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ABSTRACT 

This thesis reports transference number measurements by- the moving 

boundary method of 3 electrolytes in water at 25°C. 

The cation,  transference number (t4.) of perchloric acid was re—deter-

mined in 0.1 molar solutionwhere literature values of t,. disagree both 

with each other and with. anion transference numbers (t_) measured earlier 

in this laboratory-. The boundary velocity was found to be very sensitive 

to acid impurities in the following solution, and the result obtained 

substantiated the anion values. 

The cation transference numbers of silver nitrate are known to rise 

with increasing concentration, contrary. to the expectations of theory. 

To test whether other silver salts behave this way, the anion and cation-

transference numbers of silver perchlorate were determined at 0.01, 0.02, 

0.05, 0.10 and 0.20 molar. Once again the cation transference numbers 

were found to increase with increasing concentration. This suggests that 

the silver ion is responsible for this abnormal behaviour, and an attempt 

was made to explain it by- positive triple ion formation. 

Virtually all accurate transference work has been restricted to 

uni—univalent electrolytes. To further test existing interionic attraction 

theories, it was desirable to have experimental data for a bi—bivalent 

system. Magnesium sulphate was chosen as it does not hydrolyse in aqueous 

solution. Both anion and cation measurements were made for 0.005, 0.01, 

0.025, 0.05 and 0.1 molar solutions. 

The theoretical transference equations of Fuoss and Onsager and of 

Pitts were modified to apply to bi—bivalent electrolytes, and so were the 

appropriate computer programmes for fitting to the experimental data. The 

computer calculations carried out show that the Fuoss—Onsager theories fit 

the experimental results for-magnesium sulphate better than the Pitts 

theory. The parameters distance of closest approach (a) and the limiting 

cation transference number (t.17.) produced by the Pitts theory are higher 

than those derived by- Fuoss—Onsager equations. 
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CHAPTER 1 

CONDUCTANCE AND ITS VARIATION WITH CONCENTRATION 

That ions exist in electrolyte solutions is shown by the fact 

that they conduct electricity. Ohm's law is applicable to this 

phenomenon: 

V= IR 
	 (1- 1) 

where I is the current flowing through the solution of resistance 

R when a potential difference of V is applied across it. It has 

been observed that 

ROC f/A 

where 1. is the length of the conductor and A its cross sectional 

area. Thus the conductance 

I 
	 1/R o< All = 	 (2— 2) 

where the proportionality constant X is known as the specific 

conductivity. Chemists prefer to use the related molar conductance, 

defined as 

= K 
	

(1— 3) 

where c is the concentration in moles per m3  and A is in 

2mole—I. 

As a source of information on ionic equilibria in solution, the 

variation of A with concentration has been a subject of thorough 

investigation almost from the beginning of the 20th  century. 

Arrhenius attempted to explain the decrease of A with concentration 

as due to incomplete dissociation of the electrolyte. According to 

him 	 • 

of sa A/A° 	 (1— 4) 

where CK is the degree of dissociation at the concentration to which 

A refers, and A
o 
 the molar conductance at infinitesimal ionic 

strength where the electrolyte is completely dissociated into ions. 

0 
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The Arrhenius theory explained satisfactorily the behaviour of 

substances now known as 'weak' electrolytes but its predictions did 

not agree with the observations made on colligative properties of 

'strong' electrolytes. It also could not explain the concentration 

dependence of transference number in both classes of electrolytes. 

Arrhenius assumed that the mobility of ions did not vary with 

concentration. Later workers, particularly Debye and Hfickel in 19231, 

drew attention to the influence which coulombic forces exert even in 

strong electrolyte solutions. Debye and finckel quantified the effect 

in their inter ionic attraction theory. They stated that any volume 

element in the solution taken with respect to a reference (central) 

ion, will carry over a time average a small but finite charge opposite 

in sign to that of the central ion as a result of coulombic and 

thermal interactions. This gives rise to an 'ionic atmosphere' around 

the central ion with an equal and opposite charge. This atmosphere 

causes the electrolytes in solution to deviate from ideal behaviour 

even in the absence of external fields. The measure of the extent 

an actual electrolyte differs from an ideal solute — the mean ionic 

activity coefficient, f±, is given by 

log f - A1Z+Z_UT 	(1— 5) 
1 + 

where A - 	 (1- 6) 2.303 1000 	(EkT)3/2  

1  871 Net  N'w 	1  
B 	1000k 	( TA 

and the ionic strength, I = 44 ciZi2  

(1.— 7) 

(1— 8) 

where ci  is the molarity of ions of algebraic charge number . a 9  
is the distance of closest approach between the free cation and 

anion (centre to centre distance at contact in this case), e is the 

charge on the proton, N the Avogadro number, k the Boltzmann constant, 

the relative dielectric constant and T the absolute temperature. 

Substitution for these constants in the equations gives (in c.g.s. 



units) 

A° 
( 	T )3/2  

and 	
B - 50.29 x 10

8 

The mean ionic activity a+  the property that is experimentally 

measured, is given for a symmetrical electrolyte by 

Thus 

at ' cions*ft 

a+ = o( cf+ c 

where 	is the stoichiometric activity coefficient. 

When an external electric field is applied there are two 

distinct ways in which the ionic atmosphere affects the velocity 

of the central ion: the electrophoretic effect and the relaxation 

or asymmetric effect. 

The electrophoretic effect  

When an ion moves in an electric field, the oppositely charged 

ionic atmosphere will move in the opposite direction. This causes 

a flow of solvent in the direction opposite to that of the central 

ion. The central ion will therefore be slowed down. The effect is 

concentration dependent and will be zero at infinitesimal ionic 

strength where there are no ionic atmospheres. 

The relaxation effect  

The ionic atmosphere is symmetrically oriented around the central 

ion in the c.bsence of an external field. But on the application of 

such a field the central ion and its atmosphere move in opposite 

directions, thus making the atmosphere asymmetric with respect to 

the ion. The atmosphere will of course *die-rearrange itself but not 

instantaneously, so exerting a net force on the central ion in the 

direction opposite to its motion. This effect too will be concentra-

tion dependent and will die out at infinitesimal ionic strength. 

1.825 x 10
6 

( 



qK Z1Z2e2  
B - 1,FD"--Cc 3 6kT 	1+4-i 

(1- 12) 

Debye and !Makel along with Onsager2  gave a quantitative 

assessment of these two effects on the change of molar conductance 

with concentration. Their model treated the ions as point charges 

and the solvent as a dielectric continuum. For these reasons, as well 

as mathematical ones, the theory holds only at extreme dilutions even 

for uni-uni valent electrolytes. Their result can be stated for a 

symmetrical electrolyte as 

ji./c4 = g - (Bit 	.62,)°•177 	- 11) 

where B1 is the relaxation term given by 

12 

where 
fzlz2 ,  

q IZ11+1 Z21 	 IZI112  (1- 13) 

)■) 	; ]. and 	are the molar conductancesat infinitesimal ionic strength 

of the two .ions of charge Z1  and Z2  respectively. For a symmetrical 

electrolyte q = Ja. The Debye length 1/R is defined by 

r8 Ne2I  
‘1000 E kTi  

B2 is the electrophoretic coefficient given by 

B j;F; - e2XN  2 	- TATT 	(1zil + 1z21) 

(1— 14 ) 

(1- 15) 

where 1 is the viscosity of the medium. Substitution for these 

constants in the equations gives (in c.g.s. units) 

B
1 = 8.204 x 10

5.Z3A 611)3/29 

• 82.46 Z2/1 ( E 11 )-2-9 

and 
	50.29 x 108. (Z20( ciE 

where Z1 
= Z

2 
= Z for symmetrical electrolytes. 

Fuoss and Onsager3 attempted to explain the behaviour of electro-

lytes beyond the range of applicability of the limiting law by treating 
• 	 ions as hard spheres with finite dimensions moving in a dielectric 



continuum. The equation they obtained can be written 

 

13 

tz- = (A)  - Ae)(1 + 
A! 	13,25T; 

where ( 1 	Y ) 

is the electrophoretic term, Y being defined by 

Y = k a 

 

(1— 18) 

 

X is the applied field and AX is the relaxation field which opposes 

X. Hence AX/X has a negative sign. 

The Debye-Huckel-Onsager limiting law (eq. 1- 11) is obtained 

from the Fuoss-Onsager conductance equation (eq. 1- 16) if the cross-

product of
e 
and ,AX/X is ignored and the distance of closest 

approach (a) is made equal to zero. 

In 1963 Fuoss and Onsager4  treated the electrophoretic effect 

more exactly and derived the equation 

Ae  = B2 04-7; - B3 
	 (1- 19) 

for the electrophoretic term. For a symmetrical electrolyte, 

2 N2e6z  B - • 
3 3  1( ai k)2

•(°(c)•103 F(b) 	(1- 20) 

10(b) is a function of a, E and T. A comparison between the old and 
revised electrophoretic terms has been made by Spiro and Sidebottom5. 
They showed that the two terms often differ significantly and suggested 

(from transference evidence) that the effect is more closely represe-

nted by the revised term. When the latter is used in eq.(1- 11:) it 

appears as 

A , 	r-- 
ISZ = ( It — 032,10(0 	B3))(1 + 4 x/x) (1- 21) 

This equation has been further improved with a recalculated relaxation 

term by Fuoss and Hsia
6 

 . 

In 1953 Pitts7  derived an equation based on the same model of 
hard spheres moving in a dielectric continuum as had been used by 

I 



-14 

Fuoss and Onsager, but his treatment differed from theirs in several 

ways. These are in short, the proximity of the two ions at their 

distance of closest approach, the effect of Brownian motion on the 

force in a volume element of the solvent, and the nature of the 

boundary conditions used. These differences in approach have been 

discussed in detail by Pitts, Tabor and Daly and also by Fernandez-

Prini9. Pitts' equation, in its slightly modified forma, cam he stated 

as 

where 

and 

«A (1 - 	+ T2  - Y3  

Z2e2k 	Z4e4SIX2 
Y; = 	4- 
' 34kT(1442)(1+Y)(174-Y) 3(EkT)2  

T = - --ILL.:.-11 	N  . z4e4K2 
2  ' 	W.4-Y)(1+Y)2 x 	x  27TY1 	3EkT 

Y. 	Zelk x  N x  (1 - .K
2
....2
2
1.-..L<T) 

3 	(14-Y) 	371 1 	3aT 

(1- 22) 

(1- 23) 

(1- 24) 

(1- 25) 

S1 and Ti  are numerically evaluated functions of T. 

I 
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CHAPTER 2(a) 

II et.' 

TRANSFERENCE (AND TRANSPORT) NUMBERS 

A commonly used definition — the fraction of the total current 

carried by the ionic species i — gives the ionic transport number (ti). 

Being a fraction, it is dimensionless and either positive or zero. It 

is also clear that 

t, = 1 	 (2— 1) 

The definition however is of little practical use except when the 

electrolyte dissociates into two ions only, as in the case of aqueous 

KC1. A serious difficulty arises when the electrolyte-forms complex 

ions10, as in aqueous oxalic acid. It is not possible to measure the 

fractions of current carried by the constituent ions H+, HOx—  and 0x2—  

due to the dynamic equilibrium existing between the species in solution. 

Hydrogen is being carried towards the cathode as 11+  and towards the 

anode as HOx—, and the only experimentally measurable quantity (by 

titration,for example) is the net number of hydrogenSbeing transferred 

in one direction'. Similarly we can obtain the net transfer of oxalate 

in the form of both HOx—  and 0x2—  ions but not the transfer of each 

ionic species separately. To overcome this difficulty, we need another 

kind of transport number related to the quantities that can be 

experimentally measured: the ion—constituent transference number (tR). 

The formal definition has been given by Spirolla as 

"The transference number of a cation or anion 

constituent is the net number of faradays carried by 

that ion—contituent as it crosses an imaginary plane 

in the solution, in the direction of the cathode or 
. 

anode respectively, when one faraday of elect Ecity 

passes across that plane." 

The term ion—constituent is used to denote the ion forming portion of 

an electrolyte without referring to the extent to which it may exist 

in the dissociated state. The condition restricting the choice of 
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ion—constituents is that it must be possible to 	express the chemical 

formula of every species present in the solution as an additive 

function of those of the ion—constituents. Thus in H2Ox, 114*  is the 

cation constituent and mod 0x2—  is the anion constituent.But in a 

concentrated solution where the concentration of 0x2—  is negligible, 

H+  and HOx—  may be chosen as the two ion—constituents treating it as 

a uni—uni valent electrolyte. It is clear that tR  is also dimensionless 

and 

1E1 t = 1 
	 (2— 2) 

tR caneitherbepositive,zerooreven(unliket.1
)negative. The ionic 

transport number becomes numerically equal to the ion—contituent 

transference number in the case of strong electrolytes where ion—

constituents exist only as the free (solvated) ions themselves. The 

ion—ltituent transference number can be expressed in terms of the 

molar conductances of ionic species as 

(Z /Z)N 	c. 
R 1 Rii 1  t 	

(2— 3) 
.c. 1 1 

where NR/i  is the number of moles of ion—constituent R contained in 

each mole of ion i of net charge Zi. For an electrolyte which produces 

on dissociation two ions only, 

X
R
cRRcR t = 	 (2— 4) 

R Ac = A 
i 1 1 
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CHAPTER 2(b) 

VARIATION OF TRANSFERENCE NUMBERS WITH CONCENTRATION 

For convenience, equations will be given only for the cation—

constituent. The same relationship holds for the anion, with the sign 
4104et 

of the charge changed. The transferenceet infinitesimal ionic strength 

can simply be stated as 

to = + 	.Ao (2- 5) 
4) 

where A+  is the molar conductivity of the cation at infinitesimal 

ionic strength. The cationic analogue of eq.(1— 16) is 

= ( X+  — X+e)(1 + Ax41x) 	 (2— 6) 

For a symmetrical electrolytel2  

e 	e A -fie 
 

and 	Akki. = Ax_ 	Ax 

as electrostatic interactions are mutual. Therefore equations (2— 4), 

(2— 6) and (1— 16) give 

t+  = (X+  — 42)/(if — 	(2— 7) 

i•e• 	t+  = t+  + (e+  —) A ei( 	- A e) 	(2— 8) 

which on rearrangement gives 

t41. = t+ 	(t+ i).40/11! 	(?— 9) 

Substitution of the old Fuoss—Onsager electrophoretic term (eq.l— 17) 

in eq.(2— 9) gives 

tc4. = 	— (t+  — i)B2J;ic;/.e(l+Y) 	(2— 10) 

which is the transference form of the F-0 conductance equation with 

the old electrophoretic term. Equation (2— 10) on rearranging and 

differentiating with respect to, gives 
• 
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occ->0 	
(t 7i. - -DB2it 	(2- 11) 

which is the Onsager limiting slope for the transference number. If 

the revised electrophoretic term (eq.1- 19) is substituted for e in 
eq.(2- 9) the equation 

t: = 	(t+  - 2)(B21-CW-c - B3)01:1 	(2- 12) 

results. Equation (2- 12) is the transference form of the F-0 conduct-

ance equation with the revised electrophoretic term. 

The cationic analogue of Pitts' conductance equation (eq.1- 22) 

is13  
o  

Y1'41.1 4 = 	 )Y2 .-y3 
	

(2- 13) 

The two equations can be combined to give 

+ 	i)Y3/11'. 	 (2- 14) 

where J1
, 	

- ZY, + Y2  - Y3. Thus 1 

t. 	ia ysm)(t k .(3 	 (2- 15) 

which is the Pitts conductance equation in its transference form. 

Equations (2- 10), (2- 12) and (2- 15) are convenient forms of 

transference equation for testing the respective F-0 and Pitts theories. 

This has been done by computer calculations using the observed moving 

boundary transference numbers of several uni-uni valent electrolytes 

in a wide range of solvents13. In the present work, the theories have 

been tested for bi-bi valent electrolytes with data obtained for MgSO4 

and also with the transference values for CuSO4 published by Fritz and 

FUget14  and those of ZnSO4  reported by Dye et al.15,16.  These tests 

were all carried out by the method A described by Sidebottom and Spiro13. 

Method A is based on the fact that if the theoretical equation 

holds for a given value of the distance parameter a, then t°  as 

calculated should be invariant with concentration. The measured trans-

ference numbers and corresponding ionic concentrations (0(C) were 

therefore substituted in the respective Fuoss-Onsager and Pitts' 

equations for a series of values of a. That value of a was then found 
• 
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• 

which made the standard deviation of the calculated t°  values from 

their average a minimum over a specified concentration range. 

A computer programme has been written by Sidebottom17ain FORTRAN IV 

for the Imperial College CDC 6400 computer for uni—univalent electrolytes. 

This programme was revised and rewritten to calculate t°  of symmetrical 

electrolytes of any order from experimental transference numbers at 

various molarities c. The average t°  over the concentration range 

studied, and also the standard deviation of the values of t°  from this 

average value, were then found. The calculation was carried out for 

all positive integral values of a from 1 — 20 I . If the standard 

deviation progressively decreased with decreasing a without passing 

through a minimum, negative values a ( even though these have no 

physical meaning) were tried also. However, negative a values fit 

algebraically only the F-0 equation with the old electrophoretic term. 

Since the theories are likely to break down at high concentrations 

the whole series of calculations was then repeated with the data for 

the highest concentration being excluded. The next highest concentr- 
a 

ation was then excluded and so on until the three lowest concentrations 

were reached. 

It is clear from conductance equations and their corresponding 

transference forms that ion association affects transference numbers 

much less than it affects conductances. The degree of dissociation 

only remains in transference equations in the ionic strength terms. 

Although the relaxation term is retained in the transference form of 

Pitts' equation, it completely cancels out in the deri,
4
ation of the 

Fuoss—Onsager transference forms18. If this treatment is correct 

transference number will have provided an ideal check on the F-0 

electrophoretic terms 12. However,the complete removal of the relaxation 

term is questionable13'19. 

• 
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CHAPTER 3 

DETERMINATION OF TRANSFERENCE NUMBERS 

There are several experimental methods for the determination of 

transference numbers. The e.m.f. methods using cells with transference 

and cells in force fields, analytical boundary method, Hittorf method, 

direct and indirect boundary methodsllb. In the present work the 

direct moving boundary method was preferred to the rest because of 

its accuracy but the other methods also will be discussed briefly. 

The e.m.f. methods 

A concentration cell with transference includes a liquid junction 

between the same electrolyte at two different concentrations. The cell 

reaction involves transfer of ion—constituents across the liquid 

• 	junction. Therefore the cell e.m.f. Ej  will be a function of the 

transference number of an ion—constituent as well as of activity 

coefficients. To obtain the transference number, e.m.f. data have to 

be supplemented either with activity coefficients or with e.m.f.s of 

a corresponding cell without a liquid junction (E). The transference 

number obtained by this method does not refer exclusively to the 

concentration of either solution, and integrations are necessary. SW 
The relationship between the cell e.m.f.s and the transference number 

is 

t = dEtidE 
	 (3- 1) 

In this differential relation a small error in the e.m.f. measurements 

can cause a big error in t. 

In a cell containing two chemically identical electrodes dipped 

into the same solution, the e.m.f. will be zero. But if the cell is 

in a gravitational or centrifugal field anti' e.m.f. arises due to the 

difference in potential energy between different regions of the 

solution. The cell e.m.f. is a measure of the free energy of transfer 

of ions and will be a function of the transport properties of the 
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ion-constituents. This method requires accurate partial molar volumes 

of the electrolyte and the experimental techniques can be difficult. 

The analytical boundary method 

Here a mechanical plane (e.g., a porous glass frit) separates 

two solutions, one being the solution under investigation. The two 

solutions possessone ion-constituent in common (e.g. KC1,NaC1). The 

number of equivalents of the non-common ion constituent which migrate 

across the plane into the other electrolyte solution, on the passage 

of one faraday of electricity, is the transference number of that ion 

constituent. A small part of the current is carried by impurities in 

the solvent so that a solvent correction has to be applied (see text), 

as well as a volume correction to allow for the bulk displacement of 

the solvent by the electrode reaction. 

Hittorf method 

In this method, named after Hittorf who introduced it in 1853, 
• 	 the solution under investigation is electrolysed in a cell containing 

in principle, three compartments: the anode, the cathode and the 

middle compartment (Fig. 1). The solutions in the different compartments 

are quantitatively analysed after the run. 

The approach in the method follows directly from the definition 

of the transference number. On the passage of one faraday of electricity, 

equivalents of the cation-constituent cross mom= from the middle 

compartment into the cathode compartment, and from the anode compart-

ment into the middle compartment. The same is true for the anion (t_ 

equivalents), but in the reverse direction. If the two electrode 

compartments are sufficiently large, no net loss or gain of electrolyte 

in the middle compartment takes place. Therefore its composition 

should not change unless there is diffusive flow. Only the compositions 

of the electrode compartments change. Therefore analysis of the 

solutions in the two electrode compartments and a knowledge of the 

original concentration gives the transference number. The electrode 

reactions must also be taken into account if these involve the consti-

tuents under investigation (e.g. Ag/AgC1 cathode in the electrolysis 

of a KC1 solution). There is no volume correction because it is possible 
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to estimate the number of equivalents of the constituents that crossed 

the imaginary plane, directly from the analysis. The absence of a 

volume correction is one of the major advantages of the Hittorf 

method and poses no upper limit to the concentration of the solution, 

provided the electrodes are stable. Nor does the Hittorf method 

require a following solution as does the moving boundary method (see 

below). A solvent correction, however, is necessary to allow for that 

part of the current carried by the solvent. 

In general it is difficult to effect a big change in the electrode 

compartments without affecting the middle compartment. This effectively 

makes the transference number a result of a small difference between 

two relatively big quantities, limiting the accuracy of the method. 

Moving boundary method 

This technique is based on an idea by Lodge20 who electrolysed 

a BaC1
2 solution with a bridge of Ag2

SO
4 

dispersed in a gel connecting 

the anode and the cathode compartments, i.e. 

cathode I BaC1
2 Ag

2
SO
4 

1 BaC1
2 

I anode. 

The rates of migration of barium and chloride ions were indicated by 

the precipitation of barium sulphate and silver chloride at the moving 

boundaries. With better designed cells it is possible to produce a 

boundary between two solutions by the passage of an electric current 

without forming a precipitate or the use of a gel. The solutions must 

then be placed in a vertical tube, with the lighter one on top. The 

rate at which the boundary moves under a steady current along a tube 

of known volume is then followed, because, as soon will be apparent, 

this rate is proportional to the transference number. 

Consider the system in fig. 2 where a boundary exists between 

the electrolytes LY and FY. Movement of the boundary is in the 

direction of the arrow so L and F are the leading and following ion—

constituents, respectively, and Y is the ion—constituent in common to 

both electrolytes. The existence of the boundary demands that 

m.v. = VLY 
 = TYY 
	

(3- 2) 



EY 

23 

Sckamkodt4 	 e4 a 14474 0/ 

P.3, • 

• 

A wterv.im, Artumoto-Nd 4.4Ak&wr 

RI. 2. 

&A/awl dem ble 

Lturk 	ratiuklit aint,c! 414.6. +uk 

F. 3 



24 • 

where 	is the velocity of the ion-constituent i in the solution iY. 

SinceVi.rtjand FU.IZ.1 

where TE is the ion-constituent mobility, 5k
i the molar conductance 

of the ion-constituent,and F is the Faraday constant, it follows that 

-FY 
XX yAki'X X /1Z0 

L 	F FY (3- 3) 

It is shown below that the conductance of the leading ion-constituent 

must be greater than that of the following ion-constituent. If so, 

X
LY 

‹: X
FY 
	 (3- 4) 

Thus, when an !L ion diffuses across the boundary into FY, it finds 

itself in a region a region of higher electric field strength and 

will overtake the boundary. Likewise, when an F ion diffuses into LY 

it will be in a region of lower electric field strength and will be 

overtaken by the boundary. This phenomenon is called the electrical 

restoring effect and stabilises the boundary against the normal 

diffusive mixing
21
. It will come into play only if 

ITLF' 
and this 

is therefore an essential condition for moving boundary stability. 

If on the passage of f faradays of electricity the moving boundary 

traces out a volume V containing cLvir moles of L ion-constituent, the 

same number of moles of L ion-constituent also passes through the 

imaginary plane PQ in the solvent (fig. 2). Then by the definition 

of transference number 

LY 
c
LY
Z
L
V  

t
L 

c
LY
Z
L
VF  ( 3- 5) 

 

It 

where the current I has passed for a length of time t, and where ZL  is 

the algebraic charge number of the leading ion-constituent L. The 

moving boundary method is an accurate one because all the quantities 

involved (c,V,I,t) can be measured accurately, and are directly or 

inversely proportional to the transference number. 

0 	Application of Ohm's law to the region of the moving boundary 
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gives 

E = I .1/kA 

where E here is the potential difference. Therefore the electric field 

strength 

r= dE/dt = I/KA = I/AcA 	 (3— 6) 

The current I is the same throughout all:hough the field strengths in 

the regions LY'and FY'are different. If the area of cross—section A is 

constant, equations (3— 3) and (3— 6) give 

3LY 	3.,  FY 
L  

Z
L 

A
LY
c
LY =  z A c F FY FY 

i.e. 

LY' 	FY- 
tL 	tF 

ZLoLY = ZFcFrT 
(3- 7) 

This is the Kohlrausch relationship which shows that the concentration 

of the solution following behind the boundary is determined by the 

properties of the system and the concentration of the leading solution. 

It is also necessary that the system be gravitationally stable. If 

the following- solution at the Kohlrausch concentration is lighter than 

the leading solution then the following solution should be on top and 

give rise to a falling boundary, and vice versa. In practice, the initial 

concentration of the following electrolyte is made up to be a little 

lower or higher than the actual Kohlrausch concentration depending on 

whether the boundary is falling or rising. The concentration then 

automatically adjusts itself behind the boundary. This sets up a 

"concentration boundary" between the adjusted Kohlrausch solution and 

the following solution at its initial concentration. In general this 

moves much more slowly than the main m.b. and does not affect the latter's 

velocity. 

It is also possible to form the Kohlrausch solution "in situ", 

starting off with a following solution that does not contain an ion—

constituent in common with the leading solution22  . Consider fig. 4(a) 

where the solution FZ lies behind the leading solution LY. If L in 

0 
	 LY and Z in FZ move away from the initial junction AB and from each 
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other on passage of a current, a solution of FY with the ion—

constituent Y in common with LY will automatically form between the 

solutions LY and FZ and give rise to a m.b. A'B' with FY as the 

following electrolyte. Fig. li-(b) shows that there will be another 

boundary Al i between FZ and FY which will move in the opposite 

direction to that of A'B'. If these two boundaries are to be stable: 

(1) uL  > OF  

(2) riz  rty  

and 
	

(3? du  Ni dry  ), dFZ 

if A'B' is a falling boundary or 

dLy  4: dry 	drz  

if A'B' is a rising boundary. These 'synthetic' Kohlrausch solutions 

are of great value when a suitable following electrolyte is difficult 

to obtain in a pure state. 

0 	 The position of the boundary can be tracked by several methods. 

If the refractive indices of the two solutions differ, the boundary 

can be seen very conveniently when illuminated. It can also be seen by 

the optical schlieren scanning method. Alternatively, micro—electrodes 

can be embedded in the tube wall, and the passage of the boundary 

recorded through the conductivity difference between the two solutions. 

If the solutions are radioactive then the boundary can be tracked by 

radioactive tracer methods. A radio—frequency detector method using 

electrodes outside the moving boundary tube has been recently reported23. 

A small correction for the current carried by the solvent, as well 

as a volume correction to allow for the bulk displacement of the 

solvent by the electrode reaction, have to be made. 

Volume correction 

If both electrode compartments are left open in a moving boundary 

experiment, hydrostatic pressure will maintain equal solution levels 

on both sides in spite of the volume changes due to the electrode 

reactions and ionic movements. This makes it difficult to estimate the 
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boundary velocity with respect to the solvent (as required by the 

definition of the transference number), from the observed boundary 

velocity which has been measured with respect to the apparatus24 

The difficulty can be overcome if one compartment is kept 

completely closed with a non—gassing electrode of known reaction, 

while the other electrode is left open to allow for expansion. From 

a knowledge of the volume changes taking place in the region between 

the closed electrode and a point in the leading solution which the 

boundary does not pass, it is possible to calculate the bulk displace-

ment of the leading solution with respect to the apparatus. If QV is 

the volume increase in this region, in dm3 per faraday of electricity, 

then it follows that 

LY 	LY, t 	= tL 
kobs) t 

cLZI,  LTV 
(3— 8) 

The plus and minus signs apply according to whether the boundary moves 

towards or away from the closed electrode, respectively. AV can be 

calculated from a knowledge of the molar volumes of the electrode 
• 

	

	
material and the partial molar volumes of the electrolytes involved 25Q 

But the uncertainties of volume changes, particularly at high concen-

trations (when the volume correction is most important), in the 

neighbourhood of ion—releasing electrodes limits the accuracy of the 

moving boundary method 26. 

In the present work on cation boundaries of magnesium sulphate, 

n—tetrabutyl ammonium chloride was used to form a 'synthetic' 

Kohlrausch solution behind the boundary with a silver anode as the 

closed electrode (Fig. 5). Changes taking place between the closed 
silver anode and a point X in the leading MgS0

4 
solution on the passage 

of one faraday of electricity would be, 

I Electrode reaction 

Ag (s) + 	AgCl(s) + e 

(a) Loss of one equiv. Ag(s) 

(b) Loss of one equiv. of Cl  from Bu
4
NC1 

(c) Gain of one equiv. AgOl(s) 
2111NC1

—  i.e. QV]. = —VAg(s) 	VC14 	VAgCl(s) 



29 

• 

II 
	

Transfer across m.b. 2 

(a) Loss of one equiv. Bu4N+  f• rom Bu4NC1 

(b) Gain of one equiv. Bu4N+  i• n (Bu4N) SO 2 4 

Bu NC1 	(Bu N) SO 
i.e. 	av2 = —V 4  + 	- 4 2 4  Bu

4
N 	+ VBu

4
N+  

III 	Transfer across m.b. 1 

(a) Loss of one equiv. SOi—  f• rom MgSO4  

(b) Gain of one equiv. SO4 i• n (Bu4N) SO 2 4 

MgS0 	(Bu N) SO 
i.e. AV3 	4 47S024 317S024 2 4 

IV 
	

Transfer across X 

MgS0A 
(a) Loss of tmg2+'  equiv. Mg2+  

MgSO4 2— (b) Gain of t 2_ equiv. SO4  
04  

M004  MOOA  mgS0 4 x  iegr4  i.e. 	AV
4 
. -tmg2 x 	' + t 4  

Mg2+ 	SO2— 

	

4 	4 

_XUANC1 	(Bu.N) 4 2SO -V 	 4 . f 	./ % 	V -r   "total 	Ago) V  AgClks) 	Bu4NC1 	V  (Bu
4
N)
2
SO4 

	

t
KgSO4 , MgS0A 	, 

x IV 	' (3- 9) mg2+ 	MgSO4 

Traditionally the volume change has been calculated as given 

above. But a recent theoretical analysis27  has shown that apparent 

molar volumes and not,partial molar volumes should be used. Therefore 

the equation becomes 

(3 
moN x 0MgSO4 

— tMg2+ MgSO4 	
.. 10) 

• 

6 Vtotal = —VAg(s) 
,4Bu4NC1 	 (Bu4N)2SO4 

+ V AgCl(s) 	Y'Bu4NC1 (B114N)2504 
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MX 
where 9DMX  is the apparent molar volume at the corresponding concent- 

ration and VM is the molar volume of the solid substances. 

Similarly for the cation runs of MgS0
4 

when the following 

electrolyte (initial solution) was (Bu
4
N)
2
SO
4 

itself and where the 

boundary moved away from a closed Ag anode, we have 

AV 	
al.  ilgSO4  

	

Ag(s ) 	 X t 	2  r-V = 	/ 	+il  Ag2SO4k s / 	Mg 

	

2+ 	MgSO4s/  (3- 11) 

Equation (3- 11) is not strictly correct as some of 

must have remained in solution. Saturated Ag
2
SO
4 
is 

o28a 
25 C . However, a cloudy precipitate was observed 

of the silver anode. 

the Ag
2
SO
4 

formed 

about 0.02M at 

in the neighbourhood 

The MgSO4/Mg(I03)2  anion boundary moved towards a closed Cd anode. 

The volume change then is 

• 

CdSO4  _ tMgSO4  1 ncMgSO4 
QV 	 x mg2+ 	7-MgSO4  = 4VCd(s) + 1.56CdS04 

and the corresponding volume change when the MgSO4/H2C204anion 

boundary moved towards a closed Cu anode is 

(3- 12) 

41
v 	Ircu(s) 4-0

CuSO4 	MgS0A 	_AgS04 

	

' Cuso-4 	
tMg2+' 

trmgs04 (3- 13) 

In the HC104  runs, both HC104/AgC1r)4  and HC104/NaC104  cation 

boundaries moved away from a closed Ag anode giving rise to the same 

volume change 

_iAgC104 	tHC104 xceC104  
= -VAg(s) 	yp

Agc104 	r 110104 
(3- 14) 

In the AgC104 runs both AgC104/NaC104 and AgC104/Cd(C104)2  cation 

boundaries moved towards a closed Pt-sheet cathode, plating out silver 

from solution. The volume change then is 

AgClO4 	AgC104  
/Iv = +

VAgk / s) 
% - tc104 
	

_J  
_ x 50 Agc104 	(3- 15) 

The AgC10
4
/Aglactate anion boundary moved towards a closed Ag anode. 

Changes here were the same as in the cation runs but in the reverse 

direction. The corresponding volume change therefore is 

AgC104 x 4,cligC104  
-V 	+t 

Ag(s) 	ClO 	7-  AgC104 4t- 

(3- 16) 
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Solvent correction 

The electrical conductivity of electrolyte solutions is not solely 

due to the ions formed by the dissociation of the solute. A part of the 

current is carried by the ions formed by self—dissociation of the 

solvent and also by conducting impurities which may be present in the 

solvent in small amounts. A correction factor for the current carried 

by the solvent and its impurities was derived by Longsworth29 by 

considering the fractions of current carried by the individual species. 

Accordingly the corrected transference number (t corr) 
is  

t
corr 

t
obs 

x(1 + 1.{̀el )  soly' (3— 17) 

where J.<'solv is the specific conductivity of the solvent and R'el is 
that of the electrolyte. 

The solvent correction becomes more important in the case of weak 

electrolytes and even with dilute solutions of strong electrolytes as 

i(solv 	 e will not be negligible compared with y.l30,21  . Doubly distilled 

• 	water used in the present work had a pH value between 5.5 — 5.7 and a 
specific conductivity of 1.32x10-6  ohm—lcm-1.These figures show that 

the specific conductivity is mostly due to dissolved CO2  which ionises 

to give H-1-  and HCO3. 

The impurity conductance in general can be greater in the cell 

than in bulk31. This is probably due to the leaching of conducting 

matter from cell walls and tap grease. There can also be migration of 

impurities from behind the boundary where the field strength is higher. 

Some electrolytes can chemically interact with impurities and even 

with solvent ions. Thus acids can suppress the dissociation of water 

and of the H2CO3 usually present in water, thereby lowering the 

solvent's contribution to the overall conductance. 

Precautions to be taken in m.b. experiments  

Apart from the two correction just discussed, it is necessary to 

check if the boundary travels at a steady velocity without any 

progression. It is also necessary to see if the boundary velocity (and 

therefore the transference number) is dependent on the current, and 

on the nature and concentration of the following electrolyte. 
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Current dependence of transference number is mainly due to Joule 

heating
32
. Because of the small cross—sectional area of the moving 

boundary tube, the solution in it will have a high resistance leading 

to a fair amount of heat generation on the passage of an electric 

current. The temperature in the tube will therefore be higher than that 

of the thermostat. From reported transference measurements at different 

temperatures33,34'35'36,37  it is seen that the transference number, 

varies with temperature (although not as much as conductance). It is 

therefore necessary to carry out determinations at different currents 

and extrapolate the transference numbers to zero current. Extrapolation 

is usually carried out against I (current) although theory demands that 

it should be against I2. The inevitable scatter of experimentally observed 

values however makes it difficult to choose between the two. 

The leading non—common ion—constituent transference number is 

theoretically independent of the nature or the initial concentration 

of the following electrolyte. But for reasons which are not completely 

understood, the boundary velocity has been found to depend on the initial 

concentration of the following electrolyte when this is far away from 
• 	the Kohlrausch value38'39. This is thought to be due to the difficulty 

in adjusting itself to the Kohlrausch concentration from a value widely 

different. In accurate work, therefore, it is necessary to make sure 

that measurements are taken in the "plateau region" where the transference 

number does not depend on the following electrolyte concentration. 

`Unsteady boundary velocity is usually due to gassing at the closed 

electrode or to electrode products reaching the boundary region. The 

first effect can be visually observed but not the second unless the 

electrode products are coloured. Therefore it is essential to make 

several independent estimates of the boundary velocity by timing it at 

a series of fixed marks over the whole length of the tube rather than 

only at the two ends as is sometimes done. 

It is also essential that the following solution be free of any 

leading ion—constituent. Otherwise the usual moving boundary equation 

(eq. 3— 5) has to be replaced byrthe general m.b. equation 

LY 	FY' t
L 

= 	+ V(ctr  — 47)Ze/ It (3— 18) 
• 
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If this general equation is not employed, then the resulting 

transference number will be low 0  

The indirect moving boundary method  

The Kohlrausch relationship (eq.3— 7) provides the basis of this 

method. However this equation is not strictly correct as both t
LY and 

tFY  need volume corrections. An equation which allows for the volume 

change effects was first derived by Hartley1 and can be stated as 

tLY 	tFY L 	F 
ZL

m
LY 	

ZFmpy 
(3— 19) 

where m is the molality of the solutions. The experimental techniques 

are similar to those of the direct m.b. method but here the following 

electrolyte is the one under investigation. The adjusted Kohlrausch 

solution has to be sampled and analysed at the end of the run. This 
method is good for electrolytes with ion—constituents of low mobility 

for which following electrolytes with still slower ion—constituents 

are hard to find. 

• 
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Boundary thickness  

The requirements for a stable bioundary are
40 

LY 	LY 

uL  > , (3— 20a) 

FY 	FY 

uL 	
(3— 20b) 

LY 	LY 

where uL  and ri}., are the mobilities of the leading and following 
ion—constituents, respectively, in the leading (LY) solution while 
FY 	FY 

L 
and Ti

F 
refer to the corresponding mobilities in the following 

(FY) solution. A stable boundary will not be infinitely thin, and 

MacInnes and Longsworth21  derived the relationship 

LY FY 

4RT 	171, x TIP 

Fv x  LY 
— FY

) 

(3— 21) 

for its thickness (g ). Here v is the boundary velocity and the other 
symbols have their usual meanings. Clearly S depends primarily on the 

LY 	FY 

• 
difference between "EL  and lip . 

-  

If we have a moving boundary system with a weak electrolyte as the 

leading solution, III will increase rapidly with dilution making the 

difference between uL  and if
.F 

progressively greater. Therefore the 

boundary will become sharper (g decreases) with increasing dilution. 

This phenomenon was observed in the present work with both the cation 

and anion boundaries of MgSO
4 

with (n—Bu
4
N)2SO4 and Mg(I0 )2' respect-

ively, as following solutions. Boundary thicknesses calculated at 

different MgSO4 concentrations confirmed the hypothesis. Ion—constituent 

mobilities were calculated using the relationship 

R 
t
R
A 
	

(3— 22) 

But transference or conductance data for (n—Bu4N)2504 are not available 

in the literature, probably due to the difficulty of purification. 

Therefore the Bu
4
N
+ 
ion—constituent transference number was calculated 

using the equation 

tR  = tR  + 52.52 	 o 	(3-ti°1 	zR  ) 
1 + Ka 
	(3— 23) 

• with a set at 4.0 R. A similar attempt was then made to obtain 

and 
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conductivity data using the relationship". a 

A. = X - (BiA°  + B2 ),57(1+ Ka) 	 (3— 24) 

but the variation in calculated A (Na2SO4), (a 1:2 electrolyte) with 

concentration was found to be too steep when compared with the experi-

mentally observed curve. Them an attempt to obtain A(Bu
4
N)
2
SO4 using 

the Kohlrausch law 

A 
4 N)2  SO4 	Bil4N01 = 	+ 

tNa2SO4 
— A

NaC1 (3— 25)  

as a reasonable approximation also failed as conductance data for tetra- 
Awmomhek 	 — butyl halides are available only below 5.07x10-4 m42  . Extrapolation 

from these low concentrations to the required region of 0.1 M will have 

made quite a big error. Therefore A(Bu
4  
N)
2 
 SO
4 
 was obtained by 

comparison with conductance values for Na
2SO4 

reported by Harned and 

Owen43, since these salts are of the same charge type. Ion—pair 
formation of the type MSO; is minor and assumed to be the same in both 

electrolytes. 

Table 3— 1 shows the calculated decrease in thickness of the 
MgSO4/(Bu4N)2SO4  cation boundary with increasing dilution. For consis-

tency, the boundary velocity was estimated for 1.0 mA at each concent-

ration. The adjusted concentration of the solution behind the boundary 
(cK 	 44‘ 
(Bu4N)2so4) was estimated from limiting ionic conductance values . 

Table 3— 1 

MgSO4  

c 
mol dm 3 

(Bu4N)2S041(cK) 

ux104  
cm2sec-1volt-1 

Mg2+  4 

v4105  
m sec4  

Sx105  

0.005 0.0025 4.27 1.69 11.9 0.24 
0.010 0.0049 3.51 1.56 5.74 0.50 

0.025 0.0123 2.74 1.37 2.22 1.27 
0.05 0.0245 2.30 1.20 1.09 2.36 
0.10 0.0491 1.89 1.01 0.65 3.43 

- • 

• 
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CHAPTER 4 

MATERIALS 

Perchloric acid  

B.D.H. Aristar perchloric acid was used without further purifi- 

catio 

Silver perchlorate  

Silver perchlorate of required quality was not commercially 

available. Several methods of preparation have been reported45,46 but 

the direct neutralisation of the oxide with HC10
4 

reported by- Fuoss 

et al.47 and also by Hill48 was preferred. Silver oxide was first 

prepared according to the reaction 

2AgNO3  + 2KOH 	Ag20 + 2KNO3  + H2O 

and then the silver perchlorate was obtained from the oxide by 

neutralisation 

Ag20 + 2HC104 	2AgC104  + H2O 

A slight excess of a 5% KOH solution, made from Hopkin and 

Williams AnalaR KOH, was added to a 10% solution of AgNO
3 

made from 

the B.D.H. AnalaR salt. The mixture was vigorously stirred with a 

glass rod and the suspension of Ag20 allowed to settle and coagulate 

for about ten minutes. It was then filtered on a sintered glass funnel, 

washed ten times with distilled water on the funnel and and then twice 

with doubly distilled water. The Ag20 was then treated with B.D.H. 

Aristar (60-62%) HC10
4 

contained in a beaker. The neutral solution 

was then filtered through a sintered glass funnel to separate unreacted 

Ag20. 

Most of the experiments were carried out with solutions made by 

diluting the concentrated (unrecrystallised) AgC10
4 

stock solution 

prepared as above. The approximate strength of the stock solution was 

known from a volumetric titration against a standard thiocyanate 

solution. Because the salt is so soluble even in cold water, (about 
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550g/100g water)28b, and its solubility coefficient low, it is not 

economical to recrystallise it from water. Recrystallisation from 

benzene, where the salt exists largely in molecular form, has been 

reported49 but was not attempted due to the difficulty of completely 

removing the organic solvent. Moreover, AgC104  lumps recrystallised 

from benzene are known to detonate on slight shock
50
. 

Even if AgC10
4 

had been recrystallised, the solutions could not 

have been made up by weight due to its extreme hygroscopic nature. 

However, as a test of the experiments carried out with unrecrystallised 

salt, several runs were carried out with a recrystallised sample. The 

two sets of results agreed within experimental error. 

AgC10
4 

is known to be less light sensitive than most of the other 

silver salts45. Light sensitivity is much less-  when the solutions are 

slightly acidic. Therefore the stock solution was slightly acidified 

with HC104  and stored in a dark cupboard, and neutralised with Ag20 

before use, testing a sample with a glass electrode for neutralisation. 

All solutions were stored in the dark. 

Magnesium sulphate  

Hopkin and Williams AnalaR MgSO4.7H20 was usually used without 

further purification. For reasons discussed later in the text, one lot 

of magnesium sulphate from the same source was recrystallised twice 

from doubly distilled water and dried at 320°C as has been done by 

Brown and Prue51. Complete removal of water at a lower temperature of 

about 200oC has been reported52,53 but the process is then extremely 

slow. The decomposition of MgS0
4 

.s reported to take place only ftrifte 

at temperatures around 5000054. The solution was made by weight, taking 
the sulphate as the anhydrous salt. The pH of the solution was 6.0 
indicating no decomposition. 

Sodium perchlorate  

B.D.H. (AnalaR) salt was used without further purification. 
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Cadmium perchlorate  

B.D.H. (Aristar) perchloric acid was neutralised with B.D.H". 

(G.P.R.) cadmium carbonate. The neutral solution was filtered through 

Whatman's No.I filter paper, concentrated on a hot plate, and the 

product recrystallized from doubly distilled water, dried overnight 

at 180°C and weighed as anhydrous Cd(C10)2. The solution had a pH of 

5.46 indicating no hydrolysis. 

Silver lactate  

Ag20 made as described earlier was treated with B.D.H. (AnalaR) 

lactic acid. The neutral solution was filtered through a sintered glass 

funnel, concentraied on a hot plate, and the product was recrystallized 

from doubly distilled water. The salt could not be dried in the oven. 

Therefore the solutions were made with the nearly dry salt and the 

strength estimated by titrating against a standard KSCN solution. The 

pH of the solution (0.07 M) was 6.25. 

Tetra-n-butylammonium chloride  

A slight excess of tetra-n-butylammonium hydroxide (40% solution 

from B.D.H.) was mixed with HC1 (B.D.H. AnalaR) in a dry bag contain-

ing an atmosphere of nitrogen to prevent absorption of carbon dioxide. 

The pH of the almost neutral solution was brought to 7 with careful 
addition of dilute HCI. The solution was then concentrated on a hot 

plate with gentle heat and dried in a vacuum desiccator. The solid 

mass thus obtained was recrystallized from a mixture of 20% EtOH, 40% 

Et20 and 40% EtOAc as recommended by Conway et a1.
55, and dried in a 

vacuum desiccator. 

Anhydrous n-Bu4NC1 is a solid at room temperature but is extremely 

hygroscopic and yields a hydrate of molecular formula Bu4NC1.30H20 

which melts at 15oC56. Making up the solution by weight was therefore 

not possible. A stock solution of about 0.2M was made instead and its 

strength estimated by titrating against a standard AgNO3  solution. 

Solution's of required strength were obtained by its dilution with 

water. 
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Tetra-n-butylammonium sulphate  

An attempt was made to prepare (n-Bu4N)2SO4  by treating the 

hydroxide with H2SO4  as described in the preparation of the chloride. 
All attempts to crystallise the substance in water, methanol, ethanol, 

benzene, diethyl ether, and various combinations of these solvents, 
failed. The substance came down as a viscous oil on evaporation of 

_ solvents. Tetraethylammonium sulphate is known to behave similarly5 7 . 

However, a solution of (n-Bu4N)2SO4 was 
excess of n-Bu4NI with Ag2SOA and separating 
filtration similar to the method used by Kay 

made by mixing a slight 

the precipitated AgI by 

et al.58. (This was done 
as a check on experiments carried out with n-Bu4NC1 as the following 

electrolyte which formed (n-Bu4N)2SO4  in situ in the cell.) The directly 

prepared (n-Bu4N)2SO4 following solution may have contained a trace 
of I but was free of any Ae. This trace of iodide should not have 

affected the cation boundary velocity, as I moves away from it. The 

strength of the solution was estimated from the weight of the n--Bu4NI 

used. 

Magnesium iodate  

B.D.H.(G.P.R.) magnesium carbonate was added little by little to 

a warm solution of iodic acid (B.D.H. AnalaR). The neutral solution 
was filtered through a sintered glass funnel, concentrated on a hot 

plate, and the product recrystallised from doubly distilled water. 

Solution strengths were estimated by titrating against a standard 

Na2S203 solution. 

Oxalic acid 

B.D.H.(AnalaR) H2C204.2H20 was used without further purificatiOn. 

Electrodes  

Copper and cadmium electrodes were made by sealing a length of 

about 2 cm of a 0.7 mm diameter spectrographically standardised metal 

supplied by Johnson Matthey into Quickfit cones of required size with 

I 



"Araldite". A length of ordinary wire was soldered on to the would—be 

unexposed end of the metal rod before sealing. This served as the 

electrode lead. Platinum electrodes were made by sealing about 2 cm 

of Pt wire into Quickfit cones with graded (pyrex—soda glass) seals. 

Silver electrodes were made by fusing a 1 cm x 0.5 cm Pt foil on to 

a Pt wire electrode and plating silver on it at a current density of 

10 mA cm-2 from a plating solution59. The anode used in the plating 
was a 2"x 1" silver foil (B.D.H. assay purpose). Silver/silver chloride 

electrodes were made by repeated dipping of a Pt wire electrode into 

molten AgC1 (B.D.H.) until the wire was completely covered with a thick 

coating. The electrode was then cathodised in a 1 M KC1 solution for 

about an hour at 5 mA. 

41 
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CHAPTER 5 

ANALYSIS 

Analysis of the leading HC10
4
, AgC10

4' 
and MgSO

4 
solutions and of 

the various following solutions were required. Since the transference 

number is directly proportional to the concentration of the leading non—

common ion—constituent, its analysis had to be carried out as precisely 

as possible. In direct moving boundary runs following electrolyte 

concentrations need not be known so precisely. Theytherefore were analysed 

by orthodox chemical methods 

Analysis of nerchloric acid  

Concentrated HC10
4 

is dangerous to handle61. Solutions were therefore 

not prepared by weight. Instead, solutions of nearly the required strength 

were made with B.D.H. Aristar (60-62% w/w) and later the exact concentr-

ation was determined. In view of the precision requiredl coulometry was 

the obvious choice of analytical method62 since it requires no chemical 

standards or transfer of products. The analysis is reasonably fast and 

has the advantage of allowing back titrating in case the end—point in 

overshot. 

Constant current coulometry 

Faraday's laws of electrolysis form the basis of coulometric analysis. 

Passage of a constant current over a known length of time leads to a 

known amount of electrochemical reaction at the electrodes. However, a 

constant current technique has the disadvantage of providing no control 

over the working electrode potential. The accuracy-of coulometric analysis 

thus relies on the chosen electrode reaction remaining 100% current 

efficient throughout. The analysis of aqueous acids and alkalis poses 

no problems in the absence of certain metal ions since (at platinum 

electrodes) the cathodic reaction is always 
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and the anodic reaction 

OH — e— 	.102 + tH20 

63a as 
The apparatus was that built by Gwyther and4shown in fig.6. It 

consisted essentially of a titration cell, a constant current generator, 

an electronic timer, a standard resistor, a digital voltmeter ( a pote-

ntiometer in principle) and a pH meter. 

Titration cell  

The cell resembled that used by Taylor et al.62 64 Fig.7 shows 

a diagram of the cell. Titration vessel A had a volume of 200 cm3 and 

was connected to the counter electrode compartment B (also of' 200cm3) 
through intermediate compartments C1  and C2 

which separated the two 

working electrodes from each other. At the top of A was a ground glass 

rim on which a polished perspex lid L rested. Electrodes etc. passed 

through holes in the lid (see diagram) which was held firm against the 

top of A with a pair of rubber bands. The main working electrode (M) 

used at high currents) was a 1"xl" Pt sheet enclosed in an inverted glass 

cup with a gas exit spout at the top to prevent wetting the vessel wall 

by spray. As the end—point approached, the sheet was replaced with a 

length of Pt wire (w) (at low currents). 

Compartment A was always kept in an atmosphere of nitrogen via the 

inlet I. Oxygen—free nitrogen from a B.O.O. cylinder was first bubbled 

through 2M NaOH and 2M HC10
4 

to remove acidic and basic impurities and 

then through 1M NaC10
4 
(the supporting electrolyte) to saturate the 

nitrogen with water vapour. It was then passed through an empty wash 

bottle to catch the spray. (All solutions were contained in wash bottles 

fitted with sintered glass distribution bulbs.) Connecting tubing were all 

glass except at certain junctions joined by PVC tubing) Nitrogen left the 

cell through a babble trap (0) ensuring a positive pressure in:the cell 

space. 

Samples of titrant were introduced through a B14 cone connected to a 

4mm diameter glass tube F, which ended below the electrolyte surface. The 

cone was closed with a B14 socket when not in use. The tip of the burette 

was held inside the cone when a sample was delivered to catch the spray 
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of droplets formed when the solution dripped down. This arrangement 

conveniently avoided wetting the lid and walls above the solution on 

adding a sample. The filler tube was then washed with the electrolyte 

solution in compartment A pushed up and down by reduced pressure from a 

water pump and by positive pressure from nitrogen supply. The electrolyte 

was stirred by a 2cm magnet in a PVC coat driven by a magnetic stirrer. 

The stirrer motor was covered by a perspex disc on which vessel A rested. 

Warm air from the stirrer motor escaped from below the disc without 

warming the titration cell. 

Compartment C1  was linked to A through a glass frit of porosity 2 

and to C2 with a glass frit of porosity 3. The change in porosity allowed 

exchange of electrolyte between A and C1  with little effect on C2. Beyond 

the frit of porosity 3 was a B24 cone on to which the B24 socket of C2  

fitted. The B24 joint thus formed part of C2. Both Ci  and C2  had a 

vertical head with a B7 socket at the top and were connected to high and 

reduced pressure supplies through a B7 cone and a tap. The counter elec-

trode compartment B was linked to C
2 
via a glass frit of porosity 4 and a 

B24 joint (like the C1—C2  link). In B were two concentric cylinders with 

porosity 4 glass frits at the bottom. The inner cylinder contained the 
copper spiral counter electrode. Copper made an ideal counter electrode 

due to the low mobility and colour of Cut  ions which indicated the extent 

of migration towards working electrode. 

Compartments C
1
, 2 

and the counter. electrode section contained pure 

IN NaC104  supporting electrolyte. Just inside the counter electrode 

compartment was a silica gel plug made by adding a 12% (w/w) solution of 

Na2SiO3 to 1W HC104 
with methyl orange to indicate the neutral point. The 

gel carried 100mA very well without melting and stopped bulk flow of 

solvent in the cell. During a titration a small amount of titrant diffused 

into C1 from A even when the electrolyte level in CI 
was maintained higher 

than that of A. Rut towards the end of the titration this was washed back 

into A with nitrogen pressure and reduced pressure supply as with the 

filler. 

Supporting electrolyte  

• 
	A solution with a large conductance was required to keep joule 
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heating in C1  and C2  low. As an acid was to be analysed this had to be 

a non—hydrolysing salt neither of whose ions would interfere with the 

working electrode. These requirements were satisfied by 1M140104  which 

was therefore employed in the present work. 

Constant current source 

This is shown in fig. 8 and consisted of a constant voltage unit. 
which fed a constant current circuit, making the current independent of 

mains fluctuations. A detailed description of the components of the 

circuit is given in ref. 63b. 

The current was switched from a dummy load to the cell by one half 

of a double—Dole two—way switch while the other half triggered the timer 

almost simultaneously (see text). There was also a reversing switch which 

interchanged the polarity of the cell leads. Current could be drawn at 

magnitudes of 1000, 100, 10, 1 and 0.1mA. After switching on to the cell 

from the dummy load at 100mA range the current generally rose by about 

0.03% in the first 100 sec and by a further 0.03% in the next 1000 sec. 

At 10 and lmA ranges the rise was only about 0.005% in 1000 sec. 

Timer 

The time interval was measured with a Racal 835 Universal Counter 

with a crystal stability better than ± 1 p.p.m. after about 15 minutes 

warming up. It had a six digit display with a range of 1 tis to 1 sec. 

An isolated trigger source (from the constant current circuit) started 

the counter only about 180 rs ahead of the current on the average. An 
0.1 ttF capacitor associated with the trigger source stopped the counter 
about 500 t&s on the average after switching off the current. The error 

therefore is quite small compared to the titration time (normally about 

15 minutes). Timer control switches were set as follows: 

Wafer switch — time interval A, 

display 	— hold, 

A trigger 	— DC and positive, 

B trigger 	— negative, 

and time base 	lms. 
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Standard resistor 

A set of three Muirhead resistors with values of 1 kft, 1005, and 

Ion were used at lmA, 10mA and 100mA ranges respectively so that the 
potential difference developed across them was of the order of 1 volt 

in each case. These wire—wound resistors can dissipate half a watt, and 

were accurate to 0.01% with a temperature coefficient of ± 10p.p.m. rer 

degree maximum. According to the manufacturer's specification, at half a 

watt dissipation the temperature rises by 55°C; since the wattage in the 

101I resistor is 0.1, the temperature rise in it affects the resistance 

by about 0.01%. The power developed, and therefore the error, was less 

by a factor of ten in the 100171 resistor and by a factor of one hundred 

in the lkIl resistor. 

Digital croltrnet 

The potential difference developed across the standard resistor was 

measured on a Racal 9075 DVM. This- had a built—in zener diode reference 

but occasionally an unsaturated Weston standard cell was used to verify 

the zener. The zero on the display was also checked frequently. The 

display had five figures and the accuracy was 0.003% of the impressed 

voltage and ± 1 digit of the of the reading. The DVM could measure 

positive and negative voltages without reversing keys. 

pH' meter  

The titration was• followed with a Beckman Research pH meter. Its 

read—out sensitivity control was continuously variable. A Cambridge 

Instrument Co. pye—Ingold combined glass—reference electrode,type 401, 

was used as the sensor. The separation of the pH determining elements 

was very small keeping the iR drop low so that the end—point approach 

could- be seea. The glass electrode itself was a general purpose type 

operating from pH 0 to 13, and the reference part was Ag/AgCl/sat.NaCl. 

The KC1 originally present was replaced with NaC1 to avoid precipitation 

of K010
4' 

A low pass filter was used between the pH- meter and the recorder 

to cut down the noise. 
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Recorder 

A Hitachi Perkin-Elmer 165 10" chart recorder was used. The 

variable recorder sensitivity gave the different pH resolutions required. 

The pH value needed was set on the pH. meter read-out dial since the 

recorder input signal was proportional to the potential difference 

between the glass electrode-Ag/Ael combination and the pH meter dial 

voltage. The pen was set half-way across the chart so the pH meter dial 

reading gave the pH at the chart centre. The chart speed used was 5mm 

per minute. 

Sample delivery 

A weight burette made of borosilicate glass with a teflon tap 

enbled delivery of samples with extreme accuracy. At the top of the 

burette was a teflon stopper with a vent to allow air to enter when 

samples were delivered. The vent was kept closed at other times to 

prevent evaporation. A glass cap with a ground glass joint, removed 

during sample delivery, prevented evaporation from the burette tin. 

Use of the weight burette gave the weight of the solution delivered 

and not the volume. The equation t = Vey/q however requires the conc-

entration in moles per dm3  and not moles per kg. Therefore the concentr-

ation in mol kg-1 obtained from the analysis had to be multiplied by its 

density at 25°C. The density of HC1O at 0.098M (the concentration of 

the solution) was taken as 1.0025 gcm-3 from recorded measurements65'66 

67,68. The values of the various workers agreed well. 

The faraday  

-1 69,70 The value of the faraday was taken as 96487.2 coulomb equiv. 

Preparation for titration 

The DVM and the timer were switched on and allowed to warm up for 

about 15 minutes. The zero on the DVM display was checked and the timer 

reset to zero. Then the pH meter calibration was checked. Old electrolyte 

in the cell was sucked out and compartment A was filled to about two- 
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thirds of its volume with fresh 1M NaC104. Nitrogen was forced from C1  

into A through the glass frit which dispersed the gas as tiny bubbles. 

This purged CO2  from the electrolyte, and its pH rose to about 7.5 after 
bubbling nitrogen for about ten minutes. That the pH did not level off at 

7 may be due to non—volatile alkaline impurities in NaC104  used. But the 
pH' was brought back to 7.00 ± 0.01 coulometrically. Then Ci and the 

filler were washed with the neutral electrolyte. If after the washing 

the pHT differed it was again brought back to 7.00. Washing of the filler 

and C1  was repeated until the change in pH was negligible. Then C1  and C2  

were filled with the electrolyte under suction from the reduced pressure 

supply. 

After lay off of about a week the pH- could not be set exactly at 7 
as the glass electrode was not calibrated and also the liquid junction 

potential of the reference electrode in 1M NaC104 was unknown. Therefore 

the pH was brought down to about 6.5 and then doses of about5mA sec were 

given until the pH rose to about 7.5. A differential plot of ilpH/A(It) 
was drawn and the peak was taken as pH 7.00. The buffer control on the 

pH' meter was then adjusted to give zero output at this point with the 
• 	

read—out dial set at 7.00. 

The clean and dry weight burette was rinsed twice with the solution 

to be analysed before being filled. The burette was held with a pair of 

tongs and the tap and the'stopper with tissue. Direct handling was avoided 

as moisture on the skin could• wet the burette. When the burette was filled 

with about 25g of the solution, the jet was wiped, the cover and stopper 

were replaced, and the burette weighed in an Oertling H01 balance which 

had an accuracy of about ±0.1mg. 

Perchloric acid titration 

When the pH- was steady at 7.00 the recorder sensitivity was lowered 

to its minimum, the Current selector switch set at 100mA and the loia 

resistor connected in series with the circuit. A sample of about 5g acid 

solution was then delivered through the filler and the weight burette 

immediately reweighed. The gas exit spout of the main Pt electrode was 

raised above the electrolyte level to let electrode product (H2) leave 

111 
	 the cell without splashing and wetting the cell. The timer was reset to 

• 
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zero, and the current was switched on with the stirrer off again to avoid 

splashing at high current. Readings of current and time were taken about 

25, 50 and 100 seconds after switching on and then at 100sec intervals. 

A reasonable estimate of the titration time could be made from the 

weight of the sample and an approximate knowledge of the strength of the 

solution from a previous volumetric tritration. This enabled about 99% 

of the titration' to be carried out at 100mA which cut down the titration, 

time. When the current was stopped at this stage, the electrolyte pH,  was 

normally between 9 and 10 but the filler still contained some acid and 

also a little may have diffused into C1  from A. Then the filler was 

washed into the bulk of the electrolyte with suction and high pressure, 

'and the contents in C1  were pushed into A with high pressure. The pH 

dropped to about 5 — 6. Then the main Pt electrode cover was fully dipped 
into the electrolyte, the electrode lead connected instead to the Pt—wire, 

and the stirrer switched on. The current selector switch was set to lmA, 

with the 1 kfl resistor connected in series instead of the 1011. A little 

of the electrolyte was drawn into C1  from A in order to make electrical 

contact (lost when its contents were pushed into A) and the current was 

switched on after the timer was reset and the recorder sensitivity 

increased. 

Readings of current and time were taken every 10 seconds or so at 

this stage. The rapid approach of pH 7 could be seen on the recorder but 
it was allowed to rise to about 7.5 before the current was switched off. 

we4e 
Then the filler and Cicashed about three times with the electrolyte with 

the high and reduced pressure supply whereupon the pH normally returned 

to a value close to 7.0. If it was more than 0.03 off 7.00, the pH was 

brought within the range coulometrically. If the pH lay between 7.010.03 

it was taken as the end of the titration. 

It was found that swilling out the contents of C2  into A in the 

manner of C1  made no significant change even in the longest titration. 

Therefore titrations were carried out without doing so. In any one 

analysis, four titrations were normally carried out. After the analysis, 

electrolyte in the counter electrode compartment was sucked out to prevent 

diffusion of Cu2+  into the working section of the cell. The outermost 

cylinder was then topped up with fresh electrolyte. 

• 
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Table 5— 1 is an illustration of a typical HC104  titration and shows 
the steps taken and the calculations involved. 

Table 5- 1 
28.6.1971  

Anal sis of annroximately 0.1M HC104  

Titration No.2 

Weight of weight burette + sample 	= 86.5985g 

Weight of weight burette without sample = 81.3065g 

.. Weight of sample 	= 5.2921g 

Time/sec 	Current/mA 	I t/mA sec — 

	

0 	110.02 

	

20 	.08 	2201.00 

	

50 	.13 	3303.15 

	

100 	.17 	5507.50 
• 	 200 	.22 	11019.50 

	

300 	.26 	11024.00 

	

400 	.28 	11027.00 

	

452.695 	.30 	5811.73 

lmA ran 

Time/sec 	Current/mA 	I t/mA sec 

	

0 	1.1642 

	

10 	42 	11.642 

	

29.359 	40 	22.536 

0 

	

6.433 	1.1634 	7.484 

0 

	

5.326 	1.1633 	6.196 

0 

	

5.496 	1.1632 	6.393 

0 

	

4.741 	1.1631 	5.514 

0 

	

2.026 	1.1624 	2.355 

0 

	

1.635 	1.1621 	1.900 
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Back titration at lmA 

Time/sec 	Current/mA 	I At/mA sec 

0 

	

0.761 	1.1616 	— 0.884 

0 

	

1.277 	1.1618 	— 1.484 

.. Total I t 	= 49955.534 mA sec 

	

No.of faradays 	= 49955.534 x 10-3/96487.2 

= 0.551774 x 10-3  
No. of equiv. per kg 	= 0.51774/5.2921 

= 0.097833  

Multiplication by the density of the solution at 25°C gives its 

strength in equivalents per dm-3, 

i.e. c(HC104) . 0.978733  x 1.0025 

0.098078 IT 
• 

Given below is a set of four titrations done in the same 

analysis. 

— equiv. kg 1  equiv. dm-3  

I 0.097873 0.098116 
II  0.097833  0.098078  
III 0.097858  0.098103 

IV 0.097812  0.098057  

Average = 0.098089  

Standard deviation = 0.027% 

• 
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Analysis of silver terchlorate  

In view of the precision attained in the analysis of HC104, an 

attempt was made to analyse AgC104  coulometrically as well. The analysis 

was based on the reaction 

Ag" 	e— 	Ag 

The analytical arrangement was the same as for the HC104  analysis but, 

to follow the titration, the Beckman pH- meter and the combined glass and 

Ag/AgC1iNaC1 reference electrodes were replaced with a Radiometer pH 

meter 4, a type G 202 C glass electrode and a thick silver wire. The 

combined electrode could not be used owing to the precipitation of AgC1 

at the porous plug. 

Titration cell  

The cell employed differed from that used for the HC104  analysis in 

not having a counter electrode compartment or the two intermediate 

• 	 compartments C1  and C2. Instead, the counter electrode (a Pt anode) was 

housed in vessel A itself as well as the cathode and the two sensing 

electrodes. A slow stream of nitrogen, purified as in the HC104  titrations, 

was bubbled into C. through the glass frit separating it from A to prevent 

electrolyte leaking into Cl. The cathode on which silver deposited was 

held close to the glass frit to keep oxygen away from it. 

'Working electrodes  

In order to carry out the deposition of Ag" at a reasonable speed, 

a cathode with a large surface area had to be employed. A 1"xl" Pt foil 

of total surface area 12 cm2 was chosen for the purpose. The anode had to 

be of such a nature that its products did not interfere with the Ag' 

deposition. A Pt spiral electrode was found to be ideal but the removal 

of 0H—  from the electrolyte had to be suppressed by use of a buffer in 

the supporting electrolyte. 

pH meter 

The titration was followed with a battery—operated Radiometer 
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(Copenhagen) pH Meter-4 which allowed accurate determinations of 

potential differences. It catered for a high input resistance (1012  fl), 

passed a low grid current (less than 10-12 A), and possessed a readability 

of 0.001 pH' or 0.1 mirover the whole range 0 — 14 pH or 0 — 1.500 V. 

Electrolyte  

The electrolyte could not be alkaline as Ag+  would have precipitated 

as Ag20. It also could not be too acidic, as then the deposited silver 

would have gone back into solution. Moreover, the pH had to remain cons-

tant despite OH—  discharge at the anode because a glass electrode was 

being used as a reference. Therefore a 1M NaC104  solution was used which 

was also 0.01 M in acetic acid + 0.6 M in sodium acetate, giving a pH of 

about 6.5. 

AgC1O4  titration 

The platinum sheet cathode and the Pt spiral anode were first 

cleaned in hot conc. HNO
3 and thoroughly rinsed with distilled water. The 

silver wire electrode was cleaned in dilute HNO
3 
and rinsed well with 

distilled water. Vessel A was then filled upto about half its capacity 

and nitrogen was forced in from the side of Cl  through the porous glass 

frit to purge 02 from the electrolyte. While the 02  purge went on for 

15 — 20 minutes, the DVM, the timer and the pH meter were switched on 

and allowed to warm up. The pH meter monitor switch was turned on to the 

100 mV scale. 

The N2 pressure was then reduced so that only a slow stream of bubbles 

passed through the frit. The cell e.m.f. was noted without any Ag+  in the 

solution (E', say). Then the sample of AgC1O4  (about 25 cm3  of 0.1 M) was-

delivered from the weight burette through the filler and the cell e.m.f. 

rose by about 250 mV. Current and the stirrer were switched on while slow 

bubbling of N2  continued. The maximum current employed was 11 mA (0.9 mA 

cm-2) which was well below the limiting current for Ag+  deposition at this 

stage. 

As the deposition of Ag continued, the cell e.m.f. was checked on the 

pH meter. The e.m.f. . 	dropped with time but did not appear to followAloga- 
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rithmic plot expected from the Nernst equation. There was no possibility 

of Ag going into solution as the buffer maintained the pH at 6.5. When 

the e.m.f. had fallen to E', the current was stopped. The quantity of 

electricity which had been passed was equivalent to a Ag+  concentration 

about 30% higher than that estimated by a volumetric titration with a 

standar& KOMS solution. The high coulometric result obtained was probably-

due to the deposition becoming diffusion—controlled as the Ag+  concentra-

tion decreased. A simple calculation was done with the appropriate 

equation for the limiting current (ILO 

ILt = DiirAcig 

taking the thickness of the diffusion layer ( s ) as 0.005 cm, the diffusion 
coefficient (D) of silver as 5.85 x 10-5cm2sec-1 and the electrode 

surface area (A) as 12.0 cm2. This gave the minimum Ag concentration 

required (cmin) for 100% efficient deposition at 10mA as 5.9 x 10-3mol dm—
In a typical titration- a 0.1M sample of about 25.00 cm3  was diluted with 

about 100 cm3  of the supporting electrolyte, so the initial Ag+  concentr-

ation was about 2.0 x 10-2mo1 dm3. Thus gassing at the cathode must have 

begun when only about 70% of Ag+  had been deposited. From then, on an 

increasing fraction of the current would have been accounted for' by the 

reaction 

H30+ 	iH2 	H2O 

Although no gassing was observed at the cathode, the vigorous stirring 

probably swept the tiny bubbles away before they could be seen. 

When the current was reduced to lmA after 50% of the estimated 

quantity- of electricity had passed, the titration took as long as-8 — 9 
hr. Reduction of the current to lmA only lowered cmin  by- a factor of 10. 

Replacement of the reference glass electrode with a saturated calomel 

electrode and an NH-4NO3  salt bridge did' not improve the final outcome. 

Therefore the coulometric analysis of Ag0104  was abandoned. 

Analysis of AgC104  by potentiometry 

Potentiometric titration, often employed in precision work on slyer 

salts71'72 was preferred to conventional gravimetry. Although this method 
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has the advantage of not requiring standard solutions, it involves the 

transfer of precipitates and the product AgC1 is light sensitive. 

The potentiometric method of analysis was based on the cell 

Ag/Ag+  /1 KC1, Hg2C12/Hg 

with a bridge of saturated NH4NO3. A known amount of the silver solution 

was placed in the titration cell and titrated against a standard chloride 

solution. The theory of the titration has been discussed by Lange and 

Schwartz
25 
'
73. They conclude that LiE, the increase in e.m.f. on adding 

an increment of C1—  solution, will be a maximum at the end—point. A plot 

of AV AV vs. V(volume added) should be a curve symmetrical about the 
end—point maximum. 

Analytical arrangement  

The titration cell consisted of a lipless 50 cm3  beaker with a ground 

glass rim at the top. A polished perspex lid, with holes for the electrodes 

• and for sample delivery, was held tightly on to the rim with a rubber band 

which passed under two glass hooks on either side of the cell. The cell 

rested on a magnetic stirrer which turned a magnetic bar covered with a 

PVC coat inside the solution. 

The sensing electrode was a thick silver wire rinsed with dilute HNO3  

and then with much water. The reference electrode was a Radiometer type 

K 401 saturated calomel electrode. This electrode provided for a continuous 

small flow of KC1 through the ceramic pin in the electrode tip, which was 

kept covered when not in use. The calomel electrode was placed in a beaker 

containing lM KC1 solution, connected with a saturated NH4NO3  salt bridge 

to the titration cell. This end of the bridge consisted of a narrow, 1 cm 

long glass frit while the other end was closed with an agar plug 

containing 30% NH4NO3. The two sections of the bridge were filled separately 

with saturated NH
4
NO
3 

solution and then linked with a short PVC tube. Care 

was taken to avoid air bubbles becoming trapped. 

The Radiometer 4 pH meter was the same as that used in the attempted 
coulometric analysis of AgC104. 

• 
	 The titration medium contained lM NaNO

3 
and 1M HOAc in 1:1 Me0H—H

2(73* 
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Methanol lowers the solubility of AgC1 still further and makes for a 

sharper end—point. 

Titrant  

B.D.H. AnalaR NaC1 was recrystallised once with conductivity water 

- and then dried overnight at 120°C. A 0.1M solution was made by weight 

with the buoyancy effect corrected for. The solution was added with an 

all Pyrex (Agla) 0.5 cm3  syringe. The bore had good linearity. Attached 

to the syringe tip was a four inch long glass capillary tube with a 

pointed end, bent in the middle at right angles. It was externally 

cemented with Clear Bostik I to a polythene cap fitted on to the syringe 

tip. The cap was lightly greased with Edwards High Vacuum silicone grease 

to prevent evaporation from the joint. 

When in use the syringe was mounted on a micrometer head with a 

least count equivalent to 0.0002 cm3. The piston was driven under its 
fine control. The syringe was calibrated at its full capacity of 0.5 cm3  

by weighing water delivered at the laboratory temperature (23°C) and • 
correcting for 25°C. The calibration, with a standard deviation of 0.01%, 

produced the correction factor• 

Reading/True Volume = 1.0022 

The syringe, its piston and the glass needle were all cleaned with chromic 
acid cleaning mixture, rinsed well with distilled water and dried by 

forcing nitrogen through. The dry syringe was washed with the standard 

solution about three times before use. 

The AgC104  titration 

Samples of AgC104  solution were delivered with the weight burette as 
in the case of the HC10

4 
analysis. To convert mole kg-1 obtained directly 

from the titration to the required mole dm-3, the necessary densities of 

AgC104  solutions were obtained by extrapolation of values reported by 

Campbell and Singh74 and also by Haase et al.65. The two sets of data 
agreed very well with each other. 

• 
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A sample of AgC10
4 

equivalent to about 3 cm3  of the standard NaCl 

solution was first added to the titration cell containing only the PVC 

coated magnet. About 10 cm3  of the electrolyte medium was them added with 

a pipette before the perspex lid was bound firmly on to the top tof the 

cell. The latter firmly clamped on the stirrer stand, and the silver wire 

electrode and the glass frit end of the salt bridge were placed in 

position. 

The stirrer was switched on and then the standard solution was 

delivered with the Agla syringe, first in steps of 0.5 cm3  and then in 

0.2 and 0.1 cm3  steps until the volume added was about 0.3 cm3  short of 

the estimated end-point. At this stage doubly distilled water from a 

wash bottle was carefully poured along the silver wire until the electr-

olyte level was only about 0.5 cm from the top of the cell in order to 

collect any drops which may have splashed on to the walls. The syringe 

was then filled to capacity and the needle tip dipped into the electro-

lyte. The-standard solution was added in steps of 0.02 and then in ones 

of 0.01 cm3  until the end-point was very close and the potential drop 

after each addition started to rise rapidly. From this stage onwards 

addition was carried out in steps of 0.005 cm3  until the end-point had 

- been passed. 

A plot of AE/AV vs. V was then drawn and the value of V at which 

the peak occurred taken as the end-point. Normally four such titrations 

were carried out in one analysis and the standard deviation on the 

average over all the concentration ranges was better than 0.08%. 

Analysis of magnesium sulphate  

Solutions• were first made up by weight with the B.D.H. AnalaR salt 

and the concentrations estimated according to the molecular formula 

MgSO4.7H
2
O. However, the sum of the anicn and cation transference numbers 

(after all corrections had been applied) was not unity, as expected, but 

about 1.1% low at 0.05M. Another set of measurements made with a fresh 

solution, again made up by weight with B.D.H. AnalaR salt, yielded anion 

and cation results which did not add up to unity. The sum differed from 

that obtained previously (1.0% low) but the ratio of the two transference 

numbers was the same as before. The polibility therefore arose that the 
4 
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analytical MgSO
4 

concentration was not the right one, and it was decided 

to analyse the solution for both the Mg and SO4  ion constituents. 

Two methods of analysing SO4
—  have been recently reported75,76.  The 

first is a potentiometric one using a Pb sensing electrode. The peak, even 

in the differential plot, was very broad and also the function of the Pb 

electrode is not quite clear. The second method, based on the spectroph-

otometric analysis of a Fe(II) complex formed by reduction products of 
2— SO
4 

gives an accuracy of only about 1.0%. The conventional gravimetric 

methods of analysis for both Mg2+ and SO4—  were therefore preferred. The 

analyses were carried out independently by Imperial College Analytical 

Services and by me. 

Analysis of magnesium 

The analysis by-the Analytical Services Laboratory was as Mg(NH4)PO4, 

as described by Vogel
606. The maximum error• was estimated to be less than 

0.2%. My- own analysis' was as the 8 —hydroxy quinolate60c  . Precipitates of 
about 350 mg were dried overnight at 130°C and weighed as the anhydrous 

compound. The standard deviation of four estimates was about 0.5%. 

Analysis of sulphate 

Here the analysis by both parties was by precipitating the sulphate 

as BaS0
4
60d. The estimated error in the result from the Analytical Services 

Laboratory was 0.2%. In my own' analysis about 300 mg of the precipitate was 

weighed after drying for about 2 hr at 600°C. A correction factor of 1.0031 

was applied for the weight loss in transfer of the precipitate and due to 

solubility, as estimated by analysing a sample of about 200 mg 100% H2SO47 6  
(about 450 mg of the precipitate dried for about 2 hr at 600°C). The 

standard deviation of four' analysis of 
H2SO4 

was about 0.04%. 

General comments on the MgSO4  analysis 

A summary of the analysis- is given in table 5 — 2. Analysis of both 
Mg and SO

4 
were internally consistent. However, the Mg content was always 

I 
	about 0.5 00.3% higher than that of SO

4 
according to both the Analytical 
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Table 5 - 2 
Magnesium sulphate analysis 

Approximate 	Analytical 	Analytical 	Estimated 
strength 	method 	concentration percentage 

M 	 M 	error 

0.005 

Solution I 	(a) Made up by weight 	0.004966 	± 0.04 
as MgS04 

 .7H?  0 (by weight dilution 
of solution IV at 
0.05M) 

0.01 

Solution I 	(a) Made up by weight 	0.01000 	± 0.02 
as MgSO4.7H20 

(b) Analysis for Mg 	0.010183 	± 0.3 
as the quinolate 	(mean of two) 

(c) Analysis for SO4  &S0.010018 	± 0.15 
BaSO4 	(mean of four) 

0.025 

Solution I 	(a) 	0.02500 	4.  0.02 
(b) 	0.02528 	± 0.3 

(mean of four) 
(0) 	0.02518 	± 0.15 

(mean of four) 

Solution II 	(a) 	0.02500 	± 0.02 
(b) _____- 
(c) 0.025229 	± 0.15 

(mean of four) 

(d) Analysis for Mg 	0.02516 	± 0.2 
as MgNH4P0A 	(mean of two) 

(Analytical Services 
Laboratory) 

(e) Analysis for. SO4 	0.02508 	± 0.2 
as BaSO4 	(mean of two) 

(Analytical Services 
Laboratory) 

Solution III 	(a) 	0.02500 	± 0.02 
(b) 
(C) 	

MOMIMM•1•.••• 

(d) 
(e) 

• 



Solution V 	(a) Made up by weight 	0.024565 	+ 0.02 
(Made from 	as the anhydrous 

recrystallised 	salt 
(b) salt) 
() 
(d) 0.02497 	± 0.2 

(mean of two) 
(e) 0.02466 	± 0.2 

(mean of two) 

INNIMMININION■101. 
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Solution IV 	(a) 	0.02500 	t 0.02 
(b) 
(0) 
(a) 	0.02505 	# 0.2 

(mean of two) 
(e) 	0.02488 	± 0.2 

(mean of two) 

• 

0.05 
Solution I 	(a) 	0.05000 	± 0.2 

(b) ----- 
(c) 0.050595 	I 0.15 

( mean of two) 
(d)  
(e) ----- 

Solution II 	(a) 	0.05000 	+ 0.02 
(b)  
(c) 0.050595 	± 0.15 

(mean of three) 
(a)  
(e) 

Solution III 	(a) 	0.05000 	± 0.02 
(b)  
(0) 	0.050439 	± 0.15 

(mean of three) 
(a)  
(e) 

Solution IV 	(a) 	0.05000 	± 0.02 
(b)  
(c) 0.050230 	± 0.15 

(mean of three) 
(a) 	0.05040 	± 0.2 

(mean of two) 
(e) 	0.05070 	+ 0.2 

(mean of two) 

• Solution V 	(a) 	0.05000 	± 0.02 

• 
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v 

(b) 
(0) 
(d) 0.05018 

(mean of two) 
(e) 0.04990 

(mean of two) 

■ ••10,1■•■•••••••■•■•■ 

10.2 

+0.2 

0.1 
Solution I (a)  

(b)  

(c)  

(d)  
(e)  

0.1000 
0.10010 

(mean of three) 
0.10074  

(mean of three) 
./No•■•■•■•■■■•■•■••■ 

emeammosomega.....o. 

0.02 
± 0.6 

± 0.15 

Laboratory and my own analysis. It is difficult to explain the 

discrepancy as the MgSO4  solutions were neutral (pH about 5.6) and the 

manufacturers' specification claims high purity. The two sets of 

independent analyses also did not agree very well with each other. The 

result from the Analytical Laboratory was on average about 0.6% higher 

than my own. Because of this wide variation of analytical concentrations 

it was decided further to purify the commercial MgS0A  (as described in 

chapter 4). The hydrated crystals were heated to 32080 to form the 

anhydrous salt51, and weighed as such to obviate any uncertainties about 

the amount of associated water. 

The anion and cation transference numbers obtained with the 

recrystallised MgSO4  added upto 0.99955. But the cation transference 

number obtained with the unrecrystallised MgSO4  at 0.025M, when corrected 

to give t+  t_ = 1.0000, was higher than that of the recrystallised salt 

by 0.0006. This difference is beyond experimental error. In view of this 

difficulty, the transference figures reported for MgSO4  are not claimed 

to be accurate beyond the third decimal place. 

• 

• 
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CHAPTER 6 

DIRECT MOVING BOUNDARY RUNS 

Sheared boundaries were formed' between the leading and following 

electrolytes in a transference cell. The cell was kept immersed in an 

oil—filled thermostat. A known current, from a constant current source 

was passed and the boundary timed as it coincided with fixed marks on 

the moving boundary tube. As some following solutions were heavier than 

the leading solution while others were lighter•, both rising and falling 

cells had to be employed. 

The rising boundary,  cell  

As shown in fig: 9, it consisted of four limbs and was made of Pyrex 

glass. The handle of the stopcock has been omitted from the drawing. It 

should be sideways to the reader, lying horizontally. When in operation 
0 	

the inner two limbs formed the two electrode compartments. An important 

feature of the cell was the hollow four—way= tap with two separate bores• 

each bent at a right angle. Thermostat oil circulated inside the tap and 

around the bores preventing excessive heat generation. When the handle 

lay,  horizontally, the tap linked the two left—hand limbs and the two 

right—hand limbs separately; and when vertically' oriented the tap connec-

ted the two inner and the two outer limbs separately. The moving boundary 

tube had an internal diameter' of about 2 mm. Two sets, each of six marks, 

(which had been lightly etched with a mixture of HP HC1) circumscribed 

the tube. The separation between the first and the twelfth etch,  marks was 

about 20 cm. The volume between any two successive etch marks was known 

from a previous mercury—weighing calibration777. 

The falling boundary' cell  

Shown in fig.10 is a diagram of the cell, again made of Pyrex glass. 

The handle of the stopcock has been omitted again and should be on the 

side of the reader. As in the rising boundary- cell, the tap was a hollow- 
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barrel one but with only one straight bore. The vertical moving boundary 

tube was similar to that in the rising cell. The volume between any two 

successive etch marks was known from mercury weighing calibrations77. 

The constant current source 

Most of the cell's resistance resides in the narrow moving boundary 

tube. Here the leading solution, of high conductance, is gradually-

replaced by the following solution of low conductance, thereby causing 

a manyfold increase in the cell resistance. An average moving boundary 

run took 4 - 5 hours at a current of 1 mA. It was therefore essential 
for the current to remain constant with time in spite of the change in 

resistance, to allow an accurate estimate of the quantity of electricity 

passed. The constant current source used (fig. 11) was that designed and 

built by Gwyther63c. It supplied currents ranging from zero to 5.0 mA in 

steps of 0.01 m&. The current never varied by more than 0.02% even in 

the longest run lasting about ten hours. A detailed description of its 

components is given in ref.63C. 

The constant current source was in series with the cell and a 1 ka 

standard resistor; the terminals of which were connected to a potentiometer 

or DVM. The farther end of the resistor was earthed while the other was 

connected to the cell. The second electrode was then connected to the Extra 

high tension (EHT) supply through the constant current source. The general 

layout is shown in fig. 12. 

The thermostat  

The tank measured about 0.6 x 0.35 x 0.55 m. The front and rear walls 

were made of sheet glass which allowed a good view of the contents. Two 

smaller windows on either side also permitted inspection at right angles. 

Since high voltages were being applied across the cell, it was safer not 

to employ water as the thermostat medium. Shell Diala BX oil was found to 

be suitable as it is a very poor conductor of electricity. The light bluish 

fluorescent oil turned yellowish—brown with time, but the boundary could 

still be seen without any difficulty (see text). The tank was mounted on 

• 
	 a firm metal frame while a pair of paddle stirrers, driven by a 1/6 H.P. 

• 
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motor (Hoover), were mounted separately on another frame to prevent 

vibrations reaching the cell. 

A combination of a helical mercury-toluene thermoregulator (fig. 13) 

surrounding a cage of 150 W bare nichrome heating wire (fig. 14) assured 

good temperature control. An electronic relay controlled the current 

through the heating wire by means of a circuit make-and-break wire at 

the top of the mercury level. The temperature was noted on a Beckman 

thermometer graduated to 0.01°C and originally calibrated at 25.00°C 

against an absolute thermometer. The temperature fluctuations never 

exceeded ± 0.005°C during a run but on a hot summer day, when the room 

temperature came close to 25001  the bath temperature could rise higher 

due to the extra heat generated by the stirrers and joule heating in the 

cell. Then a stream of cold water was circulated through a copper spiral 

immersed in the bath so as to maintain the temperature at 25.00°C. 

Cell cleaning and d 

Once a run had been completed the current was switched off and the 

leads were disconnected. The cell was then lifted above the oil level 

and held there for a while to allow oil to drain off. The remaining oil 

was wiped off with Kleenex tissue soaked in methanol, and the cell was 

inverted to empty out the solutions. It was then rinsed with water before 

wiping the parts which had been in contact with grease with Kleenex tissue 

soaked in triethylamine and allowed to stand for about fifteen minutes. 

The amine was then drained off and the cell and its accessories were 

rinsed well with methanol. 

The cell was rinsed with water to remove methanol before being filled 

with chromic acid cleaning mixture (made by dissolving 40 g Na
2
Cr04 in 

2.5 dm3 conc. H
2 
 SO4  ). The acid was poured off after about five minutes, 

and the cell washed ten to twelve times with distilled water, with the 

cell being inverted each time to allow good draining. Finally the cell 

and its accessories were washed twice with doubly distilled water. After 

the final washing, the cell accessories were placed on a clean glass tray 

covered with Kleenex tissue to protect them from dust. The cell was held 

upside down to drain and the openings were covered either with filter 

paper or Kleenex tissue. 

• 
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Previous work in this laboratory
78 has shown that drying the cell 

by forcing air through it gave rise to irreproducible results. Therefore 

the cells were dried by passing cylinder nitrogen dried over calcium 

chloride, silica gel and charcoal powder for 1 — l hours. 

Preparation for a run 

When the cell and its accessories were dry, the taps and electrode 

necks were lightly greased with Edwards silicone stopcock grease. The 

solutions were then degassed by suction at a vacuum pump and swirling 

the flasks until tiny bubbles of dissolved air rose to the surface. If 

this was not done, air bubbles could appear in the cell due to the lower 

solubility of gases at the higher (bath) temperature. Before the cell 

was filled, a little of the solutions was drained into a beaker to wash 

away the solid matter at the necks of the standard flasks. At this stage 

the thermostat stirrers were switched on. 

i 
	Following electrolyte concentration 

It was desirable for the initial concentration of the following 

electrolyte not to differ too much from its Kohlrausch concentration 

(cK). Approximate estimates of 01(  were made by substituting limiting 

ionic conductance values446 into the equation (3— 7). If the system 

involved a rising boundary, the initial concentration was made about 

5 - 10% higher than the estimated 0K, and 5 - 10% less if the system 
involved a falling boundary. The concentration adjusted itself to the 

cIC in either case, when the steady state was reached. 

Filling the rising cell  

The handle of the stopcock was turned to the horizontal position 

to link the two left—hand side and the two right—hand side compartments 

(fig. 9). The tap was held tight against the cell with a spring to prevent 

it slipping back due to hydrostatic pressure. The leading solution was 

then poured into the pair of right—hand side compartments through the 

outermost limb. The two left—hand side limbs were similarly filled with 

r 	the following solution. Two clean short PVC tubes with rubber teats were 
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then held to the two outermost limbs and the solutions were pushed back 

and forth by squeezing the teats in order to expel any air bubbles which 

may have become trapped near the bends. The closed electrode was placed 

in its compartment taking care to avoid any air bubbles getting trapped, 

and was held tight against the cell with a pair of springs. The cell 

was then wiped with soft tissue to remove moisture on the outside, and 

ink marks were placed near the etch marks to make it easier to find them 

in the thermostat. 

Filling the failing cell 

Filling the falling cell needed more care than the rising cell. The 

leading solution was poured into the left—hand side compartment (fig. 10) 

until the solution completely filled the moving boundary tube and rose to 

a little above the tap S. Most of the solution above the tap was then 

sucked out with a thin glass tube with a pointed end, the other end being 

connected to an Edwards vacuum pump. Then the opening A was closed with 

a Quickfit cone fitted with a rubber teat, the small tap T1  closed, and 

the solution was squeezed as in the rising cell. Any air' bubbles inside 

the tap could be removed by hooking them with a piece of Pt wire sealed 

into a glass rod kept handy for the purpose. The tap S was closed and the 

solution remaining above it sucked out completely. The left—hand side 

compartment was then filled completely with the leading solution. 

The right—hand compartment had to contain the following solution. 

Therefore the portion just above the tap S was cleaned of leading solution 

by-washing four times by filling it with doubly distilled water, and 

sucking it out completely. Then the same region was washed three times 

with the following solution, and finally the compartment was filled with 

it. Air bubbles normally tend to get trapped above the tap. These were 

removed with a clean platinum wire. The electrodes were then placed in 

their respective compartments, as in the rising cell. The cell was dried 

with soft tissue, and ink marks were placed near the etch marks (as in 

the rising cell) before the cell was lowered into the thermostat. 

The run itself and boundary observation 

r 	
The cells were allowed about 20 min. to come to thermal equilibrium 
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before the taps were opened and the current switched on. In the rising 

cell, turning the handle of the four—way stopcock to the vertical 

position connected the anode and the cathode compartments. With the 

falling cell, the small side tap near the closed electrode was• closed 

before the main stopcock (S) was opened until the bore was in line with 

the moving boundary tube itself. The current was then switched on. 

The boundary formed at the top was illuminated with a beam of light 

from a 25 W lamp source. Fig.15 shows the optical arrangement. A piece 

of ground glass placed near the lamp and in front of a horizontal slit 

produced a rectangular beam of light which converged on to the moving 

boundary tube through a 15 cm diameter vertical glass cylinder filled 

with water acting as a lens. 

The etch marks and the boundary were easier to see near the upper 
appemted 

or the lower edge of the rectangular beam than at its centre. The boundary 

as a dark line near one edge and as a white line near the other. The dark 

line was chosen for timing as it was easier to see against the bright 

background. The etch marks appeared the same at either edge. 

• 	 As the boundary progressed along the tube, the lamp was moved behind 

it by means of a cord drawn over a set of two pulleys (fig.15). When the 

boundary approached an etch mark, a metronome set at one second beats 

(or half second beats in fast runs) was started. As soon as the boundary 

coincided with the etch mark, the metronome beats were counted until the 

second hand of an electronic Secticon clock reached a convenient position. 

(Later a battery—powered Zenith clock was used instead.) The time at which 

the boundary position coincided with the etch mark equalled the clock 

reading less the number of beats counted. The Zenith clock when checked 

against the G.P.O. time signal ("TIM") was found to gain about seven 

seconds a day. The error of 0.008% is negligible. The bath temperature 

was noted each time the boundary was near an etch mark, and in between 

them if time permitted. 

Measurement of current  

The current passing through the cell was measured by mememmedmbr 

measuring the potential drop across a 1000 ohm (absolute) standard 

resistor (H.W.Sullivan Ltd.). In the set of experiments on perchioric 
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acid, the potential drop was measured with a Tinsley Vernier potentiometer 

type 4363A, set with an Eppley unsaturated standard cell. The cell had a 
low temperature coefficient but poor long term stability. Therefore a 

Cambridge Instrument Co. Weston Normal double cell was used to check on 

the Eppley cell. The standard cell input voltage selector switch did not 

extend to the value of the cell used so a correction factor was obtained 

by calibrating with the Weston Normal cell. 

True/measured . 1.018583/1.01824 = 1.0034 

In the experiments on AgC104  and MgSO4, the potential drop was 

measured with the same Racal Digital Voltmeter type 9075 as used in the 
coulometric analysis. At currents higher than 3 mA the 30 V range of the 
DVM had to be used but the display'in this range was unreliable due to 

wide fluctuations from a stable mean. The fluctuations were found to be 

not due to a fault in the constant current source. Therefore part of the 

potential drop across the standard resistor was backed off using a set of 

mercury cells giving 10.7V in steps of 1.35V. This allowed the current to 

be read in the 3V range. The backing off voltage was measured at the start 

and finish of the run as the cells had only short term stability. 

Summary of boundary observations  

The experimental method was based on boundary observation. Usually 

there was no prior knowledge of visibility and therefore a number of 

following electrolytes had to be tried out. A summary of the observations 

made is given in table 6 - 1. Given in table 6 - 2 are the readings taken 
and the calculations involved in a typical moving boundary experiment with 

the MgSO4/Bu4NC1 system. The average transference number is the mean of 

six independently observed values obtained by timing the boundary at six 

separate pairs of etch marks: 1-7, 2-8, 3-9, 4-10, 5-11, 6-12. The 
internal consistency within a run was good and the standard deviation of 

six readings was normally about 0.03%. But due to the difficulties 

encountered in the case of magnesium sulphate (discussed earlier in the 

text), the accuracy here is no better than 6 - 7 in the fourth decimal 
• 

place. For other solutes the error is only about 0.08% (i.e. t = t ±0.0001). 

• 
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Table 6 — 1 

Summary of boundary observations 

Leading solution 
	Following solution 	Comments on the boundary 

HC104 	NaC104 	Reasonable — falling 

KC10 4 	Poor 	— rising 

AgC]04 	Good 	— rising 

• 

AgC104  

MgSO4  

NaC104 	
Good 	— falling 

Cd(C104)2 	Good 	— falling 

Ag lactate 	Good 	— falling 

Li2SO4 	
Not visible — falling 

(CW3)4NCI 	Not visible — falling 

(C3E7)4NC1 	Not visible — falling 

(C4H9)471C1 	
Good 	— falling 

Mg(103)2 	Good 	— rising 

HOAc 	Good 	— falling 

(but not used as Mg(OAc)2 

is likely to hydrolyse) 

H2C204 	Good 	— falling 

KMn04 	Not visible — rising 

• 



76 

Table 6 — 2 

A typical direct moving boundary- run 

Run No.141 

= 0.02500 M, c x 2F = 4824.360 coulomb dm-3  MgSO4  

0.0245 M (F 
= 96487.2 coulomb equiv.-1) 

cBu4NC1-_  

Closed electrode: Ag anode (boundary moving-away from it) 

Open electrode : AgiAgC1 cathode 

Etch mark Time 
hr min sec 

Current 
mA 

Temperature 
(Reading on Beckmann 
thermometer) 

1 3 54 27 1.0017 3.75 

2 4 06 24 16 to 

3 4 16 55 17 to 

-4 -4 28 28 17 N 

5 4 39 43 17 N 

6 4 50 01 17 N 

7 5 27 11 18 N 

8 5 38 02 17 it 

9 5 48 58 17 st 

10 6 oo 15 17 Is 

11 6 11 14 17 N 

12 6 22 43 17 H 

Interval Time interval 
hr min sec 

I pt 
mA sec 

Volume 	.. 
cm3  

o ti.bs  = Vc2F/Iilt 

1 - 7 1 32 44 5573.74 0.43365 0.3754 

2 — 8 1 31 38 5507.35 0.42814 0.3751 

3 — 9 1 32 03 5532.39 0.43038 0.3753 

4 — 10 1 31 47 5516.36 0.42901 0.3752 

5 — 11 1 31 31 5500.34 0.42772 0.3752 

6 — 12 1 32 42 5571.45 0.43326 0.3752 

obs .. mean t = 0.3752 

25.1.1973 

• 
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CHAPTER 7 

DIRECT MOVING' BOUNDARY RESULTS 

Volume correction 

Part I — HC104  

In all cation runs the boundary moved awayrfrom. a closed Ag anode 
giving' rise to the same- volume change. The volume change was- estimated by 

substituting the following values in eq.(3 — 14). 

V(Ag) = 10.30 cm3mo1-1  at 25°C 79  

from 
	16 (H0104) = 44.43 cm3mo1-1  at 0.098 Hand 25°C as calculated 

00104) . AH0104) + 1.86 c 1.611Ct + 0.162c 

and 
	VkAgC104) = 42.81 (see table 7 — 1) 

:. Q = —5.26 cm3equiv. —1  

Volume correction = —5.26 x 0.0982/1000 

= —0.00052  

Since the boundary-moved away from the closed electrode 

corr obs 	obs t+ 	= 	— (-0.00052) 	+ 0.00052  

Part II — AgC104  

The volume correction for the cation runs were calculated from eq. 

(3 — 15). The molar volume of silver at 25°C was again taken as 10.30 cm3. 

Apparent molar volumes of AgC104  were calculated from 

95/cm3mo1-1  = 42.39 + 1.73j 

obtained from calculations63d based on recorded density measurements65,74 

Given in table 7 — 1 are the volume corrections for' cation runs at a 

series of concentrations. 
• 
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Table 7 — 1 

AgC104 cation run volume correction 

° V256  Ag = 10.30 cm3mol-1 

AgC104 
°AgC104 	6gC10 	t C104 	

A c y/1000 
41  

(vol. corr.) 

0.01 42.56 0,519 —11.78 —0.00012 

0.02 42.63 0.519 —11.82 —0.00024  

0.05 42.78 0.519 —11.90 —0.00059  

0.06 42.81 
0.10 42.94 0.517 —11.90 —0.00119 

0.20 43.16 0.515 —11.93 70.0023
9 

The cation boundaries moved towards the closed Pt cathode and therefore 

tcorr tobs + (vol. corr.). The anion boundaries also moved towards the 

closed electrode (Ag anode) but AV has the opposite sign to that in the 

cation runs. 

Part III — MgSO4  

The respective volume corrections-  were estimated by substituting 

into equations 3 — 10, 3 — 11, 3 — 12, and 3 — 13. The molar volumes of 

the solids Ag, Cd, Cu, AgC1 and Ag2SO4, and also the apparent molar 

volumes of aqueous MgSO4, CdSO4, CuSO4, Bu4NC1 and (Bu4N)2SO4  were 

required at 25°C. The values used were: 

VAg . 10.30 cm3  (79) 

VCd  13.01 cm3  (28c) 

VCu = 7.12 cm3 (28d) 

VAgC1 	= 25.78 cm3  (28e) 

VAg2SO4 
= 57.21 cm3  (28e) 

The apparent molar volumes of MgSO4  were calculated from 
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9$/cm3mol-1  = 7.19 + 9.5o 

based on recorded apparent molar volumes81'8283 84 and calculations 

based on recorded density measurements85. The 0 values for. CuSO4 were 
taken from data reported above 0.1M by-ref.86, who have also given the 

equation 

Oom3mol-1  = -5.594 + 9.68410 + 0.87244o 

This equation, for an MSO4  salt, became useful in calculating 0(cd6°4) 
except that here 0°  wastaken as -7.02 cm3 	1 mol (84). However - the 

variation'of f5(CdSO4) with concentration was taken as the mean,  of those 

of MgSO4  and CuSO4. Given in table 7 - 2a are the apparent molar values 
of the three sulphates at a series of concentrations. 

Table 7 - 2a 

- elm 	0/01113m01-1  

MgSO4 CdS0
4 

CuSO4 
0.0000 -7.11t(- 4.17 X) -7.02 -5.594 (-13.78 ) 
0.005 -5.65 -5.91 -4.90 
0.01 -5.21 -5.55 -4.62 
0.025 -4.11 -4.71 -4.04 
0.05 -2.90 -3.78 -3.38 

0.1 -1.15 -2.44 -2.44 

t Millerogif  

X Ducker SI  

For'Bu4NC1, Conway et al.55 have given the equation 

Oicm3mol-1  = 294.3 + 1.868j - 35.5c 

No density measurements for (Bu4N)2SO4  have been reported in the literat-

ure. A theoretical slope similar to that for other 1:2 valent salts could 

not be used as 1:1 butylammonium salts are known to give a negative slope 

(at other than very low concentrations)55,87,88 whereas normal 1:1 salts 

give positive slopes. The apparent molar volumes of (Bu4N)2504  were 
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therefore estimated from the additivity relationship 

95((BU4N)2SO4) = 29i(Bu4NBr) 	293(KBr) + 96(K2SO4) 

which is known to hold at moderate concentrations in the absence of 

extensive ionpairing87. Data for 95(Bu1:088,89,  KBr89,901 and K2SO491 

were taken from references cited. Shown in table 7 - 2b are the apparent 
molar values of Bu4NC1 and (Bu4N)2SO4  at appropriate Kohlrausch concen- 
trations estimated from limiting ionic conductance va1ues44b. 

Table 7 - 2b 

M 

MgSO4  

0.0000 

°K. Bu4NC1 

M 

56(Bu4NC1) 

cm3mol -1  

294.30(289.64 

cK  (Bu4N)2SO4  

M 

) 

96((Bu4N)2SO4) 

cm3mol -1  

565.30(565.30 ) 
0.005 	- 0.0049 294.26 0.0025 565.59 
0.01 0.0098 294.14 0.0049 565.89 

• 0.025 0.0235 293.75  0.012 566.72 
0.05 0.049 292.97 0.025 567.50  

0.1 0.098 291.41  • 0.049  567.48 

Table 7 - 3 shows the volume corrections for MgSO4  cation runs 
followed with Bu4NC1 obtained by substituting the values given in tables 
7 - 2a and 7 - 2b into equation 3 - 10. 

Table 7 - 3 

MgSO4  cation run volume corrections 

MgSO
4  

MgS
2
0 

tMg .4 

(approximate) 

La 

cm3faraday 1  

Vol. corr. 

2c41V/1000 

0.005 0.389 + 0.92 + 0.00001 
0.01 0.385 + 1.28 + 0.00003 
0.025 0.377 2.32 + 0.00012  
0.05 0.368 + 3.73 + 0.00037  
0.1 0.355 + 5.61 + 0.00112  

8o 
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The boundaries moved away from the closed silver anode. Therefore 
taorr fobs (vol. corr.). The volume correction for• the cation runs 
followed with (Bu4N)2SO4  itself(at 0.025M) as obtained from eq. 3 - 11 
(with V(Ag2SO4 )) is +0.00099  (AV = +19.8 cm3faraday-1). But if instead 
0(Ag2SO4) is used, equal to 12.7 cm3mo1-1  as obtained from the additivity 

relationship 

56 (Ag2SO4) = 2 0(AgC104) - 2 56(NaC104) + 96(Na2SO4) 

with data for NaC104  and Na2SO4  taken from references 80 and 91 respectively, 

then the volume correction equals -0.00012  (AV = -2.40 cm3faraday-1). If 
a part of Ag2S0formed remained in solution while rest formed a precipitate 

(as observed) it may be reasonable to adopt as the volume correction the 

mean value of +0.00044. 

The volume correction for M004  anion runs followed with Mg(I03)2  
as calculated from eq. 3 - 12 are given in table 7 - 4. The corresponding 

volume correction for the anion runs at 0.025M followed with H2C204, as 

calculated from eq. 3 - 13, is -0.00035  (av = -7.10 cm3faraday-1). The 
corr boundary here moved towards the closed Cu anode. Therefore t_ 	= fobs  

+(vol. corr.). 

Table 7 - 4 

MgSO4  anion run volume corrections 

cM004 	AV 	Vol. corr. 

M 	cm3faraday-1 	2c botA000 

0.005 - 8.36 - 0.00008  

0.01 - 8.28 - 0.00017  

0.025 - 8.09 - 0.00040  

0.05 - 7.36 - 0.00074  

0.1 - 7.52 - 0.00150  

The CdS0 concentrations were taken as the appropriate Kohlrausch values*. 

They were estimated from the limiting ionic conductances (to 	0.3963 

and to
Cd2+ = 0.3958) at 18oC 44c. The boundaries moved towards the closed 



Cd anode or Cu anode in the case of H2C204 following. Therefore 
- 

t
corr 

t
obs 

(vol. corr.). 
• 

The concentration of CdSO4  near the Cd anode may of course have been 
greater than ck. But it is reasonable to assume that a steady state with 
a high CdSO4  concentration had been attained in the neighbourhood of the 
anode, and a region with CdSO4  concentration equal to cK above it before 
the boundary reached the first etch mark. The boundary velocity in the 
region covered by the etch marks was then affected only by the volume 
changes taking place under this steady state condition. 

82 

0 
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Solvent correction 

Part I — HCI04 

The solvent correction as calculated from eq.3 — 17 is only 0.00003 

and is negligible. The molar conductance of HC104  at 0.1M was taken from 

measurements reported by Haase and Ducker 

Part II — AgC104  

The solvent correction was calculated from eq.3 — 17 with the specific 

conductivities of AgC104  at the required concentrations calculated from 

conductivity data reported by Campbell and Singh 74'. The specific conducti- 

vity 	rl  —1 vity of the water employed was 1.32110 	lem 	Given in table 7 — 5 are 
the solvent corrections at appropriate concentrations. -  

Table 7 — 5 

AgC104 solvent correction 

cAg0104 
Kx102 

M 

Solvent corrn. 

/(solv /solute 

0.01 0.122 4- 0.00108 

0.02 0.238 0.00040  
0.05 0.573  0.0002

3 
0.10 1.15 0.00011  
0.20 2.12 0.00006 

Fart III — MgSO4  

The solvent corrections were calculated from eq.3 — 17 with the 

specific conductivities of MgSO4 at the appropriate concentrations 

calculated from the conductance data in ref. 92. 

• 



Table 7 — 6 

MgSO4 solvent correction 

cMg s04 

0.005 

gx10 
xl—lcm 1 

1.06 

Solvent corrn. 

solv /IÌ  solute 

+ 0.006:4Q4 
0.01 1.76 0.000%7  
0.025 3.50 0.000 Ss. 
0.05 6.02 0,00011 22  
0.1 10.30 0.0009 13  

— 6 — 1 The specific conductivity of water was taken as 1.32x10 A cm-1   as in 

part II. 

84 
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Direct moving boundary observations 

Part I — perchioric acid 

Table 7 — 7 gives a summary of a series of cation runs carried out 

at 0.1M HC104. ICohlrausch concentrations of the following electrolytes 

were estimated as described in chapter 6. 

Table 7 — 7 

Set A oHCIOA = 0.0981 mol dm-3  

Closed electrode: Ag anode 

Open electrode: Pt—cathode 

Following solution: AgC1O4 

(Rising boundary) 

Run No. 

0 

cAgClOA pHAge104 Current 

mA 

obs 

11 0.0575 4.15 0.51 0.8439 

8 n n 1.0 0.8433 

9 n n 1.0 0.8435 

10 n n 1.58 0.8440 

12 0.0606 . 1.0 0.8449 

13 n n 0.51 0.8456 

14 0.0611 n 0.51 0.8457 

No definite current dependence of tobs. First four runs (8,9,10 and 11) 
give mean obs = 0.8437. Next three runs (12,13 and 14) give mean obs

=0.8453. 

Voluw correction = + 0.00053 (see vol. corr. part I) 

Solventcorrection: = + 0.00003 (see solv, corr. part I) 

t:spr  . 0.8442 (1st  four runs) 

• 
	 = 0.8458 (2nd  three runs) 

410 



Set B HC104 = 0.09811 mol dm-3  

Electrodes are the same as in set A. 

Following solution: AgC104  (neutralised). 

Run No. AgClOA  
M 

PH AgC10 Current 

mA 

t+ obs 

• 15 0.0611 6.56 0.51 0.8514 

16 1.0 0.8503 

18 2.0 0.8502 

19 0.0562 6.16 0.51 

obs, mean -64. = 

0.8501 

0.8504 

(with half weight to No. 15) 

.. mean tcorr 8509 

86 
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• 
Set C cBC104 0.09826 mol dm-3  

Electrodes are,the same as in set A. 

Following solution: NaC104  

(Falling-boundary) 

Run No. cNac104 
X 

PH aC
104 

Current 

mA 

t+ obs 

25 0.0477  5070 1.0 0.8491 

27 " n, - 1.2 0.8508 

26 n n 2.0 0.8506 

28 0.0450 5.60 1.2 0.8498 

29 n " 1.2 0.8499 

mean tobs  = 0.8500 

t.c.orr 0.8505 

Discarding the results obtained in set A because of acid in the following 

solution (see text), 
HC10 

tH
+ 4 = 0.8507 at 0.098M 

• 

• 
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Part II — Silver perchiorate  

The velocities of cation boundaries were measured for.0.01, 0.02, 

0.05, 0.1 and 0.2M concentrations of AgC104. The following solutions 

employed were NeC104  and Cd(C104)2. The velocities of anion boundaries 

were also determined for these concentrations except at 0.01N where the 

boundary could not be seen. The choice of- a suitable following electrolyte 

was more restricted than for the cation case. Low solubility excluded most 

of the neutral silver salts, while most of• the weak acid salts were 

rendered unsuitable by hydrolysis. However, silver lactate (KD(Hlac) 

= 1.38x10-4  mol dm 3, close to that of AgOH ICD(Ag0H) = 1.1x104  mol dm-3) 

appeared suit able. Because of the similar dissociation constants of the 

acid Ad+  and the base Lac—, little net hydrolysis was expected in AgLac 

solutions. The pH value (6.25) of the 0.07N solution made from recrystall-

iced salt confirmed this. The appropriate Kohlrausch concentrations of the 

following electrolytes were estimated as described in chapter 6. Summarised 
in tables 7 - 8,7 - 9,7 - 10,7 - 11,7 - 12 and 7 - 13 are the transference 
results obtained. The AgC104  concentrations quoted are those used in the 

equation t ="VZL0F/q, and were obtained from potentiometric titrations 

against a standard NaC1 solution (chapter 6). 



Table 7 — 8 

cAgC104  = 0.009980 mol dm-3  

(Made by weight dilution from 0.02M solution) 

8a 
0 

Anion runs  

Closed electrode: Ag anode 

Open electrode: Pt cathode 

Following solution: Ag Lactate 

(0.0070 M) 

Fallimg boundary 

The anion boundary could not be 

seen, 

Cation runs 

Closed electrode: Pt cathode 

(Ag plating out) 

Open electrode: Cu anode 

Following solution: NaC104  

Falling boundary 

Run No. cNAC104_ Current 	tobs 

M 	mA 

• 

216 	0.0087 	1.0 	0.4789 

217 	0.0082 	1.0 	0.4787 

The cation boundary could: notbe seen at currents higher or lower than 

lmA. Since a definite pattern of current dependence was not observed in 

runs at most of the other concentrations the average was taken as the 

zero current value. 

Therefore obs = 0.4788 
Volume corm. = — 0.00012  

(table 7 — 1) 
Solvent aorrn. = 0.0010810.4788 

(table 7 — 5) 

0.00052 

 
,corr 

leads to t„ = 0.4809 (scaling as 

in' runs at 0.02M to give 
tcorr  + t orr°  = 1.0000 — see table 7-9) 

• 

• 



Runt NO.Aga°. Current obs t_ 	Run No. 0 	Current CdkC10 4 mA  

Lobs 

e 
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Table 7 - 9 

0.1)1995 mol dm 3  
cAgC104 

Anion runs 
	

Cation runs  

Ag anode closed 
	

Pt cathode closed (Ag plating out) 

Pt cathode open 	Cu: anode open 

AgLaotate following 
	

Cd(C104)2  following 

Falling boundary 
	

Falling boundary 

• 

N mA 

210 0.0149 0.5 0.5163 213 0.0088- 1.0 0.4793 
209 1.0 0.5166 207 2.0 0.4794 
211 2.0 0.5164 

214 0.0082 1.0 0.4792 
11 212 0.0141 1.0 0.5166 

Nan0
4 

following 

cNaC104 
N 

215 	0.0183 	1.0 	0.4796 

• 

t_ does not depend on current or 

following solution concentration 

Therefore mean t_obs  = 0.5165 

Volume correction = + 0.00024 
(table 7 - 1) 

Solvent correction .+0.00040x0.5165 

(table 7 - 5) 
. +0.00021  

Therefore tc°rr  0.5170 

tcc)rr + t corr _ 	0.9963  

t+ is not current dependent. Runs 213 

and 214 show that it is independent 

of 0foil' 

Therefore mean t.4.
obs 
 = 0.4794 

Volume correction = - 0.0002
4 

(table 7 - 1) 
Solvent correction .+0.00040x0.4794 

(table 7 - 5) • 

ge +0.00019  

Therefore t+ r  = 0.4794 

• t+  = 0.4811  (when corrected to give 	+ t_ = 1.0000) 



• 
90 

Table 7 - 10 

= 0.04992 mol dm-3 cAgC104  

Anion runs 	 Cation runs  

Details as in table 7 - 9 	Details as in table 7 - 9 

Run No. cAgLao  Current 

mA 

t_obs  Run No. cNaC104 	
Current 

M 	mA 

tabs 

229 0.036 1.0 0.5168 234 0.0432 1.0 0.4810 

227 n 2.0 0.5167 226 2.0 0.4811 

233 0.0345 1.0 0.5166 235 0.0400 - 2.0 0.4813 

0Cd(C104
)2 

231 0.0445 2.0 0.4805 

t_ does not depend on current or 

indicator concentration. 

t+ does not depend on current or 
indicator concentration. It is 

slightly lower with Cd(C104)2  

following than with NaC104 

Therefore mean tobs  = 0.5167 	and mean tobs 0.4810 

Volume correction = +0.00059 	Volume correction = -0.00059 
(table 7 - 1) 	(table 7 - 1) 

Solvent correction = +0.00023x0.5167 Solvent correction = +0.00023x0.4810 

(table 7 - 5) 	(table 7 - 5) 
+0.00012  

corr 
t= 0.5174 	and corr.  0.4805 

i.c.orr+ tcorr = 0.9979  

= 0.4815 (when corrected to give t+  + t_ = 1.0000) 

+0.00011 



91 
• 

Table 7 - 11 

cAgC104 

	

	
m- 

= 
0.096902 mot d3 

Anion runs 
	

Cation runs 

As in table 7 
	

As in table 7 - 9 

Run No. cAgliac 
Current 

X 	mA 

t
obs Run Yo. c 	Current 

Cd0104)2  

M 	mA 

Lobs 

196 0.0714 1.0 0.5158 189 0.0435 1.21 0.4830 
'195 2.0 0.5157 188 n 2.0 0.4827 

197 3.8 0.5155 190 n 3.6 0.4829 

198 0.067 2.0 0.5161 192 0.0415 2.0 0.4829 

o 
Run No. cN

ac104 	
Current 	t+bs  

M 	mA 

200 0.080 1.31 0.4834 

193 tt 2.0 0.4834 

201 n 2.5 0.4846 

202 0.074 2.5 0.4833 

t+ seems independent of current except. 
for- run 199, and also of atoll  

Cd(C104)2  gives mean tV3123  = 0.4830 

NaC10
4 

gives mean t+
obs  = 0.4834 

(excluding run 199) 

.1. mean t
obs = 0.4832 

Vol. corr. 	. -0.0012 

(table 7 - 1) 

Solv. corr. = +0.00012x0.4832 
(table 7 - 5) 

. +0.00006 

The apparent current dependence 

of t_ here may- be fortuitous. There 

is no trend at either lower or 

higher concentrations. 

meant_obs  = 0.5158 
Vol. corr. = +0.0012 

(table 7 - 1) 

Solv. corr. = +0.00012x0.5158 
(table 7 - 5) 

. +0.00006 

corr t_ 	= 0.5171 

0 

Corr 
.• ‘ 	= 0.4821 

corr corr + t_ 	= 0.9992 

= 0.4825  (when corrected to give t++ t- = 1.0000) 
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7able 7 — 12 

cAgC104  = 0.10006 mol dm-3  

(recrystallised AgC104) 

Anion runs 	 Cation runs 

Details as in table 7 — 9 	Details, as in table' 7 — 9 

cAgc1 Current tobs Run.No. cac104 Current 	obs o4  
M 	mA 	 M 	mA 

204 0.067 2.0 0.5108 203 0.074 2.5 0.4787 
,206 0.072 2.0 0.5102 205 0.074 2.5 0.4796 

obs 

	

 Mean t_ = 0.5105 	Mean obs  . 0.47915  

Vol. aarrn. 	+0.0012 
	

Vol. corrn. 	+ 0.0012 

	

(table 7 — 1) 	(table 7 — 1) • 

	

Solt'. corrn. . +0.00006 	corrn. = +0.00006  

	

(table 7 — 5) 	(table 7 — 5) 

	

tcorr m. 0,51176 	 and t.ci.  arr = 0.4780 

tcorr + tcorr = 0.98976  

t+ = 0.4829 (when corrected to give 	+ t_ = 1.0000) 
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Table 7 — 13 

= 0.19957 mol dM
3 

Agel04 

Anion runs 	 Cation runs- 

Details as in table 7 — 9 	Details as in table 7 — 9 

Run No. cAgLac 

M 

Current 

mA 

tobs Run No. cmAC10 4 
M 

Current 

mA 

tobs  

219 0.143 2.0 0.5115 222 0.173 2.5 0.4866 

220 4.0 0.5116 221 4.2 0.4868 

224 0.135 2.0 0.5113 223 0.157 2.5 0.4867 

cCd(C104)2 
M 

225 0.088 2.5 0.4866 

tobs 	 obs shows no dependence on 	t+  shows no dependence on current 

current or cfoil' 	
or°foil or following electrolyte. 

mean tobs   = 0.5115 	mean t+obs  = 0.4867 

Vol. corrn. 	= +0.00239 	Vol. corrn. 	= —0.00239 
(Table 7 — 1 ) 
	

(table 7 — 1) 

SolV.roorrn. 	+0.00003  

(table 7 — 5) 

tcorr = 0.51392 

4.corr + tcorr 99 = 0.826  

Solv. corrn. 	. +0.00003  

(table 7 — .5) 
teorr = 0.48434 

• 

• 

• 

= 0.4852  (when corrected to give t+  + t_ = 1.0000) 
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Part III — Magnesium sulphate  

BOth anion and cation boundaries were followed at 0.005, 0.01, 0.025, 

0.05 and 0.1M concentrations of Mg504. The transference values tabulated 

below were calculated by using the rounded concentrations in the equation 

ti  = 2cVF/It. The analytical concentrations are given in table 5 — 2. The 
sum t+  + t_ at the analytical concentrations can be obtained from those 
at the rounded concentrations by multiplying by the factor. c(anal)/c(tound) 

(table 7 — 19). 
The following solutions employed were all neutral except H2C204  

(see chapter 4). Their-plf values have not been included in the tabulation. 

• 
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Table 7 - 14 

cmgSO4 
 = 0.0050 mol dm 3  (solution I) 

Anion Tuns 	 Cation runs  

• 

Cd anode closed 
	

Ag anode closed 

Pt gassing (HI03(s)) open 
	Ag/AgC1 cathode open 

Mg(103)2  following 	n-Bu4NC1 following 

Rising boundary 
	Falling boundary 

Run No. oMgk .I03) .2 	t Current 	Run No. cBn414Ul Current tobsobs 	
+ 

M 	mA 	 M 	mA 

153 0.0039 0.21 0.6123 154 0.0047 0.21 0.3902 

155 n 0.40 0.6128 

158 n 0.60 0.6130 164 0.0044 - 0.12 0.3894 

159 0.21 0.3897 

160 n 0.21 0.6127 161 r, 0.41 0.3900 

Small increase in t_ with increasing Small increase with increasing 

current. 

	

	 current. 

obs t_ 	(I 	0) = 0.6121 	tobs (I 	0) = 0.3893 

But if t_ is not current dependent But if t+ is-not current dependent 

(see comments on MgSO
4 
runs) 	(see comments on MgSO4  runs) 

mean t obs mean tobs 

	

= 0.6127 	 = 0.3896 

Vol. corrn. = -0.00008 

(table 7 - 4) 

Solv. corrn. = +0.00071x04127 

(table 7 - 6) 

= +0.00044  

Vol. corrn. = -0.00001  

(table 7 - 3) 

Solv. corrn. = +0.00071x0.3896 

(table 7 - 6) 

= +0.00028 

orr 	 corr 
:. 	= 0.61306 	t4. 	= 0.38987  

tcorrcorr + t 	= 1.00293 

t+ = 0.3887 (when corrected to give t+  + t_ = 1.0000) • 
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Table 7 - 15 

MgS0 = 0.0100 mol dm-3  (solution I) 4  

Anion runs 	 Cation runs 

Details as in table 7 - 14. 	Details as in table 7 - 14. 

Run No. cMg(I0 
Current t_obs 	Run No. o 	+ i

NC1 
Current tobs 

3)2 	 4 
 

M 	mA 	 It 	mA 

.124 0.0074 0.2 0.6116 109 0.0093 0.21 0.3826 

122 .1 0.5 0.6112 110 n 0.51 0.3827 
123 n 0.5 0.6113 107 it 1.0 0.3829 
127 = 0.8 0.6112 

113 0.0088 0.51 0.3826 

126 0.0070 0.5 0.6114 115 0.0098 0.51 0.3828 

obs 	 obs 
t_ does not vary with current 	t increases slightly with 

or°roll' 	
increasing current, but is independent 

of cfoil' 

But if 	is not current dependent 

(see comments on MgSO4  runs) 

Mean t_ = 0.6114 obs 	 Mean tobs= 0.3827 

Vol. corrn. = -0.00017 
	Vol. corrn. = -0.00003  

(table 7 - 4) 
	

(table 7 - 3) 

Solv. corrn. = +0.0004x0.6114 
	

Solv. corrn. = +0.0004x0.3826 

(table 7 - 6) 
= +0.00024  

corr t 	= 0.6114 
orr t+c  

(table 7 - 
= +0.00015  

= 0.38272  

corr corr t 	+ t_ 	= 0.9942 

t+  = 0.3850 (when corrected to give 	+ t_ = 1.0000) 

S 
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Table 7 - 16 

Set A 

- 3 / 
MgSO4  = 0.02500 mol dm (solution I) 

Anion runs 
	

Cation runs  

Details as in table 7 - 14. 	Details as in table 7 - 14. 

• 

Run No. c
mg(ro ) 32 

M 

Current 

mA 

tabs Run NO, e Bn
4
NCI 

X 

Current 

mA 

tobs 

71 0.019 0.6 0.6163 73 0.023 0.5 0.3720 

70 1.0 0.6160 76 n 0.5 0.3729 
72 1.0 0.3730 

75 0.018 1.0 0.6159 
74 2.0 0.3736 

80 2.0 0.6150 

77' 0.0245 0.5 0.3725 

78 0.0217 0.05 0.3731 
• 79 u 1.5 0.3729 

No dependence of t_obs  on cfoil' 
Some decrease with increasing 

current. 

But if t_ is not current dependent 

(see comments on MgSO4  runs) 

Mean tobs=  0.6158 

Vol. corrn. 	. -0.00040  

(table 7 - 4) 

Na significant effect on 

(except in 78). Some increase of 

t with increasing current. 

But if 	is not current dependent 

(see comments on MgSO4 runs) 

Mean,  tobs+ 	= 0.37285  

Vol. corrn. 	-0.00012 

(table 7 - 3) 

• 

Solv. corrn. 	+0.0002x0.61552  

(table 7 - 6) 

+0.00012  

tcorr = 0.61552 

t.c.orr 	tcorr = 0.98833 

Solv. corrn. 	+0.0002x0.37285 

(table 7 - 6) 

= +0.00008 

t:°"= 0.37281  

= 0.3772  (when corrected to give '4+ t_ = 1.0000) 
* 
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Set B 

cmgSO4 
= 0.02500 mol dm-3  (solution II) 

Anion runs 	 Cation runs  

Details as in table 7 - 14. 	Details as in table 7 - 14. 

Run No. cm  _f„ 
6%"3 

X 

) 	Current 
2 

mA 

tobs  _ Run. No. 	cEu4NC1 

M 

139 0.019 0.6 0.6215 143 	0.0245 

137 to 1.0 0.6210 142 	IR 

138 " 2.0 0.6206 141 	II 

140 0.018 1.0 0.6211 144 	0.0220  

No dependence on c but t No dependence on 
foll 11•111. 

decreases with increasing current. 

Tf t_ is not current dependent 

(see comments on MgSO4 runs) 

	

Mean t...; 	obs  0.6210 
	

Mean tobs = 0.37565 

	

Vol. corrn. = -0.00040 	Vol. corm. = -0.00012  

	

(table 7 - 4) 
	

(table 7 - 3) 

Solv. corrn. +0.0002x0.62105 	Solv. corrn. = +0.0002x0.37565 

	

(table 7 - 6) 
	

(table 7 - 6) 

	

. +0.00012 	= +0.00012 

+c :. tcorr = 0.62077 	. . . v.+
orr  = 0.37561 

.. 
tcorr + t:orr . 0.99638 

ti.  = 0.3770  (when corrected to give t+  + t_ = 1.0000) 

o Current t+bs  

mA 

	

0.3 	0.3759 

	

0.6 	0.3756 

	

1.0 	0.3752 

	

0.6 	0.3759 

ofoll  but t+  deer. 

with increasing current. (Set A 

gives in opposite direction) 

If t+  is not current dependent 

(see comments on MgSO4  runs) 

S 
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0 

Set 0" 

. 0.02500 mol dm-3  (solution III) ckgSO4 

Anion runs 	 Anion runs 

Cu anode closed 
	

Cd anode closed 

Pt cathode open 	Pt/HI03(s) cathode open 

H2C204  following 	Mg(I03)2  following 

Falling boundary 	Rising boundary 

Run No. c, n n  
n2v2v4 

Current tobs  _ Run' No. cMg(I03)2 Current 
tobs 

N mA M mA 

167 0.036 0.5 0.6178 173 0.019 0.5 0.6185 

166 III 1.0 0.6179 168 it 1.0 0.6187 

169 u 2.0 0.6180 

174 0.0228 0.5 0.6176 
170 n 1.0 0.6176 

t_ hardly varies with current 	Very little increase with increasing 

and is-  independent of cfoil. 
	current. 

Mean tobs  _ a 0.6178 	Mean t_obs  0.6186 

Vol. corrn. = -0.00035  

(see text ) 

Solv. corm. +0.0002x0.6178 

(table 7 - 6) 
= +0.00012  

Vol. corm. = -0.00040  

(table 7 - 4) 

Solv. corrn. = +0.0002x0.6186 

(table 7 - 6) 
+0.000i2  

tcorr 0.6176 	tcorr 0.6183 

Therefore t_ obtained with Mg(I03)2  following is higher by 0.0007 than 

that with H2C204 following. 
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Set D 

eMgSO4 0.02500 mol dm-3  (solution IV) 

Anion runs  

Details as in table 7 - 14 

Run No. cMg(I03)2  Current t 

Cation runs  

Details as in table 7 - 14 

Ru&-No. cBu4NC1 Current tobs 

M 	mA 

179 	0,019 	1.0 
180 	1.0 

0.6203 

0.6203 

mA 

177 0.024 1.0 0.3752 

178 with (Bu4N)2SO4  following 

■■■ 

e(Bu4N)2SO4  

0.0123 1.0 0.3750 

0 
Vol. corrn. 	-0.00040 

(table 7 - 4) 

Solv. corrn. 	+0.0002x0.6203 

(table 7 - 6) 

tcorr = 0.6200 

No. 179 is after drying the cell 

overnight and 180 is after drying 

for 1 hr in the normal way. The 

conditions otherwise were identical 

and the two runs were carried out 

to check cell, drying. 

tcorr + tGorr 0,9953 

t = 0.3771  

Vol. corrn. (177) = -0.00012 

(table 7 - 3) 
Vol. corrn. (178) = +0.00044 

(see MgSO4  cation run vol. corm.) 

Solv. corm. = +0.0002x0.375 (for• both) 
(table 7 - 6) 

corr t+= 0.3752 (177) 

tcorr = 0.3754 (178) 

Mean teorr  = 0.3753 

Runs 177 and 178 show t+  is the same 

within experimental error whether 

Bu4NC1 or(Bu4N)2SO4  was used as the 

following electrolyte. 

• 	 (when corrected to give t+ 	= 1.0000) 
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Set E 

• 

cmgSo4 = 0.02500 mol dm-3  (solution1V) 

(solution made up with recrystallised salt) 

Anion runs 	Cation runs  

Details as in set C with 	Details as in table 7 — 14 

820204  following. 

RunT No. cH7 C 0 Current 	tabs Rum No. cal4NC1 Current 	tobs 

2 2 4 

M 	mA M 	• 	mA 

238 	0.0225 	2.0 	0.6346 240 0.0235 	1.0 0.3826 

239 - 	2.0 0.3830 

Set C at 0.025M gives no current Mean tobs  = 0.3828 

dependence. 	(see comments on MgSO4  runs) 

obs t_ = 0.6346 

Vol. corrn. = —0.00035  

( see text ) 

Solv. corrn. = +0.0002x0.6346 

(table 7 — 6) 

+0.00012 

.corr 
. 0.6344 

orr corr t+ c 	+ t 	= 1..0172  

Vol. corrn. = —0.00012 
(table 7 — 3) 

Solv. corrn. = +0.0002x0.3828 

(table 7 — 6) 

. +0.00008 

4corr v 	= 0.3828 

= 0.3763 (when corrected to give t+  + t_ = 1.0000) 

orr corr tc+ 	+ t_ 	would probably have been 1.0179 if the anion boundary ' 

was followed with Mg(I03)2  (set C at 0.025M). 

t+  then would have been 0.3761 (cf. sets A and B at 0.025M) 



, Table.  7 — 17 

Set A 

0MgS°4 = 0.0500 mol dm-3 (solution I) 

Anion rune 	 Cation runs  

Details as in table 7 — 14. 	Details as in table 7 — 14. 

Run No. cMg(I0)  Current 	tobs Run No. cBu NCI Current 	tabs 32   
4 

M 	mA 	M 	mA 

42 	0.038 	1.2 	0.6258 	49 	0.047 	0.9 	0.3650 

43 	2.5 	0.6254 	46 	1.7 	0.3628 

Taking the mean as in solution II, 	Taking the mean as in solution II, 

tobs= 0.6256 	tabs  = 0.3639 

102 

IP Vol. corrn. = —0.00074  

(table 7 — 4) 

Solv. corrn. 	+0.00011x0.6256 

(table 7 — 6) 

. +0.00007 

,corr = 
0.62493 

t corr+ t°err = 0.9885 

Vol. corrn. = —0,00037 
(table 7 — 3) 

Solv. corrn. 	+0.0001110.3639 

(table 7 — 6) 

= +0.00004 

e .orr T 	= 0.36357 

= 0.3678 (when corrected to give t.4.  + t_ = 1.0000) 

Mite: The anion runs in this set were done before the anode compartment 

was enlarged. (see comments on MgSO4 runs) 

4i 
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Set B 

MgSO4 = 0.0500 mot dm 3  (solution II) 

Anion runs 	Cation runs  

Details as in table 7 - 14. 	Details as in table 7 - 14. 

Run No. oMg(I03) 2 
N 

Current 

mA 

fobs Run No. oBu4NC1 Current 

N 	mA 

tobs 

53 0.038 1.0 0.6283 54 0.047 0.49 0.3647 
57 1.0 0.6257 50 0.91 0.3644 
56 2.0 0.6261 52 0.93 0.3649 

51 1.74 0.3655 
60 0.039 1.0 0.6259 
61 1.7 0.6259 59 0.045 0.93 0.3648 

58 1.73 0.3647 
No definite pattern or current 

dependence of t_. It is also 
	t+ independent of current and cfoil. 

independent of o 

mean t_ = obs o.625, 	:. mean tobs 0,3648 

Vol. corrn. = -0.00074 	Vol. corrn. = -0.00037  

(table 7 - 4) 
	

(table 7 - 3) 

Solv. corrn. = +0.00011x0.62541 

(table 7 - 6) 
+0.00007 

corr 

	

t_ 	= 0.62.03  

corr 	corr 

	

+ t_ 	0.98970 

Solv. corrn. 	+0.00011x0.3648 

(table 7 - 6) 
= +0.00004  

t+
oorr 	= 0.36447 

t+  0.3683 (when corrected to give 	+ t_ = 1.0000) 

Note: 
The anion runs in this set were done before the anode compartment 

was enlarged (see comments on MgSO4  runs). 

10. 
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Set C 

M004 = 0.0500 mol dm 3  (solution III) 

Anion runs 	 Cation runs- 

Details as in table 7 - 14. 	Details as in table 7 - 14. 

Run NO. c 	Current 
MgkI03)2 

M 	mA 

tobs  _ Run No. c8114Nc1 	Current 

M 	mA 

tobs .t. 

65 0.040 	1.0 0.6251 67 0.049 1.0 0.3637 
66 0.036 	1.0 0.6259 68 0.044 1.0 0.3633 

Mean 	tobs = 0.6255 Mean tobs 0.3635 

	

Vol. corrn. = -0.00074 	Vol. corm. = -0.00037  

	

(table 7 — 4) 
	

(table 7 — 3) 

Solv. corrn. = +0.00011x0.6255 
	

Solv. corrn. = +0.00011x0.3635 

	

(table 7 — 6) 
	

(table 7 — 6) 

= +0.00007 	+0.00004 

.corr = 0.62483 
°Orr t 	= 0.36317 

t
corr+ tcorr = 0.9880 

t+ = 0.3676 (when corrected to give t + t = 1.0000) 

Note: 
The anion runs in this set were done before the anode compartment 

was enlarged (see comments on MgSO4 runs) 

• 

• 
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Set D 

0MgSO4 = 0.0500 mol dm —3  (solution Iv) 
 

Anion runs 	 Cation runs  

Details as in table 7 — 14. 	Details as in table 7 — 14. 

Run N0..cMg(I03)2 Current 	tops 	°Hu4NC1 Run No. 	Current 	to+  bs 

mA N mA 

148 0.039 1.2 0.6307 149 0.047 0.6 0.3669 

146 2.0 0.6309 147 n 1,0 0.3677 

150 3.0 0.6303 145 it _ 	2.0 0.3676 

152 0.042 1.2 0.6304 151 0.044 1.0 0.3677 

t_ does not depend on current 
	

t does not depend on current (see 

or. °foil' 
	 comments on MgSO4 runs) or foil' 

Mean 
tops= 0.6306 	Mean tops = 0.3677  

Vol. corm. = —0.00074 	Vol. corrn. = —0.00037 
(table 7 — 4) 
	

(table 7 — 3) 

Solv. corrn. 	+0.00011x0.6306 	Solv. corrn. = +0.00011x0.3677 
(table 7 — 6) 

. +0.00007 

o tcr  r= 0.62993 

(table 7 - 6) 

= +0.00004  

orr t+c 	= 0.36737 

orr corr 
t+c  + t_ 	= 0.9973 

= 0.3684  (when corrected to give t+  + t_ = 1.0000) 

• 
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Set E 

0MgS04 
= 0.0500 mol dm 3  (solution V) 

Anion runs' 	 Cation runs  

Details as' in table 7 - 14. 	Details as in table 7 - 14. 

( Run Nb. c_mg,103)2 
Current 	tubs  _ 	Run No. cBu4NC1 Current 	tobs 

mA 	 N 	mA 

181 0.039 2.0 	0.6294 184 0.047 1.0 0.3666 
182 0.036 2.0 	0.6282 183 0.047 2.0 0.1667 

Mean tobs = 0.6288 Mean Ohs = 0.36665 

	

Vol. corrn. = —0.00074 
	Vol. corm. = —0.00037  

• (table 7 — 4) 
	

(table 7 - 3) 

Solv. corm. = +0.00011x0.6288 	Solv. corm. . +0.00011x0.36665 

	

(table 7 -6) 	(table 7 - 6) 

	

. +0.00007 
	. +0.00004 

	

tcorr0.62813 	t..orr 0.36632 

tc+ 
orr+ t corr = 0.99445 

• 
i+  = 0.3684 (when corrected to give t + t = 1.0000) 

• 
• 
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Table 7 - 18 

M004 = 0.1000 mol dm-3  (solution I) 

• 

Anion runs 

7 - 14. 

Current tobs  _ 

Cation runs 

7 - 14. 

o Current 	t+bs  

Details as in table 

Run:No. oMgk  / I03)2 

Details as in table 

Run No. c Bm 4NC1 

M mA M mA 

130 0.074 1.0 0.6418 103 0.093 1.2 0.3553 
128 n 2.0 0.6409 106 n 2.0 0.3556 
129 n 3.0 0.6406 104 = 4.0 0.3568 
135 = 4.0 0.6414 

97 0.081 4.0 0.3566 

134 0.079 2.0 0.6414 t+  increases with increasing current. 
136 0.070 2.0 0.6411 

NO dependence on cfon' 

No definite pattern of current 	obs t+  (I 	0) = 0.3546 (a) 
dependence of t_. No dependence 

on °foil° If 	is not really current depen- 

dent ( see comments on magnesium 
Mean tobs_ = 0.6412 	 obs sulphate runs) mean 	= 0.3561 (b) 

	

Vol. corrn. = -0.00150 	Vol. corrn. = -0.00112  

	

(table 7 - 4) 
	

(table 7 - 3) 

Solv. corrn. +0.00008x0.6412 	 corrn. = +0.0000810.3561 

	

(table 7 - 6) 	 (table 7 - 6) 

	

. +0.00005 	 = +0.00003 

tcorr = 0.63975 	
t:71'  = 0..35351 (a) 	_ 

t:orr+ tcorr = 0.99326  (a) 
	 = 0.35501 (b) 

= 0.99476 (b) 

t = 0.3559 (a) (when corrected. to give 	+ t_ = 	1.0000) 

= 0.3569 (b) ( u 
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Comments on HC104 runs- 

All three sets, sets A and B with AgC104  following and C with 
NaC104 following, show no current dependence of 	in the range 

0.5 — 2.0 mA. The t+  values are also independent of emu  between 

0.056 — 0.061M AgC104 and 0.045 — 0.048M NaC104. In set A the first 

four runs 8,9,10 and 11 with c(AgC104) = 0.057M give a mean t.7/18  0.0017 

lower than the mean obs  of the runs 12,13,14 (with c(AgC104) = 0.061M). 

The results in set A, however, were not taken into account for reasons 

discussed later. 

The reproducibility within a set was fair except for' run 15 in set 

B. Half weight was therefore given to this run in calculating the mean 
obs . The 	obtained with neutralised AgC104  following is 0.0004 higher 

than that with NaC104  following. This is rather small and is only just 

outside the experimental error (± 0.0001) in each set. Therefore t+  is 

independent of the nature of the following electrolyte also. 

Comments on AgC104 runs 

Both cation and anion boundaries were followed at various currents 

at all concentrations except 0.01M where the anion boundary could not 

be seen. Invisibility of the anion boundary at this concentration is 

difficult to understand as at higher concentrations these appeared to 

be sharper than the cation ones. The boundary was destroyed at lmA and 

also may have been too quick to be followed with the telescope. Below 

lmA it may have been too diffused. 

Neither t+  nor t_ at any concentration show a trend with current 

except for t_ at 0.1M (table 7 — 11) which appears to decrease by 
0.0003 over the range 1.0 — 3.8 mA. The trend in this case may- well be 

fortuitous as the decrease itself is- within experimental error, and 

the results at both the higher and lower concentrations show no current 

trends. 

. the rest. The sum corr tcorr  was always about 0.2% below unity (when 

the concentration found by the potentiometric titrations was used in the • 

The reproducibility was always better than_ 0.0002 except at 0.1M 

(table 7-11) where run no. 199 gave a result about 0.001 higher than 
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0 

equation 	= Val/q). This suggests that the NaC1 standard solution 

may have been more concentrated than estimated (made up by weight). 

The runs in table 7 — 12 carried out with recrystallised AgC104 

as a test on the other runs (done with unrecrystallised AgC104) gave 

the lowest t+  + t_ sum (0.9898, 1% low). This is difficult to understand. 

But the 	value in this set, when corrected to give t+  + t_ = 1.0000, 

was only 0.0004 higher than that obtained with the unrecrystallised salt 

at the same concentration (table 7 — 11). The difference can be safely 

assumed to be within experimental error and indicates that it makes very 

little difference whether the salt was recrystallised or not. 

Comments on Mg80 runs 

Inspection of the MgSO4 results shows that their reproducibility 

is not goodas usual. Thus the two cation runs 73 and 76 in table 7 — 16, 

set A, done under identical conditions, produced results differing by as 

much as 0.0009. The two anion runs 53 and 57 (table 7 — 17, set B), 

again done under identical conditions differed by as much as 0.0026. The 

latter two runs however (and also the runs in table 7 — 17 sets A, B 

and' C and table 7 — 16, set A) were carried out in a rising boundary 

cell with a small anode compartment. Progression was observed in some 

runs. This was probably due to the Cd2÷  ions from the Cd anode reaching 

the boundary region. The possibility of Cd2+  overtaking Mg2+  is low as 

both ions have similar mobilities44C  and their sulphates have similar 
. association constants (KA(CdS00 = 250, KA(MgS0ii.) = 238) 3  . Progression 

was not observed after the anode compartment was made bigger but the 

reproducibility was still not very good though somewhat better than 

before. The cation' boundary results were timed in a different (falling 

boundary) cell. 

There appeared to be some current dependence in both 	and t_ 

but there was no definite pattern with concentration. The anion runs 

at 0.005M (table 7 — 14) show an increase of 0.0017 between 0.2 and 

0.6 mA while those at 0.01M (table 7 — 15) decrease by 0.0007 between 

0.2 and 0.8 mA. Sometimes different sets of runs at the same concentr-

ation show trends in opposite directions (The anion runs at 0.025M, 

table 7 — 16, sets A and B give a negative current dependence while 

0 
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set C shows a definite positive dependence). Moreover, the magnitudes 

of the current dependence, except at 0.005M (table 7 — 14), are 

comparable with the limits of reproducibility. The large dependence of 

t_ (per mA) in table 7 — 14 probably-arises because the absolute change 

in the current was only 0.4 mA. Because of these anomalies it is difficult 

to say whether the boundary velocities were really current dependent at 

all and-, if so, what the trend was. The t+  at 0.1M (table 7 — 18) shows 

a positive current dependence giving obs (I 	. 0.3546 (a). The 

mean 
tobs in this set is 0.3561 (b). The latter is to be preferred as a 

definite pattern of current dependence was not observed at lower conce-

ntrations. Current dependence, if there is any is known,  to be greater 

at lower concentrations. Therefore the reported transference numbers 

were derived: from the mean of the observed values assuming they were 

not current dependent. 

BOth the anion and cation transference numbers show no dependence 

oncfoll over a range of 10 — 15% from the estimated cK. The anion runs 

followed with H2C204  (table 7 — 16, set C) show no dependence of t_ when 

foll was varied over 50%. The cation runs followed with Bu4NCI and with 

(Bu
4
N)
2
SO
4 

itself (runs 177 and 178 in table 7 — 16, set D) produced 

results which differed only 	But the two sets (table 7 — 16, 

set C) of anion runs followed. with Mg(I03)2  and 112C204  produced anion 

transference numbers differing by 0.0007, which is less satisfactory. 
orr The sum t+

co rr  + tc  did not always add up to unity, and varied 

according to the analytical result chosen (table 7 — 19). Abwever t+  

from different solutions at the same concentration (on the basis of 
corr t+ 	

+ tcorr  = 1.0000) varied less than the analytical results 

themselves (table 7 — 19). The t+  values obtained with the recrystallised 

salt (table 7 — 16, set E) was about 0.0009 lower than values obtained 

with the unrecrystallised salt (table 7 — 16, sets A,B and D) at the 

same concentration. Because of these inconsistencies the transference 

data reported on MgSO4  are not claimed to be accurate beyond 0.001. 

Comments on literature ZnSO4 and CuSO4 data 

The group which studied zinc sulphate15 covered the concentration 

range between 0.005 — 0.045M. Measurements were by the moving boundary 



111 
• 

Table 7 - 19 

r- . summaryrof t+carr + tcor_ 	kMgSO4) at analytical concentrations 

corr corr. Anal. 	 t+ 	+ t_ 
method 	Rounded concentration and solution number 

0.005M (I) 0.01M (I) 0.025M (I) 0.025M (II) 0.025M (III) 

(a) 0.9961 0.9942 0.9883 0.9964 Only the 
(b)  1.0124 0.9994 anion •■•••■■•■•■■•••■■•■ 

(0) 	1.0007 0.9960 0.9954 1.0055 boundary 

(d)  1.0028 was timed. 

(e)  •••••■■•••■■■•■•■• 0.9996 

0.3887 0.3850 0.3772 0.3770 

(when t ++ t_ 

= 1.0000) 

0.025M (IV) 0.025M (V) 0.05M (I) 0.05N (II) 0.05M (III) 

• (a) 0.9953 0.9995 0.9885 0.9894 0.9880 
OMONO.....0■11 01160.61111••••■••■••••■ (b)  AN:0■0111.M.1111•1.111r 

(c)  1.0003 1.0012 
IIINNIOMMIMINMENISMO. 

0.9966 IIIM•11••■•■•Moir 

(d)  
.0111■••■••■••••■■ 

1.0160 41111MOIMMMINIIMII. ■■•••••■■••■•••••• 

(e)  1.0034 0111••■•••••■•■■••■•• hill•■••••■■•••■■■■ •IMIMINOwNSIIM•MO 

0.3771 0.3763 0.3678 0.3684 0.3676 

(when t++ t_ 
= 1.0000) 

0.05M (Iv) 0.05M (v) 0.1M (I) 

(a) 0.9973 0.9945 0.9948 
(b)  0.9958 

(c) 1.0019 1.0022 
(d) 1.0053 0.9981 •■■■■•■••■•■•••■••■ 

(e) 	1.0113 0.9925 MM.1.1101■■■■•■11,  

t+ 	0.3684 0.3684 0.3550 
(when t++ t_ 
a 1.0000) 

• 	 The analytical methods a, b, c, d and e refer to those given in 
table 5 - 2. 
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method but only-  cation boundaries were studied, so ignoring a cardinal 
rule* for accurate work. There should have been no difficulty in finding 
a suitable anion like iodate or oxalate (both used in the present work 

on MgSO4) to follow the anion boundary. However, great care was taken 
in analysing the solutions. 

Dye et al. do not seem to have varied °foil  and the current at every 

concentration. There is also no record of allowing for'the volume and 

solvent corrections. In a later publication16 on ZnSO4 they gave a least 

squares equation for the corrected transference numbers; the individual 

values would have been more helpful and have been worked out below. To 

f011ow the boundary they employed a (Bu4N)2SO4  solution with a Cd plug 
anode and a Ag/AgCl cathode. The tzn2+  values reported in table 7 - 21 

are those modified by the present author to allow for the volume and 

solvent corrections assuming the workers kept the Cd plug anode closed. 

These transference figures agreed better with the least squares equation 

given by Dye et al.16 than those computed assuming the Ag/AgC1 cathode 

was kept closed. The equation used to calculate the volume change (with 

the closed Cd anode) was 

AV  =4Vcd(s) + 0CdSO4  - Zn2+x 56ZnSO4 

The apparent molar volumes of ZnSO4 at the appropriate concentrations 

were taken from the literature83. The solvent correction was calculated 

using eq.3 - 17 with specific conductivities derived from Dye et al's 

conductance values15  . The corrections made are given in table 7 - 20. 

Table 7 - 20 

obs Volume correction and solvent correction fortzn2+ 
t(C) 

Lobs 	 corr 	cal C tA kled Vol. corr. 	Solv. corr. 	44,04.1 ZnSO4 obs 	 0,3goo (2c617/1000) 	.Ksoh, A14solute) 	-6‘1542a 
0.004846 0.004846 0.3828 + 0.00008 + 0.00027 0.3832 o.3n8-  
0.01135 0.3799 + 0.00019 + 0.00014 0.3802 °'2a°1--  
0.01775 0.3776 + 0.00029 +4.00011 0.3780 c.37gg 

0.02548 0.3747 + 0.00041 + 0.00008 0.3752 0,r75g 

0.03755 0.3720 + 0.00060 + 0.00006 0.3727 0,3M 

0.045195  0.3698 + 0.00070 + 0.00004 0.3705 o.2711 
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The use of a Cd anode behind the (Bu4N)2SO4  following solution is not 

wholly satsfactory. The Cd ion-constituent has a higher mobility than 

thAt of Bu4N+  and may have interfered with the Zn24/Bu4N+  boundary. A 

lead anode would have been better. The workers do not seem to have 

checked the boundary velocity for progression. Instead they checked 

the apparatus for accuracy with literature KC1 data. Progression may 

not have occured in KC1 runs as they probably employed suitable 

electrodes for these. 

Fritz and Puget, who investigated CuSO4, covered the fairly high 

concentration region of 0.125 - 0.51M14. They also made use of the m.b. 

method but its accuracy at these concentrations is not high due to 

uncertainties in the volume correction. The group timed only the anion 

boundaries using Cu(OAc)2  as the following electrolyte. The cation 

boundaries could have been followed with ifft Bu4N+  without any 

difficulty. 

The current and cfoll seem to have been variedbut without extra-

polating the results to zero current they have carried out the determi- 

0 	 nations "in a region where the boundary velocity was not dependent on 

the current". Existence of such a region is difficult to understand and 

at the currents they were passing (5.0 - 20.0 mA) considerable amounts 

of heat must have been generated. 

A major-criticism which can be levelled against the CuSO4  work is 

that the salt hydrolysesgiving acidic solutions. Part of the current in 

CuSO4 solutions is therefore carried byre. Fritz and Puget studied the 

effect of pH on t+  and found that extrapolation to IDE= 7 reduced it by 

about 0.001. This shows that a solvent correction is important although 

it would normally have been negligible at these high concentrations. 

There is no record of their applying a solvent correction although a 

volume correction has been made. The values reported are at the normal 

pH values of the solutions. However, they do not claim an accuracy of 

more than 0.001. 

• 



114 

• 

Table 7- 21 

Summary of corrected cation transference numbers 

c/M 

0.005 

HC104 

t+  

AgC104 MgSO4  

0.3887 

0.01 0.4809 0.3850  

0.02 0.4811 

0.025 0.3769 

0.05 0.4815 0.3681 

0.1 0.8507 0.4827 0.3569 

0.2 0.4864 

Cation transference numbers of ZnSO4 and. CuSO4 

c/M 	t+  

*ZnSO4 	aCuS04 

	

0.004846 	0.3832 

	

0.01135 	0.3802 

	

0.017745 	0.3780 

	

0.025475 	0.3752 

	

0.03755 	0.3727 

	

0.045135 	0.3705 

	

0.1249 	0.3548 

	

0.1557 	0.3472 

	

0.2801 	0.3237 

	

0.4230 	0.3055 

	

0.5131 	0.3040 

*Dye et al. 

°Fritz and Puget 

• 

• 
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CHAPTER 8 

DISCUSSION 

Part I - perchloric acid  

There are three recent determinations of the cation transference 
c, number of H0104

36,6 
-
67  . One group67 covered the concentration range 

0.02 - 0.1 M using autogenic HC104 	AgC104  boundaries. The other two 

groups used the sheared boundaries HC104  4---KC10436 from 0.028 to 0.067M 

and HC104 	AgC10
4
65 from 0.1 to 6.5M. Shown in fig. 16 is a plot of 

the reported 	values against I. The cation transference number obtai- 
ned in the present work and those derived from Gwyther's measuments63e 

of the anion transference number have been included. 

The reported values do not agree very well. Moreover, certain other 

features in fig. 16 are hard to understand. Both groups covering the low 

concentration range show a maximum in t+  though at different concentrati-

ons, one67 at 0.054M and the other36 at 0.060M. A maximum also appears 

at a higher concentration (ca. 0.3M) leading to a dip in 	at ca. 0.1.M 

where the two sets of data meet. Maxima in cation transference number are 

not unusual with weak acids94'95 where the phenomenon has been explained 

as due to triple ion formation. But aqueous HC104  is known to be a strong 

acid and is reputed to be completely dissociated up to about 6M 96. The 

existence of triple ions is therefore extremely unlikely. The cation 

transference numbers obtained from the measurements of the anion boundary63e 

on the other hand, lie on a smooth curve without exhibiting maxima or a 

dip. The value of t.. at 0.1M obtained independently in the present work • 

agrees well with the anion transference measurements. 

The first set of cation runs (table 7 - 7, set A) followed with 

AgC104 yielded results in good agreement with the cation values reported 

in the literature and not with the anion ones. But a close inspection of 

the following solution revealed the presence of some acid (pH about 4.1). 

Low pH in the silver perchlorate cannot be due to hydrolysis as calcula-

tions based on the value of 1.1x10-4  mol dm-3 for the dissociation 
• 
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constant of AgOff 28f gives a hydrogen ion concentration of about 0.7x10 6M 

at [Age") = 0.05M. The manufacturers (B.D.H.(G.P.R.) AgC104  was used at 

this staget) may have acidified the salt as it is known to be less light 

sensitive in acidic medium. The presence of acid in the following as well 

as in the leading solution requires that the usual m.b. equation (eq.3- 5) 
has to be replaced with the general equation (3 - 18). A semi-quantitat-

ive calculation then shows that a AgC104  following solution with a pH of 

4.10 gives a cation transference number about 0.005 lower for HC104.  if 

eq. 3 - 5 is used instead of eq. 3 - 18. 
The next few runs were accordingly carried out with neutralised 

AgC104  following (table 7 - 7, set B) and with neutralised NaC104  follo-

wing (table 7 - 7, set C). The results obtained in the two sets agreed 

very well with each other and gave a cation transference number about 

0.005 higher than in set A as predicted. The result thus obtained agrees 

very well with the anion transference measurements (Fig. 16). 

In view of these observations it seems likely that the cation values 

reported in the literature are not quite correct. In the present work 

the HCI04 	0104 boundary was not found to be suitable for timing due 

to its poor visibility. Banerjee and Srivastava36 employed the same system 

with the addition of methyl orange to enhance the visibility. The use of 

methyl orange is known to lead to low cation transference numbers. It is 

difficult to see how the autogenic boundary group67 obtained a low value. 

There is no possibility of the presence of acid behind the boundary as 

the anode reaction (Ag e 	Ag+) should have taken place with 100% 

efficiency. However, there was no means of checking that Kohlrausch 

adjustment had occurred behind the boundary. The other shear, boundary 

workers65 measured the boundary position only twice per run. Checks for 

progression would therefore not have been possible. The minimum current 

they employed was 10 mA, the bath temperature being adjusted to maintain 

the leading solution at 25°C. It is doubtful whether the leading solution 

actually was at 25°C as direct measurements97 show a higher leading 

solution temperature than predicted by theoretical equations. The results 

should have been extrapolated to zero current. 

The fit of the experimentally obtained anion transference numbers63e 

to the F-01, F-02 and Pitts theories has been discussed elsewhere
32. 

• 

• 
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Part II - silver nerchlorate 

The cation transference numbers given in table 7 - 21 have been 
plotted against 	in fig. t7. The data found by the indirect boundary 
technique63f  and the Hittorf results reported in the literature74'99  

have also been included for comparison. Both literature determinations 

were restricted to concentrations above 0.1M. 

The agreement between different groups is again_ very poor. Campbell 

and Singh74 analysed the solution in both anode and cathode compartments, 

bUt the two results often differed by about two in the second decimal 

place and sometimes by as much as four, A considerable amount of diffusive 

mixing seems to have taken place during the electrolysis. The values 

reported by the other group99 fall on a smoother curve but they analysed 

only one electrode compartment. Whatever the extent of the disagreement 

between the groups, one fact is quite clearly shown in fig. t7: t+  

increases with concentration, contrary to the theoretical predictions. 

This anomaly is also shown by another silver salt, AgNO365,74,99 

and therefore suggests that it is due to the Ag+  ion. A possible expla-

nation is partial formation of the triple ion Ag2C104+  which would 

increase the Ag+  constituent transference number. However, there is no 

independent evidence to support even ion-pairing in aqueous AgC104. 

The results of computer' calculations are summarised in table 8 - 1. 
Inspection shows that the Fuoss-Onsager equation with the old electroph-

oretic term (F-01) and the Pitts theory give identical values fort+o   and 

a throughout the concentration range. Both the mean t.°F  values, and their. 

standard deviations (es), progressively decrease with decreasing c. All 

the F-01  and PA  4 values show a trend, increasing with rising concentra-

tion, and so indicate a poor fit of the experimental results to these 

two theories. 

The Fuoss-Onsager equation with the revised electrophoretic term 

(F-02) on the other hand fits the data much better. There is no trend 

in 4, and the standard deviations e■ are very much less. The a values, 

while smaller than for (F-0)1, are still too big to be realistic. F-02  

gives t.7. (average) of 0.4814 while the F-01  and Pitts equations when 

extrapolated to c = 0 (fig. Pi ) give t.7. = 0.4812. The Longsworth plot29  I1A 

fig. 20 leads to t.(1).(c = 0) = 0.4811. All these t: values are higher than 



; 	1 

120 

_10.52 

0.50 

• 

034 
0 	 0.5 	 100 	 t•5 

7;471-0 
C104. -1A4. 	Is. re 

F.4. 17 

• 

• 

0.48 X amotc4 
attd4 amd A^-id 

x P4,24.ed.ovt wo4 
YAr`itLeA  

cJ 

& tviarimmt4 mAzt 
Ctn4+2,4 

046 	 + Tztai cA.A61 lit:dAko 
0 	 0.5 	 1.0 	 1.5 

■icRinort o1.440 
AgNO3  

L+  

F49. 18 



121 

• 

the figure of 0.4794 calculated from limiting ionic conductances 

obtained639  by Pitts theory extrapolations. The limiting ionic 

conductances in Robinson and Stokes yield t.7.  . 0.4789. 

Table 8 - 1 

Computer calculations on AgC104 data 

Theory c x 10
3 

rit 
Bestaeldrix104 max 

mean t°4.  Trend in 

t°
4. 

(cl 

F-01 10 - 200 21.0 15.2 3.09 0.4831 Inc. with 

inc. c. 

F-0
2 

Is 16.1 1.21 2.37 0.4814 None 

P
A 

u 21.0 15.2 3.09 0.4831 Inc. with 

inc. c. 

F-01 10 - 101 21.0 8.80 2.20 0.4825 Inc. with 

inc. c. 

• F-0
2 

15.6 1.14 1.63 0.4814 None 

P
A 

tt 21.0 8.80 2.20 0.4825 Inc. with 

inc. c. 

F-01 97 21.0 7.15 2.15 0.4822 Inc. with 

inc. c. 

F-0
2 

14.8 0.57 1.52 0.4815 None 

P
A 

21.0 7.15 2.15 0.4822 Inc. with 

inc. a. 

F-01 10 - 50 21.0 3.44 1.55 0.4818 Inc. with 

inc. c. 

F-0
2 

15.2 0.63 1.12 0.4814 None 

PA 
at 21.0 3.43 1.55 0.4818 Inc. with 

inc. c. 
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Part III — magnesium sulphate  

Choice of MgSO4 as a 2:2 electrolyte 

Virtually all transference work has been restricted to 1:1 electro-

lytes. In order to test further the available interionics theories it was 

desirable to obtain data for- a bi—bi valent electrolytet, A sulphate 
seemed the most promising. Low solubility excluded those of Pb, Ca, Ba 

and Sr. The sulphates of Cu and Zn have already been investigated14,15. 
However, these two salts hydrolyse in'solution and it was reported14 that 

t4.(CuSO4) increases by about 0.001 on' extrapolation to IA = 7.0 from the 

normal pH' of the solution. Fortunately there exists a soluble sulphate 

that does not hydrolyse: that of magnesium. 

H2SO4
28.f(1.20 x 10-2). Little net hydrolysis was therefore expected in 

aqueous solution. The pH' value of the solution made from the recrystal-

lised salt, 6.0, confirmed this view. 

Degree of dissociation of magnesium sulphate  

Because MgSO4  is incompletely- disbociated, ionic concentrations (0(0) 

had to be substituted in the various theoretical equations. The degrees 
of dissociation,  (o) were calculated from the equation 

KA  = (1 — c4)/c 6+ 	 (8 — 

where KA  is the association constant and W4, is the mean stoichiometria 

activity- coefficient at analytical molarity c. Values of 1C+ were taken 
from published data93. Several values for the association constant of 
MgSO4 have been quoted in the literature, and the agreement between them 

is not very good (table 8 — 2). 

Because of the poor agreement between the reported association 

constants it is difficult to pick out one as the best. Separate computer 

calculations were therefore carried out with ionic concentrations evalu-

ated from different KA  values. A simple test between them is depicted in 

fig. 21 where the limiting Onsager slope has been drawn through the 

Magnesium hydroxide is a relatively stronger base. Its second 

dissociationconstarrOM (KD .2.6 x 10-3) is comparable with that of 
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Table 8 — 2 

Association constants for M004  

RA 	a 	cmax  x 1o4 	Experimental ref. 

mol-1dm3 A mol dm —3 technique 

135.0 6.18 30 condUctance 102 

173 10,7' 8.8_ conductance 103 

179 4.3 385. e.m.f. 104 

185 5.06 6.93 e.m.f. 105 

201.6 14.3 8.8' conductance 44 
227 5.06 8.8 conductance 105 

238.1 14.3 Owl. coeff. 93 

intercept (t+  = 0.3987) derived from limiting ionic conductances44b. 
This line should lie below the experimental points if a values are 

positive, and it is seen to do so only for lower KA  values. These may 

therefore represent the association constant more closely. A summary 
of the computer calculations is given in table 8 — 3. 
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mean t° 	Trend in 
t°+(c) 

Set A, KA  = 135.0 mol-lclm3  

Theory 	c x 103 	Best a 	6N 	1. x 4 Y. min 	max 
A 

0 

F-°1 
F-02 

F-02 
PA 

PA 

F-01 
F-02 

4.9 - 50 

4.9 - 25 

4.9 - 100 

11 

Table 8 - 3 

Computer calculations of MgSO4 data 

3.0 	1.76 
e5t` 	*PS9-5,31 

9-:&16 9°7 4. 

3.0 	1.87 
itV;t 6 3 	2.8? 
92 (1,S 	5r-7-2 1/.62 

3.2 	1.87 
.31166-  2.47 

3 rait'g..ig 

1.79 

z 

0.50 0.4006 
Qw451 lilt 0.4014'2 
1.3g 0.408X3 

0.36 0.4006 
435O.77 0.4010 
-a-21-/43 0.4070A 

0.28 0.4004 
(36,72--w .S7 0.4007 
0.94 0.40610.2 

0.39 0.4004 
0,390,43 0.4011 
1.14 0.407V1 

0.27 0.4005 
0,290.0 0.4008 
Qs-XI:lig 0.40071 

0.21 0.4004 
0...256,,P 0.4004 
0.82 0.4060 

None 
ael °'14017 Nene-M a  ,dgoi  

NC= 	40.01 
o•oo.0„/  

None 
11/44,4

1  
4.04013 

Wvite.  41,0 Agit 
Neese• f-4eL 4 0.46-7 

41-0.0as M 

None 
Nene t-14c 4. 0'016 at  0.011-1 
Nene Vilot 4'6'4* 

o -oi H 

None 
j_0'4011i. None, o.oym  

None- tio,KA or 
4F6 '001 

None 
Moot  0+010 41 

Noe 0.11 
Nene 144  041076 

4fr-o. 0°20,1 

None 

Nis 

_tqw, 0,00 itt 
w

▪ 

ilwax= 	0.044 

Moe. 0.4,47 
M 

Set B, 

10.7 

173.0 mor1dm3  

4.9 - 100 	2.5 P-°1 
F-02 2,5 la 
PA Tr474b 

F-01 4.9 - 50 2.4 
F-02 b.1 

PA 42,75 eL,7 

F-01 4.9 - 25 2.5 
F-02 -2:78 	2  
PA 91-910.0 

127 
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Set C KA  = 201.6 mol-ldm3  

Theory 	o x 103 	Best a 
A 

. x104 
min 	max mean t Trend in 

t+(o) 

F-°1 
F-02 
PA 

F-01  
F-02 
PA 

F-°1 
F-02 
PA 

4.9 - 100 
If 

If 

4.9 - 50 
It 

tt 

4.9 - 25 

2.0 

.61-T 7'6  

1.9 

7;8 	t 

1.9 
2-04- 	q 
9.-1--q9 

1.83 
2.-e2•142 
.4•28432  

1.54 
1cart.% 
5-.4)-1g',11-4 

1.75 
1,-ery 
1.-5-13 , bc 

	

0.29 	0.4003 
4.-3.34.CS 0.400fir 
Q.:161.01 0.40M 

	

0.20 	0.4004 
0. 240•L3 0.4007.5 
O.,9-304,L 0.40W7o 

	

0.15 	0.4004 
aa-E,d47 0.4006 

None 
i‘tAtIt_. 	0.4.00€- *one- 01...„,,,4  

Nem.e144..c . 4 0.4600 
o ,oxm 

None 
0,  tope q4 Nene. 0.01 }-1 

Wen. kut. 40. 4471, 
o ,ot 

None 
Ker_40.4-0De Nonc 0,0114 

Kerke- Mae, 	di 0 , I01,1 
of-c-tH 

Set D, KA  = 227.0 mol lc1m3  

	

4.9 - 100 	1.5 
tt 	.ors 7 

	

4.9 - 50 	1.3 
.2-re 
4-.-0 

	

4.9 - 25 	1.2 
ft 	 -21-e,ch 
to 	 gr.-3 	4 

2.41 
j,„9-7-02,111, 

1.57 
1.5r ei 

1.78 
1.81 
3.48.2.1,,s' 

	

0.20 	0.4002 
0..,2841 74 0.400/2 
0.v860.S7 0.4073? 

	

0.13 	0.4004 
0-6-206S4 0.40095 
0*--70'071/ 0.40a 7/ 

	

0.09 	0.4005 
Civ150.4 0.4000. 
0,-6304c 0.406X3 

None 
t‘.6( 	4 16.466L .None- 	00-0,00,4 

N,enetiewc ot 0 ,  
40,02S"H 

None 
gtdt 0.11,00C-4' •Norre- 0 ,c) 

ire-%L. 	0,14574 

None144i  oi-0,0,00e 41ane 	td__ 0'6t  4 
*one v.kr. 	ko,6e 

F-01  
F-02 
PA 

F-01 
F-02 
PA 

F-01  
F-02 
PA 

tvi- 04t1.4 

• 
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Set K, KA = 238.1 mot-idm3  

Theory- 	c x 103 	Best a 

A 
mlG\ . 
n
:t104 1r mean t+   max Trend in 

t.?.(c) 

F-01  

F-02 
P 

4.9 - 100 	1.2 	2.60 
55 2.4i4 

5,54-2 6.040 

0.15. 0.4002 

0..24rli 0.4004 

OvT1640 0.407,% 

None 

None 

4kee gi?ok 
0'11-e9 

it(. .o2,,c1,4 

F-01 4.9 50 
F-02 	- ,fi 

P 

FL01 	4.9 - 25 
F-02 

1.0 	1.63 
1.5114a 

.41-61.1 

0.9 	1.79 
.1-v-ik'g.4- 	1.81 

ttl 3.46 

0.10 0.4004 
0".011.0 0.4006 

0o41 0.0076 

0.07 0.4006 
01.410ib 0.4006 
g,53,1.41 0.406, 

None 

None 
t-iace-oi 04076 , 

ear 0 Of 

None 

None 
M4;1- 10,406- 4k,o1w- 	,004  

• 	 Inspection of table 8 - 3 shows that of the three theories, PA  gives 
the poorest fit of the experimental results over all concentration ranges 

and also at all KA values used to evaluate the ionic concentrations. This 
theory also gives a mean t.7 about 6 7 higher in the third decimal place 
than those obtained with F-01  and F-02. The mean t.?. obtained with PA  

shows a rapid decrease as the higher concentrations are excluded. The 
'best' a values produced by the Pitts theory are considerably higher than 
those obtained with F-0 theories and yield high Y values over all concen-
tration ranges. 

At lower KA  values F-01  seems to give a better fit than F-02. There 

is no significant variation in the standard deviation, the best a value 
or the mean t+  obtained with F-02  as higher concentrations are excluded. 
The F-02  theory, although it fits better than PA, shows a decrease in 
mean 	and also in the standard deviation as higher concentrations are 

excluded. However, F-02  fits better than F-01  at higher KA  values. 

For- all three theories, the a values decrease with increasing KA. 

So do the mean t.?. values. The best a produced by the Pitts theory is 

• 
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rather too large at lower KA  values while F-01  and F-02  give smaller 
and reasonable values. At higher KA values the Pitts a values are more 

reasonable while the F-01 and F-02 a values are too small to be realistic. 

Crystallograpic evidence106 gives an average metal-sulphur distance of 

3.64 A for anhydrous CuSO4  and ZnSO4, and the ions in solution may not 

lose all their water of hydration on close approach. 

All three theories produce t° values higher than that (0.3987) 

expected from the limiting ionic conductance values obtained from 1:2 and 

2;l electrolytes44b. The Pitts theory produces the highest tof  which, as 
mentioned earlier, drop as the higher concentrations are excluded. However, 

even:the Longsworth plot29  (fig.22) gives t.°F  = 0.3999, still higher that 
the value obtained from limiting ionic conductances. This discrepancy could 

be explained as due to the formation in solution of positive triple ions 

of the type Mg2SO4+  . This ion would lower the SO4  ion-constituent transf-

erence number (leading to a higher t+) as some SO4  is carried towards the 

cathode. However, calculations93 based on osmotic coefficient data suggest 
2- that the negative triple ions Mg(SO4)2 are also present to much the same 

extent. These ions will of course lower the Mg ion-constituent transfere-

nce number. Thus equal triple ion formation in MgSO4  may have little net 

effect on a particular transference number. What effect it 

t*

will have, 
2+ however, is to raise u since the large Mg2SO4  and Mg(SO4)2  ions are 

likely-  to Lave similar conductances. 

• 
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Part IV - copper and zinc sulphates 

CuSO4 transference numbers are available only in the fairly high 

concentration range (0.125 - 0.513 M) where theories are likely to break 

down. A probable reflection of this was observed in calculating the 

degrees of dissociation of CuSO4  from eq. 8 - 1 using literature93 

values for KA  and 	As shown in table 8 - 4, the degree of dissoci- 

ation increases as c rises, which is unusual. 

Table 8 — 4 

K
A 
- 250.0 mol-1dM3 

1+ 	oc.  =. 1 	K c W+ CuS04 	
A - 

M 

0.1249 0.1275 0.4923 

0.1557 0.1140 0.4940 

0.2801 0.0827 0.5210 
• 

0.4230 0.0654 0.5474 

0.5131 0.0585 0.5613 

However, the oc values in table 8 - 4 were substituted in the various 

theoretical transference equations. A summary of these calculations 

appears in in:table 8 - 5. Inspection shows that overall the Pitts 

equation gives the poorest fit though- the a values are more reasonable 

than. those obtained with the Fuoss-Onsager theories. Direct crystallogra-

phic evidence suggests a metal - sulphur' distance of 3.46 A for the 

anhydrous sulphate106  . Pitts theory, as with MgSO4, produces higher 

values than F-01"  and. F-02. The difference here is even greater than with 

Mg504. 

Computer calculations on ZnSO4  data were also carried' out with 

values calculated from eq. 8 - 1 substituted in the respective theoreti-

cal equations. The association constant (185.2 mol-1  dm3  ) and activity 

coefficient data were taken from recorded values93. A summary of the 

calculations is given in table 8 - 5. Here there is no appreciable diffe-
rence in the three theories as regards their fit to the experimental data. 
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Table 8 - 5 
Computer calculations on CuSO4  and ZnSO4  data. 

Cus 04  

Theory- 	c x 103 	Best a 	es,  x104 T ax 	4. mean t 	Trend ini m  
.11 	A 	 t+(e) 

F-01 	125 - 513 	2.7' 	19.2 	0.95 	0.3989 	None 
F-02 	n ?4,15'.7 	,o2Z 	0.40.0'70 None 
PA 	n 	)4/2,4- 	3.311 .64 3.81 1,26 0.,415-e0 • 4-23€- Norke.14 '~"I" to,,  021 it- 	2)1 

F-0 	125 - 423 	2.4 1 	 8.39 	0.76 	0.4011 	None 
F-02 	n 	3r.S-,7 	.-1-1' 14/ Q..47 I. g-/ 0 .4CetatC None 
PA 	n 	3,1 g,c )21-6 1.11 	"...err 1.1/ 0.-43-4-66.44o Decr. with 

incr. c. 

F-0 	125 - 280 	2.2 1 	 3.30 	0.55 	0.4025 	None 
F-02 	n 	.?,;:r.s-,7 	541.2 ,og- 0...53' /..4.3 0.40V Gc None 
Pi 	n 	34' 3,  t ),g-ag 7,  ; .0 0,..99 , 7e- 0.4-1-510,  pi, 4, De OD . with 

incr. c. 

ZnSO4  

F-01 	4.8 - 45.1 5.8 1 
F-02 	11 	.411 7  ° 2 

14.2 PA 

F-0 	4.8 - 37.6 6.3 1 
F-02 	n 	44-3 7. ll 
PA 	n 	15.4 

F-01 	4.8 - 25.5 6.6 
F-02 	n 	44 e,3 

PA 	” 	4.'4. 

3.54 0.61 0.3943 
5-3es -7 la've di7S 0.3957'3 
.5:417-E'S1 1.48  0.39901 

2.93 0.60 0.3939 
4-r3-14.-32 avITO,7/ 0.3905'0 
4.2443 1.48 0.3992 

3.11 0.53 0.3938 
4.10 a-.-3-7640 0.3945 
4.001 1.34 0.3980 

None 
7.71,1  _,T_Lia:tot-6:2(P60 

Nonetikel 40.40)7 
tt- o,OMM 

None 
Nofteitt:ft  1%1 
14°TheR416.60,137/(174  

None 
NencNap 4,6,3440 

 ok-o-on7t1 
Nvue  1,64v. oi-e.sen7 

44' 6.0177M. 
F-01 	/F.• g  - 17'7 	e'g 	1 '03 	o'S-q 	°°2q,30  

n.31:47°  

14N cf,A4::700  
P-02 	1, 	 393 7 

	

11 , 4 	 1'24 
mk0,011 7 M 
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The F-01 equation shows the best fit but the mean t.?.. (0.3940) is about 
0.004 lower than that of 0.3975 obtained from limiting ionic conductanc-
es44b. The mean t+ continually drops while the best a increases as the 
higher concentrations are excluded. The F-02 equation produces mean t!"," 

values about 0.0008 higher than with F-01, but is still lower than that 

obtained from limiting ionic conductances. Here too the mean t° shows a 

drop when the higher concentrations are excluded. The best a value 

increases steadily but not as sharplas with F-01. The a values produced 

by the two Fuoss-Onsager equations seem very reasonable when compared-
0 

with that (3.46 A) quoted for the anhydrous salt
106
. 

The Fitts theory fit to the bivalent sulphate data is best with 

ZnS04' 
but at the expense of unreasonably high a values. Here too the 

mean J! drops as the higher concentrations are excluded but they agree 

somewhat better with that obtained from the limiting ionic conductances 

(0.3975). The figure (0.3974) in the lowest concentration range agrees 

best of all. 

The computer calculations on the three sulphates (tables 8 — 3 and 
8 — 5) indicate a better fit of the experimental transference data to the 
two Fuoss-Onsager theories than to the Pitts equation. The F-01 is the 

most satisfactory. The parameters a and t2 produced by the Pitts theory 
stivat.ioni 

are always higher than those derived by F-01 and F-02 contrary to the4 

with 1:1 electrolytes
13 

where the F-01 and Pitts theories agree closely 

with each other. The difference in t(4), is about 0.007 on the average. 

• 
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APPENDIX I 

This is the programme appropriate to the application of method A to 
the Fuoss—Onsager equation with the original electrophoretic term (F-0)1. 

In addition to the main programme SUBROUTINE ATLF01 computes the average 
An 

limiting transference number,4SUBROUTINE STDF01 computes the standard 

deviation of the calculated limiting -Eransference numbers from their' 

average value. If activity coefficient data are not available, the degrees 

of dissociation have to be calculated in a separate subroutine (SUBROUTINE 

ASSOC, Appendix IV) with a call ASSOC card between the cards 102 L = M 

and' 100 L = L — 1. 

JOB(UMCA040) 

PASSUOR ( 

SUDATIT .3.3:F CHEMISTRY- DEFT 

FUN (S) 

MAP (PART) 

LGO. 

C THE CONCENTRATION DEPENDENCE OF TRANSFERENCE NUMBERS 

PROGRAM FUOSS (INPUT, ourpuT, TAPE 5 = INPUT, TAPE 6 = OUTPUT) 
C OLD ELECTROPHORETIC TERM 

DIMENSION T(20),C(20),ALPHA(20),TLIM(20),Y(20)1GAMNA(20) 

COMkON TIR,I,L,TLIM,TAVG,SIGMAING,SIGMY,R,A,J,C,U,CONLIM,ALPHAr 
1DC,V1S,TEM,T,Z,NB,M,GAMMA 

706 = 0 

= n 

WRITE (6,50) z 

50 FORMAT (12X, F5.2) 
READ (5,1000) DC,VIS,TEM 

1000 FORMAT (10X, F10.4, F10.7, F10.-4) 
WRITE (6,500) DC,VIS,TEM 

500 FORMAT (10X, F10.4, F10.7, F10.4) 
READ (5,1001) CONLIM 

1001 FORMAT (10X, F10.4) 
WRITE (6,501) CONLIM 

501 FORMAT (10X, F10.4) 
READ (5,250) ASSCON, AA 

• 
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I 

250 FORMAT (10x, F10.5, F10.5) 

WRITE (6,251) ASSCON, AA 

251 FORMAT (10X, F10.5, F10.5) 

10 I = 

READ (5,1002) T(I),C(I),GAMMA(I) 
1002 FORMAT (10x, F10.6 ,F10.7,F10.4) 

WRITE (6,502) T(I),C(I),GAMMA(I) 

502 FORMAT (10X,F10.6,F10.7, F10.4) 

. 	ALPHA ( I ) = (1.0 	ASSCON*(GAMMA( I )**2.0 )41C(I ) ) 
IF (C(I).NE.0.0) GO TO 10 

,M = I 

102 L = M 

100 L = L 1 

A = 0.0 

U = 1.0 

SIGMN = 1.0 

WRITE (6,3000) 

• 
	 3000 FORMAT (81, f3" , 8X, lAi,10X, 'SIGMA' ,9X, 	, 7X, ( ALPHAt 18X, IC 1,10X, 

1 'Y' ,11X, ITAVG ) 

CALL AT LF01 

104 A = Bk 1 .0 
= 0.1 

CALL AT LF01 

IF (L.GT ) GO TO 100 

STOP 

END 

SUBROUTINE AT LF01 

DIMENSION-  T (20 ) ,C (20 ) 'ALPHA (20 ) TLIM ( 20 ) IGAMMA(20 ) 
COMMON" T", RI  I L,TLIM,TAVG, SIGMA, NC, SIGMN, B, A, J, C ,U, CONLIM, ALPHA, 

1DC yVIS,TEM,T Z, M, GAMMA 
J =0 

12 NC = 0 
TSUM = 0.0 
A = A+U 

• 	 J = + 1 
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IF (J.GT.20 .AND. U.EQ.1.0) RETURN 
IF (T.GT.20 .AND. U.EQ.0.1) A=B 
IF (j.GT.21) RETURN 
DO 13 I=1,L 
CAPA = 50.291*((ALPHA(I)*C(I)*(Z**2)/(DC*TEM))**0.5) 

CAPA*A 

NC = NC + 1 

B2 = 82.5*(Z**2)/(VIS*((DC*TEM)**0.5)) 
R = 1.0 +Y(I) 
TLIM(I) = T(I)((T(I)0.5)*B2*((ALPHA(I)*C(I)**0.5)/(CONLIM*R)) 

TSUM = TSUM + TLIM(I) 

TAVG = TSUM/NC 

13 CONTINUE 

CALL STDF01 

GO TO 12 

END 

SUBROUTINE STDF01 

DIMENSION T(20),C(20),ALPHA(20),TLIM(20),Y(20),GAMMA(20) 
COMMON r,R,I,LITLIM,TAVay,SIGMAyNCySIGMNyB,A,..TIC,U,GONLIM,ALPITA, 

1DC,VIS,TEM,T,Z,NB,M,GAMMA 

D2 = 0.0 

DO 35 

D2 = D2 + ((TAVG TLIM(I)**2) 
35 CONTINUE 

SIGMA = (D2/NO)**0.5 

IF (SIGMA .GT. SIGMN) GO TO 36 

SIGMN = SIGMA 

B. A 

36 WRITE (6,1005) J,A,SIGMA,TAVG 

1005 FORMAT (6X,I3,6X,F6.3, 6X,F10.8,50X,F8.5) 

IF (J.EQ.21) GO TO 141 

141 WRITE (6,1006) (TLIM(I),ALPHA(I),C(I),Y(I), 1=1,0 

1006 FORMAT (40X,F8.574X,F7.5,4X,F8.6,4X,F6.4) 

RETURN.  

END 
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APPENDIX II 

This is the computer programme appropriate to the application of 
44 

method A tokFuoss—Onsager transference equation with the new electrophoretic 

term (F-0)2. In addition to the main programme SUBROUTINE ATLF02 computes 

the average limiting transference number and SUBROUTINE STDFO1 computes the 

the standard deviation of the calculated limiting transference numbers from 

their average value. The calculation of the new electrophoretic term 

requires the addition of SUBROUTINE FUNCB (EPSIETA,TEETA,DISIFB), SUBROUTINE 

SUBEN (X,EN) and SUBROUTINE SUMP (BX,EP). If activity coefficient data 

are not available, the degrees of dissociation have to be calculated in 

a separate subroutine (SUBROUTINE ASSOC, Appendix IV). 

C THE CONCENTRATION DEPENDENCE OF TRANSFERENCE NUMBERS 

PROGRAM FUOSS (INPUT, OUTPUT, TAPE5 = INPUT, TAPE6 = OUTPUT) 

C APPLICATION OF FUOSS ONSAGER CONDUCTANCE EQUATION 

C NEW ELECTROPHORETIC TERM 

DIMENSION T(20),C(20),ALPHA(20),TLIM(20),T(20),GAMMA(20) 

CCMMON.  V,R,I,L,TLIM,TAVG,SIGMA,NC,SIGMN,H,A,J,C,U,CONLIM,ALPHA, 

1DCTVIS,TEM,T,ZINB„M,GAMMA,EF 

706 I = 0 

n 

WRITE (6,50) 

50 FORMAT (12X, F5.2) 

READ (5,1000) DC,VIS,TEM 

1000 FORMAT (10X, P10.4, F10.7, F10.4) 

WRITE (6,500) DC,VIS,TEM 

500 FORMAT (10X, F10.4, F10.7, F10.4) 

READ (5,1001) CONLIM 

1001 FORMAT (10X, F10.4) 

WRITE (6,501) CONLIM 

501 FORMAT (10x, F10.4) 

READ (5,250) ASSCON, AA 

250 FORMAT (10X9  F10.5, F10.5) 

WRITE (6,251) ASSCON, AA 

251 FORMAT (10X, F10.5, F10.5) 
• 
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10 I =I +1 
READ (5,1002) T(I),C(I),GAMMA(I) 

1002 FORMAT (10x, F10.6, F10.7, F10.4) 
WRITE (6,502) T(I),C(I),GAMMA(I) 

502 FORMAT (10X, F10.6, F10.7, F10.4) 
ALPHA(I) = (1.0 - ASSCON*(GAMMA(I)**2.0)*C(I)) 

IF (C(I).NE.0.0) GO TO 10 

M = I 

,102 L = M 

100 L = L 1 

A = 0.0 

U = 1.0 
SIGNIN- = 1.0 
WRITE (6,3000) 

3000 FORMAT (8X,'It tUriAl,10X,'SIGMA',9XI T2'LIM'17X,IALPHA',8XT'Cr,10X, 

1tY1,11X,ITAVG') 

CALL ATLF02 
104 A = 	1.0 

U = 0.1 
CALL ATLF02 
IF (L.GT.3) GO TO 100 
STOP 
END 

SUBROUTINE ATLF02 
DIMENSION T(20),C(20),ALPHA(20),TLIM(20),Y(20),GA1VMA(20) 
COMMON- T,R,I,LITLIM,TAVG,SIGMArNC,SIGMN,Z,44CtU,CONLIMI ALPHA, 
1DC,VIS,TEM,T,Z,NB,M,GAMMA,EF 

= 0 

12 NC = 0 

TSUM = 0.0 

A = A + U 

=, J + 1 

IF (J.GT.20 .AND. U.EQ.1.0) RETURN 

IF (J.CT.20 .AND. U.EQ.0.1) A=B,  
IF (T.GT.21) RETURN 
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CALL PUNCB'(DC,VIS,TEM,A,PBBOO '  
DO 13 I=11 1, 
CAPA = 50.291*((ALPHA(I)*C(I)*(Z**2)/(DC*TEM))**0.5) 
T(1) = CAPA*A 
NC = NC + 1 
B2 . 82.48*(Z**2)/(VIS*((DC*TEM)**0.5)) 

B31 = 17329.0*ALPHA(I)*C(I)*(Z*4)/(VIS*((DC*TEM)**2)) 

53.10000.0*B31*FBB 

TLIM(I) = T(I) - (T(I)•0.5)*(B2*((ALPHA(I)3C(I))**0.5)...B3)/CONLIM 
TSUM = TSUM + TLIM(I) 

TAVG = TSUM/NC 

13 CONTINUE 

CALL STDF02 

GO TO 12 

END 

SUBROUTINM 	CB (T1PS'ETA,THETA,DIS,PBA) ZA *DJ 
BE = 167098.7/(DIS*EPS*2HETA) 

C THIS PROGRAM CALCULATES F(B) - THE ELECTROPHORETIC CORRECTION TERM 
2007 ENN = 0.0 

EPP = 0.0 
CALL SUBEN (BE,ENN) 
CALL SUBEP (BE,EPP) 
EUL = 0.577216 

AJNB = ENN + EUL + ALOG(BE) 

AJPB = EPP - EUL • ALOG(BE) 

ER= -BE 

FN3 = ((1.0 - EXP(EB))/BE) + (0.5*AJNB) - 1.0 
FPS = (0.5*AJPB) 	((EXP(BE) - 1.0)/BE) + 1.0 

TIR = (1.0 + BE + ((BE**2)*0.5))*EXP(EB) 

T2B'= (1.0 - BE + ((BE**2)*0.5),F.XP(BE) 
EM = T2B/(T2B - 1,0) 
EMA = -TIB/(1.0 - TIB) 

FIB = (EM*FNB) + (EMA*PPB) 
FX = (1.0/(1.0 • TIB)) - (1.0/T2B - 1.0)) 

FR= (2.0/BE) + ((BE-FX)/4.0) - FIB' 

RETURN 

END 

• 

• 



141 

0 

SUBROUTINE SUBEN (X,EN) 
COW= -ALOG(X) - 0.577216 
FN = 0.0 
TOT = 0.0 

30 FY. = FN + 1.0 
IF ((FN - 1.0) - 0.1) 31,31,32 

31 FNITT=X 

GO TO 33 

32 FNTH- = -(FNTH*X*(FN -- 1.o))/(FN*FN) 
33 TOT = TOT + FNTH' 

TEST = ABS(0.0001*TOT) 
IF (TEST - ABS(FNTH)) 30,30,41 

41 EN CON +TOT 
RETURN 
END 

• 

SUBROUTINE SUBEP(BX,EP) 
CON = ALOG(BX) + 0.577216 
FIT = 0.0 
TOT = 0.0 

30 	= FN 1.0 
IF .((FN - 1.0) - 0.1) 31,31,32 

31 FNTIr= BX 
GO TO 33 

32 FNTH = (INTH*BX*(FIT • 1.0))/(FN*FN) 
33 TOT = TOT + FNTH' 

TEST = 0.00001*TOT 
IF (TEST - FNTH) 30,30,41 

41 EP = CON + TOT 
RETURN 
END 

SUBROUTINE STDF02 (same as STDF01, Appendix I) 
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APPENDIX III 

This is the computer programme appropriate to the application of 

method A to the Pitts transference equation. In addition to the main 

programme SUBROUTINE AVTLIM computes the average limiting transference 
omd 

number,4 SUBROUTINE STDEV computes the standard deviation of the calculated 

transference numbers from their. average value. SUBROUTINE PITTS calculates 

S1 and T1 from the interpolation polynomials. If activity coefficient data 

are not available, the degrees of dissociation have to be calculated in 

a separate subroutine as with F-01  and F-02  programmes. 

C THE CONCENTRATION DEPENDENCE OF TRANSFERENCE NUMBERS 

PROGRAM FIRST (INPUT, OUTPUT, TAPE5=INPUT, TAPE6=OUTPUT) 

C APPLICATION OF THE PITTS CONDUCTANCE EQUATION TO TRANSFERENCE 

C MAIN PROGRAM FOR PITTS TRANSFERENCE DATA 

DIMENSION T(20),C(20),TLIM(20),COND(20),1(20),S1(20),T1(20),„ 

1ALPHA(20),GAMMA(20),EF(20) 

COMMON TISI,T1,14Q,I,LITLIM,TAVGISIGMA,NC,SIGMNO4A,J,C,CONDtUr  

1CONLIMIZIDC,VISITEMIT,ALPHArNP,M,GAMMArEF 

KI = 0 

708 I 0 

n 

WRITE (6,503) Z 

503 FORMAT (10X,, F5.2) 

READ (5,1000) DC,VIS,TEM 

1000 FORMAT (10X, F10.4, F10.71  F10.4) 

WRITE (6,500) DC,VIS,TEM 

500 FORMAT (10X, F10.4, F10.7 F10.4) 

READ (5,1001) CONLIM 

1001 FORMAT (10X, F10.4) 

WRITE (6,501) CONLIM 

501 FORMAT (10X, F10.4) 

READ (5,250) ASSCON, AA 

250 FORMAT (10X, F10.5, F10.5) 

WRITE (6,251) ASSCON, AA 

251 FORMAT (10X, F10.5, F10.5) 

10 I = I 1 
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w 

READ (5,1002) T(I),C(I),GAMMA(I) 

1002 FORMAT (10X. F10.6, F10.7, F10.4) 

WRITE (6,502) T(I),C(I),GAMMA(I) 

502 FORMAT (10x. F10.6, F10.7, F10.4) 

ALPHA(I) = (1.0 - ASSCON*(GAMMA(I)**2.0)*C(I)) 

IF (C(I).NE.0.0) GO TO 10 

MBP= 1 

M=I  

102 L = M 

100 1 = 

A = 0.0 

SIGMN = 1.0 

105 U = 1.0 

WRITE (6,3000) 

3000 FORMAT (8X,IP I OX,'Al1 10X,'SIGMA',9X,'TLIM',9X,'ALPHAI',6X,C, 

110X,1 LAMDA') 

WRITE (6,4000) 

4000 FORMAT (90X,'Y',11X,'S1',8X,'T1',15X,'TAVG') 

CALL AVTLIM 

A = 	1.0 

IF (A.NE.0.0) GO TO 106 

WRITE (6,9000) 

9000 FORMAT (10.X,' SUSPECT NEGATIVE A MAYBE REQUIRED') 

WRITE (6,9100) 

9100 FORMAT (10X,'Y' MAY LIE BELOW 0.01 AND OUTSIDE RANGE, CHECK') 

106 U_= 0.1 

CALL AVTLIM 

IF (L.GT.3) GO TO 100 

IF (NLEQ.1) GO TO 101 

GO TO 102 

101 STOP 

END 

SUBROUTINE AVTLIM 

DIMENSION T(20),ALPHA(20),C(20),TLIM(20),COND(20),Y(20).S1(20), 

1T1(20) 



144 

COMMON TIS1IT1IR,QI I,L,TLIM,TAVG,SIGMAINC,SIGMN,B,A,J,C,COND,U, 
1CONLIMI Z1DC,VIS,TEM,T,ALPHA,NB,M.GAMMA,EF 

• = 0 

12 NC =0 

TSUM = 0.0 

A = A +1PLL 

• = J + 1 

IF (J.GT.20.AND. U.EQ.1.0) RETURN 

IF (J.GT20 	U.EQ.0.1) A = 
IF (J.GT.21) RETURN 
DO 13 I = 1,L 
CAPA = 50.291*((ALPHA(I)*C(I)*(Z**2)/(DC*TEM))"0.5) 

r(T) = CAPA*A 

NC = NC + 1 

R = 1.0 + Y(I) 

• F2 - 2.0**0.5 + Y(I) 

CALL PITTS 	 *(ZIOE.2) 

Y1 = ((77.3714*CAPODC*R*Q)) + 104672.0(1-S1(I)*((CAPA/DC)**2))*(Z**2) 

Y3 = (1.0•((186.791*CAPA*TI(I))/DC)*(Z**2)*1.6398*(CAPA*(Z**2)/(VIS*R) 

Y2 = (MCAPA/R)**2)*126.713)/(DC*VIS*0)*(Z**4) 

COND(I) = ((1.0 - Y1)*CONLIM) + Y2 • Y3 

TLIM(I) = 07(I) + ((o.5*Y3)/con(I))/(1 + (Y3/COND(I))) 
TSUM = TSUM + TLIM(I) 
TAVG = TSUM/NC 

13 CONTINUE 
CALL STDEV 
GO TO 12 
END 

SUBROUTINE STDEV" 
DIMENSION T (20 )1C(20 )yALPHA(20)yTLIM(20 )1COND( 20 ),Y(20),S1 (20), 

1T1 (20 ) 

COMMON' T., S1 T1 ,R Q1  I , L,TLIM,TAVG,SIGMAy-NC,SIGMU,B,A,J,C,COND'Uy 

1CONLIMIZ,DC,VIS,TEMIT.ALPHA.NR,M,GAMM4EF 

D2 = 0.0 

DO 35 I = 

D2 = D2 + UTAVG • TLIM(I)**2) 

35 CONTINUE 



145 
a 

SIGMA = (D2/NC)**0.5 

IF (SIGMA.GT.SIGMN) GO TO 36 

SIGMN = SIGMA 

H= A 

36 WRITE (6,1005) J,A,SIGMA,TAVG 

1005 FORMAT (6X,I3,6X,F6.3,6X,F10.8,90X,F8.5) 

IF (J.EQ.21) GO TO 141 

RETURN 

.141 WRITE (6,1006) (TLIM(I),ALPHA(I),C(I),C0ND(I),Y(I),S1(I),T1(I), I=1,L 

1006 FORMAT (4ox,F8.5,4x,F6.4,4x,F8.6,4x,F8.3,4x,F6.4,6x,F6.4,6x,F6.4) 

RETURN 

END 

SUBROUTINE PITTS 

DIMENSION Y(20),S1(20),T1(20) 

COMMON'T,S1,T1,R,C4I,L,TLIM,TAVG,SIGMA,NC,SIGMN,B,A,J,C,COND,U, 

1CONLIM,Z,DC.VISITEM,T,ALPHA,NB,M,GAMMArEF 

C INTERPOLATION FUNCTIONS FOR SI AND TI FROM r 
IF (Y(I).LT.0.12) GO TO 333 

S2 = 226.35*(Y(I)**3)-48.654*(Y(I)**2) + 49.229*Y(I) + 0.25 

GO TO 334 

333 S2 = 37.64*(r(I)) + 1.0 

334 S1(I) = 1.0/S2 

IF (Y(I).LT.0.14) GO TO 335 

T2 = 7.324*(Y(I)**2) + (6.359*Y(I)) + 0.974 

GO TO 336 

335 T2 = 5.7148*Y(I) + 2.0455*(Y(I)**O•5)  + 0.4311 

336 TI(I) = R/T2 

RETURN 

END 

• 
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APPENDIX IV 

This subprogramme calculates the degreesof dissociation from the 

association constant. 

SUBROUTINE ASSOC 

DIMENSION T(20),C(20),TLIM(20),COND(20),Y(20),S1(20),T1(20), 

1ALPHA(2(),GAMMA(20),EF(20) 

COMMON- r,S1,T1,R,Q,I,I,TLIM,TAVG,SIGMA,NC7SIGMNOI,A,X,C,COND,U,W, 

1CONLIMIDCIVIS,TEM,T,ALPHA,NRIM,GAMMA,EF 

C THIS SUBPROGRAMME CALCULATES ALPHA FROM ASSOCIATION CONSTANTS BY- THE 

C METHOD OF SUCCESSIVE APPROXIMATIONS 

READ (5,3601) ASSCON, AA 

3601 FORMAT (10X,. F10.5, F10.4) 

MN= M 1 

DO 40 I = IrMN 

NUMR = 1824600.0*(z**3)*(c(I)**0.5)/((DC*TEM)**1.5) 

DENOM = (50.291*A*WC(I)**0.5)/(DC*TEM)**0.5) + 1 

LOGEF = NUMR/DENOM 

EF(I) = 10**LOGEF 

ALPHA(I) = 1.0 

NK = 1 

DO 42 NK = 1t6 

ALM:AM = 1.0.— ((ALPHA(I)**2)*C(I)*ASSCON*(EF(I)**2)) 

42 CONTINUE 

C(I) = ALPHA(I)*C(I) 

40 CONTINUE 

WRITE (6,3602) 

3602 FORMAT (10X, 'TcF' ,10X, 'ALPHA' ) 

WRITE (6,3603) (EF(I),ALPHA(I), I = i,MNO 

3603 FORMAT (10X, F5.4, 10X, F5.4) 

NB = I 

RETURN 

END 

s 
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