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ABSTRACT

The thermodynamic properties of solutions of
electrolytes may be accurately determined by the
measurencnt of the activity of the solvent. when
~the solute is nonvolatile, this guantity may be
obtained from ﬁeasuremenfs of the lowering of the
vapor pressure caused by the presence of the dis-
solved solute. |

An experimental method has been devised to
measure thig effect using a semi~conventional
.thmér Stiil.‘ The éxperimenﬁal apparétus has been
constructed and evaluated. Data has been obtained
fbr'the vapor pressure lowering of methanol due
to the presence of dissolved electrolyte for
five different electrolyte~-methanol systems. An
extrapolation technique was developed to make use
of the data at higher concentrations for‘éxtrapolation
to infinite dilution. This technique has been
applied to the five systems to give thé activity
coefficients for each system as a function of

concentration,
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PREFACE

Electrelytic selutierns have beern investigated
and studied by physical chemiats and engineers for
HARy years. A number ef models have been devised
te describe the interactions between smelute ard
selvent @Glecules ~= the mest fameus being that
propesed by Debye aﬁd Huckel im 1923.

A rumber of thernedyramic quantities have @eem
ntilized to quantitatively déscribe thege imter«
actiens. Th@'prsperties‘af primary interest in
thig investigation are the activity of the solvent,
and the esmotic and activity ceefficients ef the
selute.

Several methods exist to experimentally deter-
mine these quantitiea and, in general, twe er mere
ef these methods are dcmbin@d to ebtain a set of
best values fer these preperties. This project in-
vestigates the application ¢f an experimental tech-
nique that can determine these properties without

the aid' of other experimental measurements.



EXPERIMENTAL

A. Objective

The purpose of the experimental apparatus was to
accurately determine the activity cof a solvent in the
presence of a dissolved solute at various concentrations.
Five different slectrolytes ﬁ@re chosen ag solutes and
methanol was chosen as the solvent. The data was taken
isothermally at 24,88°C by the measurement of the vepor
preggure of each electrolytic solution.
B. Method
o ﬁ.gélutich.of>a éivén'@lectrélyta wasAbailed at
24.88°C in the distilling apparatue (See Figure I ). This
was accomplished in a modified Othmer still by adjusting the
pressure over the solution while continually adding heat.
The still featured continuous recirculation of the condensed
vaepor phase. After a certain time, about thirty to sizty
minutes, the steady state cénditicn.ch&ract@riétic of |
equilibrium_w&s obtained and the solution pressure wasg
neasured using a cathetometer to read a m@réury manometer,
C. Description of Apparatus

The exzperimental apparatus iEA&@gign@é to control the
~ temperature of a boiling solution to within # 49500 while
mainteining a constant pressure accurate to within + .1 mm ﬁg,
The app&ratus is pictured schematically in Figure XIL. The
~essential features are ocutlined below:

| 1« The digtilling apparatus is pictured in Figure I .



 FIGURE T DISTILLING APPARATUS

4

to condgenser

WA

‘\z?[

N
|
N |
m/ v




FIGURE II

EXPERIMENTAL SET-UP

Distilling Apparatus
Condenger

Heat Exchanger
Manostat

Surge Tank

Mancmeter

McLeod Tauge
Manometer Vacuwn Fump -

System Vacuum Pump
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It consists of a round flask with an electrical heating
tape wound around the bottom extension. The solution
is boil@d ingide the flask and the vapors are driven
out the top and condensed in the condenger. The con-
densed liquid droplets then fall into the catch tube
an& are carried up to the top of the ressrvoir. The
liquid +then overflows back into the boiling 5&1%

solution. In this menner continusl recirculation of

the condensed vapor phase 1s achieved., The arrows in

Figure I indicate the direction of flow of the wvapor

" and condensed liquid phases.

2o

Je

Since the vapor phase consisté only of the cone
densed solvent, the solute being nonvolatile, e@uilibrium
is characterized by a reservoir filled only with pure
solvent. During the development of the experimental
technique, it became evident that equilibrium could Y%e nére
eagily reached if the reservoir was kept filled with
pure selvent, since this is & necessary condition for
equilibrium,

The condenser consists of two eighteen inch glass
cond@né@rs connected in geries. It operates between
-20°C to »6@?0 using & mixture of ethylene glycol and

acetone as the cooling fluid. Dry ice is used to maintain

the coglant tenmperature.

The heat @xchanger consists of a coil of copper

- tubing immersed in the dry ice bath.. The cooling fluid

is pumped by an oberdorfer gear pump from a separate



4.

Se

'r@ﬂ@rvoir through the condenser, through the copper

tubing and then back into the reservoir. The need for
8 -separgte reservoir inside the ice bath is due to
punping difficulties caused by the carbon dioxide gas
in the bath itself.

While &@&igning.thé'h@&t exchanger, it becane
evident that only & special pump could satisfactorilly
pump such a low temperature cooclant. Several major
pump manufacturers were umable to offer any suggestions.

Finally an engineer at Edward‘s Engineering Ccrporation

“pointed out an Oberdorfer gear pump thet was pumping

a fluid at similar temperatures. This type of pump
fitted with teflon packing and seals was selected.

The punmp was powered by an electric motor fitted with

‘8 variasble speed pulley and fan belt.

The Precision Micro-Set Mancetat is the heart of
the pressure contfol gystem. It is capeble of control-
ling a maximum vaccuum of 3.0 mm of mercury with &
control accuracy of + .1 mm under ideal conditionas. The
Manostat operates on the principle of bleseding air into
the system to control the vaccuum. The system is al-
lowed to attain a vaccuum slightly higher than desired,
Thia c&usés a molenoid valve to fire iétermiﬁteﬁtly
bleeding in emall amounts of air into the systen.
Several needle valves allow this amount to be regulated
wntil the desired pressure is achieved. |

A twenty-five liter surge tank was installed in



series with the distilling apparatus and the MHanostat.
This volume wasg necessary in order to buffer the
pressure fluctuations inherent in the operation of

the Manostat.

6. The manometer used was a standard U-tube manometer
with mercury used as the working fluid.

Te The HcCleod gauge resds the pressure on the evacuated
gide of %the manometer.

8. There are two separate vacuum pumps. The pmr@ose of
the first vacuum pump is to evacuate one side of the
manometer, The purpose of the second vacuwm pump is
to evacuate the syatem to the desired pressure. The
system pump is connected in geries with one side of
the manometer, the surge tank, the manostat and the
distilling apparatus. These punps are labeled (8)
end (9) in Pigure II.

D. Reagents and Chemicals
| 1. 'E&ker Analyzed' Reagent Grade Sodium Hydroxide was
used for the modium hydroxide runs. The assay was
98.3% NeOH. The largest impurity present was sodium
carbonate listed as .4%. Before each run an unknown
impurity wags filtered out with coarse grade filter paper.
The other impurities were not listed on the label.

2. Two different types of lithium chloride were used in
these experiments. The first brand used was from
Fisher Sci@ntific Company while the other brand was
'Baker Anslyzed' Reagent Grade. ‘Both grades were

agsayed as being 99.8% purity.



%3, The cupric chloride was certifed anhydrous grade
from Fisher Scientific. The impurities listed on
the lebel totaled 06%. |

4. The calcium chloride used was 'Baker Analyzed'

Reagent Grade and was assayed at 98.4% purity.

5e The godium iodide used was Mallinckrodt granular
enalytical reagent. The impurities listed on the
label totaled .055%.

6. The gilver nitrate was C@rtifed.Aga,S. crystal from

| Fisher Scientific. Its purity was listed es being 99.9 %,
" Te "Electrically Pu rifled' water was us»d in all aguecus sdlms,

8. The hydrochloxric &cmd used was c@rtified as ,1000-
normal by Harleco Chemicals.

g. Two different brends of methancl were used. The first
brand was from FPisher Scilentific Company and was
certified as being 99.9 mole percent pure. The
gecond type used was 'Baker Analyzed' Reagent and
was listed as being 99.8% pure,.

0. The indicators used were standard solutions of one
molar potasgium chromste for tE@ Hohr titrations,
and standerd methyl red in&icatcr fer the sodium
hydrcxid@‘det@rminaticn@.

'E. Exp@rimeﬁ%al'yrécedure;

The experimental procedure varied from system to syeten
but the basic methods and technigues were common'ﬁo all

systema. Before each electrolyte was run, a three quart



batech of solvent of uniform properties was testved until
ite vapor pressure was determined to within + 200 mm Hg.
This was accomplished by taking guéC@saiV@ readinge aftoer
the system had reached equilibrium. The readings were
taken periodically every ten minutes until four or more
readings &g?@éd to within'i ;20 mm Hg. The solvent vaper'
pf@agure was then taken as the average of these readings.

After the solvent vapor pressure had been determined,
an electrolytic solution of concentration of about .30
molal was made up by dissolving a weighed amount of a
previously dried salt. The drying time for each salt
varied from one to three days at a temperature of about
120°C. The volume of a typical bateh was 300 ml.

The electrelytic solution was then poured through a
funnel into the boiling chamber of the atill, while being
extiremely cataful to avoid mixing any of the salt solution
with the pure solvent contained in the condensed vapor
phase regervoir (See Figure I ).

Once the solution was in the still, the heat exchanger
was loaded with dry ice and the coolant pump was turned
on. HNext the vacuum punp evacuating one side of the
manometer was started up. When the coolant had reached a
temperature of ~35°C,, the syst@m vacuun puﬁps were start@é
and the pystem was slowly evacuated. The rate of evacustion
was controlled by a separate bleed valve in the system.

During this process, it was necessary to make sure that the



solution did not flash causing unwanted mixing of the
salt solution with the pure solvent in the reservoir,

Before each run the manostat was preset to operate in
the pressure fang@ of the boiling solution so that the
only adjustment which had to be made was by the use of
" the two bleed valves and the micro-set regglator « Once
the system was under the contrel of the manostat, the
heaters were turned on and the system was allowed to
continually reflux for about forty-five minutes. After
this period, presgsure readings were taken succ@ﬁsiveiy evexy
ten minutes until four or more readings agreed to within
+ 20 nm Hg. The system pressure was then taken to be the
average éf thege readings.

At this point air was let into the system and . all pumps,
heaters and motors were turned off. The solution in the
boiling chamber was then emptied into a 400 nl beaker until
~all but about 50 ml wase drained out of the still. An
appropriete amount was pipetted into a h@&kér and then
titrated ﬁith standard solution. The analyses were perform@d
in duplicate until two readings agreed to within + .1 ml of
titrant. Following quantitative én&lyais,.a pycnometér
determination of the density of the solution was made in

order to convert from molarity to molality.
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THEORY. - PART I: THHRMODYNAMIC CONCEPTS

- A. Ideal Solution
An ideal solution is one for which the thermodynamic
properties of the pure components may be combined to give
the solution properties by the same equations derived for
an ideal gas. i.e.,
‘ZSV = 0 (Volume change of Mixing = 0)
AE

0 (Internal Energy change of
Mixing = 0)

AH =C (Heat of Mixing = 0)

As = RE:xi 1n 1/Xi (Entropy change of
© Mixing)

B. Chemical'Potential

The chemicel potential is a quantity first defined by
Gibbs. vHe showed that at equilibrium between phases, the
chemical potential of a given component must have the same
value ih each phzse, The chemical potential of a componentd,
i, in & Sclution may be thoﬁgﬁt of as the dri&ing forée for
transfer of that material between phases, It is equivalent
to the partial molal free energy of component i when the
pressure, temperature, and moles of other components are
held cengtant. The classical thermodynamic formula fer the

- chemical patential,{ii, of a nonelectrolyte selute in an ideal-

solution is:

o : :
My =;Li + RT 1In X (1)
'In this expression X; is the concentration ef solute in mole

fraction units and}ii is the chemical potential in a standard state,

(See Appcndik F for a discussion of the standard state.)



C. Non-Ideal Electrolytic Solutions
Whereas solute interactions are negligible in dilute
solutlons of non-electrolytes, ion-ion interactions are
significant even in the most dilute solutions, thus
Equation (1) does not apply to solutions of electrolytes and
' Ly #FLl + RT 1n x (for electrolytes)
D. Activity and Activity Coefficient

In order to use an expression of the form of Equation

(1) to treat non-ideal electrolytic solutions, an empirical

correction factor was introduced by Lewig)to represent
the effective concentration, i.e.,
TH =,_L°i + RT 1n £.x, | (2-4)
or Hy =p3 + RT 1n a, (2-B)
This effective concentration is called the activity, a5
of species 1i:
a; = xifi
end f, is called the activity coefficient.
Comparing Equation (2-A) with Equation (1), it is
obvious that ,
}Li(ideal) =}f§ + RT 1n X

and Ly (real) =Ff§ + RT 1n x; + RT 1n £,
thus ’ Ly (real) —;ll(ldeal) -{kph~r

where[&FL ~I is the change in chemical potential arising from

interactions between solute particles, therefore:

A1 = RT 1n £, (2-C)

and the act1v1ty coefficient is a measure of the chemical

13
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potential change arising from ion-ion interactions.
E. Mean Ionic Activity Coefficient
Since ngither the positive nor the negative ions can

be added sepafately to a solution, the individval contributions
of each ionic species to the activity coefficieht of the
system cannot be determined. One can only measure the
activity coefficient of the net electrolyte. Therefore, it
is necessary to establish a conceptual link between the
activity coefficient of an electrolyte in solution and that
of only one of its ionic species,
| The following conventions are noted. Consider a geheral
electrolyte, X, which dissociates intoV (v :Lf+V—) jions
according to the equation, X =Xt +JX~ and let a, denote
the activity of the solute; a and a_ denote the cation and
anion activities, respectively. The activity of the solute
is then: , )

= (a §/(a_)V
The meen ionic act1v1uy, at, 1is defined as the geomebrlc
mean of thc ion activities

foo
- (a2> - (K (3)

The mean ionic activity coefficient, | is defined as the

geomoﬁrlc mean of the ion act1v1uy coefficients:

% =Y Yo Ok | (4)

Since ?’ =a/m and’y =a /m , Equatlon (4) becom
% = ((a,/m,) (a_/m_S Vo= ar/ms (5)

If a sihgle s2lt is added to a solvent, m, = V'm and m. =2 n.

Here, my and m.. are the molality of the cation and anion.
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Substitution of these relations into Equatioen (5) yields:

Y =(as)/(m (WY (W )W) (6)

F, Thé Gibbs-Duhem Equation

The Gibbe-~Duhem Eguation relates the activities of each
component in a solution, with the composition of ﬁhe liquid
~ phase. It may be derived by considering the free energy,
P, of a solution. The total differential of this quantity
may be written as:

dF = -3d% + VAP + fLdn, +[lodn, + wow +pdo, (7).

: whcrq'. C '}L1 = (E)F/Ebnw)'P,T,n

2’ . . ‘. nc

At constant temperature and pressure,
aF =’L1dn1 +;L2dn2 + . '}Lcdnc §Z$Lidni (8)

Intcgrating* at constantfi1,}L2, © v s e yielde:

F =0, +Uon, + o . +}Lcnc (9)

In deriving Equation (9) no values of s [hos o o o My

were gspecified. The Equation, being entirely general, can

be differentiated with respect to any change in composition:

aF n[_,L1dn1 + n1d{.1,1 + ¢ e s -qu,cdnc + mcd)u,C

or dF =3 U dn, +3ndll, (10)
Comparison of Equatiems (8) and (10) yields:
C
2n;dly =0 (11)
1=1

*See Appendix G for the details of thie integration.



Dividing Equation (11) by the total number of moles yields

the general form of the Gibbs-Duhem Eduation:
sziql% = 0 | (12)

TP )
. Differentiation of Equation (Zmé) and substitution into

Equation (12) results in: _
X d(1n ai) =0
For a binary system this becomes
d(1ln ai) = (wxz/x1) a(1n a2) (13)

The practical osmotic coefficient,q§¥)is defined by

In a, = (= mi,/1000) @ . - (14)

Converting Equation (13) to units of molality by substituting

x,/x, = m/(1000/i,)
and combining it with Zquations (3) and (6) gives:

(1000/1,) a(1n a,) = -m d(1n a,) = -m d(1n ax)

and ~Ym d(1n a+) = m d(1ln Y m+) (15) |

Combining Equations (3) and (6) defines m+:
+ | -

+1/ - § %4 ~

s = (¢ WP (16)

Taking logarithms of both sides of Equation (16) results in:

o
In m+ = 1ln m + In (Ujfja/%37> (17)

Substitution of Equation (17) into Equation (15) after
differentiation of Equation (17) yields:

1OOO/M1'd(ln a1) +Vm d(1ln 7émi) = 0

which leads to the important relation first derived by

Bjerrﬁéﬁ%or the relation between the practical osmotic

§i



coefficient and the activity coefficient, namely

d(m(1~¢») +m d(1nYm) = 0 (18)
Integration 6f Equation (18) yields the following expression
for the mean ionic activity coefficient of the solute in

- & binary system:

InY= ~(1m¢j -2

i
i

(p/a'/?) w2 (19)

7



THECRY PART II: ELECTROSTATIC INTERACTIONS

A, The Jystem

The system to be considered is a.strong electrolyte
‘dissociated completely into ions, and the problem %o bel
solved is to quantitatively evaluate the ion-ion interactions.
One approach is to consider an initial state in which the
ion-ion interactions are."switched off.,"™ 1In order %o achieve:
this hypothetical state of noninteracting ions in solution,
the ions would have to be initially uncharged. Thus the
problem of going from .an initial state of noninteracting ions
to a final state of ion-ion interacticns becomes one of
taking an assembly of discharged ions, charging them up,; and
setting this electrostatiCAcharging work equal to the free
energy,[;Fi_I, of ion-ion interactions.

It is desirable to isolate the contributions of one
ionic sbecies to the total free energy change. This partial
free energy change is, by definition,vthe chémicél poﬁential
changemgfLi_I, arising from interactions of one ionic species
with the ionic assembly. To computeggpﬁfl imagine one
reference ion alone is in an uncharged state, Let W be the
work of charging this reference ion up to its normal charge.

* Then the chemical potential of ion-ion interactions is equal

to the charging work per ion times Avogadro's number of ions, Na,

foLi—I = Na W ' ' (20)
 Assuming that an ion can be represented by a charged sphere of

radius Ry and charge zje,, the expression for the work of



charging @ ephere from a sgtate of zero charge to charge
Zi€, will represent the work of charging én ion in a medium
of dielectri;“constant?e :

W = (zge)°/2eR_ = (5;0,/2) (zie /eR ) (21)
But zie:o/eRCE is the electrogiatic potentxal q} at the

surface of the ion, therefore,
AMij (i j(J ": 17Ur‘ ' (22)

The problem of determi Aini/\ﬁu

.7 bow becomes one of the
calculation of the electrosbhatic potential produced zt the

" surface of a reference ion by the rest of the ions in the
solution.

B. The Debye Huckel" dowel(’?)

The egsentials of the Debye Huckel model comprise
three basic agsumptions. firgt, one ilon is selected ag a
reference or central ion. Ounly the reference ion is given
the 1ndlv1uu411tj of discrcte charge. The rest of the ilons

o

in solution are viewed as heing smeared out into a comntinuous
net charge density, pr, The total charge in the atmosphere
of the ion is of opposite sign and exectly equal to the
charge on the reference ion. The final assumption involves
looking at the solvent molecules as a continuous dielectric
medium of dielectric constant, €.
C. Derivation of the Debye Huckel Limiting Law

Assuming spherical symmetry, the relation between charge

density and elcotrostatic potential may be represented by



24 23
r dr{: dr] c f% (23]

The charge density may also be represgented by a linearized

Boltzman Equation.

pr =2nizieo -E(nizi eg ‘-Pr/kT) (24)

From the principle.of electréneutrality,
Snzie, =0 (25)
Combining Equations (24) and (25) yields
P = €Z(H1 i€ oq}/kT) (26)
and substitution of Equation (26) into Equation (23%)

results in the linearized Poisson Boltzman Lguation.

2 2
12 dr[r gr] [EKT nizie"} Pr (27)

Letting kK2 = 4T _Sn.z°¢° and substituting this relation
gy itivo

into Equation (27) simplifies the form to

1, 4 [r2dJ KAy, L (28)

r® dr| dr
Equation (28) must satisfy the boundary conditions

as r-£>oo,lpk~*4>>0 (29)

and ' as K—1I> O’\Dr-b(ziéo)/é ‘ | (30)

Solving Equation (28) with, boundary conditions (29) and (30)

gives the expression for the electrostatic potential as a

function of the distance r from the point charge

e mBZieove] [(e"“r»/%_ (31)
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Using the principle of superposition allows the potential
at a distance r from the central ion to be broken up into

its two contributions:

4&*=#ﬁon +¢éloud (32)
But ion'is the potential due to the ion alone,

Tpaon = (zieo)ﬁgr ' (33)
Combining Equations (31), (32), and (33) and solving for

4éloud results in:

= | (o~KT :
qéloud = [}zieo)/e%}(e - 1) (34)
- In sﬁfficiently'diiuﬁe soiﬁtions,- r<< ! and

KT L2 (1 ke 4+ (KE)Z 4 e . W) - 1 =Kr (35)

Based on this approximation;-
q@loud - (Zieo)/‘a('m1 (36)
where the termK ™! is termed the effective radius of the
ion atmoéphere surrounding the central ion. BSubstituting
Equation (36) into Equation‘(éé) results in the féllowing
expresgion describing the chemical potential. change due to
ion-ion interactions:
A, = -(N2/2) (z5e )o/eKx™ G
Combining Equations (%37) and (2-C) regults in an eguation
for the acﬁiViﬁy.coefficieﬁt.
RT In Y, = ~(L1a(zieo)2)/2€f<—1 (38)

Taking logarithms of both sides of Equation (6) results in:

Y= LoV o vy ) o (39)



Combining this result with Equation (38) yields

In% = -1 (Neek /26RT) (%% +1%°) (40)
. , vV
Sincezﬁzi +1j2§ = z,z_p, Equation (40) becomes
Ins= u(Naegf<F+z*P/2€RT (40-B)

Recalling the definition of;{, the value oijnizgeé may be

expressed in mascroscopic terms, Here, d1 is the sclvent density.
2.2 2

K= (41M/€ kD) 5 nizfey | (41)
and So5as = (Nad,/1000) oz (42)
At this‘timeﬂit becomes convenient to define the ionic.
strength as proposed by Lewis and RandallQ@)
I = (1/2) Sn 28 - (43)
Substituting Zguations (42) and (43) into Equation (41)
resgults in
K? = (8me2 Wad,/1000€k1) I (44)

Combining Equations (44) and (40-B) results in the limiting
law of Debye and Huckel:

| log Y= ~A)42+z_l 11/2 (45)
where the constant A;/is defined as

A%,: (2 Na 4,/1000(2.303)% (e?/ckt)’ (46)

D. Renge of Validity of the Limiting Law

Due to the assumptions inherent in the derivation of
the Debye Huckel law, the range of validity of Equation (45)
extends. only to the most -dilute solutions (i.e. about ,01N).

By refining this model it becomes possible to extend this

¥See Appendix A for calculation of Ajfin methanol.
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range. By removing the assumptions that the ions are point
charges and repeating the derivation bf Equation (45) it may
be shown that the expression for the activity coefficient
takes the form of

105 % = =(inylz,2 | T2/ (1 +ka) 4
It will be recalled, however, that the thickness of the ionic
cloud can be written as
k= c1!/2 (48) .
where C is defined in Equaticn (44). Combining Equa%ioﬁs

- (47) and (48) results in |
1087 = (eiyle,z | TV2)/ (1 4 w2 e

In this expression a is referred to as the ion size parameter.
By picking a reasonable value of a, Equation (49) has been
shown to give a fairly good fit with experimental data up

to an ionic strength of .1.

By combining the first order effects of specific.ioh
interactions with the limiting law, BronstedﬁluggeSued
lequations'of the form

- =af12 -3 (50)

and  2.303 logW = -1z 12 4 20y ™ (51)

In 1935 GUggenheiéggmproved the Bronsted type equations;
by picking a standard value of a of 3 AO, the valuc of Ca
in Equation (&9) becomes equal to one. Each of the Guggenheinm
Equatlons contained a single adjustable parameter B:

Yog % = (-toylze | T2/ + 1V3) @V mn (s2)



and 1 - = (2.303/3) hyz,z 1V/251'2) - 2,303V (53)
'Z/ .
The functionCT(I1/2) is a function of the ionic strength

defined by -
o) (3/:5?/2)[1 +1V2 (/¢ +7%) - 2 1 (4 '+I"2ﬂ’(54)

E. Ion~Solvent Interactions
- Although the ion~ion interactions have been mentioned

extensively, the role of the solvent molecules in solution

has not been explicitly stated. All eguations have been
,derived using the assumptions of Debye-Huckle theory in which
 thé ﬁélv&ﬁf iskvieWéd a8 bné_coﬁtiﬁubus nedia of dielectfiq
conptant, € . The salvegt molecules are ﬁét really locked

upon as having discrete identities. This assumption, although
velid at the lew comcentrations (around .001 melal), becomes
quite imvalid at the higher c@mc@ﬁﬁr&tiaﬁg (especially ér@umﬁ
1 melal or greater). Ever the inelusion ef the ion size

- parameter, a, of Equatien 49.d@é@ ret really carf®1at@ the

. experinental results much beyerd .1 melal.

The reason fer this becemes easier te visualize by
lecking past the Debye Huckel &ﬁ%umpﬁiem% toward what is
actually happening in the seluticn., In actuality each ien
ie &urrouﬁdéd by selvent melecules ard wanders threugh the .
selution in thiéA@élvét@d méat@;‘ Fer %@ry aiiut@‘aoluti@mé
the number of  gelvent melecules that are 'remeved' frem
the selvent is imgigﬁificamﬁ. Hewever, &g the C@mé@mtratiﬁﬁ
iﬁcr@a@é&, mere and mere @f these solvernt melecules becene

“beund up with the imdividusl ions and are ferced teo travel



through the solution with the ion. As a result, less and
less solvent molecul@é are actually aﬁ&ilable for esolvating
additional iens. Thus, the effective concentration of the
dissolved electrelyte is increased. This’is reflected in
the activity coefficient.

Since the activity éoofficient is actually a factor'
which multiplies the simple apparvent ionic concentration
to make it the effective concentration, it is easy to see
why 7& actually rises to much above unity as the cencentration
is increascd. Experiments have shown that sometimes these
increases can more than compensate for the decrease brought
about by the increased interienic forces., To get an idea of
this effective cencentration, a 1 normal selution of sodium
chleride in water causes the concentration o¢f moles of water
in the solution te change from 55.5 moles/I, in an infinitely
dilute selution te 48:5 moles/l. A4 5 normal solution of NaCl
has more than half ef the water in the solution asseciated

with the individual iens.



RESULTS AND DISCUSSION

Ao Experiﬁental Regults

In orde? to determine the accuracy ef the experimental
apparatus the vapor pressure for several known gy stems wag
~compared with the available literature values. The systems
uged for comparison were pure water, pure methanol, and a
sedium chleride solutionm in water. The regults for these

systens are shown in Tables I, II, and III.

Table I compares the literature and experimental values

for pure water at twe temperatures. The relative perceat
efroré are 0064 pércent and °9f p@réeﬁt. This cefreapomds
to an error im the measurement of the pressure of .02 mm
and -2.55 mm Hg, respectively. As can be seen from Table
II, the errers between literature and @xperim@ntal‘values

range frem .21 to 2.27%. This cerresponds to errors in

the pressure ranging frem -.26 mm te - 2.86 mm, Table III-B

’é@mp&r@ﬂ'ﬁh@ vaper pressure ef aqueous soluticns ¢f sediunm

hydrexide with the literature values for this system. ?he

errers in the pressure measurement are 3.32 mm Hg and 3.97 nm

e
Hg. at temperatures 99.0°C and 100 C respectively. The

literature value at 99.0°C was ebtained by cerrecting a

%&1u@ at 100°C to the desired temperature. This precedure is

described in Appendix C.

Thug, it can be seen that thé experimental apparatus
can determine Vaper . pressures te withim .21 mm Hg of the
literature vélu@ for peme gystems, while in geome cases the
difference between literatures and experimental values gets

as high as 3.97 mm. In all cases the apparatus reproduces
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its ewn readings to within +.20 mm Hg. as described in the
experimental procedure,

The results ef this study for five metharnel-sald
gystens ar@\éHQWE in Tables IV threugh VIII. The actual
vaper pressure leoewering as a function ef é@nCQntration is
shewn in these tables, aleng with the relevent functions
computed from the data. The points listed as 'eld data’
ard ‘mew data' C@rresp@n& to different runs using starting
gelvent with different vapor pressures.

The vaper pressure lewering should be é s&aéth
function ef the concentration of dissolved golute, therefore,
a plat‘@flsP against melality should show up experimental
errors in the data. These plets fer the five éystems
considered are shewn in Figﬁres III~-VII. The data appears
fairly emeoth (except for lithium chleride) in these plets.

In oerder to cempute the activity ceefficient ef each
salt in methansl, a plet ef (1'-§b)/m1/2 vs m1/? is needed
te evaluate the integral ef Equatien 19. These plots are
shewn in Figuresg VIII te XII. The data peints are numbered
in Figures VIII and IX for later reference te¢ certain
peinte im this text. From these plote the true scattering
of the data peints may be readily observed. A4 plet ef
(1 ~45)/m1/2 vs,m3/2<sh@ul& shew & centinueus curve that
is a smeeth funcitien ef melality. The scatterirng appears
most obvious in the system lithium chleride and methanel
(Figure VIII). In erder te use plots ef this type te

determine 7&, it is necesgsary te extrapmia%e the functioem



(1 »qb)/m1/2 te infinite dilution. Cenventienal metheds
rely en an empirical one parameter cerrelation that werks
well up to abeut m = .1. Therefere, it ig necessary te
have accuratg"data at this cwnc&&tratien.. In an attempt
 te determine the reliability of the data in the low con-
centration range several points were run in this range.
These points (numbered 1-5 on Figure VIII) vhen werked up
according to conventional methods, seem to establish three
different families of curves - none of which seem to form
a continnous curve with the rest of the daté poiﬁts! In
~order to determine the sensitivity of the osmotic coefficient
in this range, the effect of a difference of oné mr of
mercury in the measurement of the pressure at a low con-
centration has been determined (See Appendix B). This
effect can produce as much as a 67% difference in the function
(1 =)/,

The system sodium iodide in methanol was tested in
a similar menner. The 'old data' was obtained using Fisher
methanol (vapor pressure: 124.64 mm, purity 99.9 mol#),
and the 'new data' was obtained using the 'Baker Analyzed!
Reagent methanol (vapor pressure: 123.88 mm, puriiy 99.8
mol %). The points marked 'old data' and 'new data' seem
to diverge at‘first, and then cenverge at higher concentrations.
The differences in these groupings of points may or may
not be attributable tothe fact that different solvent batches
were used in the determinations.

In any case the scatter in this system seems to be

Y-ds]
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gsomewhat less than in the system lithium chloride and
methanol. An interesting test was run en this system to
&epermine a lower limit for the reproducibility of the
osmotic coefficient. A one liter batch of .77 molal
sodium icdide solutien in methanol was maée up. Two
- separate runs were madé uging 300 mol ef this solution
for each run. The points ebtainéd from these runs are
designated numbers 14 and 15 and are shown in Figure IX.
From Figure IX it can be seen that the points ceincide
nicely thus establishing repreducibility at%this-
cencentration. .

Since.the experimental‘data @btéined was inaccurate
at the low cencentratiorms (m = .1), it became obvieus that
a new extrapelatien proceduie would have te be devised in
erder to evaluate 7&. It was necegsary that this method
use results at as high a cencentration as possible so as te
have a reliable value (or values) for extrapolatien te
infinite dilutien. Anm empirical correlatien of the form:

(1.=b)/u'/2 = 2,303 A},G'(mvz) + X(1)at(?) - (55)

was tried for ten uni~umivalent salts in water at 25°C.
The data was regressed by a nom-linear regression pregran
written in Basic called 'Nenlimn.' Ik attempting te
cerrelate Yiterature data for 1-1 salts te a melality of
six, Equatien 55 showed errors greater tham teolerable
fer some of thé salts. As & result, the correlation wasg
limited te m = 1. The results of regressing the literature

data up te m = 1 on te Equatien (55) are shown in Table

*See Appendix D



IZ. Even with this limitatien the maximum error in 7&

for the systens Rbﬁog'and NaCNS wss abeut 20 4. Another

fault ef thig cerrelation was that only a limited number

ef data p@inté ceuld be used fer the extrapolation

precedure. This would tend te make the graphical integrati@n'

gsemewhat cumbersome %o perform on the computer since there

would be a discontinuity between the range of Equation (55)

and the range over which the experimental data had to be

integrated. For these reasons work was discontinued on

tihis method of correlation.

‘The next method of correlation tried was a graphical

| procedure which consisted of two steps:

1. From the available experimental data, the
constant B is eﬁaluat@d in the following
equation.

1 -gb = (2.303/3)A>;n1/201m7/2) - (2.303/2)B n (56)

The method of evgluating B consists of making

a plot of 1 —gb - (2,303/3)&?mﬁ%j(ﬁ1/2) VE M.
- Tae slope of the straight line obtained is

then -(2.303/2) B.

2. The activity coefficient, Y+, is then
calculated from the equation

"leg{o oo %ymn/z/(1'+ n!/2)
The above equations are for 1-{ electrolytes. For 1-2 or

2-1 electrolytes, Equationé (56) and (57) become:

+ Bmnm (57)

P
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1 ~qb = [?(2;303)/3~/%] Av,m1/2 ag( 3 m1/2)
~ 2(2.303)/3 Bn (58)
and h

This approach was tested on ten 1-1 and nine 1-2
electrolytio gystems using data from the literature.
Sample plets feor a typical 1-1 and 1-2 electroclyte are
shown in Figures XIII and XIV. In Figure XIII the quantity
8 for 1-1 systems is defined by

S= 7 - = (2.303/3) A7}T(m1/2) A © (60)
In Figure XIV the c@rx@spondiﬁg gquantity ‘8' for 1-2
electrolytes is defined by

8t = 1 - - (2(2.309)/3/3) aynPo(E a2 (en)

Instead ef determining the slope graphically, a
cemputer pregram was used which determined the best slope
by the methed ef least squares. The value of B was then
calculated fer each electrelyte and was used in Equations
(57) and (59) te determine 7&. The average maximum
percent errer in 7& was determined fer all systems by
comparing the 74 obtained by this method with the V4
listed inm the iit@rature. The results ¢f these calculatiens
are shown in Tables X and XI. As can be seen the 1-1
systems gave significantly better results with an average
maximum percent error in % ef less tham 5%, while the (=2

systems had ar average maximum percent errer ef abeut 18.3%%.



Neting the curvature in Figure XIV, especially fer
the last few points at the higher cencentratiens, it
became feasible te try and 'weight' these higher concentration
peints a lif%le heavier. Since the censtant B irn Equatiens
(56) and (58), is net a true censtant but %ather'variea
- with cencentratien, individuval values ef B were obitained
frem each value ef at a given é@nceﬁtrati@m. Te get an
average 'weighted' value ef B frem the individual B values,
each individval B value was weighted accoerding te the
melality at which it was ebtaired. Thus, a‘new'SGt ef values
B' were ebtaind using this weighted methed, Mathematically,

B! is expressed in Equation (62) as:

B = Byu/) i, | (62)

where the summatien is taken ever all the experimental peints
for a given system. In essence this methed simply gives
greater weight te the peints at the higher end eof the
‘concerntratien range and reduces the errer ia this rang@.-

The results of thig methed of coerrelatien for 1-1 and
1=-2 malts in water are showm in Tables XII and XIII. Aé can
be geen, the average maximum percent error in 7& was slightly
reduced fer both the 1-1 and the i~2.syst@ms. In @rdef te
see if limiting the coencentration range woeuld have any effect
en this correlatien, this same method Waslapplied to the f~2
salts but only. up te an ienic strength of six. Imposing this
linitation cut the error down in these systems by about one

and one half percent. The results are shown in Teble XIV.



B. Cerrelation of Experimental Results

The experimental results were correlated by use of the
'method of 'ﬁeightcd' B values previously described. The
correlation was not Jimited bo an ionic strength of six,
since in some cases the experimental data went beyond this
conéentfation. The parameter B' wae found for each of the
five methanol-salt systems. It was assumed that the accuracy
of the correlation used was independent of the solvent. This.
being the case, the activity coefficients found by application
of these B' values should be accurate to within a maximum
error of 4.16 % for the T—1_salts'and 17.50 % for the 1-2
salts. The individual B' values for each system along with
the computed values of the activity coefficient of the salt
as a function of concentration are shown in Tables XV through
XIX.

Referring back to Figures VIII, IX and X, there are

gsome peintg that iie far frem the curve and apﬁear to be

experimentally 'bad' points. In order te reject scme of thesge
peints, a methed was used to estimate the precision of the
data and systematically eliminate certaine values based ¢n
(21)

their average deviations. The average deviatien is

defined by:

Z .-:zgyﬂ/g (63).
Here, yj represents the abselute value of an individual
deviation., Each deviation was expressed as a deviatien fron

the value B':
|yj‘,‘zr?'“:“"‘Bj - B;‘" (64)

g represents the number of experimental points used to find Z.
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This methed assumes that unusually large deviatiens
are unlikely to result from indeterminate (random) errers

and are probably the results of seme determinate errer
- everloeked by the experimentalist. Two rules are used to

define these limits:
1., The 2.5 Z rule causes a value to be rejected if
its deviation from the trisal mean, calculated by
ignoring the doubtful velue, is greater than 2.5
times the average deviation.
2. The‘4.0_2 rule is analegous but uses 4.0 times
| the average deviation.as the limit of écceptability.
The way in which this mefhod wa3 applied to the
experimentsl data was by means of a trial and error procedure.
First, the individusl B values of Equation (56) were found.
" The weighted B value, B', was then found from all data
points except the doubiful values. The average deviation
of all points was then calculated and checked to mske sure
that all peints which were used in the calculation of B' had
an average deviation of less than é.S 7 and that all the
points left out had a deviation of greater than 2.5 7.
This procedure was used for the points in Figures VIil

and IX. Because there were fewer data points to deal with

in Figure X, the 4.0 Z rule was used instead of the 2.5 7
rule. As a result of this procedure, several points were
eliminated from Figures VIII and IX and none were eliminated

from Figure X. The points which have been eliminated in
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Figures VIII and IX are shown in large triangles.
C. Conclusions

The onl& literature source of data which was available
for comparison with the experimental results wag that of
Skabaohe@vski.(13> The activity coefficients of the salt
 for the system Lithium Chloride in Methanol ot 2500 are
compared in Table XX. The error between the two sources,
exprimental'aﬁd literature, seems to vary irom about 9 percent
to 2385 percent at the highest concentrations. There are bwo -
main reasons for this. The first one is that the acfivity
of thg solvent at the highest conéentrations was different in
each of the sources. However, this could not bring about
2 235 percent difference in,vé. That difference seems to be
a result of the graphical integration and especially the methed
used fer extrapolatior te infinite dilution. Skabacheevski's
methed of extrapolation is based on a correlatien that works
‘up te about .1 melal. Since his data start at .328 mol&i,
the cerrelatien deoes net rigereusly apply and probably
acceunts fér a large portion ef the error.

In order te make a cemparisen in which this factor dees
net enter inte the calculations, é comparisen of selvéﬁt
for both sets of data was made. Tables XXI and XXII show
7;elvent together with the calculated mele fractionsg of

methanel in the solutions. 7§®1Vémt was fourd by applicatien

ef the fellewing equation:

Yeolvent = (Activity ef the Selvent)/(Mele fractiem Methamol)



In this equatien the mele fractien methanel was based exn
meles eof urdissociated selute plus meles of selvent as the
tetal meles., The resulte ef this cémparissn are shown in
Table XXIII. The largest errer occurs at .the highest sald
cencentrations where there is a censiderable diff@renc@ between
the experimental and literature valuegs for the activity
coefficient of the selvent.

The expéfimental methed as pras&mt@d here seems to be
adequate and accurate to a degree, but there is still obviocusly
seme error in the eperatien ¢f the eguipment which giveg rise
‘ﬁ@‘saae ef the 'bad' peints as well as some of the disg—
crepancies in Table II (values of the pure cempenent vaper
pregsure of methancl.). Ore sgurcé ¢f errer noticed was an
air leak that periodically appeared at the stem eof the teflen
vaelve arnd alse aleng the glasg sleeve of the cendensed vaper
phase regerveoir. The effect ef the presence of air mixed in
with the vepor phase is unknown. |

The metheds presented here fer determining the activity
ceafficiénf of an electrelyte in selution seem te be adéquat@
for the 1-1 electrolytes but leave a maximum error of about
17.5 % for the 1-2 systems. The ﬁncgrtainty lies in th@
extrapelation procedure since this seems tobe the limiting
facter in thie situation.

As for the unzertainty about 7Y

solvent for Lithium Chloride

in Methanol, it seems worthwhile to make some new determninations
of the activty coefficient near saturation so as to resolve

this dicerepancy.
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TABLE I

Vapor Pressure of Pure Water

U . sxeeR. | DIz RHCR
LU FEAL . VaLlUk VALUL /0 Bty
1. 43,6°C 278,65 281.20mm| .91

2, 77.0°¢C 314.20mm 514.18mm| .64

TABLE II

Vapor Pressure of Pure #ethanol

| N N
RUN TEMP . pesEie | LI BRROR
1. 24.88°C | 123.20m| 126,06 2.27
2, " 123.90ma| " .| 1.71
3. " 124.10mm| ™ 1.55
4. " | 124.62m| 1,14
5. "o 125.800m| " .21




TABLE III-A

(4)
Literature Data for Sodium Chloride and Water ot 100°C —

MOLARITY AP
¢5 12.3
1.00 25.2
2.00 52.1
3,00 80.0
4.00 " 111.,0
5,00 . 143.0
6,00 176.5

TABLE ITI-E

" Experimental Data for Sedium Chloride and Water

N |
MOLARITY T | AR, AR (Fexp DF1se
. | =P NP1t
5.169 99°¢c | 86.5 89.7 03699
4.397 100°¢  1123.0 126.85 03130

*Se@ Appendix C
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01d Data for Sodium Iodide and Methanol (P solvent =123.88)

TABLE IV-A

_ - ;

Molality |activity | 9599FIC| ap {‘-:zj;fg& X
2299 | .yg21 5384 98 .9627 4795
JT413 | L9753 5265 3.055 | .5499 .8610
1.157 | .9394 .8432 7.51 1458 1.0756

1.5755 | L6970 1.0767 | 12.76 | —.0626 | 1.205
2.3222 | .8195 1.3377 | 22.36 | -.2216 | 1.5239
2.7593 L1711 14701 28.36 -.28%0 1.0611
3.7048 | .6696 1.6894 | 40.93 | -.3582 | 1.9248
4,520 | .5875 1.8363 | 51.1 ~.3934 | 2.1260
5.7710 | .5144 1.7976 | 60.26 | -~.3320 | 2.4023




TABLE IV-B
Tew Data for, Sodium lodide and Methanol (P solvent = 124.62)
§g: Wolalitylictivity 8?2@;%2 AP o
1.1 .2308 | .9890 | .7482 | 1.37 5227 1804
2. | 3659 | L9831 | L7232 | 2.10 4457 | L6212
13. | 5305 | .9709 8684 | 3,63 1806 | .7283
o. | 6767 | .o571 |1.0100 | 5.34  |-.0121 3226
5. | .9629 | .9432 .9483 | 7.08 0527 | .c812
6. |1.1256 | .9082 [1.3347 |i1.44 |-.3155 {1.0609
7. 11.3870 | .8995 J1.1920 [12.53  |-.1630 h.1777
3. {1.6237 | .8801 [1.2273 |4.94  |-.1784 |1.2474
9. [1.7031 | .8579 [1.4045 [17.71  |-.3100 . }1.3050
10.12.1796 | .8228 |1.3963 p2.08 |-.2684 h.476%
11.]2.4523 | .7861 [1.5318 P6.66 |-.3396 }.5659
12.12.7648 | .7628 [1.5283 P9.56  |-.3177 628
13.13.2387 | .7145 11.6199 B5.58 * |-.3444 }.7996
14.] .7601 | .9585 8602 | 5.21 .1500 | .8719
15.] .7837 |..955% L9101 | 5.62 .1016 | .8853

G



TARLE V-~A

01d Data for. Lithium Chloride and NMethanol (P solvent

123.60)

Pliorality|activiy| oS00010l AP % el
to} 42925 | L9776 | 1.2086 F 2.77 ~3E57 | .5408
2.| .€532 | .9561 | 1.0564 | 5.42 | ~.0693 | .8144
3.| .8996 | .9351 | 1.1640 | 8.02 | -.1730 | .9485
4. | 1.1540 | 9033 | 1.3753 [11.95 | -.3494 11,0742
5.1 1.6288 | .8765. | 1.26%0 {15.27 | -.2061 |1.2762
6.12.0301 | .8204 |1.5218 }22.20 |-.3662 |1.4248
7. | 2.6508 | .7447 }1.7354 §31.55 | -.4517 |1.6281
8. | 3.2300 | .6946 |1.7607 |37.75 |-.4233 |1.7972
9. | 4.04%6 | .5388 |2.3866 157.00 |-.6895 |2.0109
10,0 4.6901 | .4697 |2.5143 [65.55 |-.6902 |2.1657
11.]5.5300 | 4364 |2.3399 {69.65 |-.5678 |2.3516
12.]6.526 | .2658 }3.1684 [90.75 |-.8488 |2.5546
13.]7.3120 | .1930 13.5109 199.75 |-.9286 [2.7041
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TABLE V-B

New Data for Lithium Chloride and lethsnol (P solvent = 123,78)
No|Folalityictivity|9S00tic | A p ﬂé;%% W
14, 1157 | .9946 7264 67 8045 3401
15.] .2220 | .9919 5717 1.00 090 cAT712
16.] .2908 | .9879 6561 | . 1.50 6377 <5392
17.] .2806 | 9904 | .8734 | 1.19 | .2390 | .5297
18.| .2830 | .9917 4586 1,03 {1.0177 5319
19.] .5030 | .9710 9124 | 3,59 1235 7093
20, | .6911 | .9604 9131 4.91 1045 8313
21.11.2880 | 9251 .9430 | 9,23 0502 | 1.1349

CB2.]1.5969 | .9057 | .9682 | 11.67 0252 | 1.2637
bs. 11,9611 | .8806 |1.0116 |14.78 0082 | 1.4003
4. 12.3994 |.8080 |1.3859 |23.7s 22491 | 1.5490
5.2.5768 |.8067 11.3008 |23.92 1874 | 1.6000
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123.34)

TABLE VI
Data for Sodium Hydroxide and Methanol (P solvent =
t U lmotality Activigl gonotte b Ap i;;fé v 2
.2
1.] 3400 | .9792 | .9648 2,55 | 0604 | .5831
2. .8504 | .9260 |1.4108 9.13 |-.4451 .9222
3e]1.1232 | ..8967 }1.5118 12,73 {-.4829 | 1.0593
4.]1.4099 <8847 11.3560 14,23 }-.2998 | 1.1874
5.12.2787 L7056 11.7740 1 28.2% |~.6116 | 1.5095
6.]3.1721 5485 12,0397 | 41.88 |-.6177 | 1.7810
T.12.7113 6606 |2,0070 | 36.33 |-.5837 | 1.6466
8.]4.1500 4756 |2.2584 55.60 |-.6153 | 2,0372
| 9.14.9077 3936 [2.3632 64,70 1-.5983 . |2.2153
10.]5.9413 | 7712 |2.a585 | 74.70 f.si27 |2.4375

43



PARLE VII

Data for Calcium Chloride and lethanol (P solvent = 122.85)

MoIalitylactivity 8?2@;%2. N 1-¢ t/2
NIE

«3186 .9909 .2985 1125 1.2429 5644
.8831 «9489 «6179 6.275 4066 «9397

| 1.2405 | L9101 | L7900 | 11,05 1885 | 1.1138
1.3944 | L9064 | 7332 | 11.50 2259 | 1.1808
1.8799 | .8380 | .9781 |19.90 L0160 | 1.3711
2.4254 | .7670 |1.1380 |28.80 | -.0886 |1.5573

2.6%345 «1289 1.2487 3530 -~e1532 | 1.6231




TABLE VIII

Data for Copper Chloride and Methanol (P solvent = 123.75)

Molalitylactivity 822?&2 AP —l-m;i/‘é wut/2

3868 | 09907 | L2513 | 1.15 | 1.2040 | 6220

e 1294 9752 « 3582 3.07 AR .£540
1.0334 | 9612 | .3984 | 4.80 5515 | 1.0166
1.6263 | w9552 | 4286 | 8.05 | L4475 | 1.2753
2.145% | 9133 | 4396 | 10.73 .3325 | 1.4650
2.4751 | w0022 | w4326 |12.10 L3609 | 1.5732
2.7342 | .8742 | 5116 |15.57 304S | 1.65%5
3.3957 | .8313 | .5661 |20.88 2355 | 1.8427
3.9739 | .7899 | .6175 |26.00 L1917 11.99%4




TABLE IX

Paremeters of Equation 55 for ten 1-1 salts in water

; ., Meximum %

SALT X(1) zia) %irzﬁb)}21/2
RbC1 -.0175769 272243 1.28 %
RbLI -.0127031 .365285 1,06 %
RbBr ~.0146993 314133 2.12 %

Cabr +.0184680. 822782 1014 %
Csl +,0214858 713388 1.15 %
RbHO +.0665265 «281808% 2150 %
NaCNS ~+1091290 <5578%2 19.40 %
KCHS . -.0381413 568564 8.08 %
KC1 ~+0396430 546362 6.38 %
EaCl - - OT4890% 512219 5.25 %
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TABLE X

Velues of B in Equations 56 and 57 for ten 1-1 salts in Water

Maximum %

SALT B EBryor in Yi
KC1 0231557 %.27 %
HI .20140 9.60 %
RbEr 01244 1.27 %
 RbNO, - 0749556 11,60 %
RbI 0132393 80 %
RbC1 LO1TITG 63 %
CsBr .0041455 5.80 %
NaCNS 0685637 8.70 %
ECNS .0127402 4,70 %
CsNO -.1092444 360 %

Average Maximum % Error in J+ = 4,99 %



TABLE XI

W'Valu@a of B for 1=2 galts in Water

' Maximunm %
SALT I Error in Yi
CaCl, «2241 18.0 %
Ca(N05), 0760042 15.0 %
BaCl, «1347 13.8 %
¥gCl, .2607 1§¢2 %
MgBr, 3270 22,0 %
Mgl .3880 22.0 %
Srcl, 1751 15.8 %
CuCl, «1114 22,9 %
NiCl, .2366 15.8 %

Average Maximum % Error in V4

o
priag

18.30 %
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TABLE XIT

Values of B' in Equation 58 for 1-1 salits in Water.

Meximum %
SALT _ B Bryror in'>%
KC1 .0248912 3.50 %
HI .20660 | T7.50 %
RbBr 0127282 1.27 %
REN03 -.0807605 . 8.7 %
RbI 0130304 19 %
RbC1 -0172348 T3 %
CsBr .0014169 £.78 %
NaCNS 0741785 Tl %
KCHS .014892 Lo 1T %
CalNO4 -+ 1148203 2,67 % '

Average Maximum % Error in 7@ = 4,16 %



TABLE XIII

Values of B' for 1-2 Salte in Water

Mazinum %
SALT B! Error in’}&
CaCl, 2186342 24,96 %
Ca(NO5), | .0861798 13.33 %
~ BaCl, < 1597748 9.79 %
MgC1, .26870% 19,60 7
MgBr, . 337365 20,70 %
MgI, 3998681 20.56 %
SrCl, 1825795 14,80 %
CuCl, 1269439 19.22 %
NiCl, «2465565 14.53 %

Average Maximum % Error in Y+ = 47.50 %



TABLE XIV

Values of B' for 1=2 Salts in Water to I = 6

Maximum %
SALT B! Brror iﬁ'}%
Cacl, «2350789 12.3 &
Ca(NOg), «106577 10.6 %
BaCl, 34T T 15.1 %
MgCl, 26703 19.6 %
MgBr, 337365 20.7 %
Mel, .3998681 20,6 %
SrCl, . 1825795 14,8 %
NiCl, 2465564 14,5 %
cucl, | .13838 16.3 %

k3 £ /
Average Maximum % Error 1m’>+ = 15.8 %



TABLE XV

Activity Ceefficients eof Lithium Chleride in Methanol at 24.88°%¢

B' = .3503

MOLALITY 106 V% TV
.1 ~.3929 4046
.2 ~.480% <3308
3 ~.5252 2984
5 | -.5626 L2737
N ~.5661 2715
1.0 ~.5402 2882
1.5 ~ 4549 +3507
2.0 ~ 3427 4542
3.0 ~.05837 8742
3.5 +.06544 | 1.163
4.0 .2139 1,636
4.5 3659 2,322
5.0 5209 | 3.319
5.5 .6781 4.766
6.0 . | +8371 | 6.875
6.5 L9977 9.951
7.0 1,160 14,45




Activity Coefficients of Sodium Icdide in Methanol at 24.88°C

TABLE XVI

B' = ,5224
MOLALITY 106 Vs Vs
g ~.3957 . 4020
2 - 4856 3266
3 =.53%5 .2927
.5 - 5765 .2651
7 ~ 5856 .2596
1.0 ~.5681 .2707%
1.5 -, 4968 .3185
2.0 - 43985 .3994
2.5 ~.2850 5188
3.0 ~.1420 7210
3.5 ~.03221 .9285
4.0 +.1023 1.266
4.5 +.2404 1.740
5.0 “+.3814 2,407
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TARLE XVII

Activity Coefficients ef Sodium Hydrexide in Methanel at 24.88°C

B! = .4115

MOLALITY 106 % s
. ~.3867 4104
.2 - 4680 . 5407
.3 - .5068 3112
.5 - .5320 2937 .
7 ~.5233 .2997
1.0 - .4790 3318
1.5 3632 4333
2.0 ~.220% 6021
2.5 ~.06227 .8665
3.0 +.1252 1.5%4
3.5 .2796 1.904
4.0 4587 2.876
4.5 L6413 4.380
5.0 .8269 6.745
5.5 1.015 10.35
6.0 1,204 16.02
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TABLE XVIII

Activity Coefficients of Calcium Chloride in Methsnol at 24.88°¢C

B' = ,3261
MOLALITY " Log /% 7
o ~1.217 06064
2 -1.46783° |  .03403
.3 ~1.6037 .02489
.5 -1.74359 .0180%4
o7 -1.80323 015719
1.0 ~1.8233 .015006
1.5 ~1.768592 017025
2.0 | -1.65979 021873
2.5 | -1.52218 .03002




TABLE XIX

Activity Coefficients of Copper Chloride and Methanol at 24.88°C

B! = 1163
MOLALITY 10¢ Vs Ve
o ~1.2449 0568571
2. -1.523781 029918
o3 -1.68757 T L.020517
.5 ~1.8835 015067
o7 -1.999 010014
1.0 ~2.10310 007879
1.5 ~2,18816 006478
2.0 -2.21921 .0060%0
2.5 ~2.22146 .005999
3.0 ~2.20622 0066135
3.5 ~2.17917 0066135
4,0 ~2.1437 007176

23]



TABLE XX

Comparison of Literature and Experimentsl Values for 7& of

Lithium Chloride in Methoncl

NOLALITY Yo(1it.) Ve (exp.)| % DIFFEREHCE
.3 361 4046 12,1 %
5 V351 2757 17.3 %
1.0 336 L2882 14,2 %
2.0 .458 4542 5.30 %
3.0 695 8742 25.8 %
4.0 1.180 1,636 38.6 %
5.0 2,0% 3.319 63.5 %
6.0 5,30 6,675 108 %
7.0 4.31 14.45 235 %
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Experimental Values of 7V

TABLE XXI

golvent

for Lithium Chloride in Methanol

MOLALITY B@Z;giﬁi(’”w ACTIVITY Y, tvent
6632 .9792 .9561 L9764
.8896 .9723 L9351 L9617

1,6288 L9519 .B765 .9208

2.0301 .9389 .8204 .8738

2.6508 9217 7447 8080

5,2300 .9062 .6946 L7665

4.0436 .8853 .5388 L6086

4.6901 .8694 <4697 5403

6.526 .8271 .2658 3214

7.3120 .8102 .1930 .2382
157 .9963 <9946 .5983
2908 .9908 9879 9971
.2806 .9911 .9904 5993
.5030 9841 9710 LOB6T
6911 .978% .9604 9817

1.2880 .9604 .9251 L9632

2.3994 .9286 .8080 8701
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Literature Values of 7Y

TABLE XXII

golvent

for Lithium Chleride in Methanol

MOLE FRACTION

MOLALITY  METHANOL ACTIVITY 7@01V@mt
.328 .9896 9830 <9933
1,340 .0588 <9150 9543
1953 « 9441 861 9140
2,560 9242 801 8667
2,971 L9131 756 8279
3.667 8949 671 7498
4,259 8793 590 6710
4,502 8739 0561 6419
5.669 8463 432 5105
8.877 7786 218 2800

o9



TABLE XXIII

Comparison of Literature and Zxperimental Values of ) of

sgolvent
Lithium Chloride in Methanol

ﬁg%§a£§§0tion 3golvent(liﬁﬁ 7éolvent (exp) % Difference
.98 .985 0975 | 1.02 %
.96 .955 938 1.8% %
«94. .910 .885 2.75 %
+92 850 «815 4,12 %
C .90 . <T75 | <745 . 3.87 %
.88 .680 | .650 4od1 %
.86 580 <538 T35 %
84 <495 400 1919 %
.82 410 - .270 34415 %

N

%

P

Average Percent Differcence = 8.7

¥ Read from Figure XV
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FIGURE IV

Sodium Todide and Methanol.
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FIGURE X

Sedium Hydroxide and Methanol




FIGURE XI
Calcium Chloride and Methanol




FIGURE XII

Copper Chloride and Methanol
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FIGURE XL

Rubidium Chloride and Water

Illustration of Plotting Procedure Used to Determine

B in Equation 56
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FIiGURE XI\L Calcium Chloride and Water

Illustration of Plotting Procedure Used to Determine .Bu in Equation 58
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NOMENCLATURE

constant defined in Equation (46)

Sy
i

a = activity
B = parameter of Equations (52), (56), (57), (58), (59).
B. = .individual B values of Equations (52) and (56) - (59)
J Fach individual B value corresyonds to an experimental
value of the csmotic coefficient.
B' = ZB-..jmj/ zmj, a 'weighted' B velue used analagously
to the B in Equation (52). B' is defined in Eguation (62)
d1 = dengity of the solvent
B = internal energy
_eé = éharge @n'an éleétron
F = free energy
H = enthalpy
I = ionic strength, defined in Equation (43)
m = molality
n, = moleg of component i.
Na = .Avcgaﬁre;s number
P = pressure
R = gas bonstant
RO =  radius of an ion, if it is considered to be a charged
sphere.
r =. radial distance away from a point charge
S = entropy | |
W = work of charging an ion
X = vfxt + X7, where X is a general electrolyte and
Xt and X~ represent the cation and anion, respectively.
y = abselute value of an individual deviation, defined in
Equation (64)
2 = valence of an ion
z = éver&ge deviatien défimcd in Equatien (673%)



NOMENCLATURE (cont'd)

x(1)
X(2)

Greek

P RW a

~

,ﬁxﬂqm &2

o e
:

s ¢ E

parameter of Eguation (55

parameter of Equation (55)

Letters:

i

il

]

cloud™

]

i

parameter of Equation (51)

parameter of Equation (51)

mean iocnic activity coefficient

guantity plotted in order to extrapolate data and
evaluate B for 1-1 el ectrolytes., Defined in

Equation (60).

analagcus quantity for 1-2 electrolytes. Defined
in Equation (61) ‘

dielectric constant

function defined in Equation.64)
esmotic ceefficient

thickness of the ienic cleoud

electrostatic petential at a distance r from a point .
charge.

electrostatic potential due to the ion alene

electrostatic potential due to the ienic atmosphere
gsurrounding the central ion.

chemical petential

total number of ions an electrolyte dissociates inte;
" = number of cations, 7 = number.of anions,.

to tal number of experimental points used in evaluating
Z in Equation (63%).

Y
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NOMENCLATURE (cont'd)

Subscripts:
1 = sgolvent
P = golute
i = camp@nent in a solution
c = toetal number of cemponeﬁts in a2 solution
+ = catien
- = anion
mx = electrolyte where m is the cation and x the.anion
= experimental data point having an osmotic coefficient

and an individual B value (Bj corresponding to it.
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APPENDIX A

Caleculation of A7/

Data for Methanol at 25.0°C

N = Avogadro's Number = 6.02252 x 1027 mole™!

d, = Density of Methanol = 7901

Dielectric Constant = 31.50

w o
i i

Boltzman Constant = 1,38054 x 10”16 erg-g™

= Charge on an electron = 4,80298 z 10~ 1° cmﬂ)’/z—g‘/‘?»sec"1
: T@mp@ratur@'in_ox = 298.16 °x

T = 3.14159

3
i

A?? = (M a,/1000. x 2.303%) (e2/pk1)?

A = 1.781
7
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APPENDIX B

Sensitivity of (1 =P)/m'/? to errors in Pressure

~ The follow;ng experimental values were determined for sodium
iodide in methanol:

molality = .2299

Péolution: 122.9 mm
Poolvent = 123.88 mm
activity = 122.9/123.88 = ,9921

- P=.5384
(1 =-p)/m'? = L9627

Assume that the pressure of the solution was in error by {1 nmm,
then:

1
Psoluﬁion

activity' = 121.9/123.88 = .9840
@ ' = .2336 |
(1 -p1)/m'/2 = 1508332

Percent Error in (1 ,qb)/m1/2 = (1.598 = .9627)/.9627 x 100 %

i

6T %
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APPENDIX C

The literature value fer/AAP of a 3.169 melar sodium
chleride solutien actually correspeonds tc a temperature of
100°C, The experimental data has been ebtained at 99.0%C.

The author assumes that the[XP'is net strongly affected by ﬁﬁis

difference in temperature.



APPENDIX D

Derivation of Equation 55
Equation.(55) is derived from Equation (53) by assuming
that the constant B in Equation (53%) is reslly a function of .
concentration. The functional relationship chosen is then:
B = Bo’m(X(z) - 1)
Substitution of this relstion into Equation (53) will then
result in Equation (55). (In this ecquation X(2) is any number

greater than zero.)

S -um!/? - 2.303-A7A3(m1/2) + x(1)nX(2) (55)
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APPENDIX E

DATA SOURCES
AQUEOUS ELECTROLYTIC SYSTEMS

Sodium Chloride and water at 100°C.
Potassium Chloride and Water at 25°¢
Hydrogen Iodide and Water at 25°C .,
‘Rubidium Bromide and Water at 25°¢
Rubidium Nitrate and Water at 25°C
Rubidium Iodide and Water at 25°C .
" Rubidium Chloride and Water at 25°C
Cesium Bromide and Water at 25°C .

Sodium Thiocyanate and Water at 25°¢

.

Potassium Thiocyanate and Water at 25°C

Cesium Nitrate and Water at 25°C .
Calcium Nitrate and Water at 25°C ,
Calcium Chloride and Water at 25°C
Barium Chloride and Water at 25°C .
Magnesium Chloride and Water at 25°C
Magnesium Bromide and Water at 25°C
Magnegium Jodide and Water at 2500
Strontium Chloride and Water at 25°¢
Nickle Chloridé and Water at 25°C ,
Copper Chloride and Water at 25°C .
NONAQUEOUS ELECTROLYTIC SYSTEM

Lithium Chloride and Methanol at 25°¢

.

.

REF.
. 4
. 2
. 5
. 6
. 6
. 6
. 6
- 6
. 17
. 7
. 6
. 8
. 2
. 11
. 10
. 10
. 10
. 11
.9
.- 9
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APPENDIZ E (cont'd)

PURE SOLVENTS
Methanol at 25°C . e
Water at 43,.600 and 77.0°C . -

L

L

REF.

. 12
- 14

U
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APPEEDIX F
Discussien of the estandard state fer anm electrolyte

Equatien 1 defires the chemical petential ef comperent
i ir sgelutien im terng ef its mole fractien aﬁd the chemieal |
petéwti&i in the standard state. In this identity}i? is a
functien ef tenmperature and pregsure alene. The gtandard
state is choser on the basis of ene of twe convemtions. These
conventions assumne that a component i eof a real selutien is
normally feurnd te appreach ideal behavior both as X4 e 1
~ and as-xi'-> 0, For an electrelyte, which dees not have a
| finite measurable partial pie&aure, it is cémventiaﬁt to
cheose the standard state as unit mole fractiom. Fer this
case}L? is simply the free enérgy per mole of the pure
component at the same temperature ard pressure as the selution

under discussion.



84

APPENDIX G

Description of the Integratien Imvolved in the Gibbs-Duhem
' Equatien

Equation (9) was arrived at by a special type of integratien
performed at constant compositien. It implies that cemposition
of the smelution remasinsg unchanged while itnis being formed.
This may be achieved by simultaneocusly adding the cdmpon@nts,
1 2, 3, etc,‘in the ratieo of their mole fractions in the
final selution. Thus, the limits of the integration are from
- zero moles of component i to the final number of moles in
the final solution. During this process, the méle fraction
of component i remains constant at Xy

An alternate more general method of deriving Equation
(11) consists of using Euler's Theorem. Recognizing that for
a3 binary system P is a function of two variables et constant

temperature and composition:

F = f(n1,n2)) P,T are constant (G¥1)
Therefore, by the methods of calculus:
4F {ay@nﬂ an, [@F@n% an, (G-2)
n ﬂ,] .
or, | aF = [Lan] + fydn, . . (a-3)
For a binary system Equation (10) becomes:
dF = FHdn1 + fhydn, + erFH +N 50y ' (G-4)

Combining'Equatibns (G-3) and (G-4) results in Equation

(11) written for a binary system:

Dyl + npdy = O (6-5)
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