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B. A. AEHRAR, FUOUBAH BAY COLLEGE, FREETHN

The behaviour of acotise, propionic and butyric acids
&t the solutien<vapour interface at 30'hes Been studied
systomaticelly. The surface tensions anc vapouxwpressures
of fourteen systoms were messured snd the Gibbs adsorption
equation used to calculate surfoce oxceamses, TV, vhilst
the emounts of the individual caomponents at the intorfece
vere calculated by well-known mothods. It ie assumed that
the thickness of tho cdsorbed phase is essentially monolayer
in charadter. The orionteotion of the acids at the
interface is assumed to be the 'parallel! one for adsorption
from benzenc, carbon tctrachloride emd cydlohexame and the
‘perpendicular' one for adsorption from e¢thyl alcohol ond
vater. Two footors, « affinity botween acid and solvent in
the bulk ond votc of loworing of surfocc tension of acid +
solvent mixtures by tho acids, have beon used to account for
the extent of acid adsorption at the interface.

in general sdsorption of acid inereasos with increesing
chain length, although for the syclohexane systems it
decreeses with increasing acid chain longth Fhe occurrance
of a mixed monolayer ad the interfzce is observed for all
the systems, and a vni-monoloyer of acid is formed only
£from the pure component.

Por the water systems it is possible for the adeorbed
layer to contain two water moleculos along the length of
the acid moleocule due to the much smaller size of tho water
molecule.

The present investigations have thrown further light




on adsorption behaviour at the solution<vapour interfade.

A conmplote umleratand:lng of adsorption phenomenon at the
interface; duvelving a reasoieble sssessnent of thickness of
thé adsorbed layer, composition and orientations at the
interface, etos, deponds on the particular systems involved,
on the properiies of the solutions, and on the intormolecular
interoctions possible both in bulk solution and at the
interfaco.
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CHAPTER 1.

GENERAL INTEODUCTION. .

Adsorption is an important phenomenon which occurs:

at interfaces. This term is used to describe the phenomenon

assocated with the existence of a higher concentration of
a substance at the sufface of a liquid or solid than is
present in the bulk phase. Studies on the structure of
the surface layer of solutions is an important topic in
this century and such studies are generally pursued by
indirect methods, which may inQolve the application of the
Gibbs ‘adsorption equation to surface tension and activity
data.

Adsorption from solutions may be studied at different

interfaces viz liquid-liguid, liquid-vapour and.liquid—
solid. Of these the first two are, in principle, the
simplest, because the use of pure substances gives a
homogeneous adsorbed phase. However, the majority of
workers have paid épecial attention to the last interface
and much less work has been reported on the first two

interfaces. In the present work the systems chosen consist

r.




of completely miscible binary liquids and an attempt
is made to study the nature and composition of the liquid-

vapour interface.

The surface energy of a pure liquid consisting of
one species of molecule tends to be minimised by £he
diminution of the total surface to the minimum possible,
and molecules leave the surface for the interior under the
action of inward attractive forces exerted on the surface
molecules. In the case of solutions of two or more
substances, the molecules which have the greater fields
of force tend to pass into the interior and those with
the smaller fields remain at or near the surface. As
a result of this tendency of the free energy of the surface
to decrease, a solute having a lewer surface tension will
tend to concentrate on the surface. This concentration of
one component of a solution at the surface is called
adsorption. If +there is an increase of concentration of
one component of a solution at the surface then the

adsorption is positive and in the case’ of a decrease in
t

concentration, the adsorption of that component is negative.



Qualitatively the rule for adéorption is that, if

the solution has a smaller surface tension than the
solvent, the solute is concentrated at the surface, and if
it has a larger surface tension, the solute is driven as

far as possible into the interior!

Gibbs deduced the quantitative relation between the
amount of adsorption and the change in surface tensionz.

The Gibbs adsorption equation may be writden in the form
I = -1l Y e (1)
2 - kT Jdlna,, :

Where [~ is excess concentration of the solute per square
cm. of surface as compared with that in the bulk of the
solution, Y is the surface tension éf the solution, QIiié
the activity of the solute, R is the gas constant and T
the absolute temperature. According to this equation, if
a solute causes a decrease in surface +tension of the
solvent, ;lL will be negative, and adsorption of the

Jdlna,
solute will be more at the surface. - Similarly if the solute

causes an increase in surface tension of the solvent, %%%E
2-

will be positive, and adéorption of the solute will be

le'ss at the surface, Different workers, for example
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Gurwitsch, Harkins & Wampler, Belton and XKipling have

used the above equation in the study of the liquid-vapour
interface and their re$ults agree, in general, with the

requirements of equation (1).

Harkins and Wample? used the form of Gibbs equation
which gives the surface excess as L . Guggenheim and Adag
pointed out that fi could be calculated according to
difierent conventions and the surface excess calculated
had corres pondingly different values. The surface excess
for unit area of surface denoted by [ is the excess of
the solute in the surface layer over the nuﬁber of moles
of solute in that part of'the bulk region containing the

same number of moles of solvent.

Surface tension values are necessary in order to be
able to célculate surface excess. According to the Gibbs
equation the surface tension change is responsible for the
change in the surface excess values. The second important

requirement for calculating surface excess is activity

data.

a—

In the present work the surface excess for some systems



have been determined with the help of suriface tension and
activity data, and the individual amounts of each of the

. 6
components at the interface are deduced by well-known methods.

The variation of acid adsorption with chain length and with

solvent is then discussed.




CHAPTER 2

Theoretical Approaches to the Subject.

The Surface Excess.

There are two concepts of adsorption as applied to
mixtures. The first, applied to adsorption from a mixture
of several components, is referred to as preferential or
selective adsorptio%, and the measured adsorption corresponds
to a surface excess. Tﬁis is -a measure of the extend to which
the bulk liquid is impoverished with respect to one compohent
as. the surface layer is correspondingly enriched. The
second is the itrue adsorption of an individual component,
and referg to the actual quantity of that component present

in the adsorbed phase.

Adsorption at the ligquid-vapour phase boundary is
considered to be mainly due +to physical forces and this
has been an implicit assumption in the theoretical treatment

of such systems. Solids, however, are known to adsorb

gases chemically, even at low temperatures, and both
R _




chemisorption and physical adsorption may occur in the
same s&stem in adsorption from solutions on to solid
surfaces?' For electrolytes which consists of iomns which
are bulky in size adsorption may be considered to be
governed essentially by Van der Waals' forces because the

ion is large in relation to the magnitude of its chargé.

The +thermodynamic treatment of adsorption began
effectively with the Gibb's equation which has been an
essential feature of the treatment of the liquid-vapour and
the liquid-liquid interfaces. Gibbs treatment compares
the actual system with a physically impossible system in
which two layers touch without any transitional layer.

Let us consider a solution with «Xand B as the upper and
lover phases to the transitional region. A normal to the
surface is moved round so as to enclose a volume of cross-—

section A perpendicular to the surface. The volume may(ﬁaﬁ)

T &- €

F’;'ﬂ F"j- '3



be finally defined by drawing surfaces P, Q_and P, Qk
parallel to the physical surfaecee Next ﬁe may consider
an idealized volume of the same length and cross-section
in which the two phases are separated not by an actual
physical surface but by a mathematical plane,(ﬁ,ql

i, . [~ may be regarded as the surface excesses of
components 1;2, essesesssssl, respectively, per unit area

s s s 5

Mgy Tge...ms (where my = Ajf) for the surface excesses

in the whole area A considered.

Now there is a difference in the amount of energy and
of entropy between the actual and the idealized system.
The excess of energy in the first over the second system
may be taken as Ei and +the excess of entropy "{ per
unit area E,-I—’]swhere é: AE.; . The energy of the system
may be expressed as a-sum of terms, each of which is the
product of a capacity factor and an intensity factor.
Taking entropy <v)} , volume V, area A and amounts of the
components m;, as the capacity facfors, and choosing tem-
peréture, pressure, surface tension and chemical potentials,

My A2y MDeeeeewoolly, 88 the intensity factors, the



increase in energy of the acfual system in any small
reversible change when in equiiibrium is given by <the
equation;

de = Tdn — (f(a(\/ [’,,qu. YAA 4 iy dom, 4 oo+ idm; @)
The increase of energy of each phase of the idealized

system, separately, is given as: )
0‘& T—o("l - P AV - A oL‘W', +A,_A‘"'n.+
Pﬂpld - AL, OI-MI +11L 0( ”'l. A+ - % -*«;JMIZ L["

TP GO €

2 TdN -
But by the definition of surface excess
< 8 -

é:é—ﬁ”e ’ - - - - @
[ ol [ ‘__.—-’(6)
n=m-m-" ., -
s p - - = D
m = m, - m. = MM

Subtracting equations (3) and (4) from (2), we have

) s s

d€ = Tdn + YdA + @, dm, + pydmgbt ——emev g dmy . - — - (8)
Since equation (8) is a homogeneous function of the first

degree it may be integrated +to
<

: 3, 4 A MY --- 19
E = la(."\"‘YA _‘_M'm,.t,k,_mb ¥ ¢ )
which is an operatlon correspondlno physically to a finite
increase of area without change of composition..

Differentiating equation (9), one obtains
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S 5 S5 _
LE = TAN + AL T+ VAR +ALY 4t oty myclits-wt Midmg s mitit; o)
and comparing (10) with (8) we have
S . s

AdY = -madT - mdp, - «..ocnnn - mi dyg, (11)
For unit area of surface,

AT =mgdl - [ A= eeeens = dmg . (12)
Equation (12) is the general form of the Gibbs relation
between surface tension, temperature, surface excesses,
and chemical potentials for a system of any number of
components. At constant temperature and for systems of
two components equation (12) becomes

aY= - [ dn -Ldny, — - = (13)
If the mathematical plane between the'ntwo phases is fixed
3939 the surface excess of component 1 vanishes and we
geb avy= -fC Yawn, = . - - (14)

If the activity coefficient of second component is f, and

its mole fraction N2 then

dY: - RT ’Tl‘) d}.lz . - - = (15)

i
But Ri = n{ +RT log, f; Ny ; - - - (16)
hence dy = -rTrr'a log N , - - (7)

or E:_"’= - ay

RT d In £5M, - - (18)
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—o_ _ _£,N, Y .

If component 2 is volatile and its vapour pressure

or

obeys the perfect gas loaws with sufficient exactness, the

partial pressure in the vapour being Py

O P, Y ;
= - RT SN,

For ideal solutions, with activity coefficient unity,

- - - - - (20)

equation (19) becomes

:N a')/ U
‘ 2 ’
= > - - - - 2‘
l}_ - _.RT_. __.Nz_.. ( /1)

For dilute and ideal solutions where the concentration

I3

C2 is proportional to mole fraction and f,= 1 (227
' c. 27
T——-—Q)________g,__..__,__-(z_z.)
= RY 2€C.

guggenheim and Adam have discussed various alternative
defimbtooms of [— , made by fixing the mathematical
surface of an idealized system in different ;ags The
different conventions considered are discussed below.

Convention (1) Gibbs choice of fixing the mathematical

surface so that [ vanishes, means that a portion of the
ligui e . - : r—(V

igquid containing unit area of surface contains /; moles

of each species more than a portion in the interior which
contains exactly the same number of molecules of species 1.

This may be called convention 1. .The value of the
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?orresponding to this convention will be specified as
% o . — - — = (23) -
Similarly if we define [ as the excess number of
moles of the species i1 in a portion of liquid with unit
surface area over a portion in the interior containing

exactly the same number of moles of the species. 2, then

the notation used is [ %) and is referred as convention 2.
2 o . - - - —- (24)
f2
A general and precise fowm the Gibbs equation is
-aYy = oﬁ"‘i“};’T&LM‘— - T 7 (25)
and for a two component mixture;
_. — 4 &
-dY =L ap+ ldap, - — - - - (26)
vhence, from the Gibbs -~ Duhem equation
——Da~ .
x'dﬂ1 + %,d }‘12 =0 — — -~ - (27)
we have d~v = [,"_"_l—e_(,i‘:.l—.__l,_ A My - - = (28)
w,
. I)‘c’(ift'r?(x. —_ I %Xy - T (29)
A].SO )(:(i‘/ - I_:—K_l o rl/ 7('1_ - - - - (30)
!
Vhere Hrd¥_ has the significance of

O( ’“I . et et i o v
surface excess.

Now keeping in view the convention 1 we have for a two
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component mixture

T — — -
or | [N [G?n.-l‘.“x),j,--.'(n)
Thus Y= +J-,2,—)5§%%’ —  —  (33)
« r’-w=‘R(11f1"‘—1‘rEz- — ~-.-(34)

Convention N For comparison of different interfaces this

convention is probably the most useful . E__—uois the
excess of component i in the surface layer of unit area
compared with the amount present in the quantity of bulk
liguid which contains the same total number of moles of all

species. Thus for a two component mixture we have

T WJ:E—__)C,LC'Y'|—+C>-—~ (35)

°r = @ = T3 w, — W %+ — — - (36)
]———(I"- 24

or 5 v) = %2{3{(‘ , . _ (37)

or , ) % . A | . (38)
1'2__ — 0 , R —_

" o ) = *.%J__%{. — ", T_:_—(.‘) _ - (39)

Vhere 7 is the surface tension of solution, a, is the
activity of component 2 and X is the mole fraction of

component 1.
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v
Confention M

Here [[— is defined as the number of moles of the species
i in a portion of the ligquid contained in unit area of the
surface more than in a portion in the interier of exactly

the same mass. Thus for a two component mixture:

- +thom
P I T )
Ky M""—)t"-—ML_-
or v Qv‘):' %L,_ (XJT—-—KLL—')’ - — 7 (41)
where Mi a,nd'l\'i2 are the moleculer weights of component

1 and 2, respectively, and M is the mean molecular weight

of the solution. Then
w, ., Ly
M Rydhaay (42)

Convention V

Here [ 1is denoted as the number of moles of the
species i_in a portion of the liguid contained in unit
area of ssurface more than in a portion in the interior of

exactly the same volume. Thus for a two component mixture:
—(v) v, XV
L = T Fdimar, T (43)

where V, and V are the partial molar volume of component 1

and the mean partial molar volume of the solution, fespect—

ively. The relationship between the surface excesses
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calculated according to the different conventions isgiven

belows

— ' o | -
—_ - W 4] _V W . (44
It is only with convention V that the geometrical surface
coincides with the physicai boﬁndary of the liquid.:

- Nature 8f the adsorbed layer.

Once the surface exceés has been calculated it is’
possible to get the actual surface concentfations for
each component. In the present work convention N has been
used to calculate the surface excess as it is the most
- useful convention for the comparison of différeﬁt interfaces..

T ™) is represented by the equation (39). For a liquid-

10

solid interface the surface excess is given by the equation
No AKX S ' y

=== = N, HKr— MK, . — — — (45)

Where m is the weight of adsorbent brought into contact
with Mg moles of liguid. £ X respresents the change in
mole fraction of the liquid with respect to component 1,

s s
ny and nq are +the number of moles of component 1 and 2

respectively, transferred onto the surface of unit weight
’ the :
of solid, x4 and x, refer to/equilibrium mole fractions
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of components 1 and 2, respectively, in the ligquid phase.
The surface concentration in the liguid-vapour interface

: s .
corresponds to the terms nﬁ and n5 of equation (45)

and the surface excess to the term MNe£LX . Por comparison

of the liquid-vapour and liquid-solid interfaces, we can

write —/‘;_"{N) = W '”_l—g_éj_c : - — — (46)

Vhere 8 is the specific surface area of the solid.
The surface concentration for each component, when
surface layer is assumed to be one molecule thick, can be

obtained by solving the equation (36) and the following

equatiog: _
=3 4+ r—? .
e |~ G == == (e

where(ﬁ——vhand U:—vaame the number of moles of
components 1 and 2, respectively, to form a complete
monolayer. ﬁ—"é and (—* are the total number of
moles of components 1 andzorespectively, present in the
adsorbed layer per unit area of surface. The first two
quantities can be calculated from the area occupied by
each molecule, assuming a d@finite orientation at the

interface.
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Proposals have also been made to calculate the actual
concentration of each component at the interface from 17?@?

13
Bartell and Banner used the equation

Z. = r:Qj+ ViV L - (48)

mV ’

where Z, is the number of molecules of solute (compdnent 2)
present in 1 sq.cm. of interface, V, is the molar volume

of the solute, m its molar area; NQ its mole fraction

in the solution and V the molar volume of the solute.

In order that Z, may be obtained by using this, an estimate
must be made of the molecular area of the solute at the
interface, but this procedure is not identical to the one
based on the N convention in which molecular areas of

both components is considered. 1In principle, when the
values of f——(q)are used it would seem.desirable to
estimate Z, and Z, if the results are to be as satisfactory

~) .
as those based on the f:—( convention.

Althoﬁgh there has been some controversy concerning
the thickness of the adsorbed layer at the liquid-solid
interface, it seems generally to have been assumed that

the adsorbed phase at the liquid-vapour interface is confined
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to the thickness of one molecule. This, as Guggenheim
and Adam pointed ouz is the simplest assumption to be
made. The general assumption appears to be accepted
mainly because it gives results compatible with the

values of = derived from Gibbs equation.

- Systems like water + methyl alcohol and water +
ethanol have been studilg and +the adsorbate has been
shown to be 6onfined to a monolayer. Here the analysis
depended on the choice of suitable molecular areas for
the two components, for wa{er, 10 sq.A, and for ethanol, 18.4
sq.A, which corresponds to the orientation with the major
axis of the molecule perpendicular to the surface and the
~0H group pointing towards the solution. For methyl alcohol

”,

the molecular area was taken as 16.Zﬁuﬁ.

Schofield and Rideals' treatme:lz for dilute solutions
is another justification for the monolayer hypothesis.
They defined a quantity F ;
P= b - - — = (49)
where \2 is the surface tension of the pure solvent and Y

is that of soiution, and found that a number of data
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fitted the equation

F(A-B) =KIX.— — — — —  (50)
Where A is the area available to each solute molecule in
the surface layer, B the minimum area which each solute
molecule can occupy, k is the Boltzmann constant and +
is a measure of molecular cohesion. Application of this
equation to data obtained by Szyszkows&i showed that
n-butyric , n-valeric and n-caproic acids have the same

molecular orientation with an area close to that expected

for formation of a complete monolayer.

The solubility. of butyric acid in (polar) watfr has
been reported by Harkilz as due to the polar -Cz;él;ufi
or carboxyl group and its solubility in (Non polar)"
benzene due to the non-polar C Hy-CH, -CHy-  or alkyl
group. At the interface however each end of the molecule
can be in that phase in which it is most soluble, that is,
" the carboxyl éroup will dissolve-iﬁ water and the hydrocarbon
chain in the benzene if the interface between water and

benzene is considered. Thus the solubility of butyric acid

should be greater at the interface than in either phase,
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and that this is true is indicated by the fact that this
acid greatly decreases the interfacial tension in such

a system.

At the interface bebween two pufe liguids the molecules
arée oriented in such a way that their like parts come togeth-
er in conformity with the gemneral principle. ﬁence at
interfaces between organic liquids and water for example
the organic radical sets towards the organic liguid.

If the Aolvent is polar, as water, then solutes will, in
general, be positively adsorbed at the surface if they
are less polar than water, and the least polar end of
the molecules will be turned away from the water.

Solutes more polar than water are negatively adsorbed.

The variation of the surface tensions of relatively
concentrated aqueous solutions of soluble fatty acids
with concentration can be represented by an equation of
the form proposed by B. SzYszkows&§

Y c
7 =1_X1n—\7. — I —_— —

where Y and ¥ are the surface tensions of solution of

(51)

concentration ¢ and of pure water, respectively, and X
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and Y are constants; X is a constant for a series of fatty
acids containing from two to six carbon atoms, but Y
decreases with increasing length of the hydrocarbon chain.
If equation (51) is differentiated vith respect to 1n c,

it follows that

R
X

Tl = X .~ (52)
_ AV o .
If this value of [ "~ is substituted in the approximate

form of the Gibbs equation, in which concentrations

replace activities, it is seen that

o= =Y . = - - (53)

Since X is the same for a series of fatty acids and ‘WC is
constant, it is evident that in the fairly concentrated
solutions considered, the excess of fatty acid at the air-
solution interface becomes constant and independent of the
nature of the acid. Such a result is best explained by
supposing that the material adsorbed at the interface

forms a single layer of molecules, and that as the concen-

tration of fatty acid in the budk phase increases the
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‘amount adsorbed increases until a complete unimolecular

layer is formed..

Orientation of the molecules at an interface is of
great importance in interpretating surface excess data.
Thus , if a molecule is highly unsymmetrical, the orienta-
tion which it adopts may considerably alter the number of
molecules which can occupy unit area of surface and hence
the magnitude of T2 .

Surface Tension. The fundemental property of liquid surfaces

is that they tend to contract to the smallest possible
area. This téﬁdency is shown in the spherical form of
small drops of liquid, in the tension exerted by soap films
as they tend to become less extended, and in many other
properties of liquia surfaces. DMolecules possess size and
shape, and they are free to move relative ‘o one another,
in.liguids they are kept close to each other by the
cohesional forces between them.

In the interior of a liquid each molecule is surround-
ed by other molecules on every side; it is therefore,

subject to. attraction in all directions. At the surface,
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howvever, conditions are entirely different. The molecules
at the surface are attracted inwards and sideways by their
neighbours, but there is no outward attraction +to balance
the inward pull. Hence every surface molecule is subject
to a strong inward attraction perpendicular to the surface.
This inward attraction causes the surface to diminish in area
because the surface molecules are continuously moving
inwvards more rapidly than others move outwards to take
their places; the number of molecules in the surface is
therefore continually diminishing and the contraction of
the surface continues uﬁtil the mazXimum possible number of
molecules are in the interior, i.e. until the surface is
the smallest possible for a given valume, subject to the
external conditions 8r forces acting on the curved surface.
The fact that a liguid surface contracts spontaneously
shows that there is free energy associated with it, that
work must be done to extend the surface. This free energy
in the surface is of fundamental importance; a vast
number of problems relating to the equilibrium 8f surfaces

can be solved without knowing more +than the magnitude of
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this free energy. In the solution of such problems

it is often possible to substitute for the surface free
energy a hypothetical tension, acting in all directions
barallel to the surface, equal to the free surface energy.
This is what is generally known as the surface tension.

Such a surface tension has, of course the same dimensions

°

as surface energy (-%%%gé) , and it must have the same
numerical magnitude. The work done in «wextending a
surface which is pulling with a tension Y dynes per cm.
by one sq. cm. will be A ergs per sg.cm. and hence the
free energy of such a surface will be Y ergs per sq. cm.
Surface tension is simply defined as the force in dynes

acting on the surface at right angles to any line of one

cm. length.

The innumerable methlds that have been described for
the measurement of surface tension can be classified into
six main groups; (a) direct measurement of capillary pull
(b) capiilary rise (c) bubble pressure (d) size of drops
(e) shape of drops or bubbles (f)dynamic methods. The

differential capillary rise method is one of the most conve-




-nient and quite accurate absolute methods and is the one

used in this work.

The elementary theory of capillary rise equates the
upwvard pull of surface tension, 2747 (r is internal
radius of the capillary tube and.'Y‘= surface tension)
vith the weight of column of liquid, Trhdg , wvhere d is
the density of liquid. Hence for two tubes

r,hy = r,h, _ _ - - (54)
and the difference of level, Ah (= h, - h2) y is given
by:

she T[] - - - 69
For greater accuracy the Poissi»n-Relylelji formula can be
used to allow for the weight of ligquid contained in the
meniscus . This correction is equivalent to the addition
pf a small height to the capillary rise, “h . The
effective height H is given by
2 Y =h+%— ——u-lz.S'sf% +a-;311.f:?_. . — _ - (56)

I‘dg 1N
For tubes having r smaller than 0.2 mm. the last two terms

are quite negligible, and even for tubes up to r = 1mm. the

last term can be neglected if an accuracy of 0.1% is
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sufficient.

When these corrections are applied to the differential

apparatus, the two capillary rises are given by

1
_ 2 L, _ %, , I
Hi = fgg- =h o+ 3-0a299 - — - (57)
Hp m = ’L\L+—§-—0-'1ﬁ—&§ - )

The differential height lﬁﬂbis therefore given by the equation

1
AR - —?;2—;:/—(7'1’, ) s 3@-t) meoma B2 (s9)
Activity. The departure from ideal behaviour of a solution
may be represented in terms of a property knoﬁn as
aétivity. The concept of activity is equally applicable
to soiutions of electrolytes and non-electrolytes. The
total free energy change for the transfer of one mole of

4

solvent from one solution to another solution (of the same

solvent and solute but of different concentration) is

8

given by the equation
AR . p"
F = RT In -57 . _ - - (60)
Where p' is the vapour pressure for one solution at which
the solution and its vapours are in equilibrium, p" is the

vapour pressure for a second solution at which it is in

equilibrium with its vapours.
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If ' represents the actual free energy of one mole
n2 g .
of solvent in one solution and F  the value in the other /

solution, then since the laﬁér solution gains one mole /
while tﬁe former loses one mole, the free energy increase
AF is equal to F-F and (60) can be written as

" F'— P'= RT In —%; - - —~ - (61)
If both solutions behave ideally, the vapour pressure will
be proportional to the mole fraction of the solvent in
the particular solution, and hence for ideal solution,
equation (61) becomes

/4

F'-F =BT In% ,- — — — (62)
where f,xf are mole fractions of the solvent in the two
solutions.

For non-ideal solutions this result is not applicable
but the actiVity of the solvent, represented by a, is

defined in such a way that the free energy of transfer of

one mole of solvent from one solution to the other is given

by
“ p -

- I =RTIn£—L—
a

b

- (63)

7 —_— —_— —_—

This means that the activity is a property for real.solutions
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that takes the place of the mole #action for an ideal
solution, in the free energy equation. Equation (63)

does not define the actual or absolute activity but rather
~the ratio of activities of tﬁe;particular sﬁbstances in two
solutions. In order to be able to express activities
numerically, it is convenient to choose for each constituent
of the solution a reference state or standard state in which
the activity is arbitrarily taken as unity and equation

(63) becomes

/

F - F = RT fna. _ . (64)

If the mOI%F concentration or molarity of the sojute is c
moles per iitre, it is possible to express the activity a
by the relationship a = fc or f = %? ) — —- (65)
where £ is known as activity coefficient of the solute.

Upon inserting this into equation (64) we get the expression

" ’
F - F = RT Enfec —_ - = - (66)

vhich is applicable to ideal and non—idéal solutions.
Several methods have been devised for the determination

of acbtivities. In the present work these are evaluated

from vapour pressure data. The comparison of equation (66)
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with (63) shows that the activity of the solvent in a
solution must be proportional to the vapour pressure of the
solvent over the given solution. So a = —%o wvhere p is
the vapour pressure of solution and P is of pure solvent

at a given temperature; but this relation gives and

approximate values of activity.

Martire, Pecsok and Purnell have used the following
relation for calculating the acﬂiﬁity coefficients of
some solvents at different mole fractions and here a
similar relation was used for calculating the activities
of the solvents%

Inf, = In (—f—"r—,) - [(3"""“),2(22' pTl] L (en)

Vhere f,= Activity coefficient of solvent.

P = Partial vapour pressure for solvent.

X,= Mole fraction of solvent in the liquid phase.

Ef: Vapour pressure of pure solvent.

V' = Molar volume of solvent at ¥emp. T®°K .
P, = Total vapour pressure of the system.
T = Temperature in °K.

R = Gas constant.
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B, = Second virial coefficientof solvent.
Using this method one can calculate the coefficients of
activity for the solvenlts but a more convenient
proceduré for a not so volatile component, e.g. the solute
is to calculate fhe activity using another method, but
making use of the activity of the solvent cobtained from
vapour pressure data. Thus the chemical potential of any
component i in a liquid solution is given by

,«,'=,-t+ RT fnp; = - -~ — - = (68)
wvhere pj is the vapour pressure of the component in the
vapour in equilibrium with the solution, M is a constant
at a fixed temperature and pressure. For non-ideal
solutions pg in the above equation must be replaced by

«d; the activity of the component, 1.

Since the chemical potential is a partial molal
quantity, it follows that on combining (68) with a form of
Gibbs-Duhem relatidn ny.-dpg + nyd py = 0 - - (69)
we. have N dna s ndlnaz= o .—. - (70)
wvhere nq & né are numbers of moles of solvent and solute

respectively. But for a solution, % +% = 1
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or dx,+ dX = o so that (71)
X, "f.’f.' +x‘_0(*!- = o , _ —_— —_ - (72)
' xKa

where x denotes mole fraction . Hence

Kldlen x"(' x\, dl\‘\?(-‘ - o . _— = e— = (73)
Subtracting (73) from (70)

nddn D s ddn e =0 . - o (T4

On re-arranging and integrating equation (74) between n,
and infinite dilution we have

N
' ) Ay -
/(‘Y\ % - - g v"vn_c'['éyl >y (75)
I ol-

or R .{L :—LM 1‘_,7"_;(_,!;“{,_ _ _ — (w6)
In the present work the activities of solutes were
calculated by using the equation (76) . The area under the
curve of —)_%\—‘L against ’ev--f‘betwee.n the limits T‘\—i\_:acand

that corresponding to a given concentration gives the

value of Inf2 .
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 CHAFPTER 3

Surface Excess at the Liocuid-Vapour Interface:

s

Historical Deveélopments..

It is a well-known principle in thermodynamics, that
any process ‘tends to occur spentaneeusly, if it is
accompanied by a decrease in free energy. If therefore
the addition of butyric acid to water lowers the surface
tension or free surface energy, it is to be expected that
the acid will spontaneously diffuse into the interior
region from the body of the liquid in order to bring about:
as great a reduction in free energy as possible. In
general, a concentration of any.component in the interface
region should be smaller or greater than in the adjacent
phases according as an increase in concentration of the
component increases or decreases the free interfacial
energy. These two possibilities can be referred to as
negative and positive adsorption respectively. This
thermodynamic consequence was first recognised and

quantitatively formulated by J.¥.Gibbs in 1876 in the form
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of the differential equation

Y =T DA, — T Yue o Ty sy - - (‘77)

wvhere Y is the free interfacial energy, Jq Ap e Mn

are the chemical potentials of various components in the
phases on both sides of the imterface. Vhile — T, ;nﬁ:
are the number of grams of these components that must

be added to the system to maintain the corresponding
potentials constant when the interface is increased by
icm?', temperature, pressure, and any other variables being
constant. For two component systems the folioving

equation was reported by Gibbs which has béen of great

help to different workers:

_ 1 ay -
L™= - =% ama; 0~ — - 39
where R is the excess surface concentration of solute,

as already defined.

Harkins and Wample% determined the activity values
for solutions of n-butyl alcohol and water:by the use of
a specially designed apparatus for the determination

of the lowering of the freezing poinéﬁ They used the
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following Gibbs equation for the calculation of the
1 a4y
BT ~ "dipa / - — -~ ~ (78)

adsorption: u =

where the value of adsorption (u) gives the number of
moles of solute which must be added to the whole sulution
in order to keep the activity of the solute constant

when thg area of the surface of the solution is increased
by one sq. cm. They concluded that the film of alcohol
on its agueous solutions was monomolecular and that the

area per molecule of alcohol in the film was 23.7A. To

—

I in the

obtain the total number of moles of solute
surface layer, they added to the surface excess the number
.of moles of solute which would be present in unit area of
surface if |7 Ywere zero. This latter term was estimated,
for 10%, of surface, as the two-thirds power of the number
of moles present in 1 ml. of solution.

Butler2" did not agree with the assumptions of Harkins
and Wampler. He pointed out that the number of moles of

solvent in unit area of surface can be calculated from

the following equation:

S w
I R ® r——S
= — - _.r._.l' , , ~ _ _ C_]q)
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where x, and X, are the respective mole fractions of the

solute and the solvent in the bulk phase. ET'5is the

number of moles of sblgte per unit area of surface.
Butler and Wightm;ﬁ have discussed the thickness

of the adsorbed layer of ethyl alcohol + water syste%ﬁ

They gave the following relations between the Gibbs

adsorption (surface excess) and the total number of

molecules present at the surface: AY,+PA Y =1 -
— i (A _ .M -
R~ = A, A Y, - - &

where Nq and N, are the molar fractions in the bulk of

the solution of the two components, Ay and A, are the
superficial areas of the two components, %ﬁ_ is the maximum
number of molecules of component 2 which can be present

in unit area,‘vl and \§L represent the number of molecules
‘of components 1 and 2 respectively per sq.cm. of the

surface layer. They concluded that the observed adsorptions
are inconsiétent with fhe hypothesis that only a single
layer of molecules at the surface differs in composition

from the bulk of the solution.



Guggenheim and Adam in discussing the thermodynamics

of adsorption at the surface of solution;i stated that
"the Gibbs adsorption equation was deduced &ith the aid
of a pérticular choice of +the position of a mathematical
;surface; such that the surface excess of one of the com-
ponents varied; They examined the form taken by the
Geﬁeral Gibbs equation when other conventions relating
to the position of the dividing surface were chosen. The
quantitative relations between the values of the surface
excess of each comppnent, obtained by the use of wvarious
- conventions'were thus established. .They took the water +
ethyl alcohol system as an‘example and calculated the
surface excess according to convention N,

. Bgltog'calculated the adsorption at the surface of
some binary liquid mixtures with the help of surface
tension and activity data. In the case of the system

benzene + acetic acid he reported that the adsorbtion

w

of benzene increased with increasing benzene concentration

in the liquid phase, reached a miximum and then fell to

‘zero after which acid was adsorbed preferentially. But



33

in the case of the system benzeme + carbon disulphide he
reported that Qenzene wvas preferentially adsorbed throughout,
and a maximum was rapidly attained after which the adsorption
fell to very low value. In the benzene + carbon tetrachloride
system the latter component was adsorbed, at first in increasing
amount with increasing carbon tetrachloride content; no maximum
vas however observed and &% the adsorption tended to a steady

value.

Schay, Nagy and Szekrenyesy studied the adsorption

equilibzium of liquid mixtures on solid/liquid and liquid/gas

interface%gﬁﬁi The sugstems chosen were AcOH 4 C;Hgand AcOH +

C,H;+ charced. The adsorption at the liquid - vapour interface
by surface tension determinations by the drop-weight medhod, and
the adsorption on the solid surfaces was determined by
concentration changes occuning in the liquid phase. Going

from one type of interface to the other they noted a reversal

in the surface excess values and postulated that for such a
reversal to occur the free energies of the pure components must

be small and the mixtures must deviate from ideal behaviour.

23
Comnford, Kipling and Wright have applied a method of
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an analysis to.sohe systems in estimating the thickness

of the adsorbed phase at the liquid-solid and liquid-
vapour interfaées. They considered the date. calculated
by Guggenheim and Adam for ethyl alcohol + water mixtures
#t-2§ and have suggested that the adsorption was confined

to approximately one molecular layer, in contrast to

~

. . . el
earlier suggestions that it was more complex.

Kipling has made much contribution in the figé2d of -
adsorption. Although much of his work has been on solid-
liquid interface yet his work on the other interfaces is
of coﬁﬁiderabléﬁimportance? He examined the surface
composition of aqueous solutions of some alcohols. For
surface excess he preferred the use of the convention
denotéd as [ Vwhich is the numBer.of-moles of component 2
in unit area of the surface in excess of the number present
in that part of the bulk phase which contgins the same total
number of moles of solute plus solvent. From f:f"’values he
calculated IT—S and F:—s(the total number of moles of solute

and solvent respectively present in unit area of the surface)

by the use of the following equations:
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~ - $ —
v i .11.. 2w, — S7“-1 - "‘ -— (36)
P '
e T T = - W

He reported that the values of =’ caleculated from " for

butyle alcohol and water system agreed closely with those

calculated on slightly a more approximate basis from l:"q)

The individual isotherms for different systems were
bresented and he reported that the complete monolayer of
alcohol was formed only from the pure components. The
isotherms were similar for the first three alcohols
and for the higher alcohols, such as n-amyl alcohol and
n-hexyl alcohél, the curves were similar to that of butyl

alcohol.,

Kipling cancluded that the surface layer did not tend
to form a complete monolayer of butyl alcohol molecules
but approximated to a 1/1 ratio of alcohol and water
molecules at the higher relative concentration. - This
result was contrary to the one put forward by Harkins and
Wampler? who concluded that the surface layer tended to a
complete monolaYer'of butyl alcohol (the molecules being
oriented with the major axis parallel to the surface) as

the concentrations tended to the miscibility limit. The
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molecular area used was 10 sq. A for water and 18.4 sq. A
for the alcohols with the exception of metihyl alcohol for

wvhich a value of 16 sq. A was used.

Trapeznikov and Ogarev 24 have studied monolayers of
higher secondary alcohols (Cnto C,7) at water—air interface
at 20. They concluded that all alcohols formed liquid
expanded monolayers except CH;(CH) CHOH-CH,which formed

a condensed layer.

Rusanov and Levichev has applied the concept of
"finite thickness layer" to derive equations for the
calculation of surface tension isotherms and composition
of surface layers from the data on vapour-liquid equilibrium.
They found that in the hexane + ethyl alcohol and hexane +
acetone systems the concept of a unimolecular surface layer

25

was invalid over a certain bulk concentration range.

Rusanov, Levichev and Tyushin studied the composition

24

of the surface layer in the binary system n-hexane + acetone.
The surface tension measurements were done by the maximum

bubble pressure mefhod, and vapour pressure data were obtained
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at 25. The regular composite isotherm, which was in

agreement with {the conditions of thermodynamic stability,
was obtained when a di - or tri-molecular layer was
considered. They also reported that the thickness of the

layer increased with temperature.

Martire, Pecsok and Purnell measured the surface
tension and activity coefficients of highly dilute solutions.
of a volétile solute in a involatile solvent? The date
which were for the region of zero concentration were used
in the Gibbs adsorption isotherm to compute surface excesses
at the liquid-vapour interface. The general equation derived

for the monolayer mole fraction of the solute is given below:

— AI %’y R_U) 'f;_'KL
=7 %, W (A, - A,)H

Vhere i,and Kbare the areas per mole of the constituents and

-~ - (82)

aLrepresents the monolayer mole fraction of the solute.

Aveyard has measured the surface tension at 20°C for
binary n-alkane mixtures (6+16, T+16, 8+16, 10+16, 6+14,
10+1i,and 6+12)where the numbers refer to the numbers of

carbon atoms in the chain). He tested the applicability of
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some surface tension equations to these date and found a good
agreement between experiment and theory on the assumption that

the alkanes lie flat at the surface. He calculated the

adsorptiéﬂ for the above systems at the solution/vapour, solution/
water and solution/Graphon interfaces, at 20°C. and tested the
Gibbs equation on the assumption that the adsorbed layer was one
molecule thick and that the alkane molecules on average lie flat

at the liquid/vapour interface?’

The surface excess plots for octane + hexadecane mixtures
at the three interfaces showed that octane was preferehtiaily
adsorbed at the solution-vapour interface; at the solution-water
interface it was still preferentially adsorbed although to a much
sm#ller extent. -At the Eolution—Graphon surface, however,
hexadecane was reported to be strongly adsorbed.

Present Work. The work in this thesis is concerned with a

systematic study of the behaviour of three monocarboxylic acids
at the solution-vapour interface at 30°C. Vith this aim in view
the surface tension and the vapour pressure (total as well as

partial) of fourteen systems have been experimentally determined
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at various concentrations.

The surface excess /7" and the amounts of the individual
components at the interfacé have been calculated from the
surfaee tension and activity data. The system: chosen consisted
of three solutes (acetic acid, propionic acid and butyric acid)
and five solvents (bengene, carbon tetrachloride, cyclohexane,
ethyl alcohol and wvater). The surface excess has been calculated
by the use of Gibbs equation (39} in which convention N is
involved. olY anddmyyvere determined from graphs drawn for surface
tension vs 1ln a,,

The individual amounts of the components were calculated with
the use of eguation (36) and (47). The use of equation (47)
implies, of course, that the adsorbed layer is confined
essentially to a uni-molecular layer. This is the simplest
assumption to make, but if such an assumption were not valid for
a particular system, this would show up in the individual
isotherms so calculated. It should be pointed out, however, that
models involving a multimolecular adsorbed layer may also be

consistent with the surface excess obtained for the systems.
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The adsorption isotherms have been drawn for all
the systems. The behaviour of each acid at the interface
when mixed with different solveats and the behaviour of
each solvent when mixed with the three acids, separately,

are discussed.
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PURIFICATION OF THE CHEMICALS.

Acetic acid of AnalaR grade wvas refluxed for two
hours wiath 2% chromium tri-oxide and then distilled.
Then the theoretical amount of acetic anhydride was
added to the middle fraction and the mixture was refluxed
for one hour and fréctionated. The fraction collected at
118°C was then crystallized to remove further impurities.
The acid used had np = 1.3717 (cf. previous value of

1.3716)28

Propionic acid of 'Technical'! grade was first dried
over anhydrous sodium sulphate and then fractionally
distilled. The middle fraction was collected in the range
139-141°C and refractionated over potassium permanganate.
The fraction coldected at 140.5 had np = 1.3864 (cf.

previous value of 1.3865)%9

n-Butyric acid was fractionally distilled and the

fraction collected at 163°C had n, = 1.3981 (cf. previous
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30
value of 1.39796).

Bengene of AnalaR grade waé dried over phosphoric
oxide and fractionally distilled. The fraction collected
at SO'b was further purified by fractional crystallisation.
The purified benzene had ﬁB = 1.5010 (cf. previous value of

31
1.5011)%

Carbon tetrachloride of AnalaR grade was fractionally

distilled over phosphoric oxide and the fraction collected

. 32

S -
at 76.8 had np = 1.,4602 (cf. previous velue of 1,4604 and

1.4603)3>

Ethyllalcohol of AnalaB grade was purified by
dissolviﬁg some sodium in it and then refluxing it after
the addition of ethyl succinate (about 25 gms./lit.). It
was then fractionally distilled and the fraction collected
at 78°C had ﬁg = 1.3613 (cf. previous value of 1.3614)?O

The sampie of water used was redistilled laboratory
distilled water ﬁith refractive index 55 = 1.3330 (cf.

34
previous value of 1.3330).
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Cyclohexane of‘technicaf'grade supplied by the
B.D.H. was dried over P, Oyand fractionally distilled.
It was then fractionally crystallized. The refractive
index of cyclohexane used had dj = 1.4263 (cf. ﬁ?evious

value of 1.4262)%5
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CHAPTER 5

MEASUREMENT OF SURFACE TENSION.

Surface tension was measured by the capillary rise
method whiéh is considered to be a most accurate absolute
method. Volatility of some of the solvents was another
factor which supported the use of this method during the
presént wofk. The folloﬁing two difficulties were avoided
by the use 'of two capillary tubes of difference diameters.

1. The necessity of having a very wide surface

of liguid for the lower level if it is to be
measured plane, and the consequent need for
much liquid.

2. The assoéiated experimental difficulty of
accurately measuring the level of a wide surface
of liquid.

A standard all—glasé differential capillary rise
apparatus was used. Two capilléry tubes of the apparatus
used'had internal diameters Af 0.156 cm. and 0,065 cm.
respectively;

The apparatus was thoroughly cleaned with chromit
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acid, then with water, and finally with benzene. It was
dried in an oven at 100°C. A sufficient amount of the
solution, whose surface tension was to be measured, was

poured into the reservoir bulb of the apparatus, and the
J.-"'

~Solution was sucked up and pushed down several times by

means of suctién Pubber bulbs to wet the inside of fhe
capillary tubes. fhe apparatus was then placecéd in a
thermostat at 3090,-(Piate 4), and allowed to attain
equilibrium. The heights of the liquid levels in the
capillary tubes were measured by means of a cathetometer.
The procedure was repeated for thesame solution as & check.
The difference between the levels of liguids in both the
éapillary tubes was then used. in the equation (59) for the
calculation of surface tension. The density of the
solution was measured before the measurement of surface
tension; for this a dried and weighed density bottle was
used. The apparatus was again cleaned with chromic acid
anﬁ then with water and lastly with benzene and dried, and
the p;ocedure repeated for other concentrations of the

solution.






- CHAPTER 6

MEASUREMENT OF VAPOQUR PRESSURE.

Half of the present experimental work consists of the

50

measurement of total and partial vapour pressures of various

systenis for various concentrations at 30°C. Thus the method

put forward by Rosanoff and his collaborators was adopted

e d ) 36
for the measurement of vapour pressures.

The apparatus, figure 1, consisted of a mercury
manometer M and a main side tube to which the wvacuum pump
wvas connected. The temperature of this tube was kept just
above 30 C by the use of an electrically controlled air
thermostat. The bigger bulb A containing the original
solution was connected to the side tube through E. The
contents of bulb A were stirred by the use of a magnefic

stirrer. The small bulb B was connected to the main side

tube through D. The working of the manometer was controlled

by the use of glass stoppers F,G and H. The bulb K serves

the purpose of a vapour trap.

Procedure. About 40 cc. of the mixture was transferred to the
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bigger bulb A4, and the solution was solidified with the
liquid oxjgen in a flask. The system was evacuated by
opening the tap E and then the solution was allowed to melt
(after closing E) to remove air from the solution. Each
solution was solidified, evacuated to 10— hm_ and melted
four to five times until completely free of dissolved air.

During these evacuations F was kept closed. Finally
tap E is closed, F, G and-H opened, and the whole system
thoroughly evacuated.

The solution, after the final evacuation, was stirred
and heated at a constant temperature of 30°C. Then taps
C and G are closed and tap E opened. The solution-vapour
system was allowed to come to equilibrium in the whole
apparatus, with tap G closed and taps F and H opened. The
difference of height of the mercury column was taken as the
vapour pressure. The solution with vapour was frozemn in
applying a colant around bulb A, end the procedure repeated
three to four times until the vapour pressure was constant.

The second stage of the experiment was to determine

the concentration of vapour in equilibrium with the solution
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in bulb 4 at 30°C in order to be able to calculate the
partial pressures. This was done by distilling fractions
into the small evacuated bulbs at B which were always kept
cold by the use of liquid oxygen. In this way from 5 to 10 cc.
of each distilled fraction was collected in each of the four

small bulbs,

At the end of the experiment the total vapour pressure
of the solution left in A was again measured at the same
temperaflre. After this the four small bulbs were weighed
and the concentrations of the five individual fractions were
determined by measuring their réfractive indices and comparing
them with a refractive index-composition curve for the particu-
lar system. Extrapol;tion to zero weighet of fraction

distilled over gave the composition of vapour in equilibrium

with solution in bulb A.




CHAPTER 7

RESULTS,

In this chapter all the results, observed as well as
calculated, have been reported. The main results include the

followings~

1~ Vapour-pressures of all the systems;
2~ Activity coefficients of the components;|;

3

Activity coefficients of the components, 2;

4~ Surface tensions and surface excesses;

U
{

Monoleyer values and Individual isothernms;

[e))
[

The fractions of the surface covered by the three acids in
different systems at different concentrations of acid in the

liguid phasee.
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IABLE I,

Vapour-Pressure of acetic acid + benzene system,

Mole fraction Total Partial Pressure Partial Pressure

of acid in bulk Pressure of acid of benzene..
0.0 1175 mm "0 ¢ Omm 1175 mm
0153 108,0 5.0 103.5
0,26 96.0 9.5 864
OJih 85.0 12.0 72,0
0.46 82,0 i 1245 68.0
0.70 62,0 16.5 45.0
0.89 42,0 19.0 25.0
0.93 36.0 195 1540
0.99 23.0 19.8 2.5
1,00 20,0 20,0 0.0

TABLE 2.

Vapour-Pressure of acetic acid + carbon tetracnloride system.

Mole fraction Total Partial Pressure Partial Pressure
of acid Pressure of acid of CG«(A.
0.0 139.5 mm 0.0 mm 139,5 mm
0415 4128.0 5.0 123,0
0.30 112.0 9.0 103,0
0653 95.0 13.5 86,0
0.64 85.0 1545 71.0
0.67 80.0 16.14— 69.5
0.99 24,0 20.5 2.0

1.00 20.0 20.0 ' 0.0
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TABLE 3

Vapour-Pressure of acetic acid + cyclohexane system,

HJFe of acid Total Pressure P.P. of acid P.,P. of cycl.
in liquid phase

0 4121 .0 mm

0.0 121 .0 mm 0
| 0.26. 117.0 12.0 140.0
0.38 113.0 14.0 102,0
049 110,0 16.0 96,0
0.62 106.0 17.5 86.0
0.83 93.0 1845 72.0
0.95 70,0 19.0 . 54,0
0.99 22,0 19,0 3,0
1 .00 20,0 20,0 0.0
TABLE 4.

Vapour-Pressure of acetic acid + ethyl alcohol system.

M.F, of acid Total Pressure P,P, of acid P.P, of alecohol
0.0 . 78.0 mm 0.0 ™™ 78.0 mm
0.2 66.0 3¢5 61 .5
0.3 60,0 55 54,0
0.38 56.0 645 48.5
049 49.5 2.0 40.0
0.56 45,0 10.5 33.0
0.6k . 40,0 1340 280
0.78 30.0 15.0 17.0
0.90 25,0 18,0 Te5

20.0 0.0

1,00 20.0
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TABIE 5,

Vapour-Pressure of acetic acid + water system.

M.F, of acid Total Pressure P.P, of acid P,P. of water
0.0 315 mm 0.0 mn 31 «5 mm
0.08 . 3140 145 29.0
0.22 . 29.0 4.0 24.0
034 28.0 ' 7.0 19.0
0.52 . 25.0 10.0 15.0
0.60 2345 1240 1245
0.70 23.0 1440 ' 9.0
0.80 22.0 1640 - 640
0.90 21.0 18.0 340
1.00 20.0 20.0 . 0.0

TABLE 6.

Vapour-Pressure of propionic acid + benzene system.

M.F, of acid Total Pressure . P.P._of acid P.P, of benzene
0.0 117.5 mm 0.0 mm 117.5 mm
0.08 110.0 . 1.0 108.0
0.20 96.0 . 145 93.0
0.35 82.0 2.0 78.0
001{-5 7400 2.0 70.0
0.6 56.0 2.5 51.0
0.86 24,0 3¢5 18.0
0.98 6.0 4.0 2.0

100 4.0 4.0 0.0
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TABLE 7.

Vapour-Pressure of propionic acid + carbon tetrachloride system.

M.Fo. of acid 'otal Pressure P.P. of acid P.P. of 00347
0.0 4139.5 mm 0.0 mm 139.5 mm
0.12 127.0 1.0 123.0
0.25 142.0 1.5 107.0
0.38 95.0 1.5 89.0
0.55 78.0 2,0 72,0
0.70 53.0 245 5.0
0.90 20.0 2.5 2L4.0
1,00 L.0 4.0 0.0

TABLE 8.
Vapour-Pressure of propionic acid + cydlohexane system.

M.F., of acid Total Pressure P,P. of acid P.,P. of cycl.
0.0 121 .O mmn 0.0. mm 121 .0 mm
012 115.0 140 113.0
0.24 112.0 2.0 108.0
0036 106.0 3.0 1@1 0
0.54 930U ' 3¢5 87.0
0066 ° 84.0 3-5 72.0
0.84 60.0 4.0 40.0
0.96 . 28.0 4.0 10.0
1 .00 * lf-.o )+.O 0.0
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TABLE 9.

Vapour-Pressure of propionic acid + ethyl alcohol system.

MR af acid Total Pressure P,P. of acid P,P, of ethanol

0.0 78.0 mm ' 0.0 mm 78.0 mm
0615 _ 6745 165 6645

.. 030 570 2.0 5545
0445 46.0 245 3140
0.72 25.0 3.0 22.0
0.90 ' 11.0 345 8.0
0.96 7.0 4.0 3.0 |
1.00 L’"o . zl'.o ’ 0.0 ’

TABLE 4104

Vapour-Pressure of propionic acid + water system,

M.JF, of acid Total Pressure P,P, of aecid P,P, of water
000 31 05 mm 0.0 mm : 31 .5 mm
0.06 3040 1.0 29.0
0.12 2805 . 1 05 27.5
0.2 26.0 2.0 2L.0
0.40 23.0 245 - 21.0
0.60 17.0 3¢5 15.0
0.80 12.0 3¢5 75
0.90 95 4.0 5.0
1 .OO 4.0 : l|-.0 0.0
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‘TABLE 41, 59

Vepour-Pressure of butyric acid + benzene system,

M.FP. of acid ‘Total Pressure P,P. of eacid P,P. of benzene
0.00 ’ 11705 mm 0.00 mm : 11 705 mm
0.33 84..0- 0.80 . 80.0
O.Lp5 66.0 . 1 000 ) 62 .0
0.60 50,0 1 .00 : 16,0
0.72 34,0 1.30 30,0
0.93 ' 10.0 2.00 8.0

“PABIE 12,

Vapour-Pressure of butyric acid + carbon tetrachloride system.

M.F, .of acid Total pressure PP, of acid P.P, of ccfl
0.00 139.5 mn 0.0 mm 13945 mm
0.2 127.0 0.5 125,.,0
0424 110.0 0.6 107.0
0.36 9.0 0.8 v - 90.0
0.5k . 68.0 1.0 6400
0066 52.0 1 05‘ l|-800
0.78 3540 148 32.0
0.90 - 18.0 2.0 14..0

1.00 2.0 2.0 0.0
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TABLE 43,

Vapour-Pressure of butyric acid + cyclohexeane system.

M.F. of acid Total Pressure P,P, of acid P.P. of cycle
0.00 121 .O mm Ooo bt 1 21 .0 mm
0.2 . 115.0 0.5 113.0
00224- : 107.0 0.8 1OZI--O
0.36 99.0 1.0 96,0
0.48 89.0 1¢3 86.0
0.60 770 1.6 1360
0.72 63.0 2.0 60.0
0.8, 42,0 263 38.0
0.96 14..0 2.5 1140
1 .00 2.0 2.0 0.0 e

TABLE .14,
) [
Vapour-Pressure &f butyric acid + water system.

M.F. of acid Total Pressure P.P. of acid P.P. of water,
0,00 M5 mm 0,0 ™™ 21 o0 mm
0.06 3045 0.5 30.0
0,09 30.0 140 29.0
0.18 29.0 1.5 27.5
0.30 26.5 1.8 25.0
0.54 20,0 2.0 18,0

"0.72 14.5 2.3 115
0,90 75 245 bo5
1.00 2.0 2.0 0.0
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YABLE 15,

Activity coefficient of benzene in acetic acid + benzene system,

In £l =

In (p, /x'8) — (B%) ($op)
RT

Ch

B, = =1.360 litre mole 1

[° = 0,08994 litre mole =%

P = 147.5 mm.

F o= BV (3B = 0.058 (3-p)

RT

M.F, of Total P, a._ﬁ.m P log P, in P, _mﬂbq -4 1ln f, log f©, | £,

benzene x.m press. p_ i x.~ Huu...ulnm Hu._...mw.mdSOmwme..Ho
0.07 36 15,0 8422 1482  0.261 0,601 0.107 0.006 0.607 0.263 1.835
0.11 L2 21 .8 12,92 1.69 0.228 0.524 0,099 0,006 0,531 0.230 4,70
0.30 62 L5.2  -35.25 <281 0,108 0,250 0,073 0,004 0.254 0.110 1,29
0.54 84 %9 6345 o165 0.066 04153 0,044 0,003 0,155 0,067 1,16
0.72 9% 87.0 8,60 .028 0,009 0,021 0,028 0,002 0,022 0.010 1,03
0.87 108 4103,7 102,2 015 0,006 0,014 0,012 0,00t 0,015 0.007 1.015




TABLE 40

Activity coefiicient of carbon tetrachloride in acetic acid + CC ‘p. system.

B, = =1.540 litre/mole

¢ = 0,0977 litre/mole

P° = 439.5 am .
¢ = -0.0658 Q.lw_,v

w%.m.u.. m.. 12) Hw xw P log p, In p Hu.”l._\ - in i log I, T,

v EE; 2

0,40 46 27 13,95 1493 0.287 0,660 0.123 0,0081 0.6684 0.290 41.950
0,22 70 53 30.70 173 0.237 0.546 0.0H 0.0060 0.5523 0.240 1.738
0.40 92 79 55.80 1642 0151 0.348" 0,063 0,0041 00,3518 04153 1422
0,60 109 400 83.70 1619 0,077 0.178 0,040 0.0026 0,1809 0,079 1.197
0.76 422 114 106,02 1,07 0.0 0.073 0.023% 0,015 0,0740 0,032 1.076
OeH 4133 129 126.95 102 0.028 0,020 0.008 0.0005 0,0200 " 0,009

1.019
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TABLE 1.

Activity coefificient of cyclohexane in acetic acid + cyclohexane system.

By = =1.575 litre/mole
! = 0,109 litre/mole
HUM.. = 129 om BB..
& = -0.0677 (5-g)
x.» D, w_ ] x.p B, log b, “_bIF H.,._lm_. T.p Hnm_ log f f.
v @ e ¢ o \»
.U. N. Hu. uﬁ m un.
0.10 86 66 12415 5.43  0.735 14692 0.048  0.0032  1.6955 0.7362 5.4k
0.22 98 78 26,73 2:92 0.465 1,07 0,031  0.,0021 -1.0729 ,5660 2.92
0,40 408 89 48,6 1.83 0,262 0.605 0.018 0,0012 0.6060 00,2630 1 .83
0.52 412 96  63.2 1.52 0.8 0.418 0.012 0,0008 0.,4187 0,818 1,52
0.70 147 106 85.0 1.24 0,095 0.220 0,006 - 0,0004 00,2203 0,0956 1.24
0,90 4123 117 1,07 0,039 0.067 0.002 0.,0001 0.0674 0,0290 14.07

1094




Activity coefiicient of

TABLE 48,

ethanol in acetic acid + ethanol system.

B, = =-2.920 litre/mole
V' =  0.059 litre/mole
P, = 78.0mm |
&. = =0,00197 AHU._ = wqu

xl P p D D log p In p-p ~b In i log t T

i T 13 { i ] . [} T ] ) L

ﬁ._x p° x L P x

040 26  7.95 7.8 1.019 0.008 99? 0.0684 0,0008 00,0192  0.,0083 1,020
0.22 33 47440 17.2 1,014 0.006 0,01 38 0.0592 " 0.,0007 0.,0145  0,0063 1.015
0.0 43  31.50 3.2 1,009 0,00k 0.0096 0.0460 0.,0055 0.0100  0.0044 4.010
0,60 55 47.10 46,8 1,006 0.003 0,0062 0.0302 0,004  0.,0066  0,0030 1,007
0.76 64 59,50 59.3 1 4004 0,002 0.,0036 0,018, 0,0002 0,00%% 0,017 1.004
0.90 70,2  1.0014 0,001 0,001 4 0.0079 0.0015  0,0006.

72 70,30

0.0001

1,002
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TABLE 419,

Activity coefticient of water in acetic acid + water system.

B, = =0.630 litre/mole

V' =  0.0181 litre/mole

w” = u\_ om Mne

. . ]

g = 0,02605 ( p -.cﬂv

& & N . g - re) o o
x R P, - P X, P log p, In_ p, vp-p £ In f, log £ f

! ! 0. Q v v % J ¢

pix, ox! P'x,

010 21,0  3.25 3018 1,022 0.0094 0.0216 . 0.142 0,0004 00,0220 0,0095 1,022
320 23.0 9.70 %.54 140168 0.0070 0.0161 0.0116 0,0003 0.,0164 0,001 . 1.016
0.40 24,5 25.8 12.72 1.0001 0,004 0.01 " 0.0096 0,0002 0,010 0,004 1.010
0.50 25.5 16.0  15.9 1.,0063  0.,0025  0.0057 0.0083 0,0002 0.0059 0,0026 4,006
0.70 28.0 22.3 22.2 1 .0040 0.0017 0.0039 0.0o.mo 0,001 0.0040 0,017 1.004

0.90 30,5 28.7 28.6 1..0028 0.0011 0,0025 0,007 0,0001 0,0025 0,0011 1,002
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TABLE 20,

Activity coefticient of benzene in propionic acid + benzene system.

/

- 360 Hw.mu.m\so...wm

0.10

0,0022

B, =
v, = 0.,0899 litre/mole
mﬁu - ..—n_l\..m oim
o ...l40 ol _ Y
§ = mm_@_. p) = 0,058, (p - p)
x‘o P, P ..mx.b P, log p, 1n p, w..ul. o -£ In f log £

ik T
0.02 6 3.2 2.35 1,37 0.173 0400 0,147  0,0085 0.407  0.4766  1.382
0k 24 20,5 1645 1425 0.096 0.220 0.123  0.0072 0.227  0.0985  1.255
10,39 54 52.4 45.82 1.k 0.058 0.133 0.085  0,0049 0.138  0.0600  1.148
0.65 80 78.6 76.37 1403 0.013° 0,029 0.049 0,0029 0,032 0.0138  1.033
0.79 96 945 92.82  1.02 0.007 0.017 0.028 0,006 . 0,019 0,0083 1,020
0,92 110 109 -108.33  1.005 0,002 0.005 0.0006 0,005 1 4006
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TABLE 24,

Activity coefiicient of carbon dmdum05H0HM@m in propionic acid + CCl, system.

B, =1.540 litre/mole

VY’ = 0,0977 litre/mole

P, = 139.5 mm.

# = 0.0658 (5 - p)

xt P, P 5 %! ngp, legyp Inp p-p - Inf lef 9
»r px'.  gx B |

0.0 3 25  13.% 1.792 0.253  0,5828 . 06143 0,009 0,592 0.257 1.807

0,22 48 L3 30.69 1401 0,146 0,337 0,120 0.,0079 0,345 04450 1443

040 70 65  55.80 10165 0066 04517 0,09 0,0060 0,158 0,068 1,169

0,60 93 89 83,70 14063 0,026- 0.0640 0,061 0.0040 0.065 0,028 1.067

0,76 113 . 109 106 1,033 0,014 0,032  0.0348 070023 0.03h 0,015 1,035

0.9 130 128 127 1,006 0,007 0,005  0.0125 0,0008 0.016 0.007 1.016
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TABLE 22,

>o%u..<w+‘% coefficient oi' cyclohexane in propionic acid + cyclohexane system.

B, = 14575 ‘litre/mole

V, = 0.409 litre/mole

P =121.5 mo

$ -0.0677 (5 - p)

%' P~ P mx_..\ log p "1n 1 muw -4 in f, log T, f

s ) . ! \ ) 5 \
ﬁa mmﬂ.ns w.”lu.n\

0.10 42 2L 1215 1,990 0.2989 0.593 0.1 046 0.007 0,600 0.2664 14905

0,28 77 63 34,02 1,853 0.2678 0,529 0.,0580 0.007 0,587 0.2550 1.850

0,40 90 80 48,60  1.647 0.246 0,503 0.0i1 . 0.003 0,506 0.2197 1.66
0.52 99 92 63418 14456 0.163 o.u..\.w 0.029 0,002 0,379 01647 1 o461
0,70 108 104 85.05 16222 0,087 0.201 0.018 0.000 0,202 0.6879 1224

O0eH 118 146 110,56 1,049 0,024 0.024 0.048 0.0003 0,048  0,0209  4.049

E )
(RS
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TABLE 2

Activity coefiicient of ethanol in propionic acid + ethanol sysitem,

w.._ = =2,920 litre/mole
¥ = 0.059 litre/mole
P’ = 78.0 mm
g =-0.01197 ( B - )

T
1 0.0 . © . .
X P ? P x P log p Inp P=-D -4 In £, log f f
! 1 1 t o L s o i r ._

£ x! g % ox’

0140  14.5  B.00  7.80 1,026  0.140 0.0251  0.0875  0.0010 0.0261 0,013 1,027

0.22 29,0 17.5 1716 1.020 0.,0086 0,198 0.9750 0.,0009 0,0210 0,0090 1,021
0.40 340 3.6 .20 1.13 0.0055 0.0n27 0.0579 - 0.,0007 0,0130 0,0058 1.014
0.60 495  4Te2 46.80 1.009 0.,0042 0,0097 0.0375 0.,0005 0,101 0,0044 44010
0,76 610 59.3 - 59460 1,005 0,0023 0.,0053 0.0223 0.,00C5:. 0,0055 .o.OON.P 1,006
0. 72,0 T a4 70.98 1,016 0,0006 0.0015 0.0079 0,000, 0,0016 0,0007 4,002
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TABLE 2L,

Activity coefficient of water in propionic acid + water system.

B, = =0.630 litre/mole
Vi = 0,018 litre/mole
m. = 3,8 mm.
g = 0,02605 ( u.... m.\v
w_s P, P, m_u.n.ﬁ B log b, Inp, Hu\ol p, A In f  log f, £

| ¥x! gFx P!
0.40 11 4e5 348 4,405 0,507  0.34,70  0.0274  0.0007 0.3477 0.4510 1.416
0.20 14 7ol 6.36 1.163 0.0656 041514 0.0234  0,0006 0,1516 0,0658 1.164
0.40 20s5 13475 1247 1,084 0.0335 0.07M 0.0148 0,0004 0,775 0.,0336 4,084
0.60 23.5 1975 1964 1.035 0.0149 0.0343 0,0109 0,0003 .0.,0346 00,0150 1,035
0,758  26.5 24425 23.8 41,0068 0.0070  0.0164 0,0070  0,0002 0,163 0.0011 1,016
0. 30,0 29.10 28.9 1.0055 0,0023 0,0023 0,000 0,0053 0,0023 4,006

0.0053

V]




™

Activity coefiicients of benzene in butyric acid + benzene system,

- 360 litre/mole

B, =
Vi = 0,0899 litre/mole
B =117.5 mm.
@ =BV (5-p) =0.0583 (5,- p)

RT
N\ P P, m x_n P, log p_ .._blw.r wwl P, -£ In'f, log ﬁ £,

1 wcx.~ H....um~ w. u.n

0,05 7 5.5 5¢3 * 414040 0,017 0.039  0.445 0,0085 0.,0476 0.0192 1,049
0.29 36  35.3 Al 14035 0,045 0,034 0,407 0.0062 0,0440 0,178 4,040
0.5 66 647 63.4 1,019 0,008 0,018 ~ 0,067 0,0039 0,0226 0.0098 4,023
0.68 82  80.8 79.9 41.0114 0,005 0,014 0.046 0,0027 0.0135 0,0058 4.014
0.79 9%  93.5 92,8 41.008 0,003 0,007 0,030 0,017 0,004 0,0039 14,009
0. 108 107.5. 1074 0,001 0.,0007 0,0032 0,001L4 1 .003

1.003

0,002

0,012
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TABLE 26,

Activity coefficient of carbon fetrachloride in butric acid + o.nE.q system,

w: = 4,540 litre per mole

V, = 0.0977 litre per mole

P, = 139.5 mm.

g = 0.06% (g-p). :

x p p Bx - » ep W p p-p # Inf logf f

. Hv.q un\h. we umh Hv.e un.« R L. .
0.10 48 4.5 13.95 1.039 0.017 0.0387 0,160 0.0105 0.049 0,021 1,051
0.22 35 3.6 30,69 1,026  0.044 0.0255 04137 0.0090 0,034 0,015 1.035
0.40 60 57.0 55.80 1.021 0,009 0.0212  0.104 0.0069 0,028 0,012 1.023
0.60 88 85.0 83,70 4.015 0,006 0,152  0.068,  0.0044 0,0196 0,008 1,020
0.76 110  107.5 106,0 1.041  0.005 0.0113  0.039 040025 0,0140 0,006 1.01L
0.H 127.8 126.9  1.007 O 0.0080 0,012 0.0070 0,004 12009

130

0,003

0,0008




Activity coefficient of cyclohexane

TABLE 27

in butric acid + cydohexane system,

B, = 1,575 1litre/mole

V, = 0.1094 litre/mole

wq = 121.5 mm,

# = =0.0677 (5-p)

% » » E¥ 3§ lgpn Imp p- < Inf logf ¢
p'xt rx P, %

0.40 29 22 12415 1.810  0,2577 0,610 0.122 0,008 0.768 0.3337 1.830

0.22 54 Lk 28,73 1.641  0.2464  0.498 0,088 0,006 0,504 0,2189 1.655

0.0 77 [ UB.6 1,522 0.1820 0.420 0,058 . 0,00k 0.42h 0,48,0 4,528

0.52 89 86 63,2 1.370 041360 0314  0.043 0,003 0,0317 041370 4.373

0.7C 103  410f.:  85.4 1487 0,07 0.171 0,024  0.002 0,72 0.07%  1.187

0.9 116 145 140,5 1,040  0.017  0.038 0,007 0,005 0,040 0.047  4.040




&

Activity coefficient of water in wc@ﬁ..o acid + water system.

“PABIE 28,

B, = =0,630 litre/mole
vV’ = 0,018 litre/mold
Hu.o = 34 .8 mm. '
# = 0.02605 (g - p)
x.« P, D, ws,x,m . R logp, 1o p P - 1 -3 In f, logf f

“ P X’ gx!  px
040  Te5  heT5 3448 149 0742 04012 0,0320 0,0008  0.4020 . 0745 1.495
0.20 12,0 B.50  6.36 1.336  0.4260  0,2897  0.,0260 0,0007 0.2903 0.4260 1.337
0.40 18.5 16.0 ° 12,72 1.258 0.0993  0.2287  0.0175 0,000k  0,22H - 0.0995 1.258 '
0.60 24,0 22,5 19.08  1.479 0,046  0.4648 0,010k 0,0003 0.4650 OO747 14179
0.75 27.0 26,0 23.85 41.090  0.,037% 0,086  0,0063 0.0002 0.0863 0,0374 144090
0,91 30,0 29,5 28,9  1.019  0.0081  0.0186 0,002k 0.00% 0.0187 0.,0081 1.019




TABLE 2 2 o

Activity coefiicients of acid in acetic acid + benzene system.

U.Fe of M.F. of x, In 1, X In f log f, f,act.

1 1 +
acid x, benz.x, x. at x, . coef't't,
0413 0.87 . 669 0.04 0.4 9.0 0,41 0,05  1.116
0.28 0.72 . 2.57 0.03 0.2 4.0 0.7 0.07 14185
06 0,54 1447 045 0.3 2.3  0.25 0411 14286
0.70 0030 002{-3 0025 OQLI- 1 l5 0.37 001 6 1 oLI-LI-?
0.89 Deat1 . 0412 0.53 0.5 1.0, 05 0.9 1.568
[ 10.93 ' 0007 0007 0.66 007 00!4- 0057 0024 1 .765
0095 0005 0.05 0.70 0.9 0.11 0960 0027 1 .866
' “TABLE 30,
hetivity coeeffts, of acid in acetic acid + carbon tet. system.
M.Fs of M.F, of x, in £, X, X, In f\ log f"_ f,_act.
acid X, CC1}+ X, S!"L at x, X, )

0.09 0eH 10441 0,02 04 9.0 0.3 0.13 14367
0.24 0.76 3446 0,07 0.2 44,0 0.5 0.22 1.593
0.40 0,60 1,50 048 0 1.5 0.80 0.35 2.236
0,60 0.0 0,66 0.35 0.5- 4.0 0.88 0.38. 2.430
0,78 0.22 0.28 0.55 0.7 Ou 1,07 0olt7 2,900
0.90 0.10 0414 066 0.9 0.4 132 0.57 34750




Activity coeffts. of acid in acetic acid +cyclohexane system,

M{F of W.F. of x, 1Inf . Inf_  logf_ f_
acid x cycle. x - at x, .
2 -3
0.0 0,90 9,00 0,067 9.0 0.6 0,278 1.89
0.30. 0.70 2,30 0.220 L0 148 0512 1.25
048 0,52 1.08 0.8 2,33 1.38 0.600 3,98
0.60 040  0.66 0.605 1.0 1,73 0,751 5.60
0.78  0.22  0.28 0.999 0.4 1,90 0.825 6.68
0.90 0,40 041 O.6H 0.4 1499 0.862  7.32
TABLE;

Activity coet'fts. of acid in acetic acid + ethanol system,

M.F. of M.F. of x, In £ x, Inf logf £
acid x, eth. x, at x, X

0.10 0.90 9.0 0,002 9.0 0.020 0,007 1,016
0e24 0,76 341 0,004 4.0 0,025 0.011 1,026
0,40 0,60 1.5 0,007 2.3 0,03 0,013 0,03
0.60 0.40 0.6 0,010 1.0 0,035 0.015 1.037
0.78 0.22 0.3 0,045 0.4 0,040 0,017 1.0
0090 0010 001 00019 001 0.01(-2 000‘8

1.042




TABLE 33.
Activity coefi'ts. of acid in acetic acid + water system,

WFe of MJF, of x In £ X x, Infy log‘fz | £y

- 13 -

acid x, water x, X, at x, X

0.032 0,014 1.033
0.039 0.017 1.042
0,041 0.018  1.043

040 0,90 9.00 0,003 0
0
3
.0 OOOLI-E’ 00022 1 00[}-6
A
1

0.1
0.30 0.70 2.33 0,004 0,2
0.50 0.50 1,00 . 0,006 0.3
0.60 0.40 0.66 0,000 0.5
0.70 0.30 0.42 0,016 0.7
0.90 0.10 0441 0,022 0.9

0,051 0.022 1,052

TABLE 34.
Activity coeffts. of acid in propionic acid + benzene system,

M., of M.F. of

iog f2 £
acid x_ benz.x,

In f, x, X Inf

L. at x, 2

w !
[

Ml

D24 0.79 3,76 0,020 0.2 4.0 0.4 0,063 145
0.35 0.65 1.85 0,032 0.3 2.3 0017 0.076 1.9
0.61 . 0.39 . 0.6l 0,38 0.5 1.0 0.24 0,104  1.27
0.86 Outl 0.16 0,268 0.7. 0.4 0.29 0126 1434
0,98 0,02 0.02 0,408 0,9 04 0.3 . 0435 1.36




TABLE 35,

78

hetivity coeffts. of acid in propionic acid + carbon tet. system.

L'I.F. Of M-.Fo of 2_{. ].n fl xL 2-{' 11’1 fz 10g f2 f2

acid X, Cc4 1%, o at x XL
0.09 0 1061 0.M6 0.1, 9.0 04k 0,06 1445
0.24 0.76 3046 0,035 0.2 40 . 0419 0.08 124
0.40 0.60 1.50 0,065 0.3 2.3 0.27 = 0Ou11 131
0.60 0,40 0.66 0,457 05 1.0 0.35 0.15 142
0.78 0.22 0.28 0,340 0.7 Ok Oudidy 0.19 1..55
0.90 0.10 0.14 0.59 0.9 0d Do 0.22 1466

TABLE 36,

Activity coeffts. of acid in propionic -acid + cyclohexane system.

M.F. of M.Foof x Inf, x, x, Inf, logf, £y

acid x,_ cyc. X, X at x, X,
0,09 0.9 104411 0,048 04 9.0 0.64  0.26  1.85
0.30 0.70 2633 0,203 0.2 4.0 0.99 0.47 2.98
0.l|-8 0-52 1 .08 00399 003 2.3 1 a26 0055 3.5&-
0.60 0.40 . 0.66 0,537 0,5 1.0 1.54 0.67 1,68
0072 - 028 0039 0.7’{-0 0.7 0.4 4 070 0073 50#3
0.90 0410 040 1,440 0.9 0.1 1.76 0.76. 5.8,




"‘TABLE .

Activity coeffts. of acid in propionic acid +ethanol system.

79

M.F, of M.F, of x, In f, | x, X in f2 log 5 ' f‘2

acid x N eth. x xp et x, X '
0.09  0.% 10441 0,001 04 9.0 0.0 0,00k 1.010
0.24 0.76 3416 0,002 0.2 4.0 0.5 0,007 1.020
0.40 0.60 150 0,004 0.3 2.3 0.025 0.000 1,025
0.78 0.22 0.28 0,009 0.7 O 0.029 0013 1.030
0,90 0.10 0.44 0,011 0.9 0 0.030 0013 1.0M

TABLE 38,

Activity coeffts. of acid in propionic acid + water system.

M., of M.F. of X, 1n P, x X, In f5 log fp £

acid x, water x, X, atx, X
0.09 O« 10.11 0,005 0.1 9.0 0.104 0.04 1011
0025 O|75 3.00 0.04 6 0.2 1{-.0 001 2ll- 0005 1 o4 3
0.40 0.60 1.50 0,034 0.3 2.3 0151 0,06 1416
0.60 0.40 0,66 0,077 0.5 1.0 0.189 0,08 121
0.80 0.20 0.25 O 0.7 0. 0,238 0.10 1.26
0.90 010 ° 0411 0347 0,9 0a 0.247 0441 1.28




80

TABLE 39,

Activity coeffts. of acid in butyric acid + benzene system.

M.F, of MJ,F, of

: X, In f x, X, in f5 log £, 15
acid x, benz. x, X, at x X o
0.09 0N 10.114 0,003 0.4 9.0 0,048 0,021 1.05
021 0.79 3476 0,009 0.2 4.0 0.078 0.034, 41.08
0.32 0,68 2412 0,013 0.3 2.3 0,090 0,039 1,09
0.46 . 0,54 1647 0,022 0,5 1.0 0,07 0,046 1,114
0.7 0,29 Oult 0,041 0e7 Ou4k 04117 0.051 1612
0,90 0.10 Os11 0,052 0.9 0.1

0124 0,052 1413

TABLE 40,

Activity coeffts. of acid in butyric acid + CC1, system

M.t of M, F, of P

\ In £, xL X In f2 log f2 f2'
acid x_ = CC1y, X, X o at x| >
| 3 g
0,09 0N 10,11 0.007 Ot 9.0 0,105 0.045 1.11
0.24 0.76 3416 0014 042 4,0 0,136 0,059 1.4
0.40 0,60 1,50 0.019 03 2,3 0478 0.077 1.9
0,60 0.40 _0.66 0,028 0.5 1.0 049 0,080 1.20
0,78 0.22 0.28 0,034 0,7 0.4 0.496 0,085 1.2
0.90 0.10 0e11 0.049 0.9 0.4 0.199 0.086 1,22
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TABLE 1 .

Activity coeffts. of acid in butyric acid + cyclohexane system.

M.y of Mo.F, of X, In £, x x, In-f» log 5 o

acid x, cyc. x, Xy at x, Yo%
0.09 0.H 10.11 0.0, 0Ot 9.0 0,530 0.230, 1.70
0.30 0.70 2433 0.7 0.2 4,0 0,980 0.425 2,66
0.48 0.52 4.08 0.32 3.0 2.3 1.420 0.L86 3.06
0.60 0.40 0.66 042 5.0 1.0 1.360 0.592 3
0.78 0022 0928 0063 7.0 O.L}- 1 .4-80 0.6&-6 l;-.h.z
0.90 0.10 0.14 0,76 9.0 0.1  1.510  0.655 4.52

TABLE 42,

Activity coeffts. of acid in butyric acid + water system.

MJF.. of M.F, of in

_}_{' . In f2 105 f2 fp
acid x water x, x_ at
X

!
[

HoH

0,09 0.1 10411 0.018
0.25 0.75 3.00 0,086
0.40 0.60 1.50 0,165

O 0.28 0,123 1.33
0.2
0.3
0.60 0.40 0.66 0.229 0.5
0.7
0.9

9.0

4.0 0.53 . 0.232 1.70
2.3 0.65 0.282 1 .H
1.0 0.76 0.332 2.5
0.4 0,81 0.350  2.25
0.1  0.84 0.367 2.32

0.80 0.20 0.25 0.290
0.90 0.10 0011 00’4-02 .
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TABLE L3,

Surface excess in acetic acid + benzene system.

—~_ -X, ay
2 - RT d 1In a
R = m.u‘:}. X \.o”\ m%bmm\om\aowm
K o= 2,549 x 1019
m, = golarity
M., W, my f, activity logay Ina  x, ¥, _af o
acid benz, . a =mofo RT _ dlna, - M moles/sq. m,
x, x * «] L 0 Dywe/cin
0,07  0.93 1.5 1.08 1.62 0,21 0.5 0,369 2740 0457 40,169
0a14 0,89 2.4 1441 2.65 0.42 1.0 0.353 26,70 0.514 406175
024 0.72 L3 4.20 5,20 0.7 106 0.314 2640 0,600 +0,188
0632 0468 - 6,3 1.3 8,33  0.92 2.4 0.270 26,00 0,630 +0.170
0.4 0,59 841 1abt 11.36 1,05 24 0,234 25,80 0,646 +04151
0,52 048 9.9 1455 15.37  1.18 2.7 O  25.56 0,308 +0,056
0.66 0,34 12,3 1.64 .20.20 .30 3.0 0,33 25.68 0.862 - 40,1k
0,78 0422 140 1.75 24463 1,39 3.2 0,088 25.9% 1.23%  =0.410
0.87 0413 15.4 1.83 28.17 1.5 3.3 0,052 26,10 4476 -0,077
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acetlc.acld + benzene system at 36 C.
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TABLE

Suri'ace excess in acetic acid + carbon tetrachloride system.

R = 83444 x 16 dynes/ch/mole.
RT = 2.5190 x 10'°

X, X, m,, . £, e, loga, Ina, . x ¥ mp\ M moles/sqen.
© RT Dynes/em din a — N
x19'0 ° =

045 0.85 3.0  41.48 L6 0,650 1.49 0,336 25.00 0,30  +0,400
0,30 0.7C 5.7  1.90 410.88 1.036 2,38 0,278 24,82 0,20 40,056
0033 0.67 6.4 1.99 12,72 1405 2.55 0,264  24.62° 0,053  +0.015
042 0,58 8.0 2.2 17.92 1.253 2.88 0,228 24,86 0,50  -0.114
0.54 06 9.9 2.5 25.30 1.403 3.21 0,483 25,00 1.42 -0.20:
0,60 040 11.0  2.69 29.5 1.470 3.38 0,458 25,30 1.21 -0
0473  0.27 413.0  3.06 39,90 41,601 3.68 0,108 25,68 1.33  =OuAkk
0.9 0409 1569  3.63 5770 1.760 4,05 0,036 26,00 2,00  =0,067
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25
Surface.
tension

T

dynes/cm

C

45 N .

0.¢ §:0

ln a,

Fig.18-Plot of 1n a agalnst surface tens1on of
acetlc acld +. carbon tetrachlorlde aystem
at 30 C. '
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TABLE 45.

Surface excess in acetic acid + cyclohexane system.

X2 X mo fo ap log ap In ap x4 «\ mK
RT_ Dynes/cm dlnap pmoles/sq.m.
P Ne)
P

) ol

01  0.89 1.2  2.00 2,24 0.35 0,90  0.353 23,77 0.20  +0.07
0,29 0,71 3.06 - 4.00 12.25 1.08 2,50 0,280 23,60 0,22  +0.061

Ouk6  O0u54  5.30 5425 27.8% 1.4k 3,33 0.214  23.46 0.20  +0.043
0.57 0.43 9.0 595 M.87 1.62 3.73 0.170 23.40 0.04 +0,.007
0.68 0.32 9.16 6,45 59,10 1.77 4,08 0.128 '~ 23,56 0.80 ~0.120
0,81 0.9 14.8,  7.00 82,9 1.92 442 0,07  23.83  1.60  =0.120
0.88  0.12 13.68  7.25 99.18 1.99 L.59  0.046  24.65 4,00 -0,85
0.9% 0,06 15.40  7.45 1147 2.05 Lo7h  0.023 25,50 5,00  =0.115
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F1g 20—Plot of 1n a, agalnst surface tens1on of

acetlc acid + cyclohexane system ab 30 C.,




*908FI99UT n:omsbldga:ﬁo.m ayq 948 wagsks
ouUBXaYOT0Ld + PIOB 071008 T SSO0Xe 90TBJINS SUTMOYS WIIYJOST ag1sodmon -1z2*3tg
. oseyd prnbrf ur Pro® Jo worqowIy ayom
3 - A ox ( A a

- Lo~




85

Suriace excess in acetic acid + ethyl alcohol system.

25450

X, X, m, wm an log a, In a, X J\ - .m.u\I L N
ﬂm'éo Dynes/cm dln a2, 1 moles/sq.m.
«10 .
0,06 0,04 41,00 1,000 1.01 0,02 0.0  0.37%  21.80  0.285 =0.140
0,12 0,88 2.08 41.019 2.42 0,32 0.75 04348 22,06 04625 =0,220
0.22 0.78 3482 1,027 3.93 0.59 1.36 0,308 22.85  1.45h  -0.445
0.3h 0,66 5.85 1.033 .04 0,78 1.79 0.262 23,54 457007 ~0.Lk5
Okl 0.56 7465 1,037 7.9 0.90 2,07  0.224 23.95 2.000 -0.4x2
0.55 0.45 9.55 1.038 9.92 0.99 2,30 0,479 2454 2,380  =0.426
0065 0435 11425 14039 11469 1,06  2.46 0,440  2h.H  2.860 =0.400
0480 0.20 13.83 1.404 14.39 1.6 2,66 0,08 3.330

'O.Nom
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Surface
“tension -
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1n ap

Fig;22r-qut_o£ ln a,against surface tension-of

acetic acid + ethanol system at 30°C..
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Xo Xy mo fo ap log a, in a, X J\ .IQ.K R
. RT Dynes/cm dln ap g moles/sq.m.
~10 ,
0403 0,97 1.6 1.026 1,69 0.23 0,53  0.384%¥10 55,5 943 3,630
0.05 0.95 24 1,028 246 0.39 0.90 0.378 50.70 10.00 3.780
0.09 0.H Lo  1.032 449 0.65 1.50 0,360 44 .96 10,00 34600
0313 0.87 5.9 1.035 6.3  0.78 . 4. 0u344 42 .4 10.24 3.510
0.22 0.78 8.5 1,040 8.8, 0.9% . 2.8 0.340 3840 10,71 34300
0,35 0.65 41 1.043 11459 1.06 245 0,256 36,95 10H 2.810
0s51 049 4137 ° 1.047 14439 1416 2.66 0,193 33437 11 450 2.240
0.69 0.3 15,5 1.050 164,27 1.2 2.78  0.423 .00 12.66 14562

0.85 0.5 1646 1053 4747 4.2k 2,86 0,059 29.50 15789 0,779
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Fig.24- Plot of 1n a agalnst surface tension of
acetlc acld + water system at 30 C.
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TABLE LS.

Surface excess in propionic acid + benzene system,

X5 X, my - fp ' ay loga, lna, Xy UWMMm\oE ay ="
mmw& dln ap »>Hﬂopmm\m@.s.
*10
0.09 0,91 1,91 1.08 2,07 0,31 0.73  0.360 27.26  0.40 0.180
0.15 0.85 2,96 1.12 3,31 0,52 1.20 0,339 27.07 0,50 0.169
0.26 0.74 4.89 1.18 5,77 0.76 1.75 0.29L 26,86  0.625  0.184
0.39 0.61 6.84 1,23 8.44 0.92 2.13 0,242 26,69  0.933  0.226
9

’
0.47 0.53 7.95 1.27 10,09 1.04 2.3 0.209 26,50 0.966 0.202
0.58 0,42 9,20 1.30 11,986 1.08 2.48 0.167 26.34 1,066 0.178
0.72 0.28 10.76 1.33 14.36 '1.15 2.66 0.200 26,13  1.20. 0.132
0.86 0.14 12.01 1.36 16.34 1.21 2,79  0.057 25.90 1.33 0.076
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Fig. 26- Plot of 1n a agalnst surface tens10n ofl'

proplonlc acld + benzene system at 30 C. ..
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TABLE 49,

Surface excess in propionic acid + carbon tetrachloride systemn,

Xo X4 ) o ao log 8o In ay |N_. _«wo ay mWI|>\
wﬂch dina, pt moles/sqg.m,
L)
0.08 0.92 1.63 1.13 1.85 0,27 0.61 0,36L 25.L6 0.330 +0.115
0.19 0.81 3.47 1.2%1 L.22 0.62 1.4 0.322 25,37 0,240 +0,077
0.31 0.69 5.34 1331 6,98 0.8L 1,94 0.275 . 25.29 0.192 40,053
o.41 0.59 6.92 1.38 9,55 0.98 2.25 0,232 25,18 0.125 =0,030
0.57 0.43 8.87 1.47 13.09 1.11 2,56 0.171 25.29 0,400 -0.075
0.73 0.27 10.66 1.56 16.62 1.22 2,81 0,108 25.39 0.571  -0.062

0.91 0.09 12.31 1.6 20,17 1.30 3.00 0.038 25.58 0.800 -0.032
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system at 30 C. ' .
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Surface excess

TABLE 50.

in propionic acid + cyclohexane system,

X, X, m, £, a, log a, 1na, =X, U%hMm\osm% eV
wanio dlna, M moles/sq.m.
+10 . ..

'0.09 0.91 0.67 1.50 14.605 0,002 0,18 0.392 24,04 0.07 -C.027
0.21 0.79 2.01 2.94 5.900 0,774 1.77° 0,315 24.13 0,10 =0.032
0.38 0.62 3.88 U4.00 15.520 4.191 2.74 . 0.247 24,23 0,261 =0,072
0.53 0.47 5.94 L.70 27.940 1.4L6  3.33 0,187 2445 0.545 =0.102
0.69 0.31 7.92 5.30 41.900 1.623 3.73 0,124 24,66  0.840 -0,104
0.82 0,18 9.95 5,70 56,700 1.754 L4.03 0.072 25,00 1,200 -0,087
0.91 0,09 141.5 5.88 67,500 1.830 4,21 25,21 9.867 -0.069
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TABLE 51.

Surface excess in propionic acid +

ethyl alcohol system.

X Xy m, £, a, log a, In a, _-x ay | =
n%m vynes/cm dlna | moles/sq.m.
*10
0.06 O.®¢ 1.01 1,007 1.02 0,008 0,020 0.372 21 .60 0.400 -0.140
0.10 0.90 1.62 1.010 1.63 0.210 0.490 0.358 22,00 0.666 -0.238
0.4 0.86 2,35 1,013 2,38 0.38: 0.860 0,340 22724 1,00 ~0,340
0,22 0,78 3.57 1.019 3.6 0.56 1.29 0.309 22,15 1.538 -0.475
0.32 0.68 4,99 1.023 5.11 0.71 1.63 0.271 23.15 1.818  =0,L93
0.L3 0.57 6.57 1.028 6.75 0.83 1.91 0,227 23.67 2,000 0,453
0.57 0.43 8.41 1,030 8.66 0.93 2.15 0.171 24 .26 2,222 -0.381
0.75 0.25 10.67 1.03C 10.99 1.04 2.39 0.097 25,00 2,222 -0,216
0.87 0.13 12,02 1,031 12.39 1.09 2.51 0.052 25,50 2.400 -0.124
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TABLE 52,

Surface excess in propionic acid + water system.

Xo X4 mo o ap log aps , 1ln ap .k Y w&- r—
: 10, Dynes/cm dlna, »..,aowmm.\mﬁ.a.

0.02 0.98 ©.92 1.09 1.01 0.00, 0.008 0.390 50.00 11.00. 4,288
0.06 0.9 2.76 1.10 3.05 0,484 1.116 0.374 L2.00 41,0 L.125
0.09 0.91 3.98 .11 L.u1 o.m:m. 1.484  0.361 38.10 10.76 . 3.886
0.12 0.88 5,06 1.12 5.6L 0.751 1.730 0.347 36.60  10.80 3,752
0.17 0.83 6,hL2 1,13 7.24 0,859 1,980 0.327 34.00  10.80 3.531
0.25 0.75 7.88 1.15 9,03 0,955 2,200 0.299 32,00  10.90 3.260
0.3 0.69 8,89 1.16 10.33 1,014 2.330 0.274 31.06 41,11 3.045
0.L4 0.56 10.43 1.19 42.46 1.095 .2.520 0.223 28,96 11,40 2,540
0.60 0.40 11.68 1.23 1L.42 1.159 2.660 0,159 27.35  12.00 1.905
0.85 0.15 13.00 1.50 16.50 1.200- 2.810 0.059 27.00 13,00 0,080
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TABLE 53,
Surfgce excess in butyric acid + bhenzene system.

X5 X1 my fo ap log ap 1n ap _=xy Y |MMM. "
meumo Dynespdlnaz Q. moles/sq.m,
c N RY;
0.07 0.93 4.42 1.04Lk 1.48 0.171  0.393 0.370 27.22 0.480 0.177
0.12 0.88 2.41 1,060 2.55 0.L07  0.937 0.348 26.97 0.225 0.216
0.19 0.81 3.50 1.077 3.77 0.576 1,327 0,322 26,75 0.8006 0.257
0.30 0.70 5.1L 1.093 5,61 0.749  1.725 0.276 26,50 0,840 0.232
0.35 0.65 6.02 1.100 6.62 0.821 1,890 0.258 26,30 0.900 0.232
0.49 0.51 7.15 1.112 7.95 0.900 2.073 0.202 26.12 1.070 0.216
0.61 0.39 8.19 1.120 9.18 0.962  2.2417 0.155 25.97 1.200 0.186
0.82 0.18 9.77 1.128 11,02 1.0L2  2.399 0.069 1.490 . 0.103.,

25.73
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TABLE 5L,

Surface excess in butyric acid + carbon tetrachloride system,

Xo % fiip fo ao log ap 1n ap -Xq J% Y ="
RT Dynes/cm dlna, M moles/sq.m.
10

0.06 0.94 1.19 1.09 1.29 0.112 0,258 0.373 25.47 0.406  0.151

0.1 0.86 2.54 1.13 2.88 0.460 1.058 0.341 25.36 0.370  0.126

0.22 0.78 3.8, 1.16 L.46 0.668 1.540 0,307 25.27 0.230  0.070

0.3 0.69 L4.99 1.18 5.90 0,770 1.760 0.273 25,20 0.226  0.060

0.45 0,55 6,34 1.20 7.64 0.883 2.033, 0.218 2527 ;327 =0.071

0.60 0.40 8.05 1.24 9.78 0.990 2,280 0.158 25,39 0.325 -0.051

0.79 0.21 7.48 1.22 11.61 1.065 2,450 0.081  25.4L 0.366 -0.029
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TABLE .

Surface excess in butyric acid + cyclohexane system.

Xy Xy m, £, a, loga, Ina, -x aam dy ="
wel‘_o Dynes/cm dlnap M moles/sq.m.
*0
0.,i0 0,90 0,10 1.800 1.76 0.244 0.563 0.355 24,00 0.120 ~0.,042
0.19 0.81 1.73 2.45 4.25 0,629 1,448 0,320 24,23 0.200 -0.065
0.31 0,69 2.97 3.15 9.36 0.971 2,237 0,273 24,36 0.266 -0,073
o.,b.O 0,60 L,03 3,50 .11 1.149 2,647 0.238 2L .59 0.36L -0,087

0.59 oO.41 5.82 L.15 24.15 1.383 3.185 0.164 24,68 0.5u45 ~0,090
0.68 0.32 6.93% L.4O 30,50 4.484 3,417 0.125 24,81 0.850 -0.107
0.79 0.21 8.25 4.55 37.50 1.574 3.627 0.081 25,03 1.314 -0.108
0.90 0.10 9.33 :'4.65 L43.4L0 1,637 3,771 0.044 25,26 1.250 -0.055
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TABLE 56.

Surface excess in butyric acid + water system,

X5 p mo o ap log ap 1n aps -X1 J« RKM remmid
weawo Dynes/em dlnas z,aowmm\m@Ja.
*

0.02 0.98 1.16 1.09 1.26 0.102 0.236 0.388  L4L,10  42.00  L.653
0,07 0.93 2.94 1.28 3.76 0.575 1.325 0.370 37.80 11.55 L,277
0.13 0.87 L4.67 1.4L  6.11 0.826 1.903 0.347  34.10 11.11  3.850
0.22 0.78 6.53 1,72 11.24 1.051 2.419 0.309 31.80 10.00 3.085
0.28 0.72 7.31 1.85 13.53 1.131 2.605 0.286  30.00 9.00  2.570
0.40 0.60 8.52 2.05 17.46 1.240 2.861 0.237 28,00 7.50  1.776
0.65 0.35. 9.86 2,25 22,26 1.346 3.100 0.140  26.28 4L.00 0,556

0.85 0.15 10.44 2.35 24,22 1.384  3.200 0.057 25,82 2.00 0.114
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TABLE 57.

Number of moles of different componentis required to
form a complete monolayer.

Component Orientation Area No, of Moles for monolayer
' Sq.A Q-.—-—s)“ oy (r:— s‘)m

Acetic Parallel 28.1 5.91 pmoles/sq.m.

acid . perpendicular 25.8 6.43 :

Propionic Parallel 33,1 5.02 "

acid perpendicular 20.5 3.1

Butyric Parallel 28,0 .37 "
acid " perpendicular 20,5 . 8,11

Benzene - Paréllel L43.0 - 3.86 0
Carbon tes. ~ 45,0 3.69 1
Cyclohexane Parallel L8.0 3.L6 "
Ethanol Perpendicular 22.q 7595 "

vl‘!a-ter - 10.0 16-60 "
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TABLE 58.

Amounts of the individual components at the interface
for the acetic acid + benzene systenm,
Solvent and solute molecules oriented parallel to surface.

M,F, of M.F., of Surface [ '
acid x, benz. X, excess acid = henzene
’\-

0.05 0.95 +0,10 0.29 3.70 )@ moles/sq.m.
0.10 0.90 +0.15 "0.52 3.42 "
0.20 0.80 +0.20 1.00 3.16 "
0.30 0.70 +0,18 1.21 2.88 "
0.45 0.55 +0.12 2.20 2.42 "
0.60 0.4L0 -0.04 2.87 1.98 "
0.70 0.30 -0.13 3.39 1.64 "
0.80 0.20 -0.10 L,13 1.16 "
0.99 0.10 -0.06 4.95 0.62 "
0.95 0.05 -0.003  5.41 0.29 "

TABLE 59.

Amounts of the individual components at the Jnterface
for the acetic acid + CC1M system,

Solvent and solute molecules oriented paralidel to surface.

M.F. of M,F. of Surface acid cef),

acid x_ CC‘ILL X, excess [ty )

0.05 0.95 +0,095 0.28 3.51 u_moleO/sq m,
0.10 0.90 +0.100 o.L8 3.38

0.20 0.80 +0.100 0.90 3.13 "

0.30 0.70 +0.050 1.30 2,88 S

0.45 0.55 -0.140 1.83 2.55 "

0.60 0.40 -0.195 2.61 2.06 "

0.70 0.30 -0.160 3.28 1.64 "

0.80 0.20 -0.120 L,05 1.16 "

0.90 0.10 .

-0.07 L.91 0.83 "
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TABLE 60.
Amounts of the individual components at the interface
for the cyclohexane system..
Solvent and solute molecules oriented rarallel to surface,
M.F. of W#.F. of surface s s
acld x, cycl., X, excess acid cyclohexane
0.05 0.95 +0,060 0.24 3.32 » moles/sq.m.
0.10 0.90 +0.075 0.46 3.20 "
0.20 0.80 +0.080 0.75 2.97 "
0.L5 0.55 +0.045: 1.97 2.31 "
0.60 0.40 -0.037 2.71 1.87 "
0.70 0.30 -0.092 3.28 1.54 N
0.80 0.20 -0.145 "3.92 1.16 "
0.95 0.05 -0.125 5.20 o.41 "

TABLE 61.

Amounits of the individual components at the interface
for the ethanol system, '
Solvent and soluté molecules oriented perpendicularly.
M.F. of M.F. of  surface M.~ O
acid x, eth. X, excess acid - ethanol
0.05 0.95 © =0.13 0.24 7.27 @ moles/sq.m.
0.10 0.90. -0.23  0.50 6.94 " :
0.20 0.80 ~0.37 1.1 6.22 "
0.30 0.70 -0.48 1.72 5.40 "
0.45 0.55 -0.48 . 2,67 .20 N
0.60 0.40 -0.43 3,82 3.26 "
0.70 0.30 -0.36 .39 2.39 !
0.80 0.20 ~0.,25 5.08 1.58 "
6.90 0.10 =0.13 5.76 0.78 "
0.95 0.05 -0.07 6.10 0.39 "
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Amounts of the individual components at the interface
for the water system. ,
Solvent and sclute molecules oriented perpendicularly.

[4

M.F, of M.F. of Surface > 7

acid x, water 4, excess acid water

0.05 0.95 3.70 L.20 5.78 s moles/sq.m.
0.10 0.90 3.60 L.54 4L.90 "
0.20 0.80 3.30° + 5.03 3.63 "
0.30 0.70 2.95 5.38 2.72 "
0.45 0.55 2.40 5.77 .71 "
0.60 0.40 1.80 6.0 - 1.02 "
0.70 . 0.30 1.40 6,18 0.65 "
0.80 0.20 1.00 6.31 0.33 ¢
0,90 0.10 0.50 6.38 D.15 "

TABLE 63.

Amounts of the individual components at fThe interface
for the propionic acid + benzene system.
Solvent and solute molecules oriented parallel to surface.

M.F. of M.F. of  Surface R s

acid x, Dbenz. Xx, excess . acid benzene

0.05 0.95 0.21 0.31 %.7% ) moles/sqg.m.
0,10 0.90 0.18 0.58 3041 "
0.20 0.80 0.20 1.02 2.07 A
0.30 0.70 0.23 1.47 2.67 "
0.50 0,50 0.20 2.4h1 2.00 "
0.70 0.30 0.14 3,39 1.25 "
0.80 0.20 0.09 3.89 0.86 "
0.90 0.10 0.04 L.u3 0.45 "
0.95 - 0.05 0.01 - L.68 0.23 "
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Amounts of the individual components at the interface
for the propionic acid + carbon tetrachlioride system,
Solvent and solute molecules oriented parzllel to surface.
K.F. of M.F. of Surface 3 il
acid x,  CCly x, excess acid carbon tetrachloride
0.05 0.95 0.120 0.31 3.46 }Lmoles/so m.
0.10 0.90 0.110 0.49 5.33
0.20 0.80 0.110 0.91 3,07 "
0.30 0.70 0.055 1.31 2.77 "
0.50 . 0.50 -0.055 3.09 1.42 "
0.70 0.30 -0,065 3.09 1.42 "
0.80 0.20 -Q0.050 3.68 0.98 "
C.90 0.10 -0,030 L.31 0.51 "
TABLE 65,
Amounts of the individual componenis at the interface

for the cycloheane systemn.

Solvent and solute molecules oriented parallel to wgurface.
¥M.F. of M.F. of Surface r— o

acid x. cyc. X, excess acid  cyclohexane

0.05 0.95 -0,01 0.16 3, 35‘r-moles/sq m.
0.10 0.90 -0.02 0.33 - 3.23

0.20 0.80 -0.04 0.69 2.98 "

0.30 0.70 -0.06 1.07 2.72 "

0.50 0.50 -0.10 1.93 2.13 "

0.%0 0.30 -0.10 2.96 1.42 .

0.80 0.20 -0.098 3.56 1.00 "

0.90 0.10 ~0.,06 L,23 0.54 R
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TABLE 66,

Amounts of the individual components at the interface
for the propionic acid + ethyl alcohol system,

Solvent and solute molecules oriented perpendicularly.

M.,F. of M.F, of sur face "’ s

acid x; ethanol excess acid ethanol

"0.05 0.95 -0.200 0.18 7,38 m moles/sq.m.
0.10 O-9O —0.360 0-39 7.20 n

0.20 0.80 -0.480 1.04 '6.57 "

0.30 0.70 -0,510 1.78 5.87 "

0050 0050 —OoLl"5o 3¢LI'LI- L|-03LI- "

0.70 0.30 -0,340 5.11 2.60 "

0.90 0.10 -0,140 7.00 0.93 "

TABLE 67.

Amounts of the individual components at the interface
for the propionic acid + water system,
Solvent and solute molecules oriented perpendicularly.

M.F. of - M.F, of surface '= ° UBn
acid x, water excess acid water
0.05 0.95 L.25, L,78  6.80 m moles/sq.m.
0.10 0.90 L.00 5.06 6.29 "
0.20 0.80 3.60 5.60 517 "
0.30 0.70 - 3.20 6.18 4,00 "
0.50 0.50 2.30 6.94 2.h42 "
0.70 0.30 1.50 7.5 1.27 non
0.80 0.20 1.00 T.72 0.80 "
0.90 0.10 0.55 7.98 0.3h "
mﬁ?ﬂ"’ﬁ’!ﬁ%
{ - 3 MAY 1969
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TABLE 68.

Amounts of the individual components at the interface
for the butyric acid + benzene system,

Solvent and solute molecules oriented parallel to surface.

M.F. of M.F. of Surface —* v
acid x. benz, X, excess aegid benzene
0.05 0.95 0.15 0.34 3.35 @ moles/sqg.m.
0,10 0.90 0.21 0.60 3.33 "
0.20 0.80 0.25 1.05 2.93 "
- 0.30 0.70 0.25 1.45 2.56 R
0.45 0.55 0.24 2.09 2.11 "
0.60 0.40 0.19 2.69 1.8 on
0.70 0.30 0.16 3,11 - 1.08 "
0.80 Q.20 0.11 3.52 0.7LL "
0.90 0,10 0.05 3.93 0.38 "
TABLE 69.

Amounts of the individual components at the interface
for the carbon tetrachloride system, '

Solvent and solute molecules, oriented parallel to surface.

[ £
M.,F, of M.F. of surface = d
acid x» cCf} x, excess acid cely
0.05 0.95 +0,150 0.33 3.41 p moles/sq.m.
0.10 0,90 +0,140 0.52 3.25 "
0.20 0.80 : +0.100 0.93 3,00 "
0.30 0.70 +0,050 1.36 2,68 "
OlLJ-5 0055 —0.01—4-5 1-73 2.22 n
0.60 0.L0 ~0,.520 2.38 1.68 "
0.70 0.30 -0,040 2.85 1.28 i
0.80 0.20 ~0,030 3.33 0.87 A

3.92 0.46 "

0.90 0.10 -0.020
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TABIE 70.

Amounts of the individual components ai the interface
for the xxﬂ butyric acid % cyclohexane system.

Solvent and solute_molepule. oriented parallel to. surface.

M.,F. of M.F, of surface, A - o
aclid x. cyc. X, excess acid. cyclohexane
0.05 0.95 -0.030 0.156 3.33 K moles/sq nm,
0.10 0.90 ~0.045 0.300 3.21
0.20 0.80 ' -0,060 0,660 2.94 . "
0.30 '0.70 -0.080 1.021 2.65 "
0.45 0.55 -0.102 1,600 2.19 "
0.60 0.40 -0.111 2.245 1.68 "
0.70 0.30 -0.115 = 2.700 1.32 "
0.80 C.20 ~0.105 3,200 0.93- "
0.90 . 0.10 -0.065 3.85 0.500 "
TABLE 71,

Amounts of the 1nd3v1dua] components at the 1nterface
for tne butyric acid % water system.

Solvent and solute molecules oriented perpendicularly.

M.F., of M,F, of surface —* .

acid X water ¥ excess acid water

0.05 0.95 L.50 5.06 - 5,22 p,moles/su m,
0.10 0.90 .05 5.1 6.01

0.20 0180 3730 2:0d BG4 "

0.30 0.70 2.50 5.69 L.oL "

0.45 0.55 1.50 6.09 L,11 "

0.60 0.40 0.90 6.66 2.94 "

0.70 0.30 0,50 6.99 2.28 "

0.90 0.10 7.75  0.75 "

0.10
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Fig.56- Individual isotherms for adsorption of butyric acid and cyclohexane
with the major axes of both molecules parallel to the surface.
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mole fraction of acid in liquid phase
Fig.57~ Individual isotherms for adsorption of butyric acid and water at 30 C
with the major axes of both molecules perpendicular to the surface.
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TABLE 72

The fractions of the surface covered by aceiic acid
in five systems at different concentrations of acid
in the licuid phase,

M.F., of é%%. égﬁh ég%_ ’:7¢T7“ Ri%ﬁi?”
acid x, water benzene CCfu cyclohexane ethanol.
0.10 0.706 0.100 0.086 0.080 0.078
0.20 0,781 0.171 0.156 0.130 0.125
0.30 0.836 0.215  0.200 0,201 0.199
0.50 . 0.900 0.410 0.360 .0.349 0.330
0.70 0.960 0.573 0.556 0.534 0.522
0.80 0.982 0.700 © 0.685 0.66L 0.650

0.95 _ 0.99L 0.920 0.913 0.888 0.880
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Fig.58- Fractions of the surface covered by acetic acid in five systems.
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TABLE 73.
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The fractions of the surface covered by prépionic acid
in five systems at different concentrations of acid in

the liguid phase.

. of %~ o [ Ny /e) N oy o WO )
acid x water benzene Ccﬂu cyclqhexane ethanol
0.10 0.622  0.107 0.100  0.070 0.500
0.20 0.692 0,204  0.174  0.137 0.120
0.30 . 0,758  0.293  0.250  0.213 0.200
0.50 0.854  0.480  0.411 0.384 0.370
0.70 0,922  0.675 0.616 0,589 0.510
0,80 0.951 0.775  0.733  0.710 0.650
0.90 0.980 0.882  0.860 . 0.842 0.781
0.95 0.987  0.932  0.920  0.920 0.872
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The fractions of the surface
in four systems at different
in the ligquid phase.

TABLE 7L

covered by butyric acid
concentrations of acid

. o/ 7.7/7:)” <)) ~ i)
M;E;dof water bengene cciﬁ cyclohexane
O-C- Wy

0.10 0.637 0.138 0.118 0.070
0.20 0.675 0.239 0.193 0.149
0.30 0.702 0.333 0.272 1 0.233
0.45 0.752 0.477 0.396 0.366
0.60 0.823 0.616 0.5l 0.520
0.70 0.862 0.713 0.652 0.618
0.80 0.905  0.810 0.762 0.732
0.90 0.956 10.899 0.897 0.861
0.979 0.950 0.933 0.929
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Fig.60- Fractions of the surface covered by butyric acid in four systems.



IABIE 72.

Composite Isotherms and Adsorption Equilibrum

Propionic acid + Ethanol system.

107

M.F. of M.F. xf xf surface Zi%ééy
eth. x¢ acid x{ excess i
0.10 0.90 0.09 -0.14 -0.64
0.20 - 0.80 0.16 -0.26 -0.62
0.30 0.70 0.21 -0.34 -0.61
0.L0 0.60 0.24 -0.41 -0.59
0.50 0,50 0.25 -0.45 -0.55
0.60 0.LO 0.24 -0.50 -0.u8
0.70 0,30 0.21 -0.50 -0.,42
0.80 0.20 0.16 -0.45 -0.35
0.90 0.10 0.09 -0.25 -0.36
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TABLE 76.

Composite Isotherm and Adsorption Equilibrium

Butyric acid + Benzene system,

108

M.F. of / M.F, of <X XR surface xg xg
benz. X, acid x, 1 “ e Eveces —V
0.10 0.90, 0.09 0.06 1.50
0.20 0.80 0.16 ©0.12 1.33
0.30 0.70 0.21 0.16 1.30
0.40 0.60 0.24 0.20 1.20
0.50 0.50 0.25 0.22 1.13
0.60 0.40 0.24 0.25 0.96
0.70 0.30 - 0,21 C.25 0.84L
0.80 0.20 0.16 0.25 0.64L
0.90 0.10 0.09 . 0.20 0.45
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CHAPTER 8

COMPOSITE TSOTHEEMS.

(a) Acetic acid systems

1. Benzene: The compqsite isotherm, fig.17, for the
system acetic acid 4+ benzene is S-type and shows that the
apparent adsorption of acid increases with increasing
concentration of the acid in the liquid phase, reaches a
maximum and then falls to zero. A negative adsorption of
the acid is noted in the higher acid concentration region.
So that at the lower concentrations we note preferential
adsorption of the acid and at higher concentrations
preferential adsorption of benzene. The highest value of
L% is.about 0.2 p_moles/sg,m. and the lowest value is
about -6.12‘u_moles/5q.m. The shape of the composite
isotherm is of the same type as that obtained by Beltong
for acetic acid + benzene system.

2. Carbon Tetrachloride. The composite isotherm, fig.19,

for the system acetic acid + carbon tetrachloride is also
S~shaped. The apparent adsorption of the acid increases

with the increasing acid concentration, reaches a maximum
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value of about O.125'ﬁ,moles/sq.m. at approximately 0.15 mole
fraction of the acid in the liquid phase and then it begins
to fall. Negafive adsorption begins to occur between mole
fraction 0.3 and 0.4 of acid, reaching minimum value of -0.2
n moles/éq,m. between 0.5 and 0.6 mole frgction of the acid
and then increases again and attains zero value at unit mole
fraction. Thus, as for the acetic acid + benezene system
there is preferential adsorption of acid at low mole fractions
of acid in the liquid phase and prefereﬂtial adsorption of
carbon:tetrathloride at the higher mole fractions. It may
‘tenoted that for this system the preferential adsorption of
carbon tetrachloride at the higher concentrations is almost
twice that of the acid at lower concentrations; again,
preferential adsorptién of acid occurs in only about one-
third of the whole concentration fange. ‘

3. Cyclohexane, The composite isother, fig.21, for the

system acetic acid + cyclohexane is again S-shaped.
Preferential adsorption of acetic acid takes place at lower
concentrations of the acid in the liquid phase, reaches a

maximum value of about 0.08 m moles per sq.m. at 0.5 mole
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fractibn.and then starts falling to zerp. With increasing
acid concentration negative adsorption of the acid is noted,
thus indicating preferential adsorption of cyclohexane. TFor
this system preferential adsorption of acid occurs over about
half the concentration range. The maximum value of apparent
acid adsorption at iow acid concentration is about half the
value of preferential cyclohexane adsorption at high acid
concentrations, and by comparing this isotherm with those

for benzene andncérbon tetrachldride it is noted that

preferential adsorption of acid is low ia this system.

4. Ethyl alcohol. The composite isotherm, fig.23, for
écetic acid + alcohol system is a regular U—shaped'curve,
showing a negative adsorption for the acid over the whole
range of acid concentration in’ the liquid phase. This
indicates preferential adsorption of ethyl alcohol throughout,
a situation not encountered with any of the other acetic acid
systems, and arising out of the unique ability of ethyl
alcohol + acetic acid mixtures throughout the whole concen-
~ tration rangé. The maximum preferential adéorption of

alcohol as seen from the composite isotherm is high and about
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0.48 o moles/sq.m., occurring between 0.3 and0.5 mole
fraction of acid inithe liguid phase.

5. Waterf The composite isotherm, fig.25, of the

system acetic acid + wéter is an inverted U-shaped type,

- The preferential adsorption of the acid is very high even
at very low concenirations of the acid in the liquid phase.
This preferential adsorption of the acid decreases almost
liﬁearly with increasing acid concentration in the liquid
phase but the isotherm does not show a negative adsorption
of the acid ove;-any concentration region. If the maximum
in preferential adsorption of the acid for this.system is
compared with those for the other systems, it will be noted
that acetic acid shows its highest adsorption, approximately
4,0 » moles/sq.m. in this systém. One may expect the acid
and water to have strong intermoleculer interactions, and
it seems likely thet the nature of the interface for the
system is markedly different from that of acetic acid with
the solvents benzene, carbon tetrachloride and cyclohexane.

This point will be further discussed later.




(b) Propionic acid systems.

1. Benzene. The composite isotherm, fig.27, for the pro-
pionic acid + benzene system shows preferential adsorption
of propionic acid throughout the whole concentration range.
This may be contrasted with the correspordding acetic acid
system for which there is preferential adsorption of both
acetié?g%d benzene at different reéions along the concen-
tration axis. The apparent adsorption of propionic acid is
higher at the lower concentrations than at the higher
concentrations of acid in the liquid phase and higher than
for acetic acid at all concentrations. The maximum
preferential adsorption of the acid as indicated by this
isotherm is approximately 0.22 m moles/sq.m. (cf. the
maximum of 0.20 m moles/sq.m. for the corresponding acetic
system).

2. Carbon tetrachloride. The composite isotherm, fig.

29, of the propionic acid + carbon tetrachloride system is
S~shaped. The isotberm indicates preferential adsorption
of acid at the lower concentrations of acid in the liquid
phase, but preferential adsorption of carbon tetrachloride
at the higher-concentrations. The maximﬁm of preferential
adsorption of the acid is about 0.13 p'moles/sq.m. and the

minimum about -0.075 n moles/sg.m. and the isotherm is
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similar to that for the acetic acid + carbon tetrachloride
system, but for the propionic acid + carbon tetrachloride

system preferential adsorption of acid is slightly greater
than that for the-acetic acid + carbon tetrachloride system.
It is noted that the preferential adsorption of carbon
tetrachloride is much lower in this system as compared with
acetic acid system, thus indicating a greater amount.of
acid in the adsorbed phase for the propionic acid system.

3. Cyclohexane, The composite isotherm, fig.31, for

the propionic acid + cyclohexane system is U-shaped, and
shows a negative adsorption of the acid over the. whole
range of adid concentration in the liquid phase. This

- indicates preferential adsorption of cyclohexane at the
interface. The preferential adsorption of cyclohexane
increases with the increasing acid concentration in the
ligquid phase, reaches a maximum velue af very high
concentration and then falls to zero. The maximum in
preferential adsorption of cyclohexane, approximately 0.12
n moles/sq.m. occurs between 0.6 and 0.8 mole fraction of

the acid in the liquid phase. It should be noted that the
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correspondibg acetic acid isotherm is not U-shaped but
S-shaped, andthat preferential adsorption for acetic
acid occurs over about half the concentration range.

4, Ethyl alcohol. The composite isotherm, fig.33,

for propionic acid + ethyl alcohol is U-shaped, and shows
negative adsorption of acid over the whole range of acid
concentration in the liquid phase. This indicates
preferential adsorpfion of ethyl alcohol throughout, and

is similar to the corresponding acetic acid system. The
preferential adsorption of alcohol increases with the
increasing acid concentrations in the liquid phase, reaches
a maximum and then falls to zero. The maximum value of
alcohol adsorption, approximately 0.5 n miles per sq.m.
occurs between the mole fractions 0.25 and 0.45 of the acid
in the liquid phase. It may be noted that the value of

the maximum preferential adsorption of ethyl alcohol is
about the same in this system as in acetic acid + alcohol
system. |

Se Water. The composite isotherm, fig.35, of the

propionic acid + water system is an inverted U-shaped
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igsotherm, similar to that of the corresponding acetic

acid system. The adsorption of acid is very high at quite
low concentrations of the acid in the liquid phase, but

this preferential adsorption of the acid decreases with
increasing acid concentration in the liquid phase. The
isotherm does not show a negative adsorption of acid at any
concentration. The value of maximum preferential adsorption
of acid, approximately 4.3 p moles/sqg.m. is higher than

that for the acetic acid + water system (4.0 n moles/sq.m.)

(¢) n-Butyric acid systems.

1. Bengene. Fig.37 shows the composite isotherm for the
butyric acid + benzene system. The apparent adsorption of
the acid increases with increasing acid concentration in the
liquid phese, reaches a maximum, then begins to fall to wmero.
In this system only positive adsorption of the acid is noted,
indicating pfeferential adsorption of acid at all concentra-
tions, as is the case fqr the corresponding?gﬁTg system.

The maximum value of preferential adsorption of acid indicated
by the isotherm (about 0.26 p moles/sq.m.) is higher than the
corresfonding values of adsorption of the other two acids in

this solvent (0.2 p moles/sg.m. for acetic acid and 0.22 u

moles/sq.m. for propionic acid).
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2. Carbon tetrachloride. The composite isofherm, fig.39,

for the system butyric acid 4 carbon tetrachloride is
S-shaped, shewing both positive and negative apparent
adsorption of the acid. The adsorption of the acid increases
with the increasing acid content, reaches a maximwr and then
begins to fall, after which negative adsorption of the acid
is noted. So at ‘the lower concentrations of the acid in the
liquid phase it is the acid which is preferentially adsorbed,
but at higher concentrations carbon tetrachloride is
preferentially adsorbed. This is similar to the correspaiding
propionic acid and acetic acid systems. The maximum value

of fhe acid adsorption is about 0.15 p moles/sq.m. and the
minimum value is about-0.07 p moles/sq.m. It is noted that
the apbarent adsorption of acid, after attaining a maximum
value at low acid concentrations in the liquid phase falls
almost linearly between a concentration range of 0.1 and
0.4 mole fraction of acid in the liquid phase. Schay and
Nagy considered that this is most probably due to [’ and
g remaining constant over that section of the isothegzc

i.e. that for the range of concentration over which the
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isotherm is linear and of negative gradient, the composition
of the adsorbed.phase remains constant.

3. .Cyclohexane. Fig.41 shows the composite isotherm

for the system bufric acid + cyclohexane. It is a U-shaped
isotherm, and shows negative acid adsorption over the whole
range of acid concentration in the liguid phase. This
indicates preferentigl adsorption of cyclohexane over the
whole concentration range. The preferential adsorption of
cyclohexane increases with increasing acid concentration in
the bulk phase, reaches a rather broad meximum at mﬁ high
concentration and thep falls to zero. The maximum values of
preferential cyclohexane adsorption occurs between 0.5 and
0.8 mole fractions of the acid in the liquid phase. The .
isotherm is similar to that for:the corresponding propionic
acid system.

4. Vater. The composite isotherm, fig.43, for the system
buttic acid + water is an inverted U-shaped curve, similar
to the isotherms for the corresponding propionic acid and
acetic acid systems. The preferential adsdrption of the
acid is very high at low concentration of acid in the liquid
phase, attains a maximum, and then decreases with increasing

acid concentration in the bulk. The isotherm does not show
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a negative adsorption of acid at any concentration, this.
indicating preferential adsorption of the acid throughout.
The value of maximum preferential adsorption, nearly

4.5 n moles/sq.m. is higher than those for the corresponding

ocid
propionic and aceticfvalues. (4.0 n moles/sq.m. for acetic

and 4.3 n moles/sq.m. for propionic acid).
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CHAPTER 9.

Molecular Areas of adborbed Svecies.

A knowledge or molecular areas of the adsorbed
species is essential for obtaining the individuai isotherms
from the composite (surface excess) isotherms. In this
éhapter, possible values of the molecular areas are
discussed, keeping in mind the possibility of both parallel
and perpendicular orientations, where applicable. The
molecular areas of some of the molecules, for a particular
orientations; have been taken from the literature, whereas
others have been calculated from boﬂd angles and bong
lengths.

In so far as choosing an appropriate molecular area
for a particular molecule in the calculation of individual
isotherms is concerned, one has to consider various factors
such aslthe possible interactions between the components
of the solution at the interface and also the overall mnature
of the composite isotherm concerned. The set of indiwvidual
isotherms obtained by choosing a given molecular area for

a component often reveals if such a choice is a reasonable
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one.

The area of the water molecule, has been taken as
: T,23
10 sq.A wvhich is the generally accepted value. . The

. area per molecule of propionic or butyric acid with major
axis perpendicular to the surface, has been taken as

12
20.5 sq. A.

3%

Area of carbon tetrachloride molecule (Fig.63)

Van der Waals' radius for Cl 1.80A.

' Distance C--Cl = 1.77A.
The molecule is almost spherical, hence its area can be
calculated as

' 2
Area =TI (1.772+ 1.80)

=TI (3.57)
T== 40.04‘ Sq.Ao

The isotherms in this work have been obtained at
30°C, and at this temperature work with carbon tetrachloride -
at various interfaces has shown that a velue of 45.0 sg.A
per molecule ig more reasonable for carbon tetrachloride.

Hence the same value bas been used in this work.




CARBON TETRACHLORIDE MOLECULE Fig. 63
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3%
Area of bengene molecule. (Fig.64)
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(i) Major axis parallel to the surface:

Van der Waals' radius for Hydrogen

Distance G——--H
Distance Coe—-C
x = Cos 60 (1.39) = 0.698 A
y = Cos 30 (1.397) = 1.2098 A

z = Cos 30 (1.084) = 0.938 A

Length of the molecule

+1.08+1.2)

= T.36 A

Width of the molecule

0.938+1.2)
6.697 A

Area of the molecule

1.204
1.0844A

1.397A

(1.2+1.084+0.698+ 1.39+0.695

(1.240.938+1.2098+1.2098+

6.697)(7.362 = 4‘9.3 sq_tﬁu.

(ii) Major axis perpendicular to the surface:

Area = Length of the molecule x Thickness of the aromatic

A value of 43 sq.A has been used in this work.This value

e 39

is the same used by some previous workers at 30 C.
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o
Area of ethyl alcohol molecule. (Fig.65)

(i) Major axis parellel to the surface:

{cCo
C——0
C—C
O—--H

Van der
CH, =
CH, =

0 =

X =

y =

distance = 1.48 A
distance = 1.55 A

distance = 6.96 A
WVaals' radius for
2.0 A
2.0A
1.4 A

Cos 19.5 (1.48)

Cos 70.5 (1.48) =

Length of the molecule =

Width of the molecule

Area of

the molecule =

1.395 &
0.494 A
(2.0+1.554+0.4944+0.96+1.20)
6.204 A
(1.4+1.395+2.0) = 4.794 A

(ii) Major axis perpendicular to the surface:

Length of the molecule =

Width of_the molecule

4.794 A

4.4 A

123



Fig.65 ETHYL ALCOHOL
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Area. of “the molecule =

4.794 x 4.40

21 -50 ISC_]_-.A.. I

A value of 21.5 sq.A has been used in this work and it is

the same value as calculated above for the perpendicular

orientatione.

38 ]
Area of the Cyclohexane molecule. (Fig.67)

Major axis parallel to

surface:

Van der Waals' radius for CHy= 2.0 A

Distance C—--—-C
{(cCcC

Distapce X

Distance y

Length of the Molecule

Width of the Molecule

Area of the Molecule

=1.54 A

=110

=1.54 (Cos 70) = 0.53 A
=1.54 (Cos 20) = 1.45 A

=2+1.54+0.53+1 .54+2)
=T.61 A

=(2.0+1.45+1.04+2,0) = 6.45 A

=49.10 squ-




CYCLOHEXANE MOLECULE

Ar s o ow
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3%
_Area for acetic acid molecule (dimeric for much of th

ooncentration range in benzene, cyclohexane and 0014)_

Major axis parallel to

Distance C~=-C = 1.54
Distance C-—-0 = 1.43
Distance C-—O:: 1.24
Distance 0--0 = 2.67
L0 € 0 = 130

X = 1.43 Sin 65 = 0.906

y = 1.24 Sin 65 = 0.90
Width of the molecule

Half length

Area of the molecule

6

6

S

urface: (Fig.67)

A
A
A
A
(1.43) = 1.296 A
(1.24) = 1.124 A
A

(2.041.5440.56+0.566+2.67+1.54+2)
5.44A

5044 X 5.22 = 28.10 Sq_..%..

The above calculated vaue of 28.1 sq.A has been used

as the molecular area of acetic acid molecule with major

axis parallel to surface.




Fig.67

ACETIC ACID MOLECULE (Dimeric)
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Area of the Propionic Acid Molecule. (Fig.68)

fajor axis parallel to surface:
Van der Waals' radias for CHz = 2.0 A
" w " " for bxygen = 1.4 A

Distance C—==C = 1.54 A

Distance C==~=0 = 1.43 A
Distance C-—=0 = 1.24 A
Distance 0-——0 = 2.67 A
L0Co - 130

Length of the molecule = (2.0+1.23+1.23+0.56+2.67+0.56 +
1.2341.2342.0)

ﬁidth of the molecule

(1.4+1.124+1.296+41.4)
Area of the molecule = 6.35 x 5.22

= 33‘11 Sq-A.

The above calculated value of 33.1 sq.A bas been used -
as the molecular area of propionic acid molecule with

major axis parallel to the surface.



Fig.68 PROPIONIC ACID MOLECULE (Dimeric)
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Area of butyric acid molecule. (Fig.69)

Major axis of the molecule parallel to the surface:

Van der Waals' radius for CH;= 2 A

oo " n for Oxygen = 1.4 A
Distance C———0 = 1.43 A
Distance C-—-C = 1.54 A
Distance O——=0 = 2.67 A
{0 C.0 = 130

(2.041.2241.2341.234+0.56+1.34)

Length of the molecule

1.59 A

Width of the molecule (1.4+1.12+1.296+1.4)

522 A

Area of the molecule = T.59 x 5,22

39.50 59-A.




Fig.69 BUTYRIC ACID (parallel orientation)
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QHAPTER 10.

Vapour Pressure -~ Composition Curves: Affinities

between Components in the liguid phase.

In the study of liquid mixtures it is obnvenient
to define an ideal solution as one obeying Raoults' law
~over the whole range of concentration. Buppose Raou1£s'
law, (that the partial vapour pressure of a constituent
is proportional to its mole fraction in the liquid at all
compositions) applies to A then
Ppr= P‘AXE
Similarly if we consider the other constituent B,
then TB= ﬁ%xB-'
Here P is partial vapour pressure of any constituent aﬁd
x is its mole fractionj Paindicates vapour pressure of'l
the pure component. If a mixture of two liquids behaves
ideally, then according to the above equations the plot
of the partial pressure of each constituent against its
mole fraction in the liquid phase should be a straight
line passing fhrough the origin, and the total vapour
pressure of the system Py (=Pp+ P3) also varies linearly

- with concentration.
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- If the two components of a mixture differ in (i)
internal pressure (ii) polarity (iii) length of hydro-
carbon chain or analogous grouping or if (iv) one or
other of the components is associated in the liquid state,
the s»stem does not behave ideally; the four factors

mentioned all result in positive deviations from Raoults'
law. If the two constituents of a mixture are such thaf
the molecules of A and B atdract egch another strongly
and particularly if there is partieil! compound fo%mation
between A and B in the liquid phase, the vapour pressure
of each constitueﬁt may be less than thaf required by
Raoults' law. Such a system can, therefore, exhibit
negativé deviations from idesl behaviour.

It is pertinent to.the question of the ease with
which one component can escape from the environment of
the other component in a binary solution to examine the
behaviour‘of the vapour pressure curves of the various
systems.

1. Benzene. Thé vapour-pressure curves for.acetic acid +

benzene, propionic acid + benzene and butyric acid +
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benzene systems are shown in Figs. 2, 7 & 12. The
positive deviation from Raoults' law decreases with
increasing acid chain length. This indicates that the
affinity between acetic acid and benzene molecules, in

the liquid phase, is weak, and increases with increasing
chain length. The curve for bqtyric acid + benzene system
shows the two components behave'almost ideally, and tﬁé
positive deviation is quite small.

2. Carbon Tetrachloride. Figs. 3, 8 & 13 show the vapour

pressure curves for acetic, propionic and butyric acids in
carbon tetrachloride, respectively. Again, the positivé
deviation from Raoults' law decresses with increasing acid
chain length. This shows thét the affinity between acetic
acid and carbon tetrachloride molecules is small and
increases with increasin:s chain length of acid. The
vapour-pressure curve for butyric acid + carbon
tetrachloride shows only a small positive deviation, and

this system behaves almost ideally.

3. Cyclohexane. The vapour-pressure curves for acetic

propionic and butyric acids in cyclohexane systems are
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shown in figs. 4, 9 & 14 respectively. Marked positive
deviation is shown by all the three systems, but the
positive deviation decreases with increasing acid chain
length. This indicates that the affinity between the
componeﬁts in the liquid phase is least in the acetic acid
+ cyclohexane system, and increases with increasing chain

length of acid.

4, gthvl alcohcl. The vapour-pressure curves for the
system acetic acid + alcohol and propionic acid + alcohol
are shown in figs 5 & 10. The deviation from Raoults' law
is negative for both the systems; however, it is more
negative for the first system. Hence the affinity between
acetic acid and alcohol is more than that between propionic
acid and alcohol in the liquid phase. For #m these systems
the affinities decrease with increasing chain length of acid.
5. Water. PFigs.6, 11 & 15 rgpresent the vapour-pressure
curves for acetié, propionic and butyric acids in water,
respectively. Positive deviation is highest for the butyric

acid + water system and decreases as the acid chain length
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gets shorter. However, it is almost linear, but slightly
negative in the case of acetic acid, and suggests a
relatively strong affinity between acetic acid and water.
Thus for these systems the affinities between the two
components decrease with the increasing chain length of

acid.,
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CHAPTER 11.

Surface Tension Changes at the Liguid-Vapour Interface.

The relationship between adsorption and surface tension
was first derived by Gibbs (1878) and is known as the Gibbs

adsorption equation. 4s a result of the tendency of the
free energy of a surface to decrecase, the concentration of
a solute on the surface may differ from that in the bulk of
the solution. The component with the lower surface tension
will tend~to concentrate in the surface, for in this way
the free energy of the system is reduced. It follows,
therefore, from general considerations, that if a solute
loﬁers the surface tension at a given inlterface, there will
-be. a greater proportion of solute to solvent at the inter-
face than in the bulk of the solution. This will con-
séquently represent _a case of adsorption of the solute at
ithe surface of the solution. On the other hand, if the
solute briﬁgS'abput an increase of surface tension, its
concentration at the surfece will be less than in the bulk
of the solution, and hence a negative adsorption of solute

will result.

A combination of the factors associated with the
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effect on surface tension of adding acid to acid ofd
solvent mixbtures as well as affinity between acid and
solvent in the liquid phase (already discusséd in
chapter 10) is relevant to a proper understanding of
surface excess values at the liquid-vapour interface.
The surface tension of all the systems at various
concentrations have been measured. The effect of adding
acid to solution of acid + solvent for all the systems
will now be discussed.
1. Benzene. (Table-43, 48 & 53). The surface tension
values of acetic acid + benzene system, at various
concentrations, show that, at first, increase of acid
content lowers the surface tension of the solutionj; this
lowering continues up to the value of 0.5 mole fraction
of acid where a minimum value of 25.6 dynes/cm.,
approximately, is obtained. After this further addition
of acid results in an increase in the surface tension
values. In the case of propionic acid and butyric acid
it is noted that increase of acid content in the -respect
solutions results in a continuous decrease in surface

tension values of the solutions. ¥or these systems, the
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rate of decrease of surface tension of the solutions with
acid addition increases with increasing chain length of

acid.

2. Carbon tetrachloride. (Table~44, 49 & 54). The values

of surface tension of solutions of acetic acid, propionic

acid and butyric acid separatély in carbon tetrachloride

show that a 1owefing of surface tension with added acid

occurs for a certain range of concentration in each case

after which further increase of acid concentration causes

a gradual increase in the surface tension values. It is

further noted that the rate of lowering of surface tension }

values, (over the concentration range for which this is the 4

case), on the addition of acid increases with increasing !
|

acid chain length.

3. Cyclohexane. (Table 45, 50 & 55). The surface itension

of acetic acid + cyclohexane solutions decreases gradually
with ihcreasing acid concentration for a certain concentration
range, but subsequently further increase of acid concentration
results in a sharp increase of the surface tension of the

solution.. In the case of propionic and butyric acids, it is
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noted that the_addition of acid results in an increase in
the values of surface tensions of the solutions over the
whole concentration range.

When the effect of adding acid to the corresponding
solutions for the three acids is considered, it is noted
that the "lowering" of surface tension decreases with the
increasing acid chain length.

4., EBEthyl Alcohol. (Table 46 & 51). The surface tension

values of solutions of acetic and propionic acids in alcohol
at various concentrations of the acids show that increase
of acid concentration increases the surface tension of the
solutions. It is also noted t@at the rate of increase cf
surfacé tension of acid + alcohél solutidn increases in
going from acetic acid to propionic acid.

5. Vater. (Table 47, 52 & 56). The surface tension values
of solutions of acetic, propionic and butyric acids in
water, at various concentrations, are lowered by the
addition of acid to the solutions, throughout the whole
concentration range. This lowvering of surface tension of
solutions of acid + water, at different concentrations,

increases in its rate with increasing acid chain length.
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CHAPTER 12.

Individual Isotherms.

The resolution of the composite isothermg into the
individual isotherms is of great help in the study of the
nature of interfaces. Equations (36) and (47) have been
used to resolve the composite isotherms obtained in +this
work-into the individual isothefms. It is generally

assumed, throughout the present discussion that the

thickness of the adsorbed layer is unimolecular. This -
assumption has been supported, in general, by experimental
investigations of several previous workers, e.g. Guggenhiem
and Adag, Harkins and Wampleﬁ, and Aveyaré? Direct |
evidence for this assumption is difficult to obtain, but

it Seems to be generally accepted because it gives results
compatible with values of [ calculated from the Gibbs
equation. Moreover the values of /[ are, for almost all
the systems, very much smaller than would be required to

satisfy the assumption of multilayer adsorption.
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It is believed that the three acids are essentially dimeric
in benzene, carbon tetrachloride and cyclohexane mixtures.
This is supported by Harris and Hobggoand some other workers.
The acids appear to show a momomeric behaviour in alcohol
and wat:::4%%e acid molecules are believed to be associated
intermolecularly with alcohol or water molecules.

Both parallel and perpendiéular orientations of the
molecules of different components, in all tﬁe sustems, are

considered in the calculations but it appears likely that

the most probable orientations of the three acids at the
interface for solution of benzene, carbon tetrachloride and
cyclohexane gre the ones in which the molecules of the
constituents are oriented parallel to the surface.

The parallel orientation of the three acids‘used in
non-polar solvents is readily understood because the acids
are largely dimer'sed in such solvents..,_ In this type of
orientation the double hydrdgen bonding between the carboxyl
gruops of the dimer is preserved on adsorption. VWhen the

second component (solvent) is non-polar, no strong bond

between acid and solvent can be formed to compensate for the
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rupture of the hydrogen bonds in the dimeric acid molecule.
This orientation is indeed supported by the work of
different investigatorZ: 27,;4312\_cid dimers do not appear to

be present in water and alcohol soluticns. The most probable
orientation of the three acids in the above two solvents ig
considered to be the one in which the molecules are
essentially perpendicular to the surface. With this
orientation association by hydvogen-bonding between acid and
solvent can occur in the adsorbed phase (as already exists
in the bulk solution), although the extent of association
between acid and solvent in bulk solution and at-the inter-
face need not be the same. This type of orientation of

water and alcohol molecules is supported by Guggenhiem and

Ada%, and by Cornford, Kipling and Wrigh‘b%3

(A) Acetic Acid Systems.

1. Benzene. The individual isotherms of acetic acid and
benzene are shown in fig.44. The most probable orientations
of the acid and benzene are the ones, as discussed before,
in which the molecules of both the constituents are

oriented parallel to the surface. This orientation reqﬁires
43 5q.A; as the molecular area for a benzene molecule and

28 sq.4. for a single acid molecule.



140

The.amount of benzene is greater than that of the acid
at the iﬁterface_at the lower concentraticns of acid mithe
liquid phase, but with increasing acid concentration in the
liquid phase the amount of acid at the interface increases
whereas that of benzene decreases. Eventuglly the amount
of acid at the interface becomes greater than that of
benzene. It is clear from the isotherms that a complete
monolayer of acid is formed only from the'pure acid.

It is noted that the adsorption of the acids at the
interface, with benzene as solvent, increases with increasing
acid chain length. The vapour pressure curves for the
corresponding systems show that the positive deviation from
Raoults' law decfeases with increasing chaiﬁ length,
indicating increasing affinity between acid and benzene, in
the liquid phase, with increasing chain length. So this
factor is not the dominant one in the observation of increasing
adsorption.with increasing chain length. Now the second
factor, relatively greater decrease in surface tension values
with the increasing acid chain length may'be considered. It
follows from general considerations, that if a solute lowers
the surface tension at an intefface, there will be a greater

proportion of solute to solvent at the interface, and if the
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rate of lowering increases with increasing chain length,
then the amount of acid may be reasonably expected to
increase accordingly in thesg systems. Hence in the
systems under discussion it is suggested that the relative
greater lowering of surface tension in {the three systems
is £he factor ﬁhich is dominant over the affinity factor,
and results in increasing adsorption with increasing chain
length.

2. Carbon Tetrachloride. The individuwal isotherms for

acetic acid and carbon tetrachloride are shown in fig.45.
The solvent molecule is almost spherical in shape and has
a calculated area of 45 sq.A. The molecular area for acid
is taken as 28 sq.A. The most probable orientation of acid
and solvent molecules is the one in which the molecules are
oriented parallel to the surface.

The_améunt of the acid at.the interface increases as
'thé acid concentration in the liguid phase increases and it
~is high at high concentrations of the acid in fhe liquid
phase. A mixed mondlayer over the whole concentration
range is noted and a complete monolayer of acid is formed
only from pure acid.

The number of moles of solute in the interface at any
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concentration is lower than these for the other two acids.

' The vapour-pressure curves show the gfeatest positive
deviation, which, as discusséd, indicates.weak affinity
between the constituents in the liquid phase and hence
éreater escaping tendency of acid from solution. So this
factor does not support the above increasing adsorption of
acid with increasing acid chain length. On the other hand
- . it is noted that the rate of lowering of surface tension 1is
less in this:syStem than the other two systems. This
supports less ddsorpticn of.acid at the interface than for
the other two acids. So this latter factor would account
for the observed adsorption in this systeﬁ as compared with

other two corresponding systems.

3; Cyclohexane. The individual isotherms of acetic acid
and cyclohexane are shown in fig.46. The most probable
.orientationSs.of the solute and solvent molecules are
considered to bé the ones in which the molecules lie
parallel to the surﬁacé, as already discussed before. This
orienfatiop requires 48 sq.A. %nd 28 sq.A. as the

molecular areas of cyclohexane and acetic acid, respectivgﬂa.
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The number of moles of acid per unit area of the surface
is small at the lower concentratiops of the acid in the
liquid phase but it increases with increasing concentratipn_
Eventually the amount of acid becomes greater than that of .
the solveﬁt. A complete monolayef of acid is formeé only
from the pure acid.

It is noted that the adsorption of acid is more in
bhis system than the corresponding propionic and butyric
"acid systems. The vapour-pressure curve for this system
shows very large positive deviations from Raoults' law,
aﬁd also much greater £han the onés shown_by corresponding
propionic and butyric acid systems. This means that the
affinity between acetic acid and cyclohexane in the liquid
phase is mucﬁ less than that between the constituents of
other two corfésponding systems. Thé escaping tendency of
the acetic acid from the solution is thus much greater than
for the other two acids and this appears to be the dominant
factor controlling the amount of adsorption in this system.

4. Ethyl alcohol. Fig.61 represents the individual

isotherms of acetic acid anddthanol. The most probable
orientations of acid and alcohol molecules are considered

to be the ones in which the major ax®s of the molecules
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are pefpendicular to the surface.. This orientation
seemsllikely by the fact that the polar-OH group of
alcohol can be attracted strongly by the polar carboxyl
grbup of acid, so that a sﬁrdhg interaction between
these polar groups at the interface is possibie. The
area per molecule of alcohol is taken as 22 sq.A vhile
that of acid is taekem as 25.8 sq.i.

The amount of acid in the interface is low at lower
concentrations of the acid-in the liéuid phase but
increases with increasing acid concentration in the liquid
phase. The overall situation at the'interface is that
thé amount of alcohol is more than that of the acid for
more than fifty percent of the concentration range. A
complete monolayer of acid is formed only from the pure
acid.

It has been noted from.the surface tension measure-
ments: that the addition of acid increased the surface
- tension of the acetic acid + alcohol mixtures. Hence
according to general rule, tﬁe acid should show a ﬁegative
ad;orption, as it does (shown by the composite isotherm),

which means preferential adsorption of the alcohol.
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Secondly'the negative deviation of the vapour-pressure
curves for tﬁis system shows-that the affinity betwveen
the acid and alcohol is very strong in the liquid phase
and hence the_eécaping tendency of acid from the liquid
pﬁase will be low. 'Thisvwill elso tend to reduce acid
a&sorption. Hence both the factors discussed here tend
to favour preferential adsorption of alcohol.
5. Water. The individual iéoﬁherms for acetic acid and
water are shown in fig.48. The most probable
orientgtion of the acid is considered to be the one in
Which the molécules lie perpepdicular to the surface.
This orientation, as suggested before, is supported by
the facﬁ that the ploar groups of_the two components
attract éach other'strongly} lThe molecular area for whizh
water is taken as 10 sq.A and 25.8 sq.A for acetic acid.
The isotherms show that the number of moles of water
at thé interface is very high at very low concentrations
of acid in thé-liquid phase. One of the reasons for this
may be the_Smalier area of water molecules thah those of
the acid molecules and hence a‘greater number of moles is

required to cover a given area. However the overall
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position of the surface, as is clear from the isotherms,
is that there is more acid than water fof much of the
céncentration range. A complete monolayer of acid
howe%er is only obtained from the pure acid.

The adsorption of acid at the interface increases
with increasing acid chain length. The vapour-pressure
curves show that the positive deviation decreases with
decréasing acid chain length, thus the affinity between
acid and water, in the liquid phase should decrease with
increasing chgin length. So this factor supports the
increasing adsorption of acid with increasing chain
length. The lower adsorption of acetic acid at the
interface (than for propidnic and butyrié acids) is also
concordant with the fact that the rate[ﬁgwering of surface
tension of acid-water mixtures with the addition of acid
to the liquid phase, increases with increasing acid chain
length. This has already been discussed in chapter 10.

The distinction between monolayer and multilayer
of adsorption cannot be made rigidly in many cases. It

can only be applied precisely to systems in which the
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molecules of the two components have the same thickness
at the surface. Few systems fulfil this criterion
exactly, though many which have been injestigated do sb
to a_close degree of approximation.

The watef molecule is smaller in size than that of
acetic.acid and it seems likely that more than one
molecule will be required for the length of acid. It is
suggested that ﬁvo water molecules are present along the
length of the acid molecule which is believed to be
éerpendicular o the surface for this system. In this
system thé fraction of surface covered by the acid, at the
acid concentration where the two individual isotherms
cross each other, is aslnost the same calculafed from the
model indi¥ated below:

So k—v:\\on - Va*o uy jmtn.\.-fuu.

-
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Propionic acid systems.

1. Benzene. The individual isothérms of propionic.
acid and benéene are shown in fig.49; The most probable
orientations of the acid and benzene, as for the
corresponding acetic acid system, are the ones’ in which
the molecules of both the constituents are oriented
parallel ﬁo thelsurface. The calculated molecular areas
are 43 sq.A for benzene and 33 sq.A for the acid.

The individual isotherms reveal that the number of
moles of the acid per mnit aréa of the surface is quite
low at the lower concéntrations of acid in the liquid

phgse but this amount increases with the increasing
acid concentration, whereas that of benxene decreases.
Eventually the amount of acid at the interface becomes
greater than thal of benzene. A complete monolayer of
acid is formed only from the pure acid. |
Puasuis ‘ .

The vaponrtcurves show that positive deviation from
Raoults' lawv is smaller than the ome shown by corresponding
acetic acid system. Thus the affinity between acid and
" benzene in the liguid phase is expected to be greater than
that of acetic acid and hencé less adsorption of

pPropionic acid at the interface should result if this were
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the dominaﬁ£ factors controlling adsorption. But i% is
noted th;t the @eferential adsorption of propionic
acid at the interface is more. than that of acetic acid.
Thié could be explained by the fact that a larger lowering
of surface tension takes place in this system than in
acetic acid + benzene system.when acid is added to the
solutions, and hence more adsorption of propionic acid
results at the interface. Tﬂis has been discussed in

detail in the corresponding acetic acid system.

2. Carbon tetrachloride. The individual isotherms for

the éystem propionic acid + carbon tetrachloride aré shown
in £fig.50. The most probable orientation of the acid is
considered to be the one in which the acid molecules lie

pérallel to the surface, just as Ior the corresponding

acetic gcid system. This requires an afea of 33 sq.A for the
single acid molecule.

'The isotherms show that preferential adsorption of
acid is‘low af the lower concentrations of acid in the
liquid phase but it increases with the increasing acid
concentration in-the liquid phase and eventually the amount
of acid at the interface becbmeslgreater than that of
carbon tetrachloride. A complete‘monolayer of.acid is only

formed from pure acid.




150

The adsorption of propionic acid at the interface

is greater than that of acetic acid for the corresponding.

system., This shows that preferential adsorption of acid
vincreases with the increasing acid chain length. The
affinity between the acid and the solvent, as shown by
the vapour pressure curves, increases with increasing
acid chain length. This would tend to cause a decrease
in adsorption with increasing acid chain leﬁgth. So this
factorvdoes not help in explaining the above fact. On
the other hand it is noted that relative lowering of
surface tension of acid + carbon tetrachloride mixtures,

increases with increasing acid chain length. Hence this

- factor is dominant over the affinity factor in affecting

adsorption from carbon tetrachloride and results in
increase of acid adsorption at the interface, with

increasing acid chain length.

3. Cyclohexane, Pig.51 shows the individual isotherms
of p;opionic acid and ?yclohexane.' The most probable
orientation of the acid and cyclohexane molecules is
considered to be the one in which the molecules lie

parasllel to the surface, just as for the corresponding

—= ..
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acetic acid system. This orientation requires 33 sqg.A
for the molecular area of the acid and 48 sq.A for the
molecular area of cyclohexane. It is clear from the
individual isotherms that a complete monolayer of acid
is-formed only from the pure acid. In this system it
is noted that the adsorption of écid is lower than the
adsorption of acid in the corresponding acetic acid'
system ét similar concentrations. This fact can be
understood by the behaviour of the vapour pressure curves
which show decreasing positive deviation with increasing
acid chain length and hence increasing affinity between-
the solute and solvent in the liquid phase. So fho
affinity between propionic acid and cyclohexane is greater
than that between acetic acid and cyclohexane. Decrease
in acid adsorption with the increasing acid chain length
is again supported by the faét that the relative lowering
of the surface tension is found to be decreasing with
iﬁcreasing acid chain length.,

4., Ethyl alcohol. The individual isotherms for the

system propionié acid gnd ethanol are represented in fig.
52. The perpendicular orientation for both the acid and

alcohol molecules, as for the corresponding acetic acid
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system, is considered to be the most probable
orientation. The area used for the alcohol molecule
is 22.Sq.A and that for the acid molecule is taken as
20.5 sq.A.

The number of moles of acid per unit area of the
surface is small at the lower concentrations of acid in

the liquid phase, but this increases with increasing acid
coﬁcentration in the liquid phase. There is more alcohol
than acid at the interface over a larger concentration
range and a monolayer of acid is formed only from the pure
acide.

Preferential adsorption of alcohol is greater for this
system than for the.corresponding acetic acid system. This
can be understood by the fact that increase in surface
tension of acid + alcohol mixtures, on the addition of
acid in the liquid phase increases with increasing acid
chain length. The decreasing affinity between the two
components, in the liquid phase, with increasing acid chain

length which would be expected to result in increasing

adsorption of acid with increasing chain length, does not
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appear to be the dominant factor controlling adsorption

in this system.

5. ¥ater. The individual isotherms for the propionic
apid and water system are'shown in.fig.53. The most

. probable orientation of the acid is considered to be the
one in which the acid molecules are oriented perpendicular
to the surface layer and hydrogen-bonded in chains to wa#er
molecules or to other acid molecules. The molecular area
for water is taken as 10 sq.A while that of the acid is
taken as 20.5 sq.A.

The isotherms reveal that the ﬁumber of moles of the
water at the interface is very high at very low
concentrations of acid in the liquid phase. This may be-
due to the smalltarea of water molecule which requires a
greater number of moles to cover a given area. The amount
~of acid increases at the interface with incFfeasing acid
concentration and eventually at a relatively low bulk acid
concentratioﬁ this amount af the interface becomes greater
than that of water.  However, a complete monolayer of

acid is obtained from the pure acid.
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Preferenfial adsorption of the acid is more in this
* system thgn in thie corresponding acetic acid systgm.

This is concordanﬁ with the observations that the .
affinities bbtween the two components in the liquid phase
decrease with increasing acid chain length, and also that
the lowering of surface tension of acid-water mi*tures by.
addition of atid increases with increasing acid chain

length.

Butyric acid systems,

1. Benzene.. The individual isotherms for the system
butyric acid and bengene are shown in fig.54. The most
probablé orientations of the solute and solvent molecuiés
are cénsidered to be the ones in which the molecules are
oriented parallel to the surface, as for the corresponding
acetic and propionic acid systems. The molecular areas of
acid and benzene are taken as 38 sq.A and 43 sq.4A, “
respectively.
The number of moles of the acid per unit area of the

surface is small at the lower concentrations of the acid’

in ‘the liquid phase bul increases with increasing acid
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concentrations. Eventualiy the amount of acid at the

interface becomes greater than’ that of benzene. A
complete monolayer of acid is formed only from the
pure acid.

The amount of acid adsorbed at the interface is
greater than the amounts gdsorbed for the corresponding
propionic and écetic acid systems at similar acid

concentrations in the bulk. The vapour pressure curves
reveal the least positive defiations in this system,
which indicates more affinity between the constituents

in the liquid phase. This would tend to decrease
adsorption»bf‘acid from this system, and hence this
factor does not appear to be the dominant one controlling
‘adsorption in this case. On the other hand it is noted
that ?elative lowering of surface tension is the
greatest in this system, and hence it is suggested that
this factof is the adsorption - controlling factor,
resulting in greater preferentiai adsorption of butyric
acid than of acetic and propionic acids at the interface.

2. Carbon tetrachloride. Fig. 55 shows the individual
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isotherms for the éystem butric acid + carbon
tetrachloride. The most probable orientation of the
aéid is considered to be the one in which the molecules
lie with their major axes parallel to the‘surface, thus
giving an area of 38 sq.A for butyric acid molecule.
The molecular area of carbon tetrachloride is taken to
be the same as in the corresponding systems with the
~other acids.

The adsorption of the acid is low at the lower
concentrations of the acid in the liguid phase but
increaseswith increasing acid concentration. A mixed
monolayer is noted over the whole concentration range,
and a uni-monolayer of acid is formed only from pure
acid..

Preferential adsorption of acid ai the interface
is greater than that of acefic and propionic acids at
similar concentrations in the corresponding systems.
Trom the vapour pressure curves the acids show less
possitive deviations with increasing acid qhain length,

so this factor cannot be used to explain the above fact
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satisfactorily, because affinity between the components
in the 1iquid phase increases with increasing acid chain
length; this would be expected to result in decreasing
adsorption with increasing acid chain length. The second
factor, relative greater decrease of surface tension with
increasing acid chain length as acid is added to acid +
solvent mixtures, favours increasing preferential

adsorption of acid with increasing acid chain length.

3. Cyclohexane. The individual isotherms for the system

butyric acid + cyclohexane are shown in fig.56. The most
probable orientation of the acid and cyclohexane molecules
is assumed to be the same as in the case of corresponding
propionic acid system. The molecular areas are 338 sq.d

for bubyric acid and 48 sq.A for cyclohexame. A complete

monolayer of acid is formed only from the pure acid.

The adsorption of butyric acid, as compared with
other two acids in the corresponding systems for similar
concentrations, is the least in this system. The affinity

between the components in the ligquid phase, as shown by
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the vapoywr pressure curves, is maximum in this system;
Hence butyric acid has a lower escaping tendency from
the solution than the other acids, and this results in
a lower preferential adsorption of the acid. Also the
relative lowering of surface tension is found to decrease
with increasing acid chain length, again favouring
decreasing adsorption of acid with increasing chain length.
4., Wa£er. Fig.57 shows the individual isothe?ms for
butyric acid and water. ' The most probable orientation of
acid is assuﬁed to be the same as for acetic and propionic
acid systems. The area per molecule of butyric acid is
taken as 20.5 sq.A and that for water, 10 sq.A.

The isothérms reveal. that the number of moles of
vater at the interface is very high for very low acid
conéentrations in the liquid phase. This may be due to
the small area of water molecule which requires a greater
number of moles to cover'é given area. The amount of acid

at the interface increases steeply.at first with increasing
-acid concentration in the liguid phase and eventually this

amount of acid becomes greater than that of water. A
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complete monolayer of acid is formed only from the pure

component..

It is noted that preferential acid adsorption increases
with increasing acid chain length. This can be understood
in terms of both by the affinity as well as relative
lowering of surface tension factors. The affinities between
the components in thé liquid phase, as shown by the vapour-
pressure curves, decrease with increasing acid chéin

length. Also the'felétive lovering of surface tension as
acid is added to acid + water mixtures increaseés:' with
increasing acid chain length, Both the above factors thus
favour increasing im acid adsorpfidn at the interface with

increasing acid chain length.
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CHAPTER 13.

Varigtion in Natule of the Interface witih Solvent.

(a) Acetic acid system. The fractions of surface covered

by acetic acid ét different concentrations in the liguid
phase for solutions with the different solvents are re-
presénted in fig,ﬁ@. It is noted that the fraction of
fhe interface éovered by.acid increases for each solvent,
with increasing concentration of acid in the liquid,
phase.

The preferential adsorption of acetic acid at the
interface is very high in water and decreases in the order
of water, benzene, carbon tetrachloride, cyclohexane and

atcohol.

The vapour pressure curves for acetic acid + benzene,
acetic acid + carbon tetrachloride and acetic acid +
cyclohexane systems show positive deviations, while those
for.écetic acid + alcohol and acetic acid + water éystems
show small negative deviations from Raoults' law. This
indicates that the affinity between the components in the

liquid phase, in the first three systems, is lower than
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for the last two systems. Thereforé the amount of acid
adsorbed should be more in the first three systems than
the last two systems. So this factor canunot be used to
explain satisfactorily the order of adsorption of acid
in all the systems. It is noted from the vapour pressure
curves that positive deviation is small in the acid +.
benzene system, is larger in the acid + carbon
tetrachloride system and is even greater still iﬁﬂthe
acid + cyclohexane system.: This shows that the affinity
in the liquid phase between the componrents in the above
three systems decrgases accordingly. Thus increasing
acid adsorption may be expected in this order for the
above three systems if this were the adsorption
controlling factors. This, however is not the order of
adsorption observed.

Relative lowering of surface tension of acid + water
mixtures, on the addition of acid, is.highest, as compared
with the other_éystems. Thus the greatest adsorption of 1
acid from this system is in accord Qith this. For the
other systems, the relative lowering of surface tensién

.decreases from benzene to cyclohexane and in alcohol +
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acid system, the addition of acid>to acid + alcohol
solutions increases the sufface tension. Hence fhe

rate of lowering of surface'ténsion decreases in the order
of water, benzeﬁe, carbon tetrachloride, cyclohexane and
alcohol, which is also the observed order of decreasing
adsorption of acid.

The most probable orientation-of acid and water as
discussed before is considered to be the one in which
molecules are perpendicular to the surface and thus the
highest value of acid adsorption in this system can also
be favoured by the fact that the --0H group attracts the
polar -COOH group of the acid. Thisrorieﬁtation of the
molecples favours the possibility of a strong iﬁteraction
between the pblér groups at the interface. In the three
nqn—polar solvents (cyclohexane, carbon tetrachloride and
benzene) the acid molecules are belie#ed to be essentially
dimeric, and the orientation of both molecules in each of

the three systems appears to be that for which the major

axes of the molecules are parallel to the surface.

(b) Propionic acid systems. The fractions of surface
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covered by propionic acid with the vgrious solvents at
different concentrations in the liquid phase are
represented in fig.%9. It is noted that the fraction
of the surface coveréd by acid increases, for each
solvent, with increasing acid concentration in the liquid
phase. |
The order of fraction of surface covered by acid for
the wvarious solvents is the same as for acetic acid, i.e.,
water, benzene, carbon tetrachloride, cyclohexane and
alcohol,
The vapour pressure.curves show positive deviation
for gcid + benzene, acid + carbon tetrachloride, acid +
cyclohéxaﬁe and acid + water systems, a slight negative
deviation from Raoults' law is only shown by acid + alcohol
system. This indicates that_the'affinities between the
, components in the liquid phase are lower in the first
four systgms than in the acid + alcohol system. Thus more
adsorption of acid may be exPected from the four systems

than from the last system. This can be used to account for
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the smallest adsorption of acid from acid + alcohol
'mixtures;‘ As f§r as tﬁe order of adsorption of acids
in the ofher solvents is concerned it is noted that the
affinity factor does not account for this satisfactorily,
because the relative a&sorption of acid @n the first
three systems would then be expected to be highest in
the cyclohexane systgm.

The relative lowering of surface tension of acid +
vater mixtures, on the addition of acid in the liquid
rhase is higliest when compared with the othér systems.
fhis suggests high values of acid adgorption in this
éystem and hence the maximum fraction of surface covered
by acid in this sysfém is strongly understood. For the
other systems relative lowering of surface tension
decreases from benzene to cyclohexane and in the case of

acid + alcohol systems, the addition'of acid increases
the surface tension.

Thus the rate of lowerimng of surface tension is

foun& to decrease in the order of water, benzene, carbon

tetrachloride, cyclohexane and alcohol, which is also the
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observed order’ of decreasiﬁg preferential adsorption of
propionic acid. £So it is suggested that relative lowering
of surface tension of acid + solvent mixlures on acid
addition accounts for the order of adsorption of %he acid
in the five sol&ents.

It is suggested, in the case of the acid + water
system, tﬁat the polar-0H group of water attracts the
polar -COOH group of the acid at. the interface.
Pérpendicular orientation of the acid at thesurface favours
the possibility of a strong interactiqﬁ between the polar
groups at the interface. A similar type.of orientation
is favouped too for the alcohol'sysﬁem, but in this case,
preferenfial adsorption of alcohol rather than of acid,

Y

is the observed occurence.

(c) Butyric acid systems. Fig.ﬁo represents the fraction

of surface covered by butyric acid at differeﬁt acid
concentrations in the liquid'phase for the different
solvents used. The fractign of surface covered by mzid
}gq%ﬂﬁipqngases;ﬁgth?increasing acid concentration in the
liquid phase in every case. The order of fraction of

surface coveéred by butyric acid in decreasing sequence
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is water, benzene, carbon tetrachloride and cycloﬁexane.'

The vapour—pressure curves show positive deviation
for cyqlohexané-an& water systems while the curves for
_benzene and carbon tetrachloride are almost 1inear._ This
shows more affinity between the cémponents in the liquid
‘phase, for the last tweo systeﬁs. So it is suggested that
the affinity factor does not support the order of fraction
of éurface covered by the acid, because this would mean
lower adsorption of the acid at the interface for the
benzene and cafbon tetrachloride systems.

Relative lowering of surface tension of acid + water
mixtveres is highest for the four systems. This would
favour high values of acid adsorpition in this system, and
hence the maximumn fraction of surface covered by the acid
in this system is explained. Relative lowering of surface
tension in other three systems decreases in the order of
benzene, carbon tetrachkloride and cyclohexane; the same
as the observed order of decreasing preferential adsprption

of acid in these systems.



CHAPTER 14.

Thermodynamic correlation with Bvereit's theory for

Adsorption from Solution.

For adsorption at the solid/solution interface a
thermodynamic treatirent which helps to show how the nature
of the solution determines the form of.the isotherm in

adsorption on to a solid surface from completely miscible

44,45

liquids has been developed for ideal and regular solutions.
A more comprehensive treatment for these systems has

b a . 1’%’47 .
recently been put forward by Everett.

Vright has examined recently, in continuation of his

. 39,48 :
previous worik, the scope of the thermodynamic theory, and
correlations for adsorption from non-ideal binary liquid
mixtures containing components of approximately equal

49 )
sizes. An attempt was made by him to examine how far some
systems deviate from perfect surface bebaviour.

The reason for examining correlaticns for perfect
surface behaviour in this work is because the interface
could be regarded as of Langmuir-type as defined by
Everett, (a situation difficult to come by with solid
adsorbents), although all the requirements for the

properties of the solutions are not satisfied.
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An éttempt is made here to apply the thermodynamic ,
theéry-of Everet%Jfo two systems with components which
ha%e almost the same molecular areas as adsorbed at the

interface. Neither of these two systems show stricily
peffeét surface behaviouf.
© Propionic acid with a perpendicular orientation at
the interfacé has an area of.20.5 sSq.4 per mqlécule.
Similarly ethyl alcohol molecul'e with the same orientation
has an area of 22 sq.A. ©So the molecular areas of both

molecules, in the propionic acid + alcokol system, are
L L

X, x:

almost the same. ¥ig. 61 represents a plot between =

and x:'the concentration of alcohol in the liquid phase.
In this case a linear graph is obtained for x, betwéen
0.4 and 0.8 but at lower and higher values of xﬁ the graph
deviates,from linearity. |
" Butyric acid with parallel orientatién at the’
interface has an area of 38 sg.A per molecule and benzene

molecule wwith the same orientation as of the acid has an

2t ot
2.

butyric acid + benzene system. In this case a linear

area 43 sq.A. Fig 62 is a plot between and xffqr
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graph is obtained for values of xfup to 0.5 but
thereafter the values deviate from linearity. Hence
this system too does not show perfect surface behaviour.
Correlations from the thermodynamic theoé?sgtr
both the systems thus . do not fit with perfedt surface

behaviour as defined by Everett.
]
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CHAPTER 1i5.

CONCLUSION..

Although the phenomienom of adsorption has attracted
the attention of many scientists in this centnry, the
major part of “their contribution haé been wiih the ligquid.
solid and gas—-solid interfaces. Hoﬁever, some workers,
already mentioned in chapter 3,.have reported results of
invéstigations on adsorption at the liquid-vapour
interface, althoﬁgh the contribution of a number of them
is limited to the composite isotherms, only(i.e. surface
excess isotherms):

Almost all the workers have assumed that the
adsorbate at the ligquid-vapour interface is confined to
the thickness of one molecule. This, as Guggenheim and
Adam pointed ouz, is the simples£ assumption to be made
and hence in the present work the.same assumption has
been adopted. A treatment put forward by Schofield and
Rideal for dilute solutions adds further support to the

15 .
monolayer hypothesis, although some recent work by
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Shereshefsky has shown that for some systems, a mean
molecular thickness of 2 for the adsorbed phase could be
more appropriate?o
Eenzene;- For all the acid systems with benzene, the
adsorption of acid increases with_increasing acid chain
1ehgth. It hes beén suggested that the relative greater
lowering of surface tension by acid with increasing chain
length is the factor which is dominant over‘the affinity
factor in controlling adsorption. This point is_wcmh'
noting especially when the behaviour of systems at liquid-
vapour and solid-liquid interfaces are to be compared?7 For
the latter interface, several other forces of interaction
are often involved in the adsorption process. The
orientgtion of molecules in the above systems has been
taken to be the one in which the major axes of the molecules

27,43

5 .
are parallel to the surfaée, arid the results obitained are

consistent with this assumption.

It has been noted that in the case of acetic acid +
benzene system the composite isotherm, unlike the ones for
other two systems, shows a preferential adsorption of

benzene at higher concentration of acid in the liquid phase,
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but this is in agreement with the composite isotherm
obtained by Belton for the same system?

The individual isotherm for benzene in the acetic
atid + benzene system resembles the one put forward by

. 51 ' .

Kipling but the 'individual isotherm for acetic acid is
slightly different ftom the one given by Kipling for the
same system. This difference may be due to differences
in molecular areas used in the calculation of individual
isotherms.

The individual isotherms for the last two systems
reveal that the number of moles of acid per unit area of
the surface is quite low at the lower concentfations of
acid in the liquia phase but it increases with the increasing'
acid concentration. Eventually the amount of acid at thé
interface becomes greater than that of benzene. A uni-
monolayer of acid is formed only from the pure component.

Eyereft's general“thermodynamic theory for adsorption
has been appiied to the butyric acid + benzene system and
it has been noted that the system does not show a perfect

surface behaviour.
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Carbon tetrachloride:— The composite isotherms for
- acetic acid + catbon tetrachldride, propionic acid +
carbon tetrachloride and butyric acid + carbon
tetrachloride are S-shaped and show that the preferential
adsorption of acid increases with the increasing acid
chain length. This is suggested to beddue to the

increase in the rate of lawering of surface tension by
acid with increaéing chain length. The most probable
orientation of the molecules in these systems is considered
to be the one in which the major axes are parallel to the
surface, and the results obtained are consistent with this
assumption.

The individual isotkerms for both the constituents
in the three systems show that the amount of acid at the
interféce increases as the acid céncentration-in the liquid
phase increases and it is high.at the higher concenfration
of acid in the bulk phbase. A mixed monolayer over the
whole concentration range is noted and a complete monolayer.
of acid is formed only from the pure component.

Although some of the wOrkefs have selected carbon
tetrachloride as one of the components of the binary

systems they investigated, a general review of the
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literature §hows no work on anyone of these three systems.

Cyclohexane:~ The composite isotherms for acebic acid +
cyclohexane, propionic dcid.+ cyciéhexanezand butyric
aci& + cyclohexane systems show that preferential
adsorption of acid decreases ﬁith increésing acid .chain
length. ZFor the first,system the isotherm is S-shaped
while the oﬁher_twg_syétéms have U-shaped isotherms. The
vapour pressure curves reveal decreasing escapiqg tendency
of acid with increasing chain length, from the environment
of the solution. They coﬁld malke a decreasing preferential

adsorption of_acid with incfeasing éhain length possible.-
Again,-by.surface tenéidn féctor, relative lowering of
surface tension of solu#ion by écié is found to decrease
with incregsing chain iength, an.obsérvation which would
also expléin décréasing adsorption with increasing chain
lengd |

The individual isothefms for botﬁ the components in
the above three systems shdw.tha% a uni-monclayer of acid
is formed cnly from'thé puie.componént. 'The'orientation of

the components has been taken the same as for the benzene

systems.
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Kipling and Langd&% have studied the cyclohexane
+ piperidine system and they found that the isotherm
for surface excess was U-shaped. Again Kipligglhas'
reported adsorption from mixtures of benzene and
cyclohexane at 20°C at fhe liquid-vapour interface.
This isotherm was also U-shaped. Nothing seems to have
been recorded in the literature about the behavioﬁr of
mono-carboxylic acids in cyclohexane at the solution-

vapour interface.

Bthyl alcohol. Acetic acid + ethanol and propionic acid

+ ethanol systems show regular U-shaped composite isotherms
which reveal.fhat it is alcohol which is preferentially
adsorbed throughout the whole concentration range of the
écid in the liquid phase. I% is noted that the adsorption
of acid is about the same in both the systems.

Preferential adsorption of alcohol seems to arise from

the unigue ability of ethyl atcohol to decrease the surface
tension af acid + alcohol mixtures, throughout the whole
concentration range. Eoth the surface tension and affinity
factors are in accord with negative adsorption of the

acids,
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The overall situation of the interfacey as shown
by the individual}isotherﬁs, is that the amount of
alcohol for a greater part of the concentration range
is more than that of acid for both systemé. A uni-
monolayér of acid is formed only from pure components.
The most probable orientation of the.constituents is
considered to be the one in which the molecules are
ferpendicular to the surface?’ 23

Butler and Whitemal have discussed.the thickness of
the adsorbed laywr of ethanol + water system and have
found that the observed adsorption is consistent with
the hypothesis that only a single layer'§§ molecules atv
the surface differs inccomposition from bulk of the
solution. A Guggenhiem and'Adam also discussed-the same
system and assumed the layer as unimoleéular. Cdnford,
Kipling and Wrigﬁ% considered the date ealculated by
Guggenhiem and Adam for the same system and have found
that adsorption was confimed to approximafely one molecular

.layer, in contrast to earlier suggestioq%l' Kipling

discussed the same system and has reported that a complete
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monolayer of alcohol was formed only from.the pure
éomponent. In the présent vork, - the same conclusion
has been arrived at.

Water: The composite isotherms for the acetic acid +
vater, propionic acid + water and butyric acid + water
systems show that the adsorption of acid increases with
increasing acid chain length. This is in accord with
decreasing affinity between acid and water, and the
greater rate of lowering of surface tension by acid in
the above systems, with increasing acid chain length.

The individual isotherms reveal that the number of
moles of solvent at the interiace is very high at very
low concentrations of acid in the liquid phase. This may
be due to the relatively small area of the water molecule.
The adsorption of acid rises sharply at 16w concentrations
of aeid in the liquid phase, but a uni-monolayer of acid
is formed only from the puré component. The orientation
_of the molecules is considered to be the one in which acid
moleculeé are perpendicular to the surface layer, and

hydrogen-bonded to water molecules or to other acid
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molecules. It is guggested that more than one water
molecules can be presént in the absorbed layer along
the length of acid molecule, due to the large differences
in moleculér areas of the components. KXipling has made
similar observations for the butanol + water system?
Many workers have considered ethanol + vater system
and have concluded thst the adsorbed layer was of uni-
molecular thickness. The water + butyric acid system
considered by Fu and Bartégi gave a conposite isotherm:
which reached a limiting value, but nothing definite was
revealed as to whether there was monolayer adsorption or

not. Some workers have considered adsorption from the

three systems (acid + water) at the liquid-solid interface,

and the composite ws well as individual isotherms of the

present work show some similarities to some of the
isotherms found in literature.

The present investigations have thrown further
light on adsbrption behgviour at the solution-vapour
interface. Too large a percentage of the work in the

literature about adsorption behaviour at this interface
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has been concerned with aqueous systems, and the
conclusiﬁns generally arrived at; thus teﬁded to be
particular rather than general. A complete understanding
of the ngsture of this interface involving a reasonable
assessment of thickness of the interface, composition
and orientations at the interface, depends on the
particular systems involved, on the natiyre of the
solutions, and on the intermoiecular interactions

possible both in the bulk solution and at the interface.
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