erit-
icised, however, on séveral grounds. It suggests that
an emulsion on homogenisation would have the same
viscosity, since there is no factor involving the rad-
ius of the spheres. But homogenisation very greatlyl43)
increases the viscosity, at least, when the amount of
emulsifier is large. Neithgr is there a term in Hatschek's
formila for the amount of emmlsifier.

Joshi elaims th#t the concentration of the
emilgifier appears to have no effeect on the viscosity

of the emulsion(44). The work described here shows this

*

atatement to be inaccurate.

That this was so was first noticed by Parke(45)
in his investigfations on the relation between viscosity
dnd the volume of disperse phase. It was in order to
determine quantitatively the amount of change in the
Videosity that this work was first undertaken.

EMULSION TYPE.

When experimenting in order to investigate the
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sction of the emulsifier, after data had been obtained
for the viscosity changes, an important phenomenon was
noticed, a reversal in type dissimilar to sny yet report-
ed in the literature, whiech led to the investigations
described in‘Part IV of this thesis.,

In general, one emulsifier will only stabilise
one ‘type of emulsion. It has been found, however,(46)
that by the addition of electrolytes or emulsifiers whieh
promote the opposite type of emulsion, the type can be
reverseé. The amount which it is necessary to add de-
pends on the amount of emulsifier present, and the amount
of disperse phase.

In reversals of the above kind, it is useful to be
able to determine the pojnt where the emulsion changes
over, There are three recognised methods of determin-
ing the type of an emulsion, all three dependent on the

different properties of the two phases.
l. Indicator Method. This makes use of the

difference in solvent power of the two phases., If an

oil-soluble, water-insoluble dye is sprinkled on the

surface of the emulsion, it will gradually spread through

the emulsion if the oil is the continuous phase, but

if water is the continuous phase, thé dye is confined

to those globules with which it comes directly in contact.
2. Drop Dilution Method, If some of the contin-
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uwous phase of an emulsion is added to it, the emulsion
will become more dilute, but if the disperse phase is
added, it can be seen moving through the emulsion, bound-
ed by the continuous phase.

5. Electrical Conductance iethod. This is the

most reliable and most delicate test. 4An oil-in-water
emuilsion will show an electrical conductance, particular-
ly when the continuous phase contains small quantities

of electrolyte, as when Sodium Oleate is the emulsifier,
On the other hand, a water-in-oil emulsion will not con-

duct electricity.

- - - -
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APPARATUS.

(a) VISCOMETERS.

The Viscometers used to determine the viscosities
of the emulsions investigated were a set of four Stand-
ard Ostwald U-Tube Viscometers (Fig. 22), made according
to the specifications laid down by the British kngineer-
ing Standards Association(47). These viscometers are such
that, within a degree of accuracy of 0.5%, snd above the
minimum viscosity for which the instrument is designed,

& single calibration is sufficient to give the constant
of the Viscometer.

the Viscometers were calibrated by means of air-
free distilleé water, 40% sucrose solution, 60% sucrose
solution and castor oil., All viscosities were determin-~
ed in a thermostat regulated to 20°C. The dry clean vis-
cometer was placed in the thermostat and filled to the
marks from a bottle of the liquid which had been al-
lowed to come to 20°C., by immersion in the thermostat for
a period varying from ten mindtes to half an hour, ac-
cording to the viscosity. The liquid was allowed to sit
for a short time longer in the viscometer to permit cur-

rents in it to settle, and the time of flow was then
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determined. Lach reading is the average of three times
of flow varying less than 1%, as laid down in the regulatiosms.
The constants for the viscometers were then determined

through the formula

T]-:: K/o‘f}
Viscometer Liquid Viscosity Time K
Number
1 Water 1.0087 106.90 0.00945
2 sueroseprl.17336| 6.106 88.88 0.05850
3 Suerosepl.28342| 55,74 147.93 0.29359
4 vastor 0il u027.1 (3)
174.4 (4)| 6.594

(b) HOMOGEN ISER.

The homogeniser used throughout was a Pentecreme
Hand Homogeniser (Fig. 23)e

The emulsion to be homogenised is placed in the eon-~
tainer, A, and is forced by the strokes of the pistonm,

B, through the extremely fdne apertures in the screw, C,
out through the delivery tube, D.

The homogeniser could be taken apart easily for the
purpose of cleaning, and all parts were readily accessible
tor this except the delivery tube, D. Since it was found
that the action of Oleic Acid and Sodium Hydroxide on the
metal formed traces of a blue compound, which was pre-

sumably Copper Oleate, formed from Copper Hydroxide,. when

(63)



allowed to remain in contact with the metal for sny length
of time, the delivery tube, as éeing the most likely

part to be attacked in this way, was replaced by a glass
delivery tube (Fig. 24). This delivery tube was seated

as the original tube had been, but as it was impossible

to screw it down tightly, it was packed in the seating

by means of two small cork rings, R, snd formed a reason-

adly tight joint.

(e) ELECTRIC TYPE DETERMINATOR.

The apparsatus used for the Electrical Conductance
method of type determination (p. 61) was similar to
that used by Parke(48), with the substitution of head-
phones for the Loudspeaker (Fig. 25.)

Normally a faint note is heard in the headphones,
but when the electrodes are immersed in a conduecting

medium, the note becomes very loud.

For the same reason as in the case of the homo-
geniser, copper etectrodes could not be used, and plat-

inum electrodes sealed into glass tubes were employed

instesad,



EXFPER IMEN TAL.

(a) VISCOSITY DETERMINATIONS.

As has been shown in the introduction, it was notie-
ed that if the amount of emulsifier in a'Beniene-Water-
Sodium Oleate emulsion were varied, the viscosity varied
markedly, and the first investigation undertsken was in
connection with this phenomenon (p. 59).

Since the relation of about 74% disperse phase and
26% continmuous phase by volume is, according to the Ost-
wald Phase Volume Theory, and the later work of Parke,
the most suitable proportion to use, this proportion was
maintained in the emulsions exsmined.

The emuilsions were, of course, all oil-in-water
emulsions. ‘

They were prepared by adding the constituents in
the order Water, Benzene, Oleic Acid, the equivalent
amount of-Sodium Hydroxide., In all cases, &s much uni-
formity as possible was maintained in the preparation of
the emulsions. Emulsification was produced by means of
intermittent hand shaking, as recommedded by Briggs(49),
with an endeavour to make the amount of shaking ldentical
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.for each emulsion.

The emulsions were then allowed to

stand for several days before the viscosities were de-

termined, for Parke(45) has found that the viscosities

of both freshly prepared and freshly homogenised emuls-

ions changes for the first few days, until they reach

‘& constant figure for any emulsion about the fourth day.

Series A, was composed a&s follows:-

No. Oleic Acid| NaOH, N/1 Water Benzene | Na Oleate
Grs. Ces, Ces., Ces. Grs./200Ces.
1l 0.2319 0.83 51.18 148 0.25
2 0.4638 L.64 50.36 148 0.50
3 0.6957 2646 49,54 148 0.75
4 0.9277 .28 48,72 148 1.00
5 1.1595 4,10 47.90 148 1.25
6 1.3914 4,92 47.08 148 1.50
7 1.6233 5,74 46 .26 148 1.75
8 1.8552 6.56 45,44 148 2.00
9 2.,0971 7 .38 44,62 148 2.25
10 2.3190 8.20 43.80 148 2,50
11 2.5509 9.02 42,98 148 2.75
12 2.7828 9.84 42.16 148 3.00
13 3.0147 10.66 41.34 148 3.25
14 3.2466 11.48 40,52 148 .50
15 3.4785 12.30 39,70 148 3.75
16 3.7104 13.12 38.88 148 4,00
17 3.9423 13.94 38.06 148 4,25
18 4.,1742 14.76 37 .24 148 4.50
19 - 4.4061 15.58 36.42 148 4,75
20 4.6380 16.40 35.60 148 5.00

It was noticed in this series when made up, that

there was & large amount of creaming, decreasing from No.l

to No. 20, in which the amount was comparatively small,

Before the determination of the viscosities, the

bottle containing an emilsion was immersed in the thermo-
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stat for half an hour.

slowly five times, to eliminate

It was then turned end over end

the effects of cream-

ing. It will easily be understood that the viscosities

had to be determined a&s soon as possible after the emuls-~

»ion hed been placed in the viscometer, in order that cream-

ing should have as little effect as possible,

Times, T, are given in seconds.

in centipoises.

'he viscosities for this series are tabulated below.

Viscosities,q , are given

Number Viscometer T /P 7
1 3 147.8 0.9048 39.261
2 3 127.9 0.9098 34,163
3 3 160.2 0.9124 42.887
4 3 175.4 0.9137 47,051
5 3 191.9 0.9150 51.573
6 3 222.4 0.9164 59.835
7 3 279.1 0.9177 75.197
8 3 252.4 0.9190 68.104
9 3 451.5 0.9203 120.20

10 3 410.5 0.9217 111.07
11 3 497.9 0.9233 134.97
12 3 579.3 0.9243 157.05
13 3 645.4 0.9257 175.40
14 3 702.9 0.9270 191.29
15 3 537.8 0.9283 146.57
16 3 616.5 0.9296 168.26
17 3 635.3 0.9309 173.62
18 3 654.2 0.9323 179.55
19 3 702.0 0.9336 192.40
20 3 782.5 0.9354 214.89

As csn be seen from these results, the curve of vis-

cosity plotted against weight of Emulsifier (Fig. 26),

while very similar in the general increase in viscosity

to the curves found by Parke and Graham(41) for their vis-

cosity-disperse phase concentration values, yet has & num-
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ber of very marked irregularities for which it was very
difficult to aecount at this stage. The problem was left
over for the moment, and the emulsions homogenised.

By homogenisatioh, the character of the emulsions
was changed somewhat. They appeared much thicker, expec-
ially in the higher members of the series, and there was
no sign of creaming taking place, except in one or two
of the first members of the series, where the tendency
was very slight.

fach emulsion was passed through the homogeniser
five times, as recommended by Parke(40), and after being

allowed to sit for a few days, the viscosities were det-

ermined.
Number Viscometer T M
1l 3 200.1 53.15
2 3 139.3 37.20
3 3 137.4 36.81
4 3 157.3 42.18
5 3 193.2 51.89
6 3 242.4 65.22
7 3 284.1 76.54
8 3 330,.1 89.07
9 3 467.8 126.40
10 3 560.9 151,75
11 3 918.4 248,93
12 4 - 54,7 333,30
13 4 85.9 , 524.45
14 4 183.1 1119.5
15 4 245.9 1505.3
16 4 315.4 1933.6
17 4 376.8 2313.0
18 4 913.3 5614.7

It will be seen by the curve plotted from these

figures (Fig. 30) that, with the exception of one small
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drop in the curfe from No.l to No.3, the curve is regular,
and is very similar in type to those found by Parke and
Graham for viscosity-disperse phase concentration. Nos,.
19 and 20 were too viscous for d&etermination, even in vis-
cometer No, 4.

In order to checkgapupn;the reculiar irregularities
in the eurve for the unﬁbmogénised emulsions, & series, 4A,,
was made up with exactly the same proportions of constit-

uents as Series A4j.

The viscosities were repeated with the same methods,

Number T n
1l 139.7 37.11
2 150.4 40,18
3 150.4 40,29
4 137.9 56.99
5 176.9 59.82
6 376.2 -~ 101.23
7 477 .6 128.68
8 290.2 80,11
9 259,5 70.11
10 223.2 60,39
11 537 .6 145,72
12 885,1 240,19
13 968.6 263.23
14 959.6 261.17
15 1495.9 407 .65
16 647.5 - 176.26
17 729.3 199.31
18 807.9 222,12
19 1204.4 530,10 ‘
20 1456.4 399.91

It will be seen by & comparison of these results
and the curve obtained from them (Fig. 27) with those

for Series 4;, that the irregularities oecur in this ser-

ies also, but at slightly different points in the curve.
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Homogenisation, as the results below will show,

gave the same smooth curve (Fig. 31) and almost

exactly

the same values for the viscosities as had been found

in the homogenised Series 4.

Number T n
1 187.6 49.82
2 138.6 37.02
3 138.0 34.82
4 156.4 41.95
5 190.1 51.07
6 241.3 64.92
7 284.0 76,52
8 333.3 89.93
9 463.5 125.2
10 555,11 150.2
11 911.2 274.0
12 54.0 329.1
13 85.8 524.8
14 183.6 1127.3
15 246.6 1509.7
16 3l2.4 1915.0
17 374.5 2298.6
18 910.0 5594.,.5

The series was repeated two further times, using

exactly the same amounts of constituénts, and, as far

as possible, the same methods of making up.

results obtained, and the curves plotted from these (Figs.

The

28, 29), only serve to substantiate those above, obtained

for Series Aj and Az.

In Fig. %2, the average of the results for the

uhhomogenised emulsions is plotted against the results

for the homogenised emulmions, in order to bring oud the

difference between them.
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Unhomogenised.

Number T for A n for A T for A 7 Tor A
1l 116.6 30,96 126.9 38,71
2 128.4 34,29 165.5 44,21
3 152.9 40,96 l46.1 39.14
4 168.8 45,29 131.0 35,15
5 179.6 48,25 212.2 57.00
6 206 .4 55,54 315.0 84,75
7 244.6 65.91 403 .4 108.69
8 257.5 69.47 321.9 86.76
9 276.6 74,73 194.0 52.52

10 271.2 73.58 228.5 6l.84
11 340.0 92.16 519.4 140.79
12 458,5 124.42 813.4 220.74
13 556.8 1561.05 921.0 250,32
b4 607 .3 165.28 1039.6 282.94
15 857.7 233,74 1395.2 380.24
16 544.,9 148,71 488,8 133.41
17 600.9 163.84 657,.6 179,31
18 650.2 177.97 927,.5 263,92
19 742.8 203,55 1014.9 278.19
20 795,2 218,37 1455.6 399.71
Homogenised.

Number T for A T for Af T for A
1 200.1 202.4 196.3
2 139.3 139.1 138.2
3 137 .4 138.0 137.2
4 157.3 156.3 156 .6
5 193.2 193.1 192.8
6 242 .4 243,6 242.0
7 284.1 284,7 284.2
8 330.1 331.5 332 .6
9 46%7.8 468.5 465.0
10 560.9 558.2 564.,0
11 918.4 917.2 915.5

12 54,7 55,0 55,2
13 85,9 85,9 85.3
14 183.1 182.6 182.8
15 245.9 244.,5 244.,6
16 315.4 312.5 L, 3l1l.4
17 376.8 B375,9 L 374,50
18 913.3 915.0 911.6
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The unhomogenised series again gave irregular
curves, always having the same general shape, but with
the irregularities varying from curve to curve., The
homogenised series gave practically ldentical results
with those for series Aj.

These peculiar irregularities in the curve for the

unhomogenised emulsions have since been confirmed by

Parke and Larmour(45),
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(bp) MICROSCOPIC EXAMINATION.

In a search for some explanation of the phenomega
observed, the series was examined under the microscope,
using a dark ground illuminator. A very significant
distribution was disclosed on this examination.

In No.l (Plate I) of the unhomogenised series, the
globules were found to 5e of varying dimensions, ranging,
in some cases, from globules larger than the field of
the miceroscope, to globules which were extremely small,
There was also a relatively large amount of free contin-
uwous phase present, as was to be expected from the amount
of creaming shown by the emulsion. Consequently, the
globﬁles were free to move, at the slightest disturbance,
in all directions. The size of the globules decreased,
as far as could be Jjudged by the eye, fairly regularly
throughout the series, and became more uniform with in-
creased amount of emulsifier. The amount of free contin-
uous phase also decreased, and consequently the globules
became more closely packed.

in exsmination of Plate II, which is & photomicro-
graph of No.20 of the unhomogenised series, shows tha£

the globules were, on the average, as small as the smal-
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lest globules in No.l, and were comparatively tightly
packed.

No.l of the homogenised series closely resembled
No.20 of the unhomogenised series. The glqbules were
perhaps slightly more tightly packed, and more uniform
in size. Their average size was about the same,

In No.20 of the homogenised series, the globules
were so small that they could not be distinguished
under the microscope, and on dilution of the emulsion

with water, (the continuous phase), they sappeared only

as points of light.
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DISCUSSION.

When we attempt to explain the irregularities in
the viscosity curve of the ﬁnhomogenised series of
emilsions, three factors are to be noted, each of which
probably has some part in the producetion of the phen-
omenon. They are
(1) the varying sizes of the globules of disperse phase
(2) the large amount of free continuous phase
(3) the rapid snd extensive cresming conéequent on

(1) and (2).

Factors (1) and (2) tend to create the effect of
an unhomogeneous ligquid, which will not, of course,
give & constant viscosity. Fraetor (3), in a slightly
different way,'will also tend to produce the same effect.

That these three factors have at least some effect
-is borne out by the change produced by homogenisation.
Homogenisation, in the first place, will tend to remove
these irregularities., It will also serve to distribute
the emulsifier more evenly throughout the Qmulsion $han
any hand or mechanical method of shaking is capable of
doing, for it must be remembered that diffusion will not

take place in the same way &s in a homogeneous liquid.
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The drop in viscosity noticeable in the begin-
ning of the series of homogenised emulsions, whiech is
the only outstanding irregularity in the curve, is per-
haps due to the relatively small amount of emulsifier
present, by reason of which the emulsions must be less
stable than the higher members of the series.

This view is supported by the fact that the lower
menmbers of the series still tend to cream a little, in-
dicating that there is insufficient emulsifier present
to produce a stable emulsion which has the globules tight-
ly packed.

The large increase in viscosity noticed through-
out the higher members of the series is probably due in
part to the very tight pasking of the small globules,
and the small smount of free continuous phase, which
has a much smaller viscosity than the emulsion-formed
from it. Also, as there is probably excesz emulsifier
present in the higher members of the series, this excess,
whether it goes into solution in the continuous phase,
or coats the globules, will tend to increase the vis-
cosity, though the first of these two factors, the pack-
ing of the globules, is more probably the one with the

greater effect.
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CONCIUS ION.

While there is a general increase of viscosity in
unhomogenised ermulsions of the Benzene-Water-Sodium Oleate
type, with increase in amount of emulsifier, the increase
is very irregular. This irregularity is removed by means
of homogenisation, which also in general ingreases the
viscosity, and destroyé the tendency to cream, particul-
arly when there is more than a small amount of emuls-
ifier present.

These results lead one to lay stress on the neces-
sity for homogenisation of emulsions to standardise them,
before any investigation is made of the physical prop-
erties, such as viseosity. It would appear that, unless
the emulsions are homogenised, there can be no certainty
of repro&ucing the same conditions in two emulsions of
the same composition, no matter how much care is taken

to maintain uniformity in their preparation.
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PART 1V,

ACTION OF EMULSIFIERS, AND TYPE REVERSAL,



INTRODUCTION TO PART IV,

-

Following on the work on the relation of Viscosity
of Emulsions to the amount of Emulsifier present, it
was decided to attempt to elucidate the asetion of the
emulsifier,

It was found that a peculiar type of reversal could
be obtained under certain conditions, and the problems
raised by this were followed up. In this work, no one
line of approach to the problem could be taken up to the
neglect of others, amd many of the lines of approach which
appesared promising did not lead to any useful results.

The consequence of this is that the experimental
work could not be described in a connected fashion, and
so it is considered advisable to preface it by a brief

description of the several lines which were tried.

(78)



ISTRODUCTION TO EXPER IMEN TAL.

The whole of the work arose from the consideration
of the fact that it can be shown, by the action of
phenol phthalein in soap solution, that a soap soluble
in water, such as Sodium Oleate, is hydrolysed on the
addition of water. From this it follows that, when an
emulsion is formed with Sodium Oleate as emulsifier in
Water-Benzene, the Oleate is hydrolysed just as it is
in Water, and is presumably present as Sodium Hydroxide,

Oleiec Acid and Sodium Oleate, rather than as a simple

substance,
from the consideration that the partition coeffic-

ient of Oleic Acid between Benzene and Water is about
500:1, it was thought possible that the hydrolysis was
almost complete, and that therefore the state in such an
emulsion would be in the main, Water with dissolved

Sodium Hydroxide, and Benzene with dissolved Oleic Acid,
(a) NON-REACTING BINARY EMULSIFIERS.

It was thought possible, from the above consider-
ations, that substances with a high molecular weight, like

Oleic Acid, which were insoluble in Water, soluble in
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Benzene, and unlike Oleic Acid, did not react with Sod-
ium Hydroxide, might give emulsions in the system Benzene-
Water-Sodium Hydroxide, if the small amount of Sodiunm
Oleate which is probably present in an ordinary emulsion
is not essential to the formation of an emulsion. Ex-

periments in this line gave negative results.
(b) VARIATION OF ALKALI WITH STEARIC ACID.

The next line tried in the elucidation of the ac-
tion of the emulsifier was to make up & series of emul-
sions, each containing & fixed amount of fatty acid, but
with & varying amount of alkali, in order to see if the
point where the acid and alksli are present in equimol -
ecular amounts is the best emulsion of the series. It
should be noticed that a theoretically neutral emmlsion

always gives an alkaline reaction.

Since the figures for the solubility of Stearie Acid
in various organic liquids were available(5q), and the
same figures were not available for Oleic Acid, it was
decided to use Stearie Acid in the first instance, so that,

if the investigation was extended, liquids other than Ben-

zene could be employed.
It was found, however, that the emulsions given

with Stearie Acid were unsuitable.
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(e) VARIATION OF ALKALI WITH OLEIC ACID.

For this reason, Oleic Acid was again used, and the
amount of alkali was varied. An unexpected reversal of
type was noticed in the series, at a point where there
was a large excess of Oleic Acid over Sodium Hydroxide.

On further examination, there proved to be really a double

reversal.

(d) VARIATION OF FOUR CONSTITUENTS.

There are a number of factors which might cause
this reversal.
(1) It might be caused by the extremely small

amount of emulsifier present.

(2) It might at least be influenced by the fact
that there is a great excess of Benzene over Water,
Wwhen the smount of emulsifier is so small.

(3) It might be the result of the large excess of

Oleic Acid.
Since, accomding to the theory, there are Water,

Benzene, Oleic Acid and Sodium Hydroxide present, the
obvious method of determining whiech factor is at work was

to vary each 6f these constituents. Series E to I were

designed for this purpose.
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Apart from giving rough limits within which this
reversal occurs, these fariations in the constituents
are not very informative. It was decided, therefore,
that nothing further of value could be learned merely

by varying the amounts of the constituents.
(e) VARIATION OF METHOD OF PREPARATION.

The method of making up the emlsion was investig-

ated, and found to be effective when homogenisation did

not take place.

(f) SURFACE TENSION AND TYPE CHANGE.

Attention was now turned towards the relation of
surface tension to the type change.

It is known that soap lowerd the surface tension
of Water to a value very close to that for Benzene(5l).
In other words, the interfacial tension in an emulsion
is very low. If the only effect of Sodium Oleate in
an emulsion is to lower the interfacial tension, then
dny two immiscible liquids whose interfacial tension is
very‘low should give stable emulsions.

Binary mixtures with low interfacial tension were

examined.
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(g) BINARY MIXTURES WITH IOW INTERFACIAL TENSION.

From the results obtained from (f) it would seem
that the requisite conditions for the formation of an
emilsion are

(1) TLow interfacial temsion
(2) A third substance, not soluble in both phases,
to act as a coater of the globules.

Mn investigation of the action of various substances,
when added to binary mixtures with low interfacial ten-
sion, was undertaken with respect to the second of these

two conditions, but the results were indefinite.
(h) BENZENE-WATER WITH LOW INTERFACIAIL, TENSION.

Here the investigation in (g) was confined to Ben-
zene-Water mixtures, in which the interfacial tension
had been lowered by the addition of & small amount of

soap solution. Here, also, the results could not be

interpreted.

P L. L ]
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EXPER IMEN TAT .

(&) NON-REACTING BINARY EMULSIFIERS.

For the purpose of testing the first theory, re-
garding substances with a high molecular weight which
do not react with Sodium Hydroxide, higher alcohols were
used, those available being Benzoyl Alcohol, CgH5CH50H,
Fhenyl Ethyl Alcohol, CgHs5CH5CH5;0H, and Octyl Alcohol,
CgHyn OH,

Systems were made up containing

(1) b50cc. Benzene, 40cec. Water, 10ce. N/10 Sod-
ium Hydroxide (0.04 grs. Sodium Hydroxide.).

(2) b50ce. Benzene, 50ce, Water, the weight of
aleohol equivalent to 0.04 grs, Sodium Hydroxide.

(3) b50cc. Benzene, 40cc. Wéter, 10ce. N/10 Sod-
ium Hydroxide, the weight of alcohol equivalent to 0.04
grs. Sodium Hydroxide.

The third set of systems is, of course, the one

which should correspond to the proper emulsion.

It was found that nonme of the series fave an emils~
ion which remained stable for a minute, and there seems
.to be no regular relation between the stabilities of the

three series.
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(b) VARIATION OF ALKALI WITH STEARIC ACID.

For this investigation, & solution of Stearic Acid
in Benzene was made up, containing 56.8 grs. per litre
of benzene, This solution is of such a strength that
50¢ce. of it are equivalent to 1lOcec. N/1 NaOH.

A series, Series B, was made up as follows;-

Number Ces., Water Ces NaOH, N/1| Ces. Benzene Soln,
1 48 2 50
2 46 4 50
3 44 6 50
4 42 8 50
5 40 10 50
6 38 12 50
7 36 1z 50
8 34 16 50
9 32 18 50

10 30 20 50

In this series, No.5 contains equivalent amounts
of Sodium Hydroxide and Stearic Acid.

It was found that there was a‘grading of the emul-
- sions up to Noé, from which point an increasing amount
.of hard curd was formed, the soap evidently being salted
out by the excess of Sodium Hydroxide.

No.l broke slmost immediately. No.2 had & stabil-

ity of about half an hour. Nos. 3 and 4 were Very good

liquid emulsions. No.5 was a very good thick emulsion,

almost solid.
Since this series could not be homogenised on ac-

count of the curd, it was decided to abandon the work with

Stearic Acid, and to return to the use of Oleic Acid.
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(e¢) VARIATION OF ATLKALI WITH OLEIC ACID.

In the first Series made up with Oleic Acid, Ser-
ies C, the ratio 70:30 for disperse phase:continuous phase
was used, as it was just possible that the use of the 50:
950 ratio in the case of the Stearic Acid had had some ef-
fect on the amount of curd present.

A solution of Oleiec Acid in Benzene was made up
having 20,1685 grs, per litre. 70Ccs, of this solntion
are equivalent to S5c¢e. N/1 Sodium Hydroxide.

Series C.

Number Ces, Water Ces NaOH, N/1 Ccs Benzene Soln,
1 29 1 70
2 28 2 70
3 27 3 70
4 26 4 70
5 25 5 70
6 24 6 70
7 23 7 70
8 22 8 70
9 21 9 70

10 20 10 70

Here again, No.Db is the one containing equivalent
amounts of acid and alkali.

Nos., 2-10 seemed to be ordinary emulsions. From
No.B upwsrds, there was an increase in the amount of
creaming, and so in the amount of free agueous phase.

But No.l of the series, when tested both by the
drop dilution method, and electrically, proved to be a
Water-in-0il emulsion, which had been deduced by the
fact that it creamed to the bottom.
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Nos. 2-10, when tested for type, proved to be
normal 0il-in-Water emulsions.

The viscosities of the series were determined after
homogenisation, and although the graph obtained from
them (Fig. 33) is not very informative, &s the emulsions
seem to give very irregular viscosities in the earlier
part of the series (which is to be expected on the ap-
proach to & change of type), the graph would seem to show
that the point of greatest viscosity i€ not at the theor-
etically neutral point, but rather lower in the series,

The viscosity of No.l was not determined, as it was
of a different type, and also becsuse it creamed much

too quickly for an accurate determination.

Number Time Viscosity
2 676.5 184.7
3 572.4 156.3
4 680.9 185.9
5 259.6 70.9
6 220.0 60,1
7 208.1 56.8
8 199.4 54,8
9 180.5 49,3
10 166.5 45,5

It wss obvious that there must be some point of re-

versal between No.l and No.2, and so, to determine
where this took place, & mixture of 70ces. Benzene solution
and 29ces. Water was taken, and titrated at intervals of

0.lce. with N/1 Sodium Hydroxide, with testing between
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