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ABSTRACT  

This research was carried out to provide for the first time 

accurate transference measurements in a very viscous solvent. 

Ethylene glycol was chosen because it is not only a solvent of 

high viscosity (approximately 20 times that of water) but also 

possesses a dielectric constant sufficiently high to allow com-

plete dissociation of several salts. 

A number of methods of solvent purification was tested and 

the technique finally adopted was to distil the glycol at reduced 

pressure in the presence of CaSO4. 

Both cation and anion transference numbers of KC1 were 

measured in glycol at 25°C using the direct moving boundary method 

and various following electrolytes. The effect of the addition of 

small quantities of water was also investigated. 

The results were extrapolated using the Stokes and Kay and 

Dye equations which gave the distance of closest approach of KC1 

in this solvent. From the limiting transference numbers and 

limiting conductances of different salts in glycol the limiting 

ionic conductances of several ions in glycol were obtained. 

Various attempts were made to calculate the ionic solvation 

numbers. A series of correction curves, for different solvents, 

was obtained by plotting the Robinson and Stokes correction factor 

r/rs versus the Stokes law radii of various tetra-alkylammonium 
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ions. The correction factor was found to increase with increasing 

viscosity. 

A critical survey of various electrolyte properties in glycol 

and glycol-water mixtures was also carried out; in particular, 

it was observed that plotting the limiting conductance of salts 

against the square root of the weight per cent of glycol in the 

solvent gave straight lines which allowed the limiting conductance 

in the dry solvent to be predicted. 
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r 	Crystallographic radius 
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T 	Transference number 

t Time 

✓ Volume 

V 	Partial molal volume 

vo. 	Limiting velocity of an ion 
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Z 	Algebraic valence of ions 

cc 	Degree of dissociation 

Coefficient of compressibility 

Ionic activity coefficient 

Dielectric constant 
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Limiting conductance 
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equiv ) 
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Mobility 

1)= 	+ ))... Number of ions produced by the dissociation of one 

mole of electrolyte 

i 	

1
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1 INTRODUCTION  

1.1 TRANSFERENCE NUMBERS 

Two different definitions of transference numbers have been 

given. The definition quoted in most textbooks is "the transference 

number of an ion in solution is the fraction of the total electric 

current carried in the solution by that ion when the solution is 

electrolysed". Before giving the next definition of transference 

number it is necessary to introduce a new concept, that of "ion 

constituent", which was defined by Noyes and Falk (1) as being 

"the positive or negative ion-forming portion of an electrolyte 

without reference to the extent to which it may actually exist in 

the dissociated state". We then have "the transference number of a 

cation or anion constituent is the net number of gram-equivalents of 

that ion constituent that crosses an imaginary plane in the solution 

(fixed with respect to the solvent), in the direction of the cathode 

or anode respectively, when one faraday of electricity passes across 

that plane" (2, p. 3051). For strong electrolytes both definitions 

coincide, because the ion constituent exists only in the form of 

the solvated ion. As the electrolytel EC1 in ethylene glycol, used 

in this research is completely dissociated (3), no further mention 

of the ion constituent is necessary. 

In terms of ionic normalities cdp and ionic conductances ()k) 

the transference number of a given ion i is: 



T. 
=A  i 

For fiC1 this equation becomes 

TK+ = X  K+ /  (a  K+  + XC1-)  = A  K+ /A Ka 

and. 

TCl- . AC1- / (\ K. + )\ C1-)  = >\ C1-  41\-- KC1 

1.2 METHODS FOR MEASURING TRANSFERENCE NUMBERS 

Three methods are commonly used: the Hittorf)e.m.f., and 

moving boundary methods. 

1.2.1 Hittorf method 

This method was the first to be used (1853). A known quantity 

of electricity is passed through the cell which is considered divided 

into at least three parts: the anode, cathode and middle compart-

ments. At the end of the experiment the solutionsin these 3 portions 

are poured out, weighed, and carefully analysed. In the middle 

portion no change in the concentration should be noticed, in the 

end compartments due to migration a change of Ti  equivalents must 

occur per faraday passed. This method looks very simple but it is 

necessary: 

(1) To pass current during an interval of time sufficient to 

give appreciable change of concentration in the anode and cathode 

compartments, but not so much as to cause diffusion of the solute 
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to or from the middle part of the cell. 

(2) To have methods of analysis good enough to determine with 

accuracy the small changes of concentration in the anode and cathode 

compartments. 

1.2.2 E.m.f method 

This method is rapid but not very accurate. It involves the 

measurement of the e.m.f. (Et) of the concentration cell with trans- 

ference and the e.m.f. (E) of an analogous(one without transference 

(4, p. 168).  

then 

T = d Etid E 

1.2.3 Moving boundary method 

This is the most accurate method, and for this reason was 

chosen for this research. 

The underlying phenomenon is that an electric current can 

maintain, and move, a boundary between two different solutions, 

the leading and following solutions. An example is KC1t-LiCl. 

The solutions contain a common ion while the transference number 

of the leading non-common ion ;e.g. TK(KC1) is measured. If both 

solutions are of the same electrolyte but differ only in concen-

tration, it becomes the differential moving boundary method. When 

the following solution forms by dissolution of the anode (Cd, Cu, 

etc.), a so-called autogenic boundary is formed. If, however, the 
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boundary between the leading and following solutions is produced 

by turning a tap, or by some other mechanical device, the boundary 

is said to be a sheared one. 

Fig. 1.2.3.1 shows a rising (a) and a falling (b) direct 

moving boundary. fX is the leading solution, FAX the following 

solution, and X the common ion. Suppose the boundary is in position 

m-b. After n faradays of electricity have passed it moves to mf-bt 

2x 
sweeping out a volume V(litres) in doing so. If CI is the 

normality of the leading ion, the number of gram-equivalents of 

the ion I; crossing the imaginary plane P-Q which the boundary 

never reaches will be VC . For each faraday this number is VC12
tX  /h, 

where 

n = It/F  

and this by definition is the transference number. 

Thus 

TLi = V CLPCF/It 

The conditions for having a stable boundary are: 

(i) The velocity of the boundary vb  is given by 

vb  = vv= uLl(dE/dx)lbc  = VF  uph(dE/dx)145c  

where 

dE/dx = potential gradient 

= velocity of the leading ion 

Fl = velocity of the following ion 

= mobility of the leading ion 

UF) = mobility of the following ion 
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The condition for a stable boundary is: 

uo 

Whereupon 

(dE/dx) ((dE/dx) 

If an Fl ion moves faster and overtakes the boundary it is in a 

region of lower potential gradient and slows down and the boundary 

reaches and overtakes it. The opposite happens if an L ion lags 

behind the boundary. This is the so-called restoring effect which 

keeps the boundary in existence. 

(ii) By a similar proof to that already used for the leading ion, 

it can be shown that the transference number of the non-common ion 

in the following solution is given by 

TF,= V CF /n = V CFN/It 

Hence 

T LVTF  1= 
CL1!.x  /0F  1 

This is the so-called "Kohlrausch equation" which relates the con-

centrations of leading and following solution to the respective 

transference numbers. 

The concentration of the following solution behind the boundary 

adjusts itself to the Kohlrausch value within certain limits. In 

view of this it is usual to use a 2-5% more concentrated following 

solution in the case of a rising boundary, and a 2-5% less concen-

trated one in the case of falling boundaries. This prevents 
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gravitational disturbances. 

(iii) Apart from the conditions already mentioned, vibrational, 

chemical and thermal disturbances of the boundary must be avoided. 

To follow the movement of the boundary the following methods 

can be employed: 

(i) Visual - This uses the difference between the refractive 

indices of the two solutions. This was chosen in the present 

research. 

(ii) Electrical - Platinum probe electrodes are sealed into 

the moving boundary tube and the changes of potential or conduc-

tance across the Pt probes are recorded as the boundary passes (5). 

(iii) Radiochemical - One of the non-common ions is a radio-

isotope and the movement of the boundary is followed by a Geiger-

Willer or scintillation counter (6). 

Two corrections must be applied to the experimental results: 

i) The current is not only carried by the added solute ions but 

also by ions from the solvent due to its own dissociation and dissolved 

ionic impurities. If the leading solution has a specific conductivity 

(ksoin) and the solvent a specific conductivity (ksolv) , a 

solvent correction first given by Longsworth (7) applies: 

corr = Tobs 
 [ 1 ksolv /ksoln 

ii) The other correction is due to the variation of volume in the 

closed compartment of the moving boundary cell. As the boundary 
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moves towards or away from the closed electrode the volume correc-

tion will be added to or subtracted from the observed transference 

number and the corrected value will then be given by 

Tcorr = Tobs 	C 

Where AV, expressed in litres (2, p. 3073), is the volume increase 

in the closed section per faraday. In the present case the boundary 

always moved towards the closed compartment and therefore the sign 

+ was always used. 

(a) Anion transference number 

Fig. 1.2.3.2 shows the case of a silver anode in the closed com-

partment. The changes in volume per faraday occurring during the 

experiment are: 

loss of 1 equivalent of Ag 

gain of 1 equivalent of AgC1 

loss of 1 equivalent of Cl" 

gain of TC1- equivalent of Cl- 

loss of TK+ equivalent of K+ 

Therefore 

- 1'v Agel V - TK+Ag 	KC1 

(b) Cation transference number 

Fig. 1.2.3.3 illustrates the case when the cathode is Ag/AgCl. The 

volume changes per faraday are: 

loss of 1 equivalent of AgC1 

gain of 1 equivalent of Ag 

loss (1 - TC1- ) = TK+ equiv Cl- 
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t, gain (1-TCl
-) = T

K
+ equiv Cl- 

loss of TCl
- equivalent of Cl 

gain of TK+ equivalent of K
4- 

Therefore 

AV =- VAg VAgC1 + TK+ 17KCl 

As it happens, this is exactly equal to the volume change for the 

anion transference number, with the sign reversed. 

1.3 VARIATION OF CONDUCTANCE AND TRANSFERENCE NUMBER WITH CONCENTRATION 

The ions in solution do not move about entirely independently 

but are surrounded by an "ionic atmosphere" formed by other ions. 

The solution is electrically neutral and the charges on any given 

ion and its atmosphere must have opposite signs. The change of 

equivalent conductance of a strong electrolyte with concentration 

is the result of the ionic atmosphere which causes electrophoretLc 

and relaxation effects. The electrophoretic effect decreases the 

velocity of an ion due to the counterflow of the solvent carried by 

the ionic atmosphere. The relaxation effect is due to the pertur-

bation of the ionic atmosphere by the external field and causes a-

symmetry of the atmosphere (21). Debye, Huckel and Onsager (D-H-0) 

(8, p.143) treated these effects quantitatively, and their limiting 

law for the equivalent conductance of an electrolyte M XZ-  is 

gain of 1 equivalent of Cl- 



A=  AA0 	12.801 x 106  1Z+Z_!QA.°+  41.25(1Z I+IZ 1) 

3  (SQ)/2  + 	i.)*(E02  

The ionic strength Tfor a single electrolyte is given by 

c(14Z: + V_Z...2)/2 

and )) = 	+1)..  

where 1)-is the number of ions produced by the dissociation of one 

mole of electrolyte. 

Q = I
z

+
z
-

1 

  

l z+14-1z_pc Z+ IT°..+1Z_IT°+) 

In these equations 

= viscosity 

= dielectric constant 

G = absolute temperature 

Z+ algebraic valence of ions 

_A= equivalent conductance 

Ao= limiting equivalent conductance 

c = concentration (mole 1
-1
) 

For 1:1 symmetrical electrolytes 

r= c = c 

Q 

and so for these 

11. 
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= 2.801 x 106  x 0.5  

CQ)72(1 +/65) 

0 	82.50 

r 

 

  

   

- 1 
C = concentration (equiv. 1 ) 

or 

=_A° - (A A°  + B) v C 	(1.3.1) 

where A and B are respectively the coefficients of the relaxation 

and electrophoretic terms (10). For glycol at 25°C 

A = 8.205 x 105  = 0.612 	(1.3.2)  

(6 e)
3 
 /2 

with E= 40.75 (3), and 

B= 82.50/1(E9)2  =4.45 	(1.3.3) 

with 12c= 0.1684 (poise) (3) 

For the conductances of individual ions eq. (1.3.1) becomes 

= A°4. - (A AO+  + z-B) a- 	 (1.3.4) 

From the definition of transference number and using eqs. 

(1.3.1) and(1.3.4), the following expression for the transference 

number is obtained 

T = To + (T°+ 
- 1) B 

IC_, 
(1.3.5) 

where 	= .A° (AA' + B) 

When the denominator of this equation is expanded by the binomial 

theorem and terms higher that C are cut off, there remains the 

limiting equation 
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T = To + (To - 1) B 1!C2 
	 (1.3.6) 

AO 

Hence 

dT /d(a)C-40 = (T°+ 	2 	--' 
-1- / )B i\_°  (1.3.7) 

which gives the theoretical limiting slope of the curve obtained when 

plotting the transference number versus the square root of the con-

centration. 

According to eq. (1.3.5), T°  should be given by 

T° = C T+ + 1 B 

and should be independent of C. Longsworth (7) found, however, 

that T° so calculated varied linearly with concentration, and 

there results the semi-empirical Longsworth equation 

T 	A I  IT BR- mo   
= = To+ + AlC 

+ B 

(1.3.8) 

where Al  is a constant. 

Robinson and Stokes (8, pp.140-142), Kay and Dye (21) and 

others used a more general equation for the conductance of elec-

trolytes which is 

-A- = (JV -1!)(1 4-AX/x) 	(1.3.9) 
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where 

= electrophoretic term 

X = external field 

AVX = relaxation term 

This equation turns into (1.3.1) if the brackets are multiplied 

out, and the product of the electrophoretic and relaxation terms 

omitted. 

For the conductances of individual ions 

+ 
= 	

+ 	
+ ) (1 + LX/X  ) •1   

and from the definition of transference number 

T
+  = + /A= ( 	

..Ae)  / (A(.3  Ae)  

(1.3.10) 

(1.3.11) 

Thus the transference number is independent of the relaxation 

effect but not of the electrophoretic effect. Rearrangement of 

(1.3.11), and assuming Jte  = 2 • + 

4.// = 	T m0 	
/ fm .... .1) (1.3.12) 

gives experimentally the value of the electrophoretic effect by a 

combination of conductance and transference data. However, T 

and To must be known very accurately because they enter as a 

difference. 

Another form of (1.3.12) is 
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(m - 1) ALe 
T = To + + (1.3.13) 

    

which is almost equivalent to (1.3.5) provided 

B J C (10) 	 (1.3.14) 

Stokes (12) allowed for the effect of the distance of closest 

approach a )of the ions which was neglected in the limiting D-H-0 

equation. The expressions for the electrophoretic and relaxation 

terms are respectively 

= 2 Ae+  = B 	/ (1 + Ka) 

and AX/x  = -A C / (1 + Ka) 

with K 	4 c= o.4564 4 c 
030 2  

in glycol at 25°C. 

The corresponding equations for the equivalent conductance, 

ionic conductances and transference numbers are, according to eqs. 

(1.3.9), (1.3.10) and (1.3.13), 

JA,L= /SID - B rd)(  1 - A FC)  
1+Ka' 	1+Kai  

= 	)°+ - 	(1 - A 11-6; 
- 	1+Ka 	1+Ka' 

(1,3,18) 

(1.3.19) 

T o 	
(T°+ 4  

- 	BA C 

  

(1+Ka) 

and the limiting equation is 

  



(T°  - 1) 	C T = T°  + 	+ 2  (1.3.20) 

   

More elaborate conductance equations have been derived in 

recent years especially the so-called 1965 Fuoss equation (11) 

which is, for strong electrolytes 

.A= A° - S CI + E' 	+ JC 

J,A = parameters 

r2 	6 E' 1C 

S 	= A./N° + B 

E' 	E' 	E'2 1 

E'i  = 2.942 x 1012  E'2 + AB 

and the 1970 Pitts' equation (126) 

- A  = Aoi 	A
2 

la + B1CS1 
(1+Ka)(42+Ka) 

G F61 1 	
A
2 q c 	H d" - 	 T1 

H+Ka 	(1+Ka)2(1-2-+Ka) 	(1+Ka) 

where 

A2 = 	- 1) 

G = 	,klem\Tio9/ry° c12  (C1  = velocity of light) 

B1  = 3H2  

H = Z2e2K/3(E. 	C 

S1  and T, are concentration-independent functions given in 

ref. (127). 
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There is evidence that the Pitts equation is the better of the -ht.:), 

even though it is more cumbersome algebraically. However, neither 

the Fuoss nor the Pitts equation has been used in the thesis 

because: 

(i) Most literature conductance data for glycol solutions are 

not accurate enough. 

(ii) No corresponding equations for the ionic conductance:; 

or transference numbers have been published. 

All the conductance equations discussed so far have dealt 

with completely dissociated electrolytes. If, however, only a 

fraction oc  of the electrolyte is present as ions, eq. (1.3.1), 

in particular, becomes (9, p.287) 

j\_. - (A A° + B) 1;4"6 	(1.3.21) 

which is a cubic in 	Shedlovsky (1938) pointed out that a 

good approximation to help solve this equation, and to turn it into 

a quadratic in 43E- , was to put oc =A/A°  in the inter-ionic term. 

Thus 

   

    

- (A.1\1? + B) 	c 	 (1.3.22) 

an expression which will be used in Chapter 3.3.5 of this thesis 

for obtaining_A° of partly associated electrolytes in glycol. 
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2 TRANSFERENCE NUMBERS IN NON-AQUEOUS SOLUTIONS  

As Table 2.1 shows, not very many transference numbers have 

been measured in non-aqueous solvents. Even in ethanol, which after 

water is one of the most frequently studied solvents, only three 

salts were used for measurement of transference numbers. In spite 

of that it was possible to find out T;+(KC1) directly or indirectly 

in all the solvents except in nitro methane where 11°(KC1) is not 

known. 

The potassium transference number in KC1 is bigger than 0.5 

in ethanol, methanol and N-methylformamide. In all the others 

it is smaller than 0.5. It may be noted that in formamide five 

different groups of workers measured TkI(KC1) and all got different 

results, even though three of them used the same method (Hittorf). 

One of the reasons for doing this research was because no 

accurate transference measurements have been done in very viscous 

solvents. As seen in Table 2.1 , the most viscous solvent used so 

far was suipholane ( f= 9.87 centipoise) which is much less viscous 

than glycol 	16.84 centipoise). 

Some work has been done in water-ethylene glycol mixtures 

and this will be described later. 

TABLE 2.1  

The transference numbers of potassium ion in 01 in non-aqueous 

solvents. These are listed in order of increasing viscosity of 

the solvent. 



TABLE 2.1 

Solvent Temp. Visc. 
(Centipoise) 

Dielectric 
const. 

Method Salt Conc. range T°-1- (KC1) K Ref. 

Liquid 
Ammonia 

-33oC 0.2558 
(-30t) 

22 Autogenic 
boundary 

NH NO. 4 	.:, 
Na170_ 

.1, 
AgNO, 

.., 
KNO, 

.„, 
NaC1 

0.01-0.2 0.493* 
I 

13 

Liquid 
Ammonia -37oc Sheared boundary Na 0.019-0.14 14 

15, 	16 
17 

Acetonitrile 25 C 0.3409 36.7 (15) Sheared boundary Me4NC104  6.25x104-1.25x102 0.470* 
0.525 (16) 

Methanol 25°C 0.455 (20) 32.63 

Autogenic 
boundary 

Autogenic and 
sheared boundary 

Autogenic and 
sheared boundary 
(radiochemical 

method) 

KBr 
KSCN 

NaC1 
KC1 

NaC1 

0.004-0.01 
0.002-0.01 

0.003-0.01 
0.005-0.02 

0.01 

0.5013 

18 

19 

15 

t 

; 

0. 
o . 



TABLE 2.1 (cont.) 
-- 

Solvent Temp. Visc. 
(centipoise) 

Dielectric 
const. 

Method Salt Conc. range To (KC1) IC+ Ref. 

MekNC1 

E,
T4
NCI 

Pr4NC1 

Nitro- 25°C Bu4NC1 
Methane 0.627 (22) 36.67 (22) Sheared boundary 0.0002-0.01 22 

Me4NBr 

Etipr 

Pr4NBr 
BulINBr 

Hittorf LiC1 0.08-0.55 23 

Dimethyl- Autogenic 
formamide 25°C 0.796 36.71 boundary KSCN 0.006-0.013 0.359* 24 

Autogenic 
boundary KSCN 0.001550.007

5 
18 

Ethanol 25°C 1.078 24.30 Sheared boundary NaC1 0.001-0.0025 0.519* 25 
LiC1 0.001-0.0025 25 

15°C 0.517* 
N-methyl- 
formamide 

25°C 
35°C 1.65 182.4 Hittorf 0 .05-0.3 0.529* 

? 26  
45°C 9 

.6. 



TABLE 2.1 (cont.) 

Solvent Temp. Visc. 
(centipoise) 

Dielectric 
const. 

Method Salt Conc. range T° 	(KC1) K.+ Ref. 

35°C KBr 0.1-0.3 0.407* 27 
40°C 3.020 165.5 KBr 0.1-0.3 0.418* 27 

N-
acetamide

methyl- 45°C Hittorf KBr 0.1-0.3 0.419* 27 
50gC KBr 0.1-0.3 0.424* 27 
4o °c KC1 ; 0.4292 28 

Sheared boundary KC1 0.01-0.1 0.427 29 
Hittorf KC1 0.03-0.14 0.409 28 

Formamide 25°C 3.302 109.5 Hittorf KC1 0.1-0.5 0.419 30 
Hittorf KC1 0.20-0.59 0.406 31 
Cell with 

transference KC1 ? 0.45 32 

30°C 4.568 164.3 KBr 0.075-0.250 0.462* 33 
N-methyl- 40°C Hittorf KBr 0.075-0.250 0.466* 33 
propionamide 500C KBr 0.075-0.250 0.468* 33 

60°C 0.476* 

Sulpholane 30°C 9.87 (34) 40 (35) Hittorf AgC104  0.02-0.1 0.303* 36 

* Values marked with an asterisk were calculated from the limiting equivalent ionic conductivities in the 

respective solvents. 

The viscosity and dielectric constant data were obtained from ref. 8, p.458 and refer to 25°C unless 

any other temperature is given. 
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3 ETHYLENE GLYCOL AS A SOLVENT 

(CH
2
OH)

2 
is a colourless, odourless liquid of alcoholic taste, 

approximately 20 times more viscous than water, 5 times more viscous 

than the blood of mammals but 50 times less viscous than glycerol. 

Its dielectric constant is very near that of glycerol but about 

half that of water, yet high enough to allow many salts to be com-

pletely dissociated in it. 

For these reasons it seemed interesting to study glycol as a 

solvent. It has not been used frequently, perhaps on account of the 

difficulty of getting it sufficiently pure and because of its high 

hygroscopicity and viscosity. 

3.1 PREPARATION OF GLYCOL AND PHYSICAL PROPERTIES 

Ethylene glycol used to be obtained in two different ways: 

(i) Reaction of an aqueous solution of chlorine with ethylene 

to give ethylene chlorohydrin which was hydrolysed with Na2CO3. 

(ii) Conversion, using soda lime, of ethylene chlorohydrin 

into ethylene oxide, which is easily hydrolysed to give ethylene 

glycol. 

Nowadays a different way is used: one of the side products 

obtained from petroleum cracking is ethylene which is oxidized 

to ethylene oxide (by air in the presence of silver at 250°C). 
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This is easily hydrolysed to ethylene glycol with a dilute mineral 

acid (37, pp.261, 282). 

The following table summarizes the values at 25°C, unless other-

wise stated, of its most important properties. Its molecular weight 

is 62.07. 

TABLE 3.1.1  

PHYSICAL PROPERTIES OF GLYCOL  

PROPERTY 	 VALUE REFEREDICi.: 

197.4°C at 760 mm Hg 
195.0-197.00C at 760 mm Hg 

197.3°C at 760 mm Hg 

1 mm Hg at 53°C 

13.633 Kcalmole-1  (at b.p.) 

11.855 Kcal mole-1  (at b.p.) 

35.18 cal mole-1  deg-1  

35.2 cal mole
-1 

deg
-1 

-12°C 

-12.6 ± 0.1°C 

2775 cal mole 

2778 cal mole-1  

2380 ± 12 cal mole-1  

38 
39, 40, 41 
42 43, 44 

45 

38 
46, p.272 

43 
47 

48, 49 

50 

51 

46, p.272 

50 

Boiling point 

Volatility 

Heat of vaporization 

Molal heat capacity 

Freezing point 

Heat of fusion 



Refractive index 

Molar refraction 

Viscosity 

Energy of viscous flow 

1.43055 
1.4302 
1.4298 
1„4301 

14.49 at 30°C 

14.38 at 30°C 

0.1692  poise* 

0.169 poise 

0.1684 poise 
0.1748  pois6*  

6.72 "I" 0.14 K cal mole-1  

24. 

42 
4o 
52 

53 

54 

55 

56 

57 
3 
53 

53 

58 
48 
46, p.272 

59 
3 

6o 
61 

55 

42, 62 

57 
63 

3 
40, 53 

Dielectric constant 

Dipole moment 

Molar polarization 

Density 

37.7 
40.72* 
41.2 
38.89 

40.75 

2.3 debye 

2.2 debye 

52.08 

1.109
9 

1.1100 

1.10988 

1.10978 

1.1103 
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Surface tension 53 dyne cm-1  

32.33 dyne cm 	(at b.p.) 

46, 

38 

p.272 

Coefficient of cubic expansion 0.000566 46, p.272 

Specific conductance x 108 6 ohm-1  cm-1  39  

2.2-2.7 ohm-1  cm 1 
3 

8 ohm-1  cm -1 64 

Thermal conductivity x 105  66.0 1-  0.1 cal cm
-1 

sec
1 
deg

-1 65 

67 cal cm-1 sec-1 deg-1 47 

* Value interpolated by the writer. 

Noticeable in the values here tabulated is the big difference 

in the heats of fusion. The values given by Nikolaev and Rabinovich 

(50) are 400 cal mole smaller than those published previously, 

which agree with each other, although one of them was published 

40 years ago. 

Similarly there is a big discrepancy in the heats of vaporiza-

tion
x_ibS 

 where the two values differYfa. 2 K cal mole
-1
. 

In view of the difference in the values of viscosity and 

dielectric constant, and since it was impossible to know which are 

more accurate, the author decided on the values given by Accascina 

et al. They are respectively: 

= 40.75 
7°. 0.1684 poise 
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3.2 STRUCTURE OF GLYCOL 

The structure of glycol has been studied by very many inves-

tigators using mainly infrared and Raman techniques, but no con-

clusive results have been found in relation to the position of the 

hydrogen bonds. 

Buckley and Giguere (45), Matsura and Miyazawa (66), and White 

and Lovell (67) say that the gauche conformation is the only one 

existing in the liquid state. The same is said by Miyake (68) in 

his work on the infrared spectra of the nickel and cobalt complexes 

with glycol, which are identical and show that one OH group forms 

an intramolecular hydrogen bond. Trans conformation is said to 

exist only in a small percentage in equilibrium with two gauche 

conformations of which II is the more stable because it has two 

hydrogen bonds (69). 

OH 

/CH2-CH2 
di" 

CH --CH / 2 \ 2 

0-H....0-H 

CH —CH 2 	\ 2 

0.  ' 	-0 

Trans 
	

Gauche I 	Gauche II 

The present author has made models of these conformations, and that 

of II does not seem very likely because both internal hydrogen bonds 

have an angle of approximately 90°. 

Krishnan and Krishnan (70), using infrared and Raman 
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techniques, say that both trans and gauche I conformations exist 

in the liquid state without it being possible to estimate the rela-

tive proportions. Another interpretation has been given by Buckley 

and Gigu're (45) in order to explain the existence of the gauche 

form up to high temperatures. This is due to the presence of two 

adjacent OH groups leading to the two equivalent structures 

,H 	 I 

0/ 	••. 	 . • 
*p--1-1 and H-0' 

y 	\ 
Q ---u 	C 
; 	i 
H2 H2 

This structure seems to the author to be the most likely because 

the hydrogen bond is almost straight. 

The intermolecular hydrogen bonds must be numerous since 

glycol is a strongly associated liquid (53, 71, 70). Its viscosity 

is 0.1684 poise which is approximately 100 times greater than that 

of n-butane (v)°= 0.00176  poise) whose molecular weight is very 

similar. Thomas and Meatyard (71) give 2.9 for the "ultimate,.  

degree of association" defined as "the average degree of association 

in the pure liquid state at such a low temperature that decreasing 

it more this value does not get smaller". Fig. 3.2.1 shows the 

ethanediol dimer given by them. However, this does not look a 

likely configuration because again the hydrogen bonds are at 

almost 90°  angles. Nevertheless, cases are known in which the 
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28 . 

FIG. 3.2.1. 
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hydrogen bond makes about a 40°  angle, as for example in the polymer 

of HF (72, p.128). 

Matsura and Miyazawa (66), studying the infrared and Raman 

spectra of solid and liquid glycol, concluded that the hydrogen 

bond must be intermolecular rather than intramolecular. 

Table 3.2.1 gives the structural parameters of glycol measured 

by infrared and Raman techniques. 

TABLE 3.2.1  

STRUCTURAL PARAMETERS 

Bond lengths r4Rtance, A 

Y 

Physical State Ref. 

C—C 1,52 + 0.02 Vapour 70 

C—C 1.54 Liquid 45, 66, 110 
C-.-0 1.43 Vapour, liquid 73, 45, 66, 70 
C—H 1.08 45, 110 

C--H 1.09 Liquid 66 
0--H 0.97 Liquid 66, 110 
0—H 1.00 45 

0...H 2.7 (Gauche I) Liquid 69 
0...H 2.5 (Gauche II) Liquid 69 

0—.H...0 2.96 ± 0.02 Vapour 70, 110 

0--0 2.96 45 

0...0 2.8 (Gauche I) Liquid 69 
0...0 2.8 (Gauche II) Liquid 69 
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Brnd angles Degree 	Physical state Ref. 

COH 105°  45 

CO...H 	80-85°  Liquid 69 
cco 1100  45 
cco 109°5' Vapour 45, 110 

OH...0 80-85°  (Gauche I) Liquid 69 

OH...0 105°  (Gauche II) Liquid 69 

3.3 SURVEY OF WORK DONE WITH ELECTROLYTE SOLUTIONS IN GLYCOL 

A survey of the work that has been done in water-glycol 

mixtures and glycol itself is given in this section. Not all is 

described here, for that part directly connected with this research 

will be dealt with later in this thesis. 

3.3.1 Viscosity 

Tungusov and Mishchenko (43) measured the viscosity of some KI 

solutions in glycol at 25°C. Their plot of relative viscosity 

(p /7°) against concentration passed through a minimum at a con- 

centration of ca. 1.2 molal where r} /r° was approximately 0.98. 
( 

Their plot is not accurate enough to get the value of the B 

coefficient and in the figure the concentration is indicated as 

"c,%" without specifying the units, while the concentration in 

the text is always said to be "molality" indicated by m. 
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Quite recently (74), accurate measurements of the viscosity 

of very dilute solutions of potassium iodide and cesium iodide in 

glycol at 25°C have been made. The B coefficients are respectively 

+0.0327 and -0.080. In spite of the positive value for potassium 

iodide, it shows the latter to be "structure breaking" if the B 

value is compared with the one in methanol (+0.6747). In the case 

of Cal there is no doubt that it is a weakener of the hydrogen bond. 

There appear to be no viscosity data for KC1 in ethylene glycol. 

3.3.2 Partial molal volumes in glycol 

Gibson et al. (62, 75), from measurements of the compression 

up to 1000 bars of solutions of KI, NaI, NaBr, LiBr and CdI2  in 

glycol, determined the apparent molal volumes of these salts in 

the solvent. 

It is known that for fairly concentrated aqueous solutions 

= 0°+ snff 

where 0 is the apparent molal volume 

0 the limiting apparent molal volume 

S the limiting slope 

and 	m the molality. 

For each case they found different equations. 

(NaI) = 0.25594 + 0.08394x2 - 0.0856x
2
2 (3.3.2.1) 

(KI) 	= 0.28406 + 0.02432 C2 	(3-3.2.2) 
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(CdI2) = 0.19687 + 0.00979 x2  (3.3.2.3) 
0 (LiBr) = 0.24995 + 0.08722 x2.2- (3.3.2.4) 
(NaBr) = 0.26522 0.07303 (x1x2)1  (3.3.2.5) 

where 

x is the weight fraction 

C the concentration in g ml
-1 

subscripts 1 and 2 refer to the liquid solvent and the salt 

solution, respectively. 

In order to change the values of the limiting apparent molal 

volumes and limiting slopes into the same units as have been used 

by the writer for KCl, some conversion factors were calculated, 

The values of the limiting apparent molal volume were obtained by 

multiplying the equivalent Gibson values by the molecular weight 

(M) of the salt. For the limiting slope the conversion factor is 
1 

(M/1000)2  for 	LiBr, and for CdIzit is M/1000. In the case 

of NaI the equation given is more complex and for NaBr not enough 

data were available. 

Table 3.3.2.1 shows the values of the limiting molal volumes 

and slopes S given by Gibson and the converted values 00  and 

S. 



TABLE 3.3.2.1  

Partial Molal Volumes in Glycol at 25°C  

Salt 0°' S' 0°  S Ref. 

NaI 0.25394 38.37 62 ---- 

KI 0.28406 0.02432 47.16 1.6 62 

Cd12 0.19687 0.00979 72.10 1.3 75 

LiBr 0.24993 0.08722 21.75 2.2 62 

NaBr 0.26522 0.07303 27.29 62 

33. 



3.3.3 E.m.f. measurements 

Kundu et al. (41) have measured the standard potentials of 

Ag/AgX electrodes (X . Cl, Br) in glycol and water-glycol mixtures 

at various temperatures using the cell 

(Pt) H2, (1 atm.)/HX, glycol/AgX/Ag 

From the e.m.f.'s, the activity coefficients of HC1 and HBr at 

25°C and 30°C were determined, and the values are given in Table 

3.3.3.1. The activity coefficients in water are all higher than 

in glycol which is not strange since the dielectric constant of 

water is almost double that of glycol. 

Kundu et al. did not compare their activity coefficients 

with theoretical predictions, although they did use the Debye-

Hackel equation 

-log f = A' a 
	

(3.3.3.1) 
14-B'aVF 

in extrapolating their e.m.f. data to infinite dilution. In  doing 

so, they tried using for the distance of closest approach, a, 

0 and 5A, and preferred the latter. It seemed worthwhile to the 

34. 



TABLE 3.3.3.1 

Activity coefficients of HC1 at 25°C and 30°C, and HBr at 30°C 

in ethylene glycol and water 

Acid Molality 

Activity coeff. in 

Glycol 	Water Temp. Ref. 

0.005 0.807 0.9285 

0.01 0.748 0.9048 
HC1 25°C 76 

0.05 0.605 0.8304 

0.10 0.550 0.7964 

0.005 0.820 0.9275 

0.01 0.745 0.9034 
HC1 30°C 41 

0.05 0.565 0.8285 

0.10 0.490 0.794 

0.005 o.84o 0.929 

0.01 0.780 0.906 
HBr 30°C 41 

0.05 0.620 0.837 

0.10 0.545 0.804 

The activity coefficients of HC1 in water were taken from 

ref. 9 (p.716) and those for HBr from ref. 9 (p.727). 

35. 
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writer to compare the activity coefficients obtained more closely 

with the predictions of (3.3.3.1). 

In (3.3.3.1), A° for glycol at 30°C has the value of 1.54 

(ti. 36.73 (41)). B' at 30°C is 0.478  x 108; if a is 3.5 A the 

product B'a becomes 1.67, with a = 5.5 A the product B'a is 2.63 

and for a = 6.5 A,B'a is 3.11. Fig. 3.3.3.1 shows the plot -log f 

(activity coefficient) versus the square root of the concentration 

as well as the theoretical curves using the Debye-Hikkel equation 

and the theoretical limiting equation 

-log f . A' IF 

It is noticeable that the HCl curve agrees very well with the 

theoretical curve when the distance of closest approach of the ions 

is 3.5 A, while 5.5 A is the value that best fits the HBr values, 

although the fit here is less good. 

In glycol, but to a much lesser extent in water, the activity 

coefficients of HBr are bigger than those of HC1. 

Sen, Kundu and Das (76), using the same cell as given above 

(41), calculated from the e.m.f.'s the free energy of transfer and 

entropy of transfer at 25°C of HC1 from glycol to water. The 
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values are: 

LG
t 

= -3.119 K cal mole 

_ LS St - +7.1 cal mole
-1 

deg
-1 

St   

The electrostatic part of the entropy of transfer from glycol to 

water was calculated from the Born equation 

	

Z1St 	
( e) 	Net  [ 	1 	1 	(e, 0 

2r0 L  sH20  -0  a 	2) (glycol 

to give 

kle(HC1) = 12.4 cal mole 1  deg-1  

using the values of akerlof (58) for the dielectric constant of 

glycol, 2.76 A (111) as the radius of hydrogen ion (diameter of 

water molecule) and 1.81 A for the radius of Cr. The writer 

recalculated the entropy of solvation using more recent data 

for the dielectric constant of glycol (58), 1.0 A for the value of 

the radius of the hydrogen ion (109) and 1'81 A for the radius of 

Cr. The result was: 

/ASt = 21.5 cal mole
-1 

deg
-1 

Gladden and Fanning (77) have calculated the free energy, 

entropy and enthalpy of transfer of NaC1 and 01 from glycol to 

water from the e.m.f.'s, and their temperature differentials, 

of cells of the type 

Ag/AgCl/MC1 (glycol)/A (Hg)x,i/MC1 (water)/AgCl/Ag 

(M = Na or K). The values are: 

4Gut(KC1) = -1.30 K cal mole-1  

.AG(NaC1) = -1.38 K cal mole 

38. 
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The entropy of transfer of NaC1 and KC1 from 517-col to water are 

- 1 
both + 10 cal mi.e deg-1. They calculed the entropy of solva- 

tion obtained by Born's equation and the values were: 

1_S,SQ
t(KC1) . 13.4 cal mole

-1 
 deg 

 

AS.:(NaC1) = 14.8 cal mole-1  deg-I  

using for (25°C) = 37.7 (58) and for 	(25°C) 78 54 glycol 	 H2O 	- 0  

and the following values for the radii of the ions: 

Na+ = 1.65 A 
	

K7 = 2.03 A 	Cl = 1.81 A. 

The writer recalculated the value of the entropy of solvation 

using more recent data for the dielectric constant of glycol 

8  glycol (25°C) = 40.7 (48) and for the dielectric constant of  

water at 25°C 78.30 (8) and employing as the ionic radii of the 

ions: 

Na+  = 0.95 A 	K+  = 1.33 A 
	

Cl = 1.81 A 

given by Robinson and Stokes (8). The results were 

LSZ(KC1) = 18.1 cal mole-1  deg-I  

4S°(NaC1) = 22.2 cal mole
1 deg

-1 

As observed, there is disagreement between the experimental values 

for the entropy of solvation and the values obtained using the 

Born equation although they are of the same sign and order of 

magnitude. The discrepancy arises because the Born equation 

assumes: 

i) that the ions are not solvated, and therefore have the same 

radius in both solvents, and that this radius is the crystal radius, 
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ii) a uniform bulk dielectric constant. 

Dadgar and Schug (52) used an amalgam partition method in 

order to get the free energy of interchange, which is the differeme 

between the free energies of transfer of NaBr and KBr from glycol 

to water at 25°C. This method consists of the direct measurement 

of the equilibrium 

Na(Hg) + le 4=7.2!Na+  + K(Hg) 

between an amalgam phase (Hg) containing Na and K and the solution 

phase containing K+  and Na+. 

o
int = -RT lnK 

where K = R° 11K+  ( + KNaBr  [Br-A 

71;t ' 1 KKBr LBr-J)li  

where KNaBr, K__isiar  are the respective ion-pair association constants 

and where 

R° 	a [K+J  1Na  
gclig  [Na+.1 fic  

R°  is experimentally measured and K is obtained by extrapolating 

R°  to infinite dilution where the ionic activity coefficients (n 

of Na+  and le are unity. They obtained 0.01 K cal mole-1  as the 

free energy of interchange whereas 0.08 K cal mole 
1
was obtained 

by Gladden and panning from the e.m.f. method mentioned earlier. 

Probably the reason for the difference in these two values is that 

in an amalgam partition method the amalgam reacts somewhat with 

the solvent according to the reaction 
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M(Hg) + solvent---M+  + 

Kundu and Das (78) measured the autoprotolysis constant (K 

of glycol at 30°C using the cell without junction of the type 

H2/MX, M glycoxide, glycol/AgX/Ag 	(X = Cl, Br) 

obtaining a value of pKs  of 15.60 i 0.02. 

The ionization constants of some acids in glycol have been 

determined from e.m.f. measurements at 30°C and their values 

together with comparative literature 	values for water (at 25°C) 

are listed in Table 3.3.3.2. The values of pKa obtained for water 

are smaller than for glycol which corresponds to higher dissocia-

tion constants in water. This is to be expected since the dielec-

tric constant of glycol is approximately half of that of water so 

that there will be more association in the former solvent. 

3.3.4 Calorimetric measurements 

Stern and Nobilione (80, 81) determined calorimetrically the 

enthalpy of transfer of HC1 from glycol to water at 25°C. The 

free energy of transfer was based on e.m.f. measurements, and there- 

fore the value for the entropy of transfer could be obtained. The 

values are: 

!\Gt = -
4.61 K cal mole 1 

LHt°  - -1.74 K cal mole
-1  

ZSS.ct' = +9.56 cal mole-1  deg-1 



TABLE 3.3.3.2  

Ionization constants (pKa) of acids at 30°C 

Acid 

Solvent 

Glycol at 3000 Water at 25oC Ref. 

Acetic 8.32 4.756 78 

Phenylacetic 8.06 4.312 78 

Benzoic 8.16 4.201 78 

o-Bromobenzoic 6.87 2.854 78 

Salicylic 6.52 2.996 78 

o-Phthalic pK1  = 6.42 2.95 78 

pK2  =10.14 5.408 79 

All the values for water are at 2500 and were obtained from 

ref. 8 (pp. 517-532). 

42. 
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Comparing the reported values of .L(.1Z and 4.S7 given by Kundu 

et al. (76) with these it is noticeable thaLthe free enelsy of 

transfer given by Kundu is ca. 33% lower than Stern's while the 

entropy of transfer is lower too, but by about 25%. 

For HC10
4 

the enthalpy of transfer was found to be +2.09 K 

cal mole
-1 

for a mole fraction of 0.997 in glycol. The enthalpies 

of transfer of HC104  and HC1 have opposite signs which seems rather 

peculiar. Comparison of ,nGtfor HC1 with those determined for 

NaC1 and KC1 by Gladden and Fanning (above) shows that it is 

easier to transfer HC1 from glycol to water than NaC1 or KC1. 

This seems reasonable because the smaller the cation the more 

negative the free energy of transfer. 

3.3.5 Conductances in ethylene glycol 

Table 3.3.5.1 lists limiting conductances (1\°) at 25°C 

obtained in glycol itself. It can be seen that two different 

values have been reported for KC1 and it seems that the correct 

one is that given by Accascina et al. (3) because in a private 

communication from Professor Erdey-Grtlz (82) it was stated that the 

conductance of 0.01 M KC1 in glycol is 8.66 ± 0.01 ohm-1  cm2  
-1 

equiv at 25
oC. 

In the case of HC1, Vigdorovich and Pchyelnikov (83) have 

recently published the conductances of HC1 graphically, giving 

only the values of A for two concentrations in the form of a 



TABLE 3.3.5.1 

Limiting conductances in pure glycol at 25°C 

Salt , . 	\.. 0 104  K . Bass 
Extrapolation 
method used 

Ref. 

HCl 21.2 ? 85 

HC1 32 (a) --- Shedlovsky 84 

HC1 15.5 (a) - -- Graphical 83 

HCl 13.5 '(o, --- Graphical 83 

KCl 9.693 i 49oo e.,,,‘,,  Fuoss-Onsager 3 

KC1 8.1 — ? 85 

NaCl 8.18 - -- Fuoss-Onsager 64 

LiC1 7.185 -- Fuoss-Onsager 86 

T1C1 10.38 (a) 60 ;' a ) Shedlovsky 87 

1000 Shedlovsky 

46000 Onsager 

PbC12 7.73 26 ? 88, 89 

NaBr 8.087 --- Fuoss-Onsager 90 

BuLpr 6.496 — Fuoss-Onsager 91 

HNO3 
 

2:.8 ? 85 — 

NaNO
3  7.6 — ? 85 

KNO3  9.6 -- ? 85 

AgNO
3 

 9.93(a) 3200 Shedlovsk3 92 

AgNO3  9.14 1100 Shedlovsky 39 

Ag102  9.038 14.3 Shedlovsky 93 

Et4NPic 4.41 1300 Fuoss-Onsager 91+ 

(a) EXtrapolation carried out by the author. 

44 
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table, and without calculating the limiting conductanze. Two 

attempts were made by the writer to calculate J\_°: 

(i) extrapolation of Aversus \ra-using the graphical values 

. 	- 1 which led to 13.5 ohm 
1 
 cm

2 
 equiv , 

(ii) plotting the values of Agiven in their table against \fa--

and extrapolating to zero concentration. A more accurate method 

was not used because only two values were given. The result was 

- 	- 1 15.5  ohm
-1 
 cm2  equiv . The difference between these two values 

cannot be due to extrapolation errors. 

Further inspection of their table shows that: 

(i) for 00001 N HCl the values of A more than double as the 

water concentration in the solvent increases from 0 to 10%, 

(ii) for 0.0005 N HCl the value of A.passes through a minimum, 

being about 20% smaller at 1% water content than at 0% or 10% 

water content where the,". values are almost identical. 

This casts considerable doubt on the validity of their 

measurements. 

axley-Grtiz et al. (84) measured the conductance of 0.000903 

N HCl in water-glycol mixtures at 25°C and published their results 

graphically. A graphical extrapolation of their values to zero 

	

water content gives A. 	30. For zero concentration a value of 

32 is estimated by the writer using the DI-H-0 equation. 

Thus we have 3 quite divergent results: 13.5-15.5 (83), 

21.2 (85) and 32 (84). Clearly further work must be done in order 
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to find out which (if any) is the correct vallie for the limiting 

conductance of HC1 in glycol. However, combining the values of 

° 
Cl-  and ›°H+ (from conductance of nitric acid) given in ' 

Table 744 in the Discussion Section, 1\'()HC1  29.8
7  so that the most 

--:-/ 

likely of the directly determined values for ..A°BCl is 32, the 

one given by Erdey-Griiz et al. (84). 

Moreover, it is known that there is a slow reaction between 

glycol and HC1 

CH2OHCH2OH. + H
+ + C1c=2CH2OHCH2C1 + H2O 

and this may explain the low values of the other workers. 

There are two different values for ,A_ (AgNO
3
) differing by 

8%. It would be interesting to find out which is the correct one 

and it might be pointed out that the higher .one was obtained 40 

years ago. 

In the case of sulphuric acid (85), only specific conductivities 

have been published and these graphically, so that no accurateA? 

value can be derived. 

In the case of barium and nickel perchlorates (95),A versus 

square root of concentration gave curved plots which, when extra- 

polated to zero concentration, gave negative values for J\_°. No 

result can therefore be listed for these salts. 

In order to getA2, the equations emploxpd by the writer have 

been the Shedlovsky (1938) extrapolation method based on the Debye- 

HUckel-Onsager conductance equation 
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_AdAsc = A.5)  - (B + A.X))‘focc 

where „"Lis equivalent conductance, A°  limiting conductance, cc the 

degree of dissociation and E the concentration in equivalents per 

litre. A and B are respectively equal to 0.612 and 4.45 in glycol 

at 25°C. 

Looking at Table 3.3.5.1 it is noticed that the strongest 

electrolytes are KC1, AgNO3  and T1C1, but in all these cases Kdiss  

is so big that the value itself has no real significance. Several 

of the other salts, too, are effectively completely dissociated. 

In several instances workers in the literature measured con-

ductances in various water-glycol mixtures but not in pure glycol. 

These results are given in Table 3.3.5.2. Examination of the figures 

showed that, at any given salt concentration, plots of A._°  versus the 

square root of the percentage of glycol gave straight lines. (Straight 

lines were also obtained when plotting the specific conductivity of 

water-glycol solvent mixtures against the square root of the nor-

mality of water in the mixtures, as is shown in fig. 6.5.2.1). 

Plots of K versus the water concentration itself, however, gave curved 

plots. EXamples are shown in fig. 3.3.5.1 which shows how limiting 

conductances in pure glycol can be estimated from the intercepts of 

the square root plots. 

Apart from the values given in Table 3.3.5.2 the work done by 

Erdey-Grilz et al.(84) on conductances of KOH and KF in water-glycol 

mixtures at 5°C and 25°C should be mentioned. The results are pub-

lished graphically and no accurate .A.° values can be obtained. 
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TABLE 3.3.5.2  

Limiting conductances in water-glycol mixtures at 25°C 

Glycol% Salt ,Af in4w  
.- -diss 

Extrapolation 
method used Ref,    

27.11 ZnSO4  72.0 25.1 Fuoss -Kraus, 96 

39.14 ZnS04 52.7 18.4 Shedlovsky 

52.20 ZnS04 36.7 11.0 and Davies 

100 ZnS04 4.31-2(a) - --- 

35.03 CuSO4  57.8 20.8 Fuoss -Kraus, 

Shedlovsky 

and Davies 

96 

18.65 C3H204Zn.2H20 78.0 0.84 FUoss -Kraus, 96 

26.41 C3H204Zn.2H20 63.0 0.64 Shedlovsky 

33.19 C3H204Zn.2H20 51.5 0.49 and 

39.57 C3H204Zn.2H20 42.0 0.38 Davies 

100 C3H204Zn.2H20 4.61'2 (a.) - --- 
24.25 TaFe(CN)6  .5H2  0 87.0 ___ Davies 97 
32.26 TaFe(CN)6  .5H2  0 71.0 --- Davies 97 
37.14 TeFe(CN)6.5H20 65.0 ___ Davies 97 
42.47 LaFe(CN)6.5H20 57.0 Davies 97 
100 TaFe(CN)6.5H20 5.0.1:21a) ---  

(a) Extrapolation carried out by the author by plotting A° 

against square root of % of glycol as shown in fig. 3.3.5.1. 
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3.3.6 Transference numbers in water-glycol mixtur,, 

Erdey-Grii2 and Majthenyi (98) measured some transference 

numbers in water-glycol mixtures by the moving boundary method. 

As will be shown later, the extrapolation to zero water content 

did not give the same result as was obtained in this work. 

The following Table 3.3.6.1 gives briefly the experimental 

conditions under which they did their work. For KC1 and HC1 

autogenic boundaries were chosen and the anode was a cadmium rod. 

In neither case was it possible to check that the results were 

independent of the concentration of the following solution, and 

for KF and KOH followed by potassium-o-iodobenzene sulphonate 

this check was not carried out. 

In the case of HC1, which was studied at two different con-

centrations, it was impossible to compare values because they were 

done using different concentrations of water-glycol solutions (see 

fig. 3.3.6.2). 

The following three graphs show the variation of transference 

numbers of HC1, KF, KC1 and KOH with mole % of water. All of them 

have a maximum except HC1 which has a minimum at about 10 mole % 

water for 0.01 N and a maximum at 90 mole % water for 0.02 N 

solution. 

Both the lack of checks on the reliability of the transference 

numbers, and the scatter of the points along the curves, indicates 

that their accuracy is not very high. Moreover, all the curves 

50. 
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TABLE 3.3.6.1  

Transference numbers in water-glycol mixtures at 25°C 

;a. 
KF---K-ortho\lb-gnzene sulphonate 

Concn.lead. 

soln. 

Conon. follow. 

soln. 

H2O concn. 

mole % 

Current, 

mA 

Notes 

0.01 0.01 0.3-100.0 0.02-0.6 TK+ shows a broad 

maximum between 50-

97 mole % water 

KC14---CdC12 

0.02 Autogenic 4,1- 100.0 0.03-0.6 TK+ has a max. at 

67 mole % water 

HC1*----CdC12 

0.02 Autogenic 43.8-100.0 0.1-0.6 TH+ shows a max. 

at 90 mole % water 

0.01 Autogenic 0.5 - 23.1 0.03-0.1 TH+ has a min. at 

about 15 mole % 

water 

+91t0, 
KOHr----K-orthdbenzenesulphonate 

0.0110- 

0.0169 

0.008-0.015 0.2-100.0 0.03-0.15 TK+ shows a max. 

at about 67 mole 

% water 

54. 
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show a fairly steep variation in transference number with water 

content near the pure glycol axis. For these reasons it eras thcit;ht 

important to carry out accurate transference measurements with 

dry glycol as solvent, using as many tests of reliability as 

possible - independence of current and of concentration of follow-

ing electrolyte, use of separate cation and anion boundaries - and 

taking readings at several concentrations to allow extrapolation to 

zero ionic strength. 



EXPETZETENTAL 

PART I 

4.1 ANALYSIS OF GLYCOL 

Four types of analysis were carried out to test the purity of 

the glycol, and to enable one to choose the best commercial glycol 

and the best method of purifying it. 

4.1.1 Conductivity 

A Pyrex conductivity cell of cell constant 0.128 cm
-1 

was 

used. The measurements were made with the cell in an oil bath 

thermostat whose temperature was kept constant to better than 

-0.005oC. The conductivity bridge was type no. E7566/3 supplied 

by M.E.L. 

4.1.2 Water content 

A non-modified Karl Fischer Reagent supplied by B.D.H. was 

used. This is a solution of iodine, sulphur dioxide and pyridine 

in methanol. (There is also a modified Karl Fischer Reagent in 

which the methanol is substituted by 2-methoxy ethanol (99) but 

with this reagent no end point was obtained). The reactions are: 

//SF12 SO
2 
+ I

2 + 3C5
H
5
N + H20 5

H
5
NH1 +C5H5 '•N  ,(; 

56. 
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/04c:113  
CH3OH---- 

C H N. C
5
H
5
N 

5 5 
(100) 

Each molecule of water is equivalent to one molecule of iodine. 

When there is no more water to react, the iodine stays in the solu-

tion and the solution changes colour (yellow to reddish brown). 

This change is very difficult to detect visually with accuracy 

but can be followed in.eattometrically. The titration was carried 

out in the cell shown in fig. 4.1.2.1 and the electrodes were two 

squares of Pt foil , each 1 cm
2  in area and separated by ca. 0.5 cm. 

The circuit diagram is shown in fig. 4.1.2.2. 

Before the end-point is reached, any added iodine is complexed 

and so no reaction can occur at the electrodes; when all the water 

has reacted with Karl Fischer reagent, the additional iodine intro-

duced is reduced at the cathode: 

I
2 

and the 1-  formed can in turn be oxidised at the anode: 

21----31
2 

2e- 

consequently, current flows and deflects the needle of the galvano-

meter. This is the so-called dead-stop end point. It is easily 

understood that moisture must be kept out of the titration cell. 

For this reason very dry and pure nitrogen was used which at the 

same time stirred the solution when bubbling through it as shown 

in fig. 4.1.2.1. The very dry nitrogen was prepared by the method 

given by Robertson (101). Fig. 4.1.2.3 shows the apparatus. 
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Basically it involves heating liquid nitrogen and pa.s!-Ang the gas 

formed through a glass spiral to attain thermal equilibilum with 

the room. However, the heating spiral made out of nichrome wire 

was very difficult to solder properly to the copper leads which 

connected it to the accumulators and sometimes no current passed. 

In order to avoid this, the coil was substituted by a 1 ohm 5 watt 

wire-wound resistor which could easily be connected to the leads. 

Two 2 volt accumulators were used. 

4.1.3 Freezing point 

It is known that 

pure solvent. Taking 

possible to calculate 

(102, p.645) 

a solution has a lower freezing poirt than the 

the solution to be the impure glycol it is 

the amount of impurities using the expression 

impurity.' = (Qs. 
	GdOcf 

where for glycol: 

K
f 

= RA
S
2/1031f  = 3.01 deg. -1 

mole Kg 

K
f
-molal freezing point depression constant 

- 1 
R - gas constant (1.987 cal deg. 

1 
 mole ) 

1f - latent heat of fusion per gram 
(44.76 cal g -1) 

AS  - absolute freezing point of pure solvent (260.56°K) 

s 
- absolute freezing point of solution (impure glycol) 

Two freezing agents were tried: 

(i) An ice-salt mixture whose minimum temperature is about 
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-21°C could not be used because the temperature of tl-a glycol did 

hot go below -9°C and therefore the freezing point of tn.,- clycol was 

not reached. 

(ii) Pieces of solid CO2 
in methylated spirits which reaches 

a temperature of -78°C. This freezing bath was used and fig. 4.1.3.1 

shows the system used. 

As the glycol is very viscous, especially near the freezing 

point, it was very difficult to get the solidification point even 

by stirring continuously. Curve 1 in fig. 4.1.3.2, shows what 

happened with a sample of glycol supplied by B.D.H. After 200 minutes 

the solution was supercooled but the freezing plateau was not obtained. 

At this time a crystal of solid glycol was added to the solution 

to act as a nucleus for solidification but it took another 40 minutes 

to get the solidification point. Curve 2 in fig. 4.1.3.2 shows the 

result of using a sample of glycol supplied by B.A.S.F., but here 

the solid crystal was added as soon as it was known to have become 

a supercooled liquid. In both cases the addition of the crystal to 

the glycol is marked in the curves with an arrow. The freezing 

plateau was immediately obtained and after that the temperature 

remained constant for 3 hours. No reproducible values (variation of 

+ -0.5o  C) were obtained using the samples of the same glycol, due 

to its high viscosity. For this reason, this criterion of purity 

was abandoned. 
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TABLE 4.1.5.1 

Glycol K x 107  

ohm-1  cm-1 

Water content 
-1 mole 1 

f.p. 
mole 1 

Impurity 
-1 

I.C.I. (S Grade) 6-9 0.081  -14 0.46  

I.C.I. (LC Grade) 4 0*151 -13.8 0.40  

B.D.H. (Extra pure) 5 0.236  _14.3 0.56  

B.A.S.F. 11 0.059  -13.2 0.20  

Eastman Kodak 40 
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4.1.4 Ga.3 chromatography 

A gas chromatographic analysis of one of the samples of glycol 

was kindly done by Mr. Pereira in the Whiffen laboratory of the 

Chemistry Department of Imperial College but no impurities could 

be detected. 

4.1.5 Results 

Table 4.1.5.1 gives the results of the glycol analyses, done 

with different samples supplied by five different sources. The 

table shows that the best glycols were supplied by I.C.I. (LC grade) 

B.D.H. (extra pure) and B.A.S.F. The poorest quality was the Eastman 

Kodak glycol. The glycol supplied by I.C.I. (LC grade) was purchased 

for the present work, the smallest quantity obtainable being a 500 lb. 

drum. 

4.2 PURIFICATION OF GLYCOL 

4.2.1 Methods 

As seen from Table 4.2.1.1, only two different methods of 

purification of glycol have been tried: distillation in vacuo 

and crystallization. The latter was not usable here since relatively 

big volumes of solvent were necessary. This left distillation 

under reduced pressure since the boiling point of glycol is quite 



TABLE 4.2.1.1 

Purification methods 
b.p. 
o C 

f.p. 
oC 

K x 108 

ohm
- 1 

cm
-1 

25 
D4 

Water 
content nD 

25 o v-7 
e rer• 

Glycol was redistilled 116 92 

Distilled under reduced pressure. 	The 

middle fraction collected anddriedover 

arhydrous Na2SO4, decanted and twice 

fractionally distilled. 

197.2- 
197.3  

1.109 1.43055 42 

Glycol was dried with burnt pulverized 

lime for two days, then distilled in 

vacuo 

37.7 5° 

1) Redistilled twice in vacua. To the 

middle fraction NaI was added. 	The 

addition compound formed was cryst-

allized from anhydrous solution and 

filtered by suction. 	From this solid 

the glycol was distilled off in high 

vacuum and redistilled 

,2) Glycol was mixed with Na OH, dis-

tilled in vacuo and redistilled after- 

1.1098
7 

1.1098
5 

62 

62 
T.r.,,,r1 



Purification methods 
b.p. 
oC  

f.p. 
oC 

K x 108 

ohm 1  cm-1 

25 D4 
W 

content 
Water 25 25 nD  

! 
sf* '' 	. 7 

3) Glycol was distilled once or twice 

without chemical treatment 

1.1099o- 

1.10994 
62 

Fractionally distilled at 5 mm pres-

sure in a slow stream of purified 

nitrogen 

104 

Distilled in a 40 cm column at approx. 

1 mm shortly before use 

1.1068 

(30°C) 
54 

Distilled twice 30 

(20°C) 

1.4312 

(20°C) 

103 

99.5% glycol was fractionated at 7-10 
mm Hg with reflux ratio of 10 to 1 in 

a nitrogen-blanketed, 	adiabatically 

operated, packed column. 	Only the 

middle fraction at constant b.p. was 

collected 

1.10988 0.0710.01 

wt. % 

1.43788 

(20°C) 

63 

m .4 . 



Purification methods 
b.p. 
oc  

f.p. 
oC 

K x 10 

o
hm-1 cm-1 

D25 25 D4 
Water 
content 

25 
n
D 6 

1 r c 
ya7, 

Using method given in ref. 92 197.0 6 39 
I 

The glycol was dried over freshly 

dehydrated Na2SO4  followed by 3 

distillations at reduced pressure 

and finally crystallized twice 

83 
(at 

Hg ) 

-12 16 

(20°C) 

1.1150 

(20°C) 8m  m 40.7 

1 

48 

Dried over anhydrous Na2SO4, frac-

tionally distilled under reduced 

pressure 
('=°C)  

1.108 

(30°C) 

1.4270 

(30°C) 

40.5 

(30°C) 

0,1 346 55 

Distilled 4 times under reduced 

pressure (1 mm Hg) 	(a) 

2.2-2.7 1.10978 0.03% 40.75 0.1684 3 

Distilled under reduced pressure. The 

middle fraction was dried over anhyd- 

rous Na2SO4 for a long time, then 

redistilled 

1.11313 

(20°C) 
106 

m m 0 
_ 	_ 



Purification methods 
b.p. 
oC  

f.p. 
oC 

K x 108 

ohm-1  cm 1 

25 D 4 
Water 
content 

n25 
D 6 

• 
.-) ,-;' ref. 

Distilled under 4mm of pressure and 

° the fraction boiling at 120C was 
1.1063 1.4283 107 

collected 
(30°C) (30°C) 

1) Distilled under reduced pressure 

and the middle fraction redistilled 

at 110°C (28.5mm) 

2) Distilled at 1 atm. and the middle 

fraction collected having a b.p. range 

of ca. 0.3°C 

1.1103 1.4302 

3) Water and other low b.p. materials 

were removed by prolonged heating at 

40 

110°C and 50mm 

4) Glycol was kept at 25°C and at 

5mm pressure for 10 to 12 hours. 

This was done to remove water and 

other low boiling materials (b)  
c: 
0 , 



Purification methods 
b.p. 
o C  

f.p. 
oC 	lohm-  

K x 10
8 

1 cm-1 

25 D4 
Water 

content 
25 
nD 

r 	o i, ref.  

Refluxed with 2% NaOH for 3-4 hours and 

distilled. Middle fractions dried with 196- 1.1063 1.4293 41 
Na2SO4  for 5-6 days, decanted,distilled 

twice using a high column. Kept in a 

desiccator 

197  (30°C) (30°C) 

Dried over Na2SO4 and fractionally 
83-84 1.4317 69 

distilled (5mm) (20°C) 

Glycol was distilled once 197.3- 1.4314 43 197.6 (20°C) 

Distilled twice under reduced pressure,  

and left standing over anhydrous Na2SO4  

between the distillations. The middle 

fraction (boiling at 50°C and 1mm Hg) 

was stored over Na2SO4 in an open 

bottle in a partly evacuated desiccator 

with P205  

1.1103 1.4301 53 



Purification methods 
b.p. 
o
C  

f.p. 

°C  

K x 10
8 

ohm-1  cm-1 

25 
D 
4 

Water 
content 

25 
n 
D 

AO 
4 

ref. 

Dried first over Drierite, then 

fractionated at reduced pressure 

L__ 

71  

This Table is organised in historical order. 

All the properties listed were measured at 25°C unless otherwise indicated 

(a) Chemical treatment with Na
2SO4 was tried but no difference was noticed 

(b) No differences were noticed in the density and refractive index between these four methods. 
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high and V.Le distillation at 1 atm. is not advisable in order to 

:void the decomposall of glycol. 

Distillation in an all-glass system and under nitrogen was 

used as shown in fig. 4.2.1.1. It was necessary to use two traps 

to condense all the glycol vapour in order to prevent it going 

into the pump; if it does a kind of jelly forms which prevents it 

working. The first trap was immersed in a mixture of ice and rock 

salt and the second in liquid nitrogen. "Oxygen free" nitrogen was 

passed through two drying towers, one with silica gel and the other 

with Molecular Sieve 3A, before bubbling above the surface of the 

glycol in order not to contaminate it if the nitrogen happens to 

contain any impurity. As seen in fig. 4.2.1.1, the first fraction 

of the distillate was collected in one flask and the middle fraction 

collected in the other by rotating both flasks through 180°. In 

this way the distillation was carried out from beginning to end 

without interruption. 

For drying the silica gel and Molecular Sieve 3A, Notley's 

method (103, p.61) was used. It utilises a Pyrex column, 1 m 

long and 5 cm diameter, covered with an asbestos layer and wound 

with two separate coils of nichrome resistance wire (Ni + Cr alloy). 

Each coil has about 150 ohm resistance. The temperature inside the 

column reached 360°C when just one coil was connected to the mains. 

Before loading the column, very dry and pure nitrogen was passed 

through. Two hours of drying were necessary to remove the water 
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completely. Immediately after the Molecular Sieve 3A and silica gel 

had been dried, they were poured into the drying towers. 

4.2.2 Results 

In the present research several drying agents were tried as 

well as different ways of using them, either by themselves or in 

conjunction with the distillation. The choice of drying agent must 

be carefully made in order not to get decomposition of the glycol 

as can happen, for example, if it is heated in the presence of 

ZnC12 which gives ethanol plus water. At first drying agents were 

used straight from the bottles but in all eases the glycol showed 

more water after purification than before. It was therefore decided 

to dry the desiccants (Na2SO4, CaSO4  and Molecular Sieve 3A) in the 

oven at ca. 1000C for 3-4 hours; after that tley were left to cool 

in a desiccator over P205. Even then the results were not satis-

factory, the same or only slightly less water being detected after 

purification. In the light of these failures a more drastic way of 

drying the desiccants was tried. It was decided to use the heated 

Pyrex column described on p.72 which was employed for drying the 

silica gel and the Molecular Sieve 3A for the nitrogen used in the 

distillation. The only difference in the present case was that 

drying agents were left to cool in a desiccator over P2
0
5 before 

being used. 

Table 4.2.2.1 gives the results obtained. 



TABLE 4.2.2.1  

drying agent method water content gl
-1 
 specific conductance 

8 	-1 	-1 
x 10 	ohm 	cm before after 

None Glycol distilled under reduced pressure 

(5 mm Hg) 

0.113 0.090 21.1,76.8 

after two days 

1) Glycol distilled in presence of 0.144 0.082 8.70 

Molecular Sieve 3A 

2) Glycol was left standing with 0.133 0.100 2.56 

Molecular Sieve 3A for 36 hours 

before distilling at reduced 

pressure 
Molecular 

Sieve 3A 3) Glycol stood with Molecular Sieve for 0.144 0.078 486 

6 days 

4) Glycol was distilled under reduced 

pressure (3-5 mm Hg). 	Molecular 

0.090 0.070 1540--)2180 

after 4i days 
Sieve 3A was added to the middle 

fraction which was left standing 

for 36 hours 

Na2SO4  

Glycol stood with Na2SO4  for 20 hours, 

decanted, and distilled under reduced 

pressure 

0.113 0.109 3.26 



TABLE 4.2.2.1  (continued) 

drying agent method water content g 1
-1 

specific conductance 
8 	-1 	-1 

x 10 	ohm 	cm before after 

tr  

1) Glycol stood with CaSO4  for 16 hours, 

decanted, and distilled under reduced 

pressure (3-5 mm Hg) 

0.135 0.083 2.18—D2.37 

after 1 day 

CaS04 
2) Glycol was distilled over CaSO4  at 

reduced pressure (3-5 mm Hg) 

0.135 0.058 3.07 

CaH2 The glycol reacted violently with CaH2, 

became black and like jelly 

0.140 

BaO 

1) Dried with Ba0 and distilled under 

reduced pressure afterwards 

0,135 0.135 

2) Left standing with Ba0 for 1 day 0.135 (a) 

All the distillations were carried out under dry nitrogen. 

(a) In this case it was impossible to detect the end-point of the 
titration because the solution was alkaline (pH-9). 
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4.2.3 Conclusion 

A comparison of the results shows that the most promising 

method was to carry out the distillation of 3.5 1 of glycol in the 

presence of about 150 g of calcium sulphate drying agent (granular) 

supplied by B.D.H. 

Despite the careful choice of drying agents and the precaution 

of distilling the glycol at a reduced pressure to prevent decomposi-

tion, a search for aldehydes was carried out using various reactions; 

(i) The presence of glycolaldehyde can be detected by its 

reaction with NaI. If the solution turns yellow (iodine colour), 

the test is positive. 

(ii) In the same way glycolaldehyde is detected by reduction 

of Agl-  in the Tollens reagent. 

(iii) Ketone and aldehyde can be detected with bisulphate and 

I2 in starch solution. The reaction is positive if the blue colour 

remains. 

(iv) Reaction with 0-dianisidine for checking the existence 

of formaldehyde, acetaldehyde, paraldehyde and glyoxal according 

to the change in colour. 

Some of these reactions were done for some of the drying agents 

used and all the tests done when CaS04 
was used. All the reactions 

were negative. 

Two infrared spectra of glycol before and after purification 

were kindly done by Mr. A. Hall in the Chemistry Department but both 
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spectra were identical, as shown in fig. 4.2.3.1. Impurities below 

1% cannot be detected by this technique. 

Another test was carried out using the measurement of refrac-

tive index in an Abbe' refractometer thermostatted at 25°C and using 

a sodium lamp. The values for glycol before and after distillation 

(using CaSO4) were the same, 1.4308. 

As a last check, three different tests for the existence of Ca++  

in the purified glycol were performed: 

(i) Reaction in the presence of ammonium ferrocyanide. 

(ii) Reaction in the presence of acidic mercuric nitrate. 

(iii) Flame photometric analysis, which was kindly done by 

Mr. 	Sargent in the Analytical Laboratory of the Chemistry Depart-

ment. 

All the tests were negative. The flame photometry technique is 

able to detect up to 1 p.p.m. of Ca++. 

The glycol was kept under a nitrogen atmosphere and each sample 

of purified glycol was analysed for water content and conductivity 

before being used and was never kept for more than three weeks. 

5 PART II  

5.1 THE THERMOSTAT 

The tank had the following external dimensions: length 61 cm, 

width 35.6 cm and height 53.3 cm. The two 53 cm x 50.5 cm faces 
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were of glass to enable the cell to be seen, and in one of the 35.6 

cm x 53.3 cm faces there was a window (11 cm x 26.5 cm) for the 

purpose of lining up the cell inside the thermostat. The bottom 

and sides of the tank were lined with copper. The tank was mounted 

on a steel framework 100 cm high and, in another separate frame 

to prevent its oscillations affecting the movement of the boundary, 

was the i HP stirring motor. It drove two sets of three-paddle 

stirrers at 270 r.p.m. The bath liquid was Shell "Diala" oil BX 

which is very fluid and transparent, its colour changing slowly 

from pale to dark yellow with time. 

The toluene-mercury thermoregulator is shown in fig. 5.1.1, 

its essential part being a large helical glass tube filled with 

toluene. The heating element (shown in fig. 5.1.2) was a 140 

watt nichrome wire wound on a glass rod frame, which was placed 

inside the spirals of the thermoregulator for highest sensitivity. 

The current for the heating element was controlled by a relay built 

in the departmental workshop. The temperature fluctuations were 

observed on a Beckman thermometer. The bath temperature remained 

constant to - + 0.00',,o  C. In hot days(temperature above 22
0C) a 

copper cooling coil connected to the tap was put inside the bath. 

5.2 OPTICAL ASSEMBLY 

Due to the difference in refractive index between leading 
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and following solutions, it was possible to follow the movement 

of the boundary in (C) through the telescope (T) (see fig. 5.2.1). 

The light source was a 25 watt bulb (L) mounted inside a black 

box and, between it and the aperture there was a ground glass 

slide S which diffused the light uniformly. As the light must 

follow the movement of the boundary, the box containing the bulb 

was moved by the observer with a pulley system using a counter-

weight. Fig. 5.2.1 shows the relative positions of the components 

of the system. 

5.3 MEASUREMENT  OF TIME 

Time was measured on a 'Secticon' battery operated electric 

chronometer. When the boundary was coincident with an etch mark, 

the observer started counting the second beats on a metronome, and 

the number of second beats was substracted from the clock reading 

(2, p. 3071). 

5.4 MEASUREMENT OF CURRENT 

In series with the cell was a 1000 ohm standard resistor. The 

potential across it was measured with a Tinsley Vernier potentiometer 

whose accuracy was 1 part in 10,000. The instrument was standardized 

with an unsaturated Weston cadmium cell. A correction was necessary 

for the latter's high potential of 1.01935 volt, since the potentio- 
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meter could only be set for 1.01900 volt on the 'standardise' setting. 
was 

Thus the measured current shorpld in multiplied by the factor 1.01935/ 

1.01900 = 1.00032+. 

5.5 CONSTANT CURRENT REGULATOR 

As the boundary moves, the leading solution is replaced by 

the following solution and in consequence the resistance of the 

cell increases and the current tends to decrease gradually. In 

this case it is necessary to have a device to keep the current 

constant. Various types of electronic constant current regulator 

have been described in the literature (2). 

In the present work a Brandenburg high voltage generator 

type S.0530/10 was used with characteristics: 

Input 	 200/250 volts, 50 c.p.!s. 

Output 	 500/5000 volts 

Maximum current 	1+ mA 

Stability for ±10•/ mains change 	Better than 0.1% at 
full output 

Output polarity 	Reversible 

It was used to power a constant current regulator whose 

circuit diagram is given in fig. 5.5.1. Both of them were employed 

by M. Shamin (108, p.56) and described in his thesis. 
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5.6 THE CELL 

The cell was of the sheared rising boundary type (2, p.3049) 

made of Pyrex glass, and is shown in fig. 5.6.1 where all the dimen-

sions are given. The four-way tap is hollow in order to allow the 

circulation of the thermostat liquid. The moving-boundary tube 

has 2 mm internal diameter and twelve calibration marks etched 

onto it. The calibration itself was carried out by Notley (103). 

5.6.1 Washing and Drying 

Before each run all non-calibrated glassware was washed with 

chromic-sulphuric acid, well rinsed with distilled water and dried 

in the oven at 100°C. The outside of the cell was washed with 

methylated spirits, Teepol and water in order to remove all the 

thermostat oil. The electrodes were removed and the greased 

sockets, cones, and main tap were carefully cleaned with Kleenex 

tissues soaked in CC14° 
The cell was rinsed with tap water and if 

silicone grease had been used, the cell was filled with triethylamine 

in order to remove any trace of grease (108). If, instead, the 

grease had been Apiezon L, this solvent was not necessary. 

The cell was then left standing with chromic-sulphuric cleaning 

mixture for about 15 minutes, very well rinsed (at least 10 times) 

with distilled water, left draining upside down for some time 

and, in order to remove all the water, dry nitrogen was passed 



1310 B1.0 B10 3310 

FIG. 5.6.1. 

THE CELL  

4 

la cm 

/ 

0,6C 4 

88 . 



89. 

through each socket for about 10 minutes. After that the cell 

was put in the normal position and dried for 90 minutes with dry 

nitrogen as shown in fig. 5.6.1.1. Immediately thereafter the 

cell was filled with solutions as described below. 

5.6.2 Filling the Cell 

The solutions were forced to pass from the graduated flasks 

into the cell by dry nitrogen pressure as shown in fig. 5.6.2.1. 

The cell is in this position on account of the high viscosity of 

the glycol; the liquid then flows smoothly along the walls and fills 

the cell slowly without formation of bubbles which would obstruct 

the flow of the liquid. In order to remove any bubble caught in 

the four-way tap a ground glass joint fitted with a teat was put 

into the electrode socket. A sudden squeeze and release removed 

the bubbles. The electrodes were then inserted and the cone of 

the electrode used in the closed compartment was slightly greased 

and held in place by springs. In order to allow for thermal 

equilibrium in the closed compartment after the cell had been put 

in the thermostat, the side tube of the closed side of the cell 

was fitted with a tube filled with freshly dried 3A molecular 

sieve. The open electrode was kept in place by slipping a platinum 

wire between the electrode and the socket. At least 30 minutes were 

allowed for reaching the equilibrium temperature. The constant 

current regulator was switched on to the dummy load, the tap was 
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opened by rotating it through 900, and immediately the constant 

current regulator switched into the cell circuit. 

To begin with, one run was done in which the main stopcock 

was lubricated simply with glycol in order to prevent introducing 

another substance, but the stopcock came out of the cell. The 

glycol solutions went into the thermostat and reacted with the oil 

and turned it almost black. As a result, the thermostat oil had 

to be replaced. 

5.7 A TYPICAL RUN 

31 August 1968 

Solutions: KC1 7.0650g - 6.6921g = 0.3729g 

Glycol 

Flask 5, 249.929 ml o. concn. = 0.02001  N 

BaC12 
6.8088g - 6.6926g = 0.1162g 

Flask 4, 99.916 ml 	. .. concn. = 0.0111
7 
N 

- 8 	- 1 - 
( Specific conductance: 2.1 x 10 ohm cm 1  

1 	 -1 
/ Water content: 	0.009 mole 1 

KC1 soln.: Specific conductance 2.24 x 10
-4  ohm-1  cm-1  

Electrodes: Anode: Araldited Ag rod (open) 

Cathode: Silver chloride (closed) 

Grease: Apiezon L 

Generally the boundary moved between the bottom of the 



TABLE 5.7.1 (observations) 

Etch marks Volume Time, t Current, I, 
}1A 

Beckmann Alt, secs 7At 

1st 10.48.02 121.200 4.63 

2nd 0.05554 11.18.57 121.219 4.63 1855 224.844 

3rd 0.05105 11.47.32 121.163 4.63 1715 207.843 

4th 0.05056 12.15.45 121.107 4.63 1693 205.082 

5th 0.05253 12.45.02 121.029 4.63 1757 212.717 

6th 0.04903 13.12.37 120.971 4.63 1655 200.255 

13.36.00 120.917 4.63 

14.27.00 120.784 4.63 

7th 0.18014 14.53.28 120.714 4.63 6051 731.237 

8th 0.04690 15.19.43 120.647 4.63 1575 190.072 

9th 0.05527 15.50.42 120.568 4,63 1859 224.209 

10th 0.05396 16.21.04 120,493 4.63 1822 219.607 

11th 0.05324 16.51.02 120.416 4.63 1798 216.577 

12th 0.05269 17.20.41 120.349 4.63 1779 214.160 

93. 



TABLE 5.7.2  (calculations) 

94. 

Etch marks Volume tIt T 

1-7 0.43885 1781.98 0.4756 

2-8 0.43021 1747.21 0.4755 

3-9 	, 0.43443 1763.57 0.4757 

4-10 0.43783 1778.10 0.4755 

5-11 0.43854 1781.96 0.4752 

6-12 0.44220 1795.86 0.4755 

Average 	0.4755 

Volume correction negligible 

Solvent correction negligible 

Water content correction -0.0001 

Standard cell potential correction 
-0.0002 

TK = 0.4752 
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boundary tube and the first etch mark during the night, and, in 

order to get a current small enough, a resistance of 11.5 megohm 

was put in parallel with the cell. 

Beckman 
Time 	Current Thermometer Voltage 

23.30 (starting) 41.296pA 4.63 900 

9.57 (end of overnight period) 41.838uA 4.63 900 

At 10.00 the resistance in parallel was removed, the voltage 

was increased to 2700 volts and the current switched to the chosen 

value (121)1A). 

5.8 PREPARATION OF THE SALTS 

5.8.1 Potassium chloride 

An "AnalaR" product from Hopkin and Williams was recrystallized 

twice from conductivity water, and dried in the oven at about 60°C. 

The crystals were stirred from time to time with a glass rod to 

prevent them sticking together. The temperature was then increased 

slowly to 1200C and maintained there for 12 hours. It was stored 

in a desiccator over P205. 
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5.8.2 Barium chloride 

An "AnalaR" product supplied by Hopkin and Williams was 

recrystallized twice from conductivity water and dried in the oven 

for 46 hours at 1500C (112, p.338). The crystals were stirred in 

order to separate them. This temperature was chosen to be sure of 

getting the anhydrous salt because barium chloride usually crys-

tallizes with 2 moles of water. This precaution was perhaps not 

necessary because according to (113, p.24), "glycol is able to 

displace H2O from hydrates of heavy metals, each alcoholic hydroxyl 

group taking the place of one molecule of H2O in the coordination 

sphere". 

The salt was kept in a desiccator over P205. 

5.8.3 Potassium picrate 

This chemical had been prepared and purified by Notley (103, 

p.113). It was stored in a brown bottle over silica gel in a desic-

cator. 

In order to check its purity the ultraviolet and visible spectra 

were examined using a Unicam SP500 spectrophotometer. In fig. 5.8.3.1, 

curve II shows the spectrum of 5.9157 x 105 N HPic in water given 

by Ives and Moseley (Ilk) which has a maximum at 355 am with an 

extinction coefficient of 1.44 x 104  1 equiv-1  cm-1. Since in the 

present work the potassium salt was employed, the spectrum of 
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3.18 x 10-5  N KPic in water was determined (curve I). The maximum 

was also at 355 um with an extinction coefficient of 1.45 x 104 1 

equiv
-1 

cm
-1
. Using the same technique a spectrum of 4.9

o 
x 10

-5 
N 

KPic in glycol (curve III) was then taken using glycol as a blank. 

There is not a big difference in these spectra. In glycol the 

maximum appeared displaced to 360 nm with a slightly higher extinc-

tion coefficient than in water, 1.65 x 104 1 equiv-1 cm-1. 

5.8.4 Potassium 2,3,5 tri-iodo benzoate (KTB) 

This salt was not commercially available. It was necessary to 

start with the acid (supplied by Eastman Kodak) and to purify it 

because it contained a high amount of coloured impurity. It was 

crystallized from boiling methanol, the acid obtained was dissolved 

again in hot methanol, decolourizing charcoal was added, and the 

solution filtered. To the solution was added an equal amount of 

water to reprecipitate the acid, which was again crystallized from 

methanol. The acid, so purified, was then dissolved once more in 

methanol and an aqueous solution of potassium hydrogen carbonate 

"AnalaR" was added in an amount almost sufficient to neutralize the 

acid. The pH of the acid solution in methanol was about 6 and 

after neutralization it rose to 8. The solution was left to boil 

until it became saturated, filtered (provided the solution had not 

yet solidified) and allowed to cool. The salt crystals were then 
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crystallized from water and redissolved but this time in warm water-

methanol solution, left to cool, and the salt precipitated by adding 

anhydrous ethylether in which the acid is very soluble. The long, 

white crystals so obtained were washed with ethylether, and dried 

under vacuum (19). 

Note: In all the crystallizations and precipitations the solution 

was left to cool slowly and after that kept at least 1 hour at 

0 C. In every case the precipitate was separated from the solution 

by filtration using a Buchner funnel. The solid was kept in a 

brown bottle in a desiccator over silica gel. 

The UV spectrum of each preparation of KTB was determined using 

a Unicam SP500. Fig. 5.8.4.1 shows the UV spectrum of 1.21 x 10-4  N 

KTB in glycol with glycol as the blank. The maximum was found to 

be at 235 nm and the corresponding extinction coefficient is 2.71 x 

- 
104 1 equiv-1 

	1 
cm . 

5.8.5 Fluorescein sodium salt (NaFlu) 

This salt was a microscopical reagent from B.D.H. It was 

dissolved in the least possible amount of conductivity water in 

order to obtain a saturated solution. As it is insoluble in 

acetone, it was precipitated by slowly adding acetone whilst 

stirring vigorously. This operation took about 4 days, in order 

to allow the crystals to grow and so permit filtration with a 

fritted glass filter funnel of porosity 2. The crystals were 
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washed in the funnel with acetone and dried in vacuum for 24 hours. 

They were kept in a brown bottle over silica gel. 

Fig. 5.8.5.1 shows the difference in the UV and visible spectra 

done with a Unicam SP500 spectrophotometer, of the fluorescein 

sodium salt purified and before purification, using glycol as a 

blank. 

The only spectrum found in the literature was for fluorescein 

in dilute aqueous alkali at room temperature (115) and this is 

shown in fig. 5.8.5.2. Comparing this spectrum with that of NaFlu 

in glycol it is noticeable that in spite of the fact that the peaks 

occur at the same wavelengths, the maximum absorbance in the litera-

ture work is at 480 nm while in the present work it is at 228 nm. 

5.9 PREPARATION OF THE SOLUTIONS 

All measuring flasks were calibrated at 25°C with conductivity 

water and the correction for the buoyancy of the air was applied. 

The flasks were cleaned with chromic-sulphuric acid solution, 

well rinsed with distilled water, left to drain at room temperature 

and finally dry nitrogen was passed for about 10 minutes. The 

nitrogen (oxygen-free) was obtained from a cylinder and dried by 

passing it through a column with silica gel and two columns with 

molecular sieve 3A. The salts were weighed in a weighing boat 

and quickly poured into the flask. The glycol was transferred 
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from the flask, where it had been kept, by dry nitrogen under 

pressure as shown in fig. 5.9.1. 

It was observed that glycol absorbs quite quickly the mois- 
ilA am 1)644 i 0  0  1.4‘ brAtl t. 

ture of the air. Fig. 5.9.2 shows that 31.433 g of glyC316ESOrbed 

0.068 g of water in 3 hours. It appeared that it was tending 

towards equilibrium (saturation with water). 

The solutions were made with the flasks held at 25°C in a 

water-filled thermostat. 

5.10 PARTIAL MOLAL VOLUME OF KC1 IN GLYCOL AND MOVING BOUNDARY 

VOLUME CORRECTION 

In order to apply the correction for the change in volume 

that occurred in the closed electrode compartment during the 

experiments, a knowledge of the partial molal volume of KC1 in 

glycol was necessary. This value was not available in the litera-

ture, and therefore the density of various KC1 solutions in glycol 

was measured. 

The choice between various types of pyknometer was determined 

by the viscosity and greasy nature of the glycol. The pyknometer 

used is shown in fig. 5.10.1, and its volume was found to be 

24.7511 ml using conductivity water and applying the following 

equations (117, p. 148-162): 

Vpykn = 
wwater  

D425(water) 
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The true weight of water in the pyknometer was obtained by using 

the relationship 

D 	- V 	D 	(5.10.1) w = w' + Vpykn. air 	weights air 

where: 

w - true weight 

w'- apparent weight 

w 	w' 
Vweights Dweights 7374" 

Dair  was calculated from the formula given in the above 

reference. 

The density of glycol was determined by using eq. 5.10.1 

with the analogous relation 

D 25(glycol) = Wglycol  
V 
pykn. 

The density of three different samples of purified glycol was deter-

mined and the results were 1.1099, 1.1099 and.1.1100, which agreed 

well with 1.1099 (water content 0.044 mole 1-1) (63). Table 

5.10.1 gives the results obtained with two sets of solutions 

prepared using two different samples of glycol. In one group 

of experiments the solutions were degassed, but not in the other. 

Plotting the density data of glycol and solutions versus normality 

all the values fell on the same straight line. 
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TABLE 5.10.1  

D 

KCl 
d 0 C m I m 

1.1100 0.700  0.646 o.80  1.1366 33.o 

1.1100 0.60o  0.551  0.74 1.1329 32.8 

1.1100 0.500  0.458  0.68 
1.1291 32.8 

1.1099 0.500  0.458  0.68 1.1290* 32.8 

1.1100 0.430  0.393  
0.6

3 
1.1264 32.8 

1.1099 o.4oo 65 
0.3 1.1253* 0.6o 32.5 

1.1100 0.300  0.27
3  

0.52 
1.1215 32.6 

1.1099 0.20o  0.181  0.4
3 

1.1176* 32.4 

1.1100 0.20o  0.181  0.4
3 

1.1177 32.4 

The density measurements marked with an asterisk were done with 

non-degassed solutions. 
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Theapparentmolal volume is given by 

. (v-v°)/M where V = (1000 + Mm)/d 

Vc= 1000/D 

For fairly concentrated aqueous solutions it was found (4, 

p.83) that 

= 0°  + S Nrm— 	(5.10.2) 

and a similar plot of 0 versus 4131-in glycol solutions is also 

linear (fig. 5.10.2). The graph shows that the limiting apparent 

molal volume of KC1 in glycol is 31.75 cm3  mole-1  and the slope 
3 - /2 is 1.5 cm3  Kg mole . For comparison, in aqueous KCl solutions 

01= 26.81 and S is 1.86 (116). It was not possible to calculate 

the theoretical slope in glycol using the following equations 

(9:  P-79): 

0(v)  = 2.3CT)  -1)RA S(f) 	(3.'25 lna/P -0 ) 

where O(f)  = 	Zi2 (60-21.290 x 106 

and is = 

because 31ne/P for glycol was not available in the literature. 

The partial molal volume is calculated from the equation 

V = m dO/dm + 0 

which combined with equation(5.10.2) gives 

V = 
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Thus in glycol at 25°C 

VKC1 = 31.75 + 2.25 RE 

For the anion experiments and for the most concentrated 

solution (0,05N 01) 

VKel = 32.0 

As VAg = 10.3 

VAgC1 = 25.8 

and using the equation given in the Introduction Section: 

AV = VAgCl - VAg - TK417KCl 

= 25.8 - 10.3 - 0.4758 x 32 = 003 

The volume correction will be 

CAV/1000 = 1.5 x 105  

which is negligible. 

Similarly for the cation runs and for the same concentration 

of KC1 

= 32  
therefore 

AV = -0.3 

and the volume correction will be -1.5 x 10-5  which again is 

negligible. 

H 1 
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5.11 PRELIMINARY RUNS 

The purpose of these experiments was to find out which 

following electrolytes gave visible boundaries with a leading 

solution of KCl and, in the affirmative cases, to see under what 

conditions they were stable and to list them in order of visibility. 

In order to decide whether to use the rising or falling 

boundary cell, the ion mobilities and density data in water were 

used since no values were available for glycol. When not even 

aqueous values were available, both falling and rising boundaries 

were looked at. 

The following tables give a summary of all the preliminary 

runs done in ethylene glycol at 25°  t 0.01°C. The leading solu-

tion was usually 0.02N potassium chloride. 

It was thought that the boundary disappeared, when the anode 

was a platinum wire, because the hydrogen ions generated there 

were faster than the potassium ions and reached the boundary, 

disturbing it. This could be the explanation in the case of 

barium chloride, and perhaps also cadmium chloride, but for lead 

chloride the boundary disappeared both when platinum and silver 

were used. 

The cation transport number of KC1 in water-glycol mixtures 

has been measured by Erdey-Grilz and Majthenyi (98) at 5°C and 

25°C using an autogenic cell and a cadmium rod as the anode. 

In spite of that, in these preliminary runs, no boundary was 
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TABLE ,5.11.1 

Cation Runs with 0.02 N KC1 at 25°C - Rising "Doundary 

Following Soln. Normality Current (pA) Anode Result 

CdC12 0.019 30-177 Cd Very poor boundary 

CdC12 0.019 30-177 Pt No boundary 

PbC12 0.019 78-89 Ag Good boundary, but after some 

PbC12 0.019 78-89 Pt changed shape & disappeared .. .time 

(C2H5)4Nc1 0.019 30-50 Pt No boundary 

BaC12 0.019 50-89 Pt Good boundary. 	Disappeared 

after some time 

BaC12 0.019 50-89 Ag Good boundary 

C6H5(CH3)3NC1 0.019 38-78 Pt No boundary 

(C4H9)4NI 0.019 30-40 Pt No boundary 

(C2H5)4NC1 0.02 30-105 Pt No boundary 

&lel2 0.019 40-92 Pt No boundary 

CuCl2 0.019 30-51 Cu A boundary appeared at about 

CuCl2 0.019 30-51 Ag 38FA that disappeared after 

some time 

CoC12 0.019 34-64 Ag No boundary 

MnC12 0.019 42-65 Ag No boundary 

smgc12  0.025 30-80 Pt No boundary 

* Using 0.03N KCl 

Cathode - silver chloride. This was always the closed compartment 

whenever the anode was Pt wire, but in the other cases the anode 

compartment was closed. 



TABLE 5.11.2  

Cation Runs with 0.02 N KC1 at 25°C - Falling boundary 

Following Soln. Normality Current (2A) Anode Result 

LiC1 0.018 30-111 Pt No boundary 

LiC1 0.012 4o-106 Pt No boundary 

*NaC1 0.022 30-70 Pt No boundary 

/1(C2H5)4NC1 0.022 30-80 Pt No boundary 

* Using 0.03 N KC1 

Cathode - silver chloride (closed) 

TABLE 5.11.1 

Cation Runs with 0.02 N KC1 at 25°C - Autogenic boundary 

Current ()a) Anode Result 

363 

90-190 

Cd 

Cu 

H 
No boundary 

No boundary 
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Cathode - silver chloride (open) 



TABLE 5.11.4 
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Anion Runs with 0.02N KCl at 25°C - Rising boundary 

Following SOln. Normality Current (.1A) Cathode Result 

c6H2(NO2)30K(KPic) 0.019 12-76 Pt Very good boundary 

C6H5COOK 0.019 40-70 Pt No boundary 

c6H5SO5K 0.019 30-80 Pt No boundary 

HCOOK 0.019 4o-8o Pt No boundary 

C20H1005Na2(NaFlu) 0.01 16-39 Pt Two boundaries (see text) 

C
6
H
2
I
3
COOH (HTB) 0.019 14-64 Pt Very good boundary 

Anode - Araldited silver rod (closed) 

KPic - potassium picrate 

HTB - 2, 3, 5, tri-iodobenzoic acid 

NaFlu - fluorescein sodium salt 

TABLE 5.11.5 

Anion Runs with 0.02 N KC) at 25°C - Falling boundary 

Following Soln. Normality Current (yA) Cathode Result 

C6H5COOK 0.019 40-50 Pt No boundary 

Anode - Araldited silver rod (closed) 
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visible under the same conditions (Table 5.11.3). This could 

possibly be due to the small amount of water present in the litera-

ture work, water which helped the dissociation of CdC12 which 

otherwise might be a very weak electrolyte. 

Four systems seemed to show promise: 

Anion rising boundary: 

KC1E--KPic 

KC1E---HTB 

KC] -NaF1u 

  

Cation rising boundary: 	KC1(--BaC12  

5.12 RUNS WITH AQUEOUS KC1 SOLUTIONS 

In view of the results obtained in the preliminary runs it was 

decided to use the system Kelt 	KPic for anion runs and KC1f.--BaC12 

for cation runs in glycol. 

To check the cell, the technique, and the purity of the salts 

it was decided to carry out some runs with aqueous solutions which 

could be compared with the ones given in the literature. 

5.12.1 Cation runs 

0.05 N KC1 was used because it gave a nice visible boundary. 

The Kohlrausch concentration of BaC12 was calculated using TBa
++ 

0.431
7 

given by Jones and Dole (118). The electrodes used were: 
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Anode - Araldited silver rod (open) 

Cathode - Ag/AgC1 (closed) 

The results of the first few runs were not reproducible nor 

equal to the value of 0.4899 given by Longsworth (7). In order 

to find the reason for this anomaly, some runs were done with 

different types of electrodes. 

Silver anodes were prepared by the following methods: 

(i) A silver rod was araldited into a Pyrex tube as shown in 

fig. 5.12.1. 

(ii) A platinum foil electrode of approximately 1 cm2 area 

(shown in fig. 5.12.2) was plated with silver using a solu- 

tion 1% (w/v) in KAg(CN)2  and 0.02% (w/v) in KCN by passing 

a current of 	mA for 21 hours in order to get a very smooth 

surface. A salt bridge to the anode was filled with the same 

mixture. The anode was a platinum wire. 

Silver chloride cathodes were prepared as follows: 

(i) A platinum wire 0.05 cm in diameter and 0.4 cm long was 

sealed into a soda-glass tube and dipped several times 

into molten silver chloride until all the platinum was 

covered with AgCl. 

(ii) A silver rod 0.35 cm in diameter and 1.5 cm long was aral-

dited into a Pyrex tube. Part of the silver was converted into 

Aga by electrolysing in a 0.05 N KC1 solution for about 2i hours 

with a current of ca. 1.7 mA. The cathode was a platinum wire. 
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119. 

(iii) A platinum electrode was silver plated as described in the 

second method of preparing silver anodes, after which some 

of the silver was converted to AgC1 by electrolysis in 

0.05 N KC1 solution using a current of ca. 1 mA for about 4 

hours. 

The reasons for s11  these trials were to see if AgC1, after being 

molten, had changed in structure, and also if there was any kind 

of reaction, expansion or contraction by the araldited silver rod. 

The effect of closing either the anode or the cathode section, so 

that the boundary moved from or towards the closed section, was 

tried too but without success since the values were scattered 

mainly around 0.4868 and exceptionally got to 0.4917 while the 

value reported in the literature for TK+ was o.4899. 

After these attempts the way of forming the boundary was 

looked at. According to whether the four-way tap was filled with 

leading or following solution, the rising boundary could be formed 

at the bottom of the moving boundary tube, or on the side of the 

tap obliging the boundary to move through the main tap. No better 

results were obtained by either procedure because the values obtained 

were still irreproducible. 

The possibility of leakage was then tested. It was found 

that one of the cones of the electrodes did not fit properly into 

the cell socket, and both it and the other one were changed. After 

that the main tap was found to leak slightly and was therefore 
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removed and a new one substituted. Even after all these changes 

the results were not satisfactory because they were between 0.4925 

and 0.4899,the reported value in the literature. However, at this 

stage the values were much too high while before changing the main 

tap and sockets they had been too low. 

Two different greases, silicone and Apiezon L, were used to 

lubricate the main stopcock and cone on the closed compartment, 

but this change made no difference. 

Until then the cell was always dried with a vacuum pump, all 

the entrances having been closed with Kleenex tissue. Then dry 

nitrogen had been passed for about half an hour. Now, only dry 

nitrogen was used and the results then became reproducible and 

corresponded to the literature value (0.4899). Thus dust appeared 

to have been drawn into the cell by the pump through the Kleenex 

tissue, and adhered to the cell walls. 

The final results, using 0.05 N KC1 and two different con-

centrations of purified BaC12  and "AnalaR" CdC12  were: 

Following solution TK+ 

0.044 N BaC12  0.4898 

0.046 N BaC12 0.4895 

0.044 N CdC12 0.4907 

Average 0.4900 

Literature 0.4899 (108) 

0.4900 (119) 



the electrodes were: 

Anode - Araldited silver rod (open) 

Cathode - Ag/AgC1 (closed) 

The grease used was Apiezon L. 

5.12.2 Anion runs 

These runs were carried out with 0.02 N 01 and 0.012 N KPic 

solutions. The Kohlrausch concentration was calculated from the 

limiting equivalent conductivities of le and Pic-  in water at 

250C (8, p.465). The electrodes were: 

Anode - Araldited silver rod (closed) 

Cathode - Ag/AgC1 (open) 

Using Shamim's (108, p.62) advice, silicone grease was used instead 

of Apiezon L. 

Three runs were carried out to test the effects of fresh 

leading and following solutions, and the anion transference numbers 

were 0.5102, 0.5100 and 0.5098 , The average was 0.5100. This may 

be compared with the value of 0.5099 given by Longsworth (7), 

After these tests of the cell, electrodes and chemicals, 

runs were started with ethylene glycol solution. 

121. 
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6 PART III 

6.1 ANION RUNS WITH POTASSIUM PICRATE AS FOLLOWING ELECTROLYTE 

After the previous experiments it was decided to begin runs 

with glycol. Of the three possible following electrolytes, the best 

boundary was formed by potassium picrate (KPic) and this was 

accordingly chosen as the first indicator. The potassium chloride 

and KPic were purified and stored as stated in chapter 5.8.3. As 

no data for limiting equivalent conductivities of le and Pic ions 

in glycol were available, the values in water at 25°C were used to 

start with, in order to estimate the picrate transference number 

and hence the Kohlrausch concentration of picrate. 

(i) Runs with 0.035 N KC1 

This was the highest possible concentration of KC1 because of 

the limited solubility of KPic in glycol. 

The estimated Kohlrausch concentration for this concentration 

of KC1 was found to be 0.019
5 

N. EXperiments using KPic Solutions 

with initial concentrations 5% lower and 6% higher than this value 

were carried out and the results obtained are given in Table 6.1.1. 

(ii) Runs with 0.02 N KC1 

The Kohlrausch concentration in this case was estimated to be 

0.011 N, and runs with this concentration and also with initial 

indicator concentrations 5% lower and 10% higher than this value 



TABLE 6.1.1 

Anion runs with 0.035 N KC1 at 25°C 

KC1 

normality 

KPic 

normality 

Current 

()2A) (obs.) (corr.) 

0.0348 0.0195 42 0.5279 0.5278 

0.0348 0.0195 147 0.5276 0.5275 

0.0349 0.0195 148 0.5276 0.5275 

0.0348 0.0195 207 0.5276 0.5275 

0.0348 0.0186 148 0.5280 0.5279 

0.0348 0.0186 206 0.5274 0.5273 

0.0348 0.0206 43 0.5277 0.5276 

0.0348 0.0206 208 0.5276 0.5275 

__1 

Silicone grease 

Electrodes: Anode - Araldited silver rod (closed) 

Cathode - Pt wire (open) 

Corrections: Standard cell potential -0.0002 

Solvent correction 	+0.0001 

Volume correction 	negligible 

Glycol: 	Water content 	1.5 x 102 mole 1-1 

-8 -1 -1 Specific conductance 	2.9 x 10 ohm cm 
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TABLE 6.1.2  

Anion runs with 0.02 N KC1 at 25°C 

KC1 

normality 

KPic 

normality 

Current 

()1A) 
(obs.) (corr.) 

0.0200 0.0117 45 0.5275 0.5274 

0.0200 0.0117 107 0.5269 0.5268 

0.0200 0.0117 166 0.5276 0.5275 

0.0200 0.0106 107 0.5277 0.5276 

0.0200 0.0122 107 0.5279 0.5278 

Silicone grease 

Electrodes: Anode - Araldited silver rod (closed) 

Cathode - Pt wire (open) 

Corrections: Standard cell potential -0.0002 

Solvent correction 	+0.0001 

Volume correction 	negligible 

Glycol: 	Water content 	4.0 x 103 mole 11 

- 8 	- 1 - 
Specific conductance 	4.o x lo ohm cm

1  

Resistance of the cell after the run 20 megohm 
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were carried out. All the results are given in Table 6.1.2. 

(iii) Runs with 0.01 N KCl 

In this case only two concentrations for the following 

solution were used, the Kohlrausch concentration and one 5% 

higher than this value. The results obtained are summarized in 

Table 6.1.3. 

(iv) Runs with 0.005 N KCl 

For this concentration of leading solution the Kohlrausch 

concentration was estimated to be approximately 0.002
9 

N. Experi-

ments using this value, and initial picrate concentrations 5% 

lower and 4% higher, were done. The values obtained under these 

conditions are shown in Table 6.1.4. 

Inspection of these Tables shows that the current range 

used to study the current dependence decreased with decreasing 

concentration. This was mainly due to two reasons: the impossibility 

of getting currents lower than about 30 pA from the constant current 

regulator, and the impossibility of further increasing the current 

because of the high resistance of the cell and the consequent high 

joule heating which caused the boundary to become curved. For 

0.005 N KCl solutions the current was limited also by the limited 

voltage (5000 volts) available from the power pack. 

Fig. 6.1.1 shows the variation of the anion transference number 

of KCl with current. We see that for 0.035 N KCl there is a slight 
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TABLE 6.1.3  

Anion runs with 0.01 N KC1 at 25°C 

KC1 

normality 

KPic 

normality 

Current 

()La') 

T01- 

(obs.) (corr.) 

0.0101 0.0058 53 0.5268 0.5268 

0.0101 0.0058 99 0.5266 0.5266 

0.0101 0.0058 103 0.5267 0.5267 

0.0101 0.0061 64 0.5259 0.5259 

0.0101 0.0061 98 0.5271 0.5271 

0.0101 0.0061 109 0.5266 0.5266 

Silicone grease 

Electrodes: Anode - Araldited silver rod (closed) 

Cathode - Pt wire (open) 

Corrections: Standard cell potential -0.0002 

Solvent correction 	+0.0002 

Volume correction 	negligible 

Glycol: 	Water content 	7.6 x 10 2  mole 1 1  

-8 -1 -1 
Specific conductance 	2.8 x 10 ohm cm 
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TABLE 6.1.4  

Anion runs with 0.005 N KC1 at 25°C 

KC1 

normality 

KPic 

normality 

Current 

()IA) 

TCl- 

(obs.) (corr.) 

0.0050 0.0029 34 0.5285 0.5286 

0.0050 0.0029 53 0.5284 0.5285 

0.0050 0.0029 54 0.5285 0.5286 

0.0050 0.0027 5o 0.5285 0.5286 

0.0050 0.0027 62 0.5276 0.5277 

0.0050 0.0030 33 0.5281 0.5282 

0.0050 0.0030 5o 0.5266 0.5267 

Silicone grease 

Electrodes: Anode - Araldited silver rod (closed) 

Cathode - Pt wire 

Corrections: Standard cell potential -0.0002 

Solvent correction 	+0.0003 

Volume correction 	negligible 

- Glycol: 	Water content 	9 x 10-3 mole 11  

-8 -1 -1 Specific conductance 	2.3 x 10 ohm cm 
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increase of T
Cl- with decreasing current whilst for 0.010 N con-

centration T
Cl- decreases. At 0.005 N the slope is not certain 

because the points are scattered, becoming difficult to define a 

line. 

In fig. 6.1.2 Tn.- has been plotted against vr to test the 

1111-H-0 equation. The experimental slope through the three highest 

points is 0.019 while the theoretical slope (eq. 	1.3.7  ) is 

0.011. Not only is this agreement worse than might be expected, 

but also the point of lowest concentration is far off the line 

joining the other points. As a result of these findings, the 

picrate results were regarded as being suspect and confirmation 

of their validity was sought in other ways. 

A possible reason for the strange results obtained with 0.005 

N KC1 could be that the concentration, estimated from mobility 

data in water, was far from the correct one. In order to analyse 

the solution behind the boundary directly a modified cell was 

built as shown in fig. 6.1.3. Comparing this diagram with that of 

the cell used in the runs it may be noted that the boundary tube 

here is wider, and open at the upper end in order to permit the 

solution to be removed from the tube through B. The experiment 

was carried out under the same conditions as before, i.e. the same 

grease, the same electrodes and with the boundary moving towards 

the closed compartment. When the boundary reached the top of the 

boundary tube the cell was quickly removed from the thermostat and 
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the main stopcock closed to prevent the boundary being disturbed. 

The anode and the stopper were carefully removed from A and B res-

pectively, and the potassium chloride solution was removed with a 

capillary tube using the following technique. The capillary tube 

was introduced into the KC1 solution and then connected to a vacuum 

pump. The solution was taken out slowly because of its viscosity 

and the narrowness of the tube. The tube was then disconnected 

from the pump and removed from the cell, and the solution did not 

fall on account of its viscosity. This operation was repeated for 

the top layer of KPic solution, which was discarded because it 

could have been contaminated with KC1 solution. After that, another 

clean capillary tube was inserted into the KPic solution and ca. 

1 ml was sucked out by the same technique. Then the tube was 

disconnected from the pump and the solution poured out into a 

small dried flask by dry nitrogen pressure. The concentration of 

the sample was determined spectrophotometrically at 360 nm where 

the spectrum shows a maximum (fig. 5.8.3.1). The following Table 

gives the results obtained in a calibration. 

KPic Normality x 105  Absorbance 

2.14 0.3608  

3.56 0.568 

4.90 0.810 

5.33 0.860 

6.69 1.073 
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Fig. 6.1.4 shows that all the points fall on a straight line through 

the origin; the slope gives the extinction coefficient at 360 nm 

. 
as 1.63 x 10

4 1 equiv.-1  cm-1  which agrees very well with the value 

of 1.65 x 10
4 
obtained earlier (Chapter 5.8.3). 

The Kohlrausch analysis was done for 0.02 N KCl and 0.005 N 

KC1 runs. In these experiments the samples of KPic solution had 

to be diluted 1000 and 100 times respectively in order to obtain 

concentrations of the order of 105  N. For this purpose a micro-

meter syringe was used and the solutions were prepared in calibrated 

flasks and in a thermostat at 25°C. For 0.02 N KC1 runs, solutions 

containing both the expected Kohlrausch concentration and the one 

behind the boundary were diluted and analysed. The respective 

absorbances were 0.159 and 0.177. From the calibration curve, the 

absorbance of 0.159 corresponds to a concentration of KPic of 0.998 

x 102 N which was the concentration of KPic used in the run and 

the absorbance of 0.177 corresponds to a concentration of KPic 

of 1.08 x 10 2  N which agreed with 1.1 x 10 2  used in the actual 

runs. 

For 0.005 N, using the same technique, the Kohlrausch solution 

behind the boundary was found to have a concentration of 2.8 x 10-3  

N which agreed with the value of 2.9 x 103 N used in the runs. 

The poor agreement of the results with the expectations of 

the D-H-0 theory was therefore not caused by an incorrect choice 

of the initial KPic concentrations. 
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Shamim (108, p.109) studied the effect of the light in the 

work done with transference numbers of HPic in water. In the 

present case in order to avoid this effect the light was only on 

the least time possible to get the readings done. The solutions 

were kept in the dark. 

6.1.1 Effect of water on the anion transference number 

After the runs with 0.02 N KC1 had been completed, it was 

decided to determine the effect of water in the glycol on the anion 

transference number, both for intrinsic interest and to enable 

comparison with literature results for slightly aqueous glycol. 

For these reasons various water-glycol solutions were prepared and 

used as solvent both for the leading 0.02 N KC1 solutions and the 

following 0.0124 N KPic solutions, of concentration 10% higher 

than the expected Kohlrausch concentration. The temperature, 

electrodes, closed compartment and grease were the same as before. 

The current chosen was 108,y1A. Table 6.1.1.1 summarizes the results. 

In order to apply the solvent correction, the conductivity 

of the water-glycol mixtures and KC1 solutions was measured with 

a conductivity cell (cell constant 0.128 cm-1). It might be 

pointed out that the measured specific conductivity of the 

KC1 solution with 0.004 M water agreed with the specific conductivity 

of 0.02 N 01 in glycol given by Kirby and Maass (85). 



TABLE 6.1.1.1  

Effect of water on T01- 

Glycol 

112.0:  
mole2  1-1 

KC1 

k 

ohm". 1  cm-1 	4  x 10 

..Solvent 

correction 

TCl- 

Water content 

mole 1-1  
k 

ohm -1  cm-1 x 108  

(obs.) (corr.) 

0.0040 4 0.06
3

1.70  -0.0001 0.52(4 0.5278 

0.0350 16 0.18
7 

1.81 	(b) 0.0000 0.5277 0.5275 

0.0650 19 (a) 0.25
5  

1.8
7 (b) 

+0.0001 0.5275 0.5272 

0.480 48 0.69
3  

2.3 +0.0009 0.5248 0.5255 

0.720 70 0.84
9 

2.4
3 

+0.0015 0.5237 0.5250 

Corrections: standard cell potential 	-0.0002 

volume correction 	negligible 

(a) Interpolated from fig. 6.5.2.1 

(b) Interpolated from fig. 6.5.2.2 
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Fig. 6.1.1.2 shows that the plot of transference number 

versus water molarity falls on a smooth curve whose limiting tangent 

has a value -9.7 x 1073 mole-1 1. In comparison, fig. 6.1.1.3 

shows a plot, against water molarity, of the transference number 

obtained by Erdey-Gra and Majthnyi (98). These values fell on 

a curve whose limiting tangent has a value -6.1 x 10-3 mole
-1 

1. 

Plotting the transference numbers measured in the present work 

versus square root of water content gave a straight line of slope 

-3.6 x 10-3  mole 2  12  and with an extrapolated value at zero water 

content of 0.5281 (fig. 6.1.1.4). In the same way, when the trans-

ference numbers obtained by Erdey-Grxlz and Majthgnyi were plotted 

against the square root of water content they fell on a straight 

line for the more diluted solutions whose slope is much bigger 

(-11.9 x 10-3  mole-1  11)  and with an extrapolated value at zero 

water content of 0.550.(fig. 6.1.1.5). 

However, as stated earlier, Erdey-Gruz et al. used autogenic 

boundaries only and were therefore unable to test the dependence 

of transference numbers on indicator concentration. Longsworth (7) 

in his work done with HC1 in water using an autogenic boundary with 

cadmium as anode found that the values were higher than those 

obtained with sheared boundaries. 
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6.1.2 Analysis of cathode compartment 

During the runs, a red compound appeared around the Pt wire 

cathode. It was found in the literature (120) that the reduction 

of picric acid gives picramic acid (2 amino 4,6 dinitrophenol) 

which is dark red. On the other hand, Lingane (121) found, using 

coulometric analysis as a complement of a polarographic reduction 

of picric acid, that its complete reduction gives 3,5 3,,5,  

tetramino 4,4,  dihydroxo-hydrazobenzol. 

It was decided to test the hypothesis that the red substance 

was potassium picramate, and for this purpose the spectra of KPic 

and picramic acid, supplied by B.D.H. (its potassium salt was not 

available), were determined and are shown in fig. 6.1.2.1. In the 

same fig. (curve III), the spectrum of the cathode solution using 

1.15 x 10-4 N KPic as a blank is given. This spectrum differed 

from that of picramic acid, probably because the amount of potassium 

picramate was very small compared with that of KPic in the solution. 

Knowing that the total absorbance is the algebraic sum of the 

absorbances of the components at each wavelength, it is possible 

to write: 

- Absorbance = 6KPic 
C
KPic + 8KPicram CKPicram 	6KPic 

(1.15x10 4) (6.1.2.1)  

Absorbance = EKpic  (Cluoic  - 1.15 x 10-4) + EIPicram CKPicram 

At 285 nm 

EKpic = 0.096/4.9 x 10-5  = 1.96 x lo3; KPicram = 1.030/8 x 10-5- 1* 29  x 104  6  
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At 360 nm 

is = 0.810/4.9 x 105  = 1.65 
x 104; PKPicram  . 0.408/8 x 10-5  5.10  x 10

3  
-  

Inserting these values into the above equation and solving 

ciTic 15.14 x 10
-5 m 

CrPicram = 3.31 x 10
-6 M  

Putting these concentration values into the above equation at a 

number of wavelengths, it was possible to calculate the absorbances 

expected and to compare them with the experimental absorbances. 

The results are given in fig. 6.1.2.2, which also shows the spectrum 

obtained with a solution of 3.31 x 106  M picramic acid and 1.51 x 

104 m KPic in glycol using 1.15 x 10 4 m KPic solution as a 

blank. While the agreement between the experimental absorbances 

and the theoretical ones is quite good, apart from the extreme ends 

of the spectrum, the spectrum of the solution of picramic acid and 

potassium picrate was displaced and the relation between both 

spectra was not constant. Probably this discrepancy was due to 

the use of picramic acid instead of the potassium picramate which 

actually existed in the cathode solution. 

After the experimental work had been completed, Dunning and 

Bennion (125, pp. 28, 45) published their work on the reduction of 

meta-dinitrobenzene in dimethylsulphoxide at a Pt rotating disk 

electrode. They observed that in the absence of a proton donor 

a red substance, soluble in the solvent, appeared on the surface 
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of the electrode. When the electrode was motionless, the red 

product floated upwards. This was a radical anion formed by the 

reduction of the meta-dinitrobenzene. It is possible that an 

analogous, coloured radical anion is formed by the reduction of 

picrate in glycol. 

6.2 FLUORESCEIN SODIUM SALT AS FOLLOWING ELECTROLYTE 

Because of the unexpected results, especially at 0.005 N KC1, 

for the anion transference numbers using KPic as indicator solution, 

another following solution was tried. 

In the preliminary runs, fluorescein solution (NaFlu) had 

given two boundaries: a very good one and another very faint one. 

It was thought that the latter might have been caused by an 

impurity, and the salt was therefore purified and stored as des-

cribed in Chapter 5.8.2. Two runs were carried out using 0.02 N KC1 

followed by 0.009 N and 0.005 N NaFlu respectively. As the trans-

ference number of the fluorescein ion was not available in the 

literature, an estimate of it was arrived at as follows: picrate 

and fluorescein ions were built up using "Stuart Models" and, from 

the ratio radius of Pic-,/radius of Flu= 0.76 thus found and 

knowing the Kohlrausch concentration of Pic-, it was possible to 

estimate the Kohlrausch concentration of Flu-  (0.0084  N) in glycol. 

This corresponds to ;au- of the potassium salt of 0.211. 

The grease used was silicone and the electrodes were an 

144. 
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araldited silver rod as anode (closed section) and a platinum wire 

as cathode (open compartment). Currents in the range 15pA to 200/A 

were tried but no sharp boundary was visible in either case, just 

a diffuse area in the shape of an inverted "V" for the higher current 

and an inverted "U" for the lower one. 

It would therefore appear that the substance giving the visible 

boundary in the preliminary experiments was an impurity in the salt, 

which was removed during the process of purification. 

6.3 CATION RUNS WITH GLYCOL 

It was shown in the previous chapter that the anion trans-

ference numbers obtained with picrate as indicator did not seem 

to be reliable. The results were therefore checked by measuring 

the cation transference numbers of KC1. For these runs, BaC1
2 

was the only good choice as following electrolyte as shown in the 

preliminary experiments. No values of mobility or transference 

number of barium ion in glycol were known and, in order to obtain 

the Kohlrausch concentration, the transference number of Ba++  in 

aqueous BaC12  solution (4, p.85) was used. This method of getting 

the estimated Kohlrausch concentration seemed promising since, in 

the case of picrate, the value so obtained had agreed well with the 

directly measured one. For 0.02 N KC1, the expected Kohlrausch 

concentration for BaC12  was 0.0178  N. Experiments were carried out 

using the Kohlrausch concentration itself and 5% lower and higher 
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values. As seen in Table 6.3.1 and fig. 6.3.1, the values were 

not reproducible and on the whole too high when compared with the 

value of 0.5274 for the anion transference number at this concentra-

tion. Various types of anode and two different greases (silicone 

and Apiezon L) were tried, and the closed compartment was changed 

as well. 

In view of these unsatisfactory results it was decided to 

check the proper concentration of the BaC12  solution. Two ways 

of analysing small volumes of barium in solution were possible: 

flame photometry and micro-gravimetric analysis. The latter 

method, kindly carried out for us by Dr Pantony in the Materials 

Science Analytical Laboratory in the Royal School of Mines, was 

used for analysing the BaC12  solution behind the boundary in 0.02 N 

KC1 runs, and flame photometry, which was kindly done by Mr Sargent 

in the Analytical laboratory in the Chemistry Department, for 

experiments later done with 0.05 N KC1 solutions. In both cases 

the cell and technique of collecting the solution behind the boun-

dary were the same as described in the previous chapter for the 

analysis of KPic solution. The results of the BaC1
2 analysis were 

0.013 N with 0.02 N KC1 leading instead of 0.0178  N as estimated 

from the transference number in water, and 0.0332  N when the leading 

KC1 solution was 0.05 N. The results given by the two methods 

of analysis were concordant, with Kohlrausch ratios of 0.65 and 

0.66 respectively. 
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TABLE 6.3.1 

Cation runs with 0.02 N KC1 at 25°C 

KC1 

normality 

BaC12 

normality 

current 

(i4A) 

grease Anode 

(abs.) (corr.) 

0.02004 0.0178  78.5 Apiezon L Pt wire (open) 0.4753 0.4752 

0.02004 0.0178  120 Apiezon L Pt wire (open) 0.4754 0.4753 

0.0200
3 

0.0170 76 Apiezon L Pt foil silver plated 0.4766 0.4765 
(closed) 

0.0200
3 

0.0170 123 Apiezon L Pt foil silver plated 0.4765 0.4764 
(closed) 

0.0200
3 

0.0170 123 Apiezon L Pt foil silver plated 0.4762 0.4761 
(closed) 

0.0200
3 

0.0170 125 Apiezon L Pt foil silver plated 0.4762 0.4761 
(closed) 

0.0200
3 

0.0170 106 Apiezon L Pt wire (open) 0.4757 0.4756 

0.0200
3 

0.0170  126 Apiezon L Ag rod (closed) 0.4768 0.4767 
0.0200

3 
 0.0170 121 silicone Pt wire (open) 0.4755 0.4754 

0.02002 0.0187  85 Apiezon L Pt wire (open) 0.4754 0.4753 

0.02002 0.018
7 

125 Apiezon L Pt wire (open) 0.4762 0.4761 

0.01996 0.018
7 

125 Apiezon L Ag rod (open) 0.4753 0.4752 

0.02002 0.018
7 

125 Apiezon L Ag rod (closed) 0.4765 0.4764 
0.01996 0.0187 132 Apiezon L Pt wire (open) 0.4749 0.4748 

0.02002 0.018
7 

127 silicone Ag rod (closed) 0.4767 0.4766 
0.02002 0.018

7  
128 silicone Pt wire (open) 0.4759 0.4758 

Cathode - silver chloride 

Corrections: Standard cell potential -0.0002 

Solvent correction 	+0.0001 

Volume correction 	negligible 

Glycol: 	Water content 	4-6 x 10-2  mole 1 
Specific conductance 	2.3-5 x 10 ohm cm 



(i) Runs with 0.02 N KC1 solution 

A new series of runs was now carried out with three different 

concentrations of BaC12: the experimentally determined Kohlrausch 

concentration, and ones 4.6% higher and 14% lower respectively. 

As before, the effect of the grease was tested but no difference 

was noticed. As table 6.3.2 shows, the results were now quite 

reproducible so that the earlier scatter was caused by an incorrect 

estimate of the Kotlrausch concentration. 

(ii) Runs with 0.05 N KC1 solution 

Two different concentrations of BaC12 were used: the expected 

Kohlrausch concentration and one 6.9% higher than this value. 

Silicone and Apiezon L greases were used but no difference was 

noticeable. Table 6.3.3 gives the results. 

(iii) Runs with 0.01 N KC1 solution 

In this case no direct analysis for BaC12  was done and the 

Kohlrausch concentration was estimated by assuming that the Kohl-

rausch ratio was the same as at the other two concentrations. The 

expected value was 0.0065  N and this concentration and another one 

5% higher were used. 

The results are given in Table 6.3.4. 

Looking at fig. 6.3.2, it is noticeable that the range of 

current studied decreased with decreasing concentration because 

149. 
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TABLE 6.3.2 

Cation runs with 0.02 N KCl at 25°C 

KCl 

normality 

BaC12 

normality 

Current 

(2A) 

TKt 

(obs.) (corr.) 

0.02001  0.0130  
115 0.4755 0.4753 

0.0200o 0.0136 87 0.4759 0.4757 

0.02000 0.0136 123 0.4759 0.4757 

0.0200o 0.0136  124 0.4759 0.4757* 

0.02001  0.011
7  

121 0.4755 0.4753 

0.0200o 0.011
7 

122 0.4759 0.4757 

* Using silicone grease; in all the other runs Apiezon L grease 

was used. 

Electrodes: 	Cathode - Silver chloride (closed) 

Anode - Araldited silver rod (open) 

Corrections: 	Standard cell potential 	-0.0002 

Solvent correction 	negligible 

Volume correction 	negligible 

Glycol: 	Water content 	0.86 x 10-2  mole 1-1  

-8 -1 -1 
Specific conductance 	2.1 x 10 ohm cm 



TABLE 6.3.3 

Cation runs with 0.05 N KC1 at 25°C 

KC1 

normality 

BaCl2 

normality 

current 

9.1A) 

TK+ 

Cobs.) (corr.) 

0.05002 0.0332 327 0.4759 0.4757* 

0.05000  0.0332 294 0.4760 0.4758 

0.05002 0.0332 243 0.4761 0.4759* 

0.05000  0.0332 202 0.4761 0.4759 

0.05000 0.0348  295 0.4763 0.4761 

All the runs were done with silicone grease except the 

ones marked * for which Apiezon L grease was used. 

Electrodes: Cathode - Silver chloride (closed) 

Anode - Araldited silver rod (open) 

Corrections: Standard cell potential 	-0.0002 

Solvent correction 	negligible 

Volume correction 	negligible 

Glycol: 	Conductivity 	2.3 x 10
-$ 

 ohm-1  cm-1  

-1 
Water content 	1.1 and 1.3 x 102 mole 1 
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TABLE 6.3.4 

Cation runs with 0.01 N KC1 at 25°C 

KC1 BaC12 current TK+ 

normality normality (21A) (obs.) (corr.) 

0.0100 0.0065 50.4 0.4757 0.4756 

0.0100 0.0067 50.4 0.4757 0.4756 

Electrodes: Cathode - Silver chloride (closed) 

Anode 	Araldited silver rod (open) 

Corrections: Standard cell potential 	-0.0002 

Solvent correction 	+0.0001 

Volume correction 	negligible 

Glycol: - Water content 1.1 x 10-2 mole 1 1  

Specific conductance 2.3 x 10-8 ohm-1 cm-1 

Grease: 	Apiezon L 
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the boundary was not visible outside these values. No current 

dependence was noticeable for any of the concentrations studied. 

For 0.01 N KC1 only 50 pA was possible; even so, the boundary was 

very faint. Runs using 0.005 N KC1 solution were tried but the 

boundary was not visible at all. 

Comparing figs. 6.3.1 with 6.3.2, it is possible to see the 

influence of the concentration of BaC12. Using the correct con-

centration no current dependence was observed and the values are 

within the experimental error, but it is interesting that the 

cation transference number for 0.02 N KC1 is 0.4756 which is 

exactly the same as the mean value obtained before. This indicates 

that, since Tcl- + TK+ = 1.0030, the picrate results may be incorrect. 

Another anion indicator was therefore tried, as described in the 

next chapter. 

6.4 ANION RUNS WITH GLYCOL 

Potassium 2, 3, 5, tri-iodobenzoate (KTB) as following electrolyte 

After using '<Pic and NaFlu as indicators, the only other possi-

bility available for anion runs was the use of KTB, as shown in the 

preliminary experiments. 

No mobility or transference data of TB were available in the 

literature, in spite of the fact that KTB had been used by Davie*?  

Kay and Gordon (19) as following electrolyte for moving boundary 

work in methanol. Because of this difficulty, and because in the 
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case of BaC12 the estimated and measured Kohlrausch concentrations 

had differed considerably, it was decided to analyse the concentra-

tion of the solution behind the KC1 4- KTB boundary. Spectrophoto-

metric analysis was chosen for this purpose, and a calibration 

graph of absorbance versus concentration was determined at 235 nm 

(the wavelength of maximum absorbance, as shown by the spectrum of 

1.21 x 10-5 N KTB in fig. 5.8.4.1). Fig. 6.4.1 shows the calibra-

tion curve which gives an extinction coefficient of 2.71 x 104  1 

-1 	-1 
equiv cm . This agrees with the value obtained earlier (p.99 ). 

With the modified cell shown in fig. 6.1.3, a normal run was 

done with 0.020 N KCl followed by 0.012 N KTB. The closed anode 

was an araldited silver rod and the open cathode a platinum wire. 

Silicone grease was used for the tap and cones. The solution 

behind the boundary was removed as described on page 132, and 

diluted 1000 times (at 25°C) using a microsyringe and a calibrated 

measuring flask. From the absorbance of the KTB solution and the 

calibration curve, the Kohlrausch concentration was found to be 

0.0064 N. This seemed rather low wren the sizes of Pic-  and TB 

ions and the respective Kohlrausch concentrations were compared. 

Another run, this time using 0.009 N KTB, was done. Analysis of 

the indicator concentration gave 0.006
7 
 N
, 
in good agreement with 

the first run. A similar Kohlrausch analysis was also done for a 

run using 0.005 N KCl followed by 0.0017 N KTB and resulted in a 
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Kohlrausch concentration of 0.0016 N. This Kohlrausch ratio (0.32) 

agrees very well with that obtained for 0.02 N KC1 (0.33), and this 

value was therefore employed for all KC1 4— KTB runs. 

(i) Experiments with 0.05 N KC1 

For this concentration of KC1 just one concentration of the 

following solution was used, and this was 4% higher than the estimated 

Kohlrausch concentration. The resistance of the cell at the end of 

the run was approximately 10 megohms, and so quite a large rang& 

of current was possible. The boundary was visible even at a very 

low current. 

All the results are given in Table 6.4.1. 

(ii) Experiments with 0.02 N KC1 

Both silicone grease and Apiezon L were tested but no difference 

was noticed. The range of currents used was 73ip.A to 126y.A. It 

was impossible to increase the current further because the boundary 

became curved by joule heating and the values showed progression 

down. At the end of the run the resistance of the cell was 24 

megohms. Fig. 6.4.1 shows that there was no current dependence. 

The range of concentrations for the following solution was 

1.4% lower and 49% higher than the analysed Kohlrausch concentration, 

and is shown in Table 6.4.2; no difference was noticeable. 



TABLE 6.4.1  

Anion runs with 0.05 N KCl at 25°C 

KC1 

normality 

KTB 

normality 

current 

(}1A) 

TCl- 
(obs.) (corr.) 

0.05000 0.0170  320 0%5250 0.5248 

0.05004  0.0171  295 0.5254 0.5252 

0.05004 0.0171  197 0.5256 0.5254 

0.05004 0.0171  52 0.5255 0.5253 

Grease - silicone 

Electrodes: 	Anode - Araldited silver rod (closed) 

Cathode - Platinum wire (open) 

Corrections: Standard cell potential -0.0002 

Solvent correction 	negligible 

Volume correction 	negligible 

Glycol: 	Specific conductance 	2.1 x 10
-8 

ohm-1 cm-1 

-1 Water content 	1.5 x 10-2 mole 1 
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TABLE 6.4.2 

Anion runs with 0.02 N KC1 at 25°C 

KC1 

normality 

KTB 

normality 

current 

(1A) 

T CI- 

(obs.) (corr.) 

0.0200 0.0098  77 0.5243 0.5242 

0.0200 0.009 123 0.5245 0.5244 

0.0200 0.009 122 0.5246 0.5245* 

0.0200 0.008 121 0.5247 0.5246 

0.0200 o.008 73 0.5249 0.5248 

0.0200 0.007 77 0.5245 0.5244 

0.0200 0.0065 121 0.5243 0.5242* 

In the runs marked * Apiezon L grease was used; all the others 

were done with silicone. 

Electrodes: 	Anode - Araldited silver rod (closed) 

Cathode - Platinum wire (open) 

Corrections: Standard cell potential -0.0002 

Solvent correction 	+0.0001 

Volume correction 	negligible 

- Glycol: 	Specific conductance 	2.9-3.2 x 10-8  ohm-1  cm 1  
-1 Water content 	1.5-1.8 x 10-2  mole 1 



(iii) Experiments with 0.01 N KC1 

The estimated Kohlrausch concentration of KTB was used and 

one 5% higher. The highest current possible was about 50)RA. At 

a higher current (63yA) the boundary became too curved, the Agel 

formed at the anode fell off, and the transference number was too 

low (0.5230) compared with the values at lower currents. The 

lowest current possible was about 31 1Abecause of the limitations 

of the constant current regulator. The resistance of the cell at 

the end of the run was 47 megohms. The results are shown in 

Table 6.4.3. 

(iv) Experiments with 0.005 N KC1 

In this case three different concentrations of KTB were used: 

The Kohlrausch concentration, 9.4% higher and 3% lower than this 

value. 

Under normal conditions, 30)4A was the only current possible 

because: 

(a) The constant current regulator did not give a smaller current, 

(b) the next higher setting of the regulator would have required 

a voltage higher than the 5000v maximum output of the power 

pack (the cell resistance was about 94 megohms). 

To avoid this problem, a 30 megohm resistance was built into 

the constant current regulator in parallel with the cell and 

standard resistance as shown in fig. 6.4.2. With this device 

160. 
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TABLE 6.4.3 

Anion runs with 0.01 N KC1 at 25°C 

KC1 

normality 

KTB 

normality 

current 

(PA) 

TCl- 

(obs.) (corr.) 

0.0100 0.0034  50.4 0.5238 0.5237 

0.0100 0.0034  42.0 0.5238 0.5237 

0.0100 0.0034  34.0 0.5234 0.5233 

0.0100 0.0032  52 0.5236 0.5235 

0.0100 0.0032  32 0.5244 0.5243 

Grease - Silicone 

Electrodes: 	Anode - Araldited silver rod (closed) 

Cathode - Platinum wire (open) 

Corrections: Standard cell potential -0.0002 

Solvent correction 	+0.0001 

Volume correction 	negligible 

Glycol: 	Water content 	1.2 x 10-2 mole 1-1  

Specific conductance 	2.2 x 10-8 ohm-1 cm-1 
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it was possible to obtain a current of about 20 uA. 

Table 6.4.4 shows all the results obtained. 

Fig. 6.4.2 shows graphically all the results and it is 

observed that for the two more dilute solutions a slight current 

dependence was noticed. 

There is a difference of 0.5
7
% in the anion transference number 

results given by KPic and KTB following solutions. There is no 

apparent reason for this difference. The only way to test which 

one was the more likely was by measuring the cation transference 

number and this favoured the results given by KTB as following 

solution. 

Although Longsworth (122) suggested that "the velocity of the 

boundary is independent of the following radical", some cases are 

known where this is not observed. For example Denison and Steele 

(123), got different results when they measured the transference 

number of KC1 in water by moving boundary for 1.0 N KCl which is 

a quite concentrated solution. 

Concentration of KC1 

1.0 N 

0.1 N 

Following 6uln. 

K acetate 

K formate 

K acetate 

K formate 

T
Cl
- 

0.508 

0.513 

0.508 
0.508 

Hittorf method 

0:514 

0.508 

Kell (124), in his measurement of the cation transference 

number of 0.01 N HC1 in water at 25°C, obtained different results 



TABLE 6.4.4 

Anion runs with 0.005 N KC1 at 25°C 

KC1 

normality 

KTB 

normality 

current 

(uA) 

TCl- 

(obs.) (corr.) 

0.0049
9 

0.0018 33.7 0.5239 0.5239 

0.0049
9 

0.0017 34.0 0.5230 0.5230 

0.0049
9 

0.0017 33.0 0.5235 0.5235 

0.00500 0.0017 21.0 0.5236 0.5236 

0.00500  0.0017 19.4 0.5235 0.5235 

Grease: 	Silicone 

Electrodes: 	Anode - Araldited silver rod (closed) 

Cathode - Platinum wire (open) 

Corrections: Standard cell potential -0.0002 

Solvent correction 	+0.0002 

Volume correction 	negligible 

Glycol: 	Water content 	1.3 x 102 mole 1-1 

-8 -1 -1 Specific conductance 	2.3 x 10 ohm cm 
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when the following electrolyte was BaC12  (0.8245 i 0.0001) and when 

it was KC1 (progression and a transference number of 0.822). These 

are two examples showing that sometimes different transference 

numbers are obtained with different following solutions. In this 

work a similar fact was obtained, different values for T01(KC1) in 

glycol being found when using KPic or KTB as following electrolytes. 

6.4.1 Analyses of the anode compartment 

To check if glycol was oxidized to aldehyde at the anode, 

the pH of the KC1 solution used in a KC1*--KTB run and the pH of 

the anodic solution after the run were measured. As the Beckman 

glass electrode did not respond in glycol, both solutions were 

diluted in the same way (1 part of solution to 5 parts of conduc-

tivity water). The results were: 

pH of KC1 solution (0.0050 N) = 5.51 OD 

r7; 

L
4 

l ji = 3.09 x 106 N. 

pH of anodic solution = 5.487  :.ij1412  = 3.26 x 10-6  M. 

Therefore [Ht12  - 	= 0.17 x 10-6  M, and hydrogen ions have 

been produced as expected. However, during the run 1.106 coulombs 

passed which corresponds to the formation of 1.15 x 105 equiv. 

in the 8 ml of the anodic compartment, or the formation of 1.4 x 

10 3  equiv. in 1 litre. Dilution 1 to 5 reduces this figure to 

2.4 x 104 M. Comparing both results we observe that there was 

no appreciable anodic formation of 11-1-  and hence of aldehyde 

(or acid). 
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A check was also made of the stoichiometry of the anode 

electrode reaction by determining the amount of AgC1 formed. 

During the run the latter fell off the anode in the form of a white 

cloud. It formed a colloidal solution that was impossible to 

separate by centrifuging. Even so, this white precipitate dis-

appeared when ammonia solution was added and reprecipitated with 

the addition of dilute nitric acid. This proves that it was really 

AgCl. 

After measuring the pH of the solution in the anode compart-

ment, the increase of weight of the anodic silver rod after the run 

was determined. During the run the amount of AgC1 formed was so 

small that it could not be accurately determined. Another H-

shaped cell (fig. 6.4'.1.1)was used which had the advantage of being 

smaller than the moving boundary cell and had a lower resistance. 

A current of 211.5,A was passed for 21 hours through 0.035 N 

KCl solution in glycol which corresponds to 16.207 coulombs and, 

therefore, an increase of weight of 6.0 mg should result. The 

increase in weight of the electrode (after the run it was carefully 

dried inside a test tube until it attained constant weight) was 

6.3 mg which agreed well with the expected weight increase. 



368. 

H CELL 

Pt wire 

(-- 

KC1 
Soln. 

Silver rod 

FIG. 6 .4 .1.1 . 



169. 

6.5 INFLUENCE OF THE SOLVENT ON THE TRANSFERENCE NUMBER 

Influence of water 

After the anion and cation transference numbers had been 

measured, both cation and anion runs were carried out with water-

glycol solutions up to 1 molar in water. As described in the 

picrate chapter, both leading and following solutions were made 

up in the same (water-containing) solvent in these experiments. 

6.5.1 Anion transference numbers 

A 0.02 N KC1 solution was used, followed by 0.0074  N KTB. In 

order to apply the solvent correction, the specific conductances 

of the KC1 solutions and the solvents were measured. Table 6.5.1.1 

gives all the results. 

6.5.2 Cation transference numbers 

The experiments were carried out in the same way as before, 

using 0.02 N KC1 followed by 0.0155  N BaC12. The results are 

listed in Table 6.5.2.1. 

Fig. 6.5.2.1 shows that the specific conductances of dif-

ferent water-glycol mixtures, when plotted against the square 

root of the concentration of water fell on a straight line. 

Unfortunately the glycol used for KC1----EPic experiments showed a 



TABLE 6.5.1.1 

Effect of water on TCl
- 

Glycol KC1 

solvent 

correction 

T01... 

H2O content 

mole 1-1 

k 

ohm-1cm-1x1 8  
V 
1  / rii

2 
 01 

I. 	1 	J 	1  
mole 	1-2 ohm

-1
cm
-1
x104  

normality k (obs.) (corr.) 

0.01 

0.22 

0.76 

1.00 

2.24  
3.00* 
3.8o  

3.97 

0.100  
0.46

9 
0.872  

1.00 

0.0200 
0,0200  
0.020o 
0.020o 

1.74(a) 

2.24  
2.34  

2.37  

+0.0001 

+0.0001 

+0.0001 

+0.0001 

0.5246 

0.5234 

0.5212 

0.5210 

0.5245 

0.5233 

0.5211 

0.5209 

(a) Value taken from fig. 6.5.2.2 

* Value interpolated from fig. 6.5.2.1 

Grease: 	Silicone 

Electrodes: 	Anode - Araldited silver rod (closed) 

Cathode - Pt wire (open) 

Following solution: 0.0074  N KTB (14% higher than the analysed Kohlrausch concentration) 

Current in the range 119 to 124/uA 

Correction for standard potential -0.0002 



TABLE 6.5.2.1  

Effect of water on TK+ 

Glycol KC1 

solvent 

TK+ 

H2O content krii2  011  I _ 	_ 
normality k (obs.) (corr.) 

mole 1-1 
-1cm-1x10 mole 1-1:4  ohm-1cm-1x10 correction 

0.009 2.7 0.095  0,0200  1.7
3
(a) +0.0001 0.4757 0.4756 

0.480 3.4* 0.693 0.0199 2.3o  +0.0001 0.4776 0.4775 
1.00 3.5 1.00 0.0199 2.34  +0.0001 0.4795 0.4794 

(a) Value taken from fig. 6.5.2.2 

Value interpolated from fig. 6.5.2.1 

Grease: 	Silicone 

Electrodes: Anode - Araldited silver rod (open) 

Cathode - silver chloride (closed) 

Following solution: 0.0135 N BaC12 solution (3.8% higher than 
the measured Kohlrausch concentration) 

Current in the range 121 to 122 uA 

Correction for standard potential -0.0002 
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SPECIFIC CONDUCTANCES OF WATER—GLYCOL MIXTURES 
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much higher specific conductance than the ones used for KC14---BaC12  

and KC14.--KTB runs. On account of this they are presented on two 

different scales. 

The same is true for specific conductances of KC1 solutions 

in the different H20-glycol mixtures, as shown in fig. 6.5.2.2. 

Plotting the specific conductances of KC1 solutions against the 

concentration of water a curve is obtained. A similar fact was 

observed for some salts in water-glycol mixtures as was shown in 

fig. 3.3.5.1. 

Fig. 6.5.2.3 shows the results of both cation and anion runs 

plotted against water content. Within experimental error they fell 

- 1 
on a smooth curve, with a limiting tangent of -5.9 x 10-3 1 mole . 

This value agrees with -6.1 x 103  1 mole-1  obtained by Erdey-Grdz 

and Majth4nyi, although their values were obtained in a much wider 

range of concentrations of water-glycol mixtures. 

As described in Chapter 6.1, the transference numbers were 

also plotted versus the square root of the water molarity and within 

experimental error they fell on a straight line of slope -3.9 x 10 3 

11  mole-1. This figure is not very different from that of 

-3.6 x 10-3  11  mole -1  obtained with the anion runs with KPic as 

indicator. 
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SPD;IFIC CONDUCTANCES OF KC1 IN WATER-GLYCOL MIXTURES 
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6.6 RESULTS IN "DRY" GLYCOL 

Now that the effect of solvent water has been studied, it is 

possible to correct all the previous cation and anion transference 

numbers for water content in order to obtain values in "dry ethylene 

glycol. The final results for cation transference numbers are 

given in Table 6.6.1, and fig. 6.6.1 which also shows T°K
+ for 

the different concentrations. The final anion transference 

numbers are given in Table 6.6.2, and fig. 6.6.2 in which are 

also shown the extrapolated T°c1-. 

It is interesting to compare the effect of water in two 

different solvents: glycol and formamide. In glycol, water in 

the solvent lowered the anion transference number which is not 

too strange because T°Cl-  in water (0.5095 (2, p.3109)) is lower 

than in glycol. In the case of formamide, on the other hand, 

addition of water to the solvent did not change the KCl trans-

ference numbers (103, p.125). Perhaps this is due to a stronger 

attachment of formamide molecules to the ions than of water or 

glycol molecules. Such a hypothesis is supported by the dipole 

moments involved; 3.71 debye for formamide, 1.87 for water, and 

2.20 for ethylene glycol. 

Another influence could be the sizes of the molecules: a 

glycol molecule is three times bigger than a water molecule and 

the formamide molecule has a volume double that of water. The 

latter could therefore slide in between two glycol molecules 
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TABLE 6.6.1 

Cation transference numbers with BaC12 
as following electrolyte in "dry" glycol 

at 250C 

0.050 N KC1 

TK+(a) water correction TK+ 

0.4757 -0.0001 0.4756 

0.4758 -0.0001 0.4757 

0.4759 -0.0001 0.4758 

0.4759 -0.0001 0.4758 

0.4761 -0.0001 0.4760 

0.020 N KC1 

TK+(a) water correction TK+ 

0.4753 -0.0001 0.4752 

0.4757 -0.0001 0.4756 

0.4757 -0.0001 0.4756 

0.4757 -0.0001 0.4756 

0.4753 -0.0001 0.4752 

0.4757 -0.0001 0.4756 

0.010 N KC1 

TK+(a) water correction TK+ 

0.4756 -0.0001 0.4755 

0.4756 -0.0001 0.4755 

(a) These values are taken from Tables in Chapter 6.3 
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CATION TRANSFMYY7E NUMBER IN "DRY GLYCOL'! 
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TABLE 6.6.2  

Anion transference numbers with KTB as following electrolyte in "dry" 

glycol at 25°C 

179. 

0.050 N KC1 

TCl- (a) water correction T 	- C1 

0.5252 +0,0001 0.5253 

0.5254 +0.0001 0.5255 

0.5253 +0.0001 0.5254 

0.5248 +0.0001 0.5249 

0.010 N KC1 

TCl- (a) water correction TCl- 

0.5237 +0.0001 0.5238 

0.5237 +0.0001 0.5238 

0.5233 +0.0001 0.5234 

0.5235 +0.0001 0.5236 

0.5243 +0.0001 0.5244 

0.020 N KC1 

TCl- (a) water correction TCl- 

0.5244 +0.0001 0.5245 

0.5245 +0.0001 0.5246 

0.5246 +0.0001 0.5247 

0.5248 +0.0001 0.5249 

0.5244 +0.0001 0.5245 

0.5242 +0.0001 0.5243 

0.5242 +0.0001 0.5245 

0.005 N KC1 

TCl- (a) water correction TCl- 

0.5239 +0.0001 0.5240 

0.5230 +0.0001 0.5231 

0.5235 +0.0001 0.5236 

0.5236 +0.0001 0.5237 

0.5235 +0.0001 0.5236 

(a) These values are taken from Tables in Chapter 6.4. 
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around an ion in a mixed solvent and so affect the mobility. 

6.7 EXPERIMENTS WITH UNPURIFIED GLYCOL 

Two runs were carried out with nonpurified glycol taken straight 

from the I.C.I. drum. As before, 0.02 N KCl was chosen and the 

following electrolyte was 0.0074  N KTB. The results are shown in 

Table 6.7.1. 

Two different currents were used but no current dependence is 

noticeable. The values (0.5248) are a little higher than the mean 

value obtained with the highly purified glycol (0.5244) but even 

so, they are within the experimental error. It seems ironic that 

purification of the solvent makes so small a change to the results: 



TABLE 6.7.1  

Anion runs in impure glycol with 0.02 N KC1 at 25°C 

Glycol KCl 

normality 

KTB 

normality 

current 

91A) 

TC1- 

H20 content k (obs.) (corr.) 
1 - mole 1 8  ohm-1cm-1x10 

0.038  5 0.0201 0.0074 119 0.5247 0.5248 

0.038  5 0.0201 0.0074 78 0.5247 0.5248 

Grease: 	Silicone 

Electrodes: 	Anode - Araldited silver rod (closed) 

Cathode - Pt wire (open) 

Corrections: Standard cell potential 	-0.0002 

Water content 	+0.0002 

Solvent correction 	+0.0001 

Volume correction 	negligible 

12Z. 



183. 

7 DISCUSSION  

In Table 7.1 are given the results obtained experimentally 

as well as the "best" values for cation and anion transference 

numbers of KC1. The values in the table given in brackets corres- 

pond to 0.005 N KC1 in which only anion runs were possible. 

In fig. 7.1 are plotted To' Cl- obtained from the empirical 

Longsworth equation 

T
° Cl-  = TCl + B 

= 	To 
Cl -+A1

C 	(7.1) 

JAC B 

where A ' - (A .11! + B) VT   

A = 0.612 (p.12) 

B = 4.45 (p.12) 

The value at 0.005 N, in brackets, seems slightly low; even 

so, using it the limiting anion transference number does not change. 

The slope of the line in fig. 7.1 is -0.032  equiv-1  1. 

Table 7.2 gives Toa- at 25°C for different salts in different 

solvents, as well as the slopes of the Longsworth equation. It 

can be seen that the slopes become more negative with increasing 

T°  Cl- (with the exception of KC1 in methanol (19)). NaC1 in the 

alcohols (19, 25) follows the same pattern. 

Fig. 7.2 of Ta- versus C shows also the D-H-O theory limiting 

law slope which was found to be 0.01
1 
using the equation 



TABLE 7.1 

KC1 

normality TK+ T01- TK+ + TCl- 

Best values 

TK+ TCl- 

0.005 (0.4755) 0.5238 (0.9993) (0.4758) (0.5242) 

0.010 0.4755 0.5240 0.9995 0.4757 0.5243 

0.020 0.4755 0.5246 1.0001 0.4755 0.5245 

0.050 0.4758 0.5254 1.0012 0.4752 0.5248 

At 0.005 N KC1 it was possible to use only anion experi-

ments. 

The values of TK+ and Ta- were obtained from figs. 6.6.1 

and 6.6.2 by extrapolating the transference numbers to I = 0. 

The best values were obtained by dividing TK+ and T81- by 

(TK+ + Ta-) for each concentration. 

184. 
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TABLE 7.2  

solvent salt o T Cl-  plot
Longsworth  

slope Ref.  

Water KC1 0.5094 -0.006 7 

Glycol KC1 0.5235 -0.032 Present work 

Formamide KC1 0.5730 -o.o 55  103, p.128 

Methanol KC1 0.4999 -0.10 19 

Methanol NaC1 0.5367 -0.22 19 

Ethanol NaC1 0.5187 +0.31  25 

Ethanol LiC1 0.5607 +0.34 25 

Nitromethane Me4NC1 0.5326 -0.11  22 

Nitromethane Et4NC1 0.5680 -0.12 22 

Nitromethane Pr4NC1 0.6157 -0.38  22 

Nitromethane Bu4NC1 0.6474 -0.52 22 

186. 

All values at 25°C 
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dT/d 	= (TCl- - 
	 (7.2) 

The limiting tangent approaches the curve from above as generally 

happens when the transference number is bigger than 0.5. 

Using Stokes' equation 

T 	o 	(TCl— 0.5)B 4C Cl- 	To - + 
Af)  (i+Ka) 

where 	K = 50'29  4-C = 0.4564 1-d 
(6g)i 

(7.3) 

it is possible to get a (distance of closest approach) of KCl in 

glycol. Table 7.3 gives the values obtained for 11- using a 

respectively equal to 3.3, 7.6 and 8.9 A. The first value was 

obtained by Accascina and Petrucci (3) from the conductivity of 

KCl in glycol. Nevertheless it was observed that the value of 

3.3 does not fit the equation as well as values from 7.6to 8.9A. 

Using the structural parameters of glycol given in Table 

3.2.1, it is possible to take the diameter of the glycol molecule 

as approximately the distance 0-0 which is ca. 3A. The K
+-Cl 

distance, using the crystallographic radii, is 3.14A. Thus the 

distance of closest approach would be about 6A if there was one 

glycol molecule incorporated in the K4C1 ion pair. If two glycol 

molecules were present between K-4-  and Cl a value of 9A would be 

expected. The distance found therefore points to a solvent 



TABLE 7.3  

KC1 

normality TCl-(obs.) 

ToCl-(calcd.) 

a=3.3A a=7.6A a=8.9A 

0 (0.5235) (0.5235) (0.5235) (0.5235) 

0.005 0.5242 0.5235 0.5236 0.5236 

0.01 0.5243 0.5233 0.5235 0.5235 

0.02 0.5245 0.5232 0.5234 0.5235 

0.05 0.5248 0.5229 0.5234 0.5235 

188. 
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separated ion-pair. It is well known that ion pairs in hydroxylic 

solvents are solvent-separated, so that the present case fits into 

this pattern (128, pp.2094g10). 

Bjerrum in his theory of ionic association gives 

q 	le2 (7.4) 

    

- 1 k = 1.380 x 10-16  erg deg mole 

e = 4.803 x 10-10  e .s.u. 

as the distance of closest approach of "free" ions. For KC1 at 

250C in glycol 

q = 6.9A 

which is further justification for a high value. Robinson and 

Stokes (8, p.407) argue that the Bjerrum critical distance is the 

one that should be used in the conductance equation. 

In order to calculate the value of a1  (distance of closest 

approach of the "bound ions" in Bjerrum's theory) the following 

equations were used 

TrN 	l et  Kass = LE 	 Q
(b) 

1000 ' 
Eke 

(7.5) 

Q (b) is function of b which can be obtained from tables and 

b =  ZZ_
e2 

The writer calculated= 2.03 from the Shedlovsky equation '‘ass 
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and the conductance data given by Accascina et al. (3). It follows 

that a1 = 5.9A. Thus even this value is much greater than that of 

3.3A given by Accascina. It must be admitted, however, that the 

Shedlovsky equation is not really valid for such a high associa-

tion constant (129). 

The transference numbers can be combined with conductance 

data to find experimentally the electrophoretic contribution 

A to the conductance of 01 in glycol as was done by Kay and Dye 

(21), since 

A e 	Ao 
= 

Now according to the limiting D-H-0 theory (10) 

IN! = B NIT 

and according to Fuoss and Onsager (130) 

A. = B 
1+~Ka 

(7.6) 

(7.7) 

(7.8) 

The experimental and the two theoretical values of.A! are given in 

Table 7.4 and it can be seen that A.e values obtained experimentally 

agree very well with the values obtained using the Fuoss-Onsager 

theory with a distance of closest approach of the ions of 8.9A. The 

value of 7.6A for the distance of closest approach fits quite well 

too but the agreement for a=3.3A is very poor. 



TABLE 7.4  

KCl 

normality 

Electrophoretic contribution 
e 	-1 	2 	. -1 A..(ohm 	cm 	equiv 	) 

Limiting F-0 F-0 F-0 
Exptl. D-H-0 a=3.3A a=7.6A a=8.9A 

0.005 0.28 0.32 0.30 0.26 0.25 

0.01 0.32 0.45 0.39 0.33 0.32 

0.02 o.4o 0.63 0.52 0.42 0.40 

0.05 0.51 1.o 0.75 0.54 0.52 
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7.1 LIMITING IONIC CONDUCTANCES 

By combining the limiting values for the anion and cation 

transport numbers with the limiting conductances in glycol, the 

limiting equivalent conductances of individual ions may be obtained 

and are given in Table 7.1.1. It is not possible to obtain the 

limiting equivalent conductances of all the ions involved because 

not enough values of JN.° of the relevant electrolytes were available. 

Inspection shows that for H
+
, Ag+  NO3-  and NO2-  ions the 

limiting conductance depends on the electrolyte chosen. The con-

ductances of some electrolytes are therefore clearly incorrect, 

and further work is necessary. The case of HCl was discussed in 

detail on p. 43 Section 3.3.5. 

It can be seen from Table 7.1.1 that "K+)>A°(Na+)›.-A9(1A+) 

and the same relation is observed in water and many other solvents. 

Thus Li+  is a more solvated ion in glycol than Na+, and Na
+ 
than K+.  

Similarly, the smaller Cl-  ion must be more heavily solvated than 

Br because their limiting equivalent conductances are practically 

the same. Hydrogen is much faster than any other ion which shows 

it moves through glycol by a proton-jumping mechanism. 

Since the main effect on A°  is that of the viscosity of the 

solvent (?°), it is of interest to see how the simplest possible 

relation, Walden's rule 

ro 	
constant 



TABLE 7.1.1 

Limiting ionic equivalent conductances in pure glycol 

(cm2  equiv-1 ohm-1) at 25°C 

cation XI+  Anion f_ 

K+ 4.61
9 Cl-  5.074  

Na+  3.11 Br-  4.98 

Li+  2.111  NO- 
3 

4.4
9(a) 

T1+  5.31 NO7
3  

4.98(b) 

lob-I.+ 2.66 NO- 2 3.6o(a); 4.09(b) 

Bu4N
+ 1.52 NO- 2 4.39(a); 4.88(b) 

H+ 25.3(a) 

H+ 24.8(b) 

Ae(92) 5.44(a); 4.95(b) 

Ae(39) 4.65(a); 4.16(b) 

Values obtained using the limiting conductances of (a) NaNO
3' 

and (b) KNO
3
. 
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holds for the largest ion (BuLIN+) and therefore the most favourable 

example. Table 7.1.2 gives the data at 25°C for various solvents, 

with 7°  stated in centipoises. 

-\o  
/, 0? is abnormally small in water, almost equal for methanol 

and nitromethane, while for the other more viscous solvents such 

as nitrobenzene, formamide and glycol there is an increase of the 

Walden product with increase of 7°. However, this increase is 

very much lesd sudden than is the increase of 7°  

7.2 SELF-DIFFUSION DATA 

In 1968, Marcinkowsky, Phillips and Kraus (132) measured the 

self-diffusion coefficient (D) of Nal-  by radiotracer in 0.1 molal 

NaCl in glycol at 25°C and found a value of 0.83 x 106 cm2 sec-1. 

In order to calculate from this the limiting self-diffusion coeffi-

cient DoNa+  they used the equation 

DNa+ = D°Na
+ 
 1 -  2.801  x 10

6  1 - 	3  -ft)01. 	(7.2.1) 
3 	

d\,/ /2 
4  (EQ) AD NaC1 

Where 

D°
Na
+ .PQ 	+ /1Z +112  = 2.663 x 10-7  'A°  + / Na Na '‘Na ZNa

+ 

 

(7.2.2) 

 

To evaluate the D-H-0 term they required the transference 

number, and they used for T°Na+ in glycol the same value as in 

 



TABLE 7.1.2  

Bu
4N at 25°C 

Solvent Methanol (8, p.458) Nitromethane (22) Water (131) Nitrobenzene (22) Formamide (103) Glycol 

2o 
0.5445 0.627 0.8951 1.83 3.30 16.84 

A° . 39.12 34.12 19.13 11.9  6.82 1.52 

A0 70 0.213 0.214 0,171 0.218 0.225 0.255 
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water (0.3962) which, as this thesis shows, is not correct (T°Na+ 

(glycol) = 0.3802). However this is not necessary and in fact, 

by using A° NaCl  . 8.18 (64) the equations lead by successive 

approximations to an independent estimate of >°Na+  and hence of 

- 6 	- 1 	,o DoNa+. This gives D
o
Na 

. 1.03 x 10 cm2  sec , and A-Na+  - 
. 	- 1 

3.8
7 

cm2 ohm-1 equiv . 

According to Robinson and Stokes (8, pp. 317-318) such a big 

difference between DoNa+  and DNa+ was not expected. According to 

the self-diffusion coefficients in water, DNa+ would be expected 

to be about 3% lower than D°Na+ at an ionic strength of 0.1, and 

not 12.4% lower as was found. Most likely, as the authors pointed 

out, the concentration of 0.1 molal is already too high for the 

Onsager limiting law to hold. It would have been better if DNa+ 

had been measured over a range of concentrations, allowing extra-

polation to infinite dilution. 

The value of A.oNa+ = 3.87 
cm
2 

ohm-1 equiv
-1 

may be compared 

with that of 3.11 given in Table 7.1.1 of this thesis. If, however, 

the Onsager limiting equation (7.2.1) really does not apply to the 

experimental diffusion coefficient, and if (by analogy with aqueous 

data) the value of DoNa+  is really about 0.85 
x 10

6 
cm
2 sec-1, 

then the derived )?Na+  value is 3.2, in much better agreement with 

Table 7.1.1. 



7.3 SOLVATION OF IONS IN GLYCOL 

There is no accurate method of finding out the solvation 

number. A number of attempts has been made (133) but none is 

satisfactory. 

One of them uses the ionic limiting conductance and Stokes' 

law 

197. 

f = Z eE = 6-rrr s ( v ri°  

Z eE 	Z eF r = + 	= + x 10'?  = 4.88 x lo-8 (in A) 
67rvr° 61-reX)4. 

Inserting the known conductances of the ions in glycol (Table 7.1.1), 

the corresponding values of the radii of the solvated ions will be 

obtained. Table 7.3.1 gives the values of the crystallographic 

radii in A (103, p.128) as well as the Stokes' radii in glycol and 

in water. The ionic limiting conductances of the ions in water and 

viscosity of water were obtained from ref. (8). The Table shows 

that, apart from the case of Pb++, the Stokes' radii in water are 

bigger than in glycol. This is opposite to what happened in 

formamide where the Stokes' radii are bigger than in water (103, 

p.141), and opposite to what one would expect by comparing the sizes 

of a molecule of water (30 A3) and of glycol (92.8 A3). Moreover, 

the dipole moment of water is 1.87 debye(8) whereas that of glycol 

is 2.20 debye at 15°C (61) so that the solvation in glycol should 



TABLE 7.3.1  

Ions 

Cryst. 

radius. r(A) 

Stokes' radius.rs(A) 

Glycol.  Water 

K+ 1.33 . 	1.06 1.25 

Na+  0.95 .1.57 1.84 

Li+  0.60 .2.31 2.38 

Tl+  1.44 0.92 1.23 

Pb++ - 3.67 2.65 
Bu4N.+  4.94 - 3.21 4.73 

Ag+  1.26 0.90-1.17* 1.49 

ci-  1.81 0.96 1.21 

Br-  1.95 0.98 1.18 

NO3-  - 0.98-1.09* 1.29 

NO2 - 1.00-1.36* - 

198. 

* See Table 7.1.1 
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be stronger than in water. The most likely explanation is that the 

simple Stokes' radius does not give proper information about the 

solvation of the ions in glycol since the radii of most ions are 

smaller than that of the glycol molecule, and Stokes' law is only 

valid for large ions in a solvent continuum. This is borne out by 

the fact that the great majority of Stokes' radii in glycol are 

smaller than the crystallographic radii of the bare ions. 

Robinson and Stokes (8, p.125) corrected the simple Stokes' 

equation when applied to aqueous ions by assuming that Melt, Etke, 

Prity
+, Bu411 and Am4N* are not solvated in water, which is now 

known not to be true (134). Using the crystallographic radii (r) 

of these ions they obtained a correction curve by plotting the 

factor r/rs versus the Stokes' law radius rs. The same procedure 

has been followed here and Table 7.3.2 lists the values of r, re  

and r/rs for the tetra-alkylammonium ions in methanol, nitromethane, 

water, ethanol, nitrobenzene, formamide and the only available 

value for glycol. 

The limiting equivalent conductances of these ions and the 

solvent viscosities were obtained for water from ref. (8), for 

formamide from ref. (103), for glycol the only available value was 

taken from Table 7.1.1 and p.12 and for all the other solvents 

from ref. (22). Crystallographic radii r come from ref. (8). 

Fig. 7.3.1 shows the curves for each solvent. It is noticeable 

that for methanol, water, formamide, and glycol the correction factor 



TABLE 7.3.2  

Methanol Nitromethane Water Ethanol Nitrobenzene Formamide Glycol 

Ion r ( A ) e=0.5445 7°=0.627 r101.8903 ef=1.078pl=1.83 2°=3.30 ?°.16.84 

rs A r r s r 	A s r r 
s 

r (A) s /Yrs r -A) Z r/r s r CA).-  s r/r s (A) s r/r rs(A) r/rs 

We 3.47 2.67 1.30 2.38 1.46 2.04 1.70 2.45 1.42 2.59 1.34 1.88 1.85 - - 

Ey+  4.00 3.41 1.17 2.74 1.46 2.81 1.42 2.78 1.44 2.73 1.45 2.34 1.71 - - 

Prke 4.52 4.20 1.08 3.34 1.35 3.92 1.15 - - 3.32 1.36 - - - - 

Bu4N+ 4.94 4.70 1.05 3.83 1.29 4.71 1.05 - - 3.77 1.31 3.64 1.36 3.21 1.54 

All values at 25°C 

For sources of values see text 

O O 
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increases with increasing viscosity. The other three solvents, 

two with a nitro group in the molecule, display differently shaped 

curves with a marked peak for C6H5NO2, a lesser peak for C2H5OH, and 

with a plateau for CH3NO2. However, this phenomenon may be more 

general than appears from fig. 7.3.1, for Reed and Vincent (135) 

have shown that a maximum appears in the case of water and formamide 

when the point for NH4+  is included as well. In the case of 

N-methylacetamide a maximum is observed when only Me4N, Et4N
+ 

Pr
4
N4. and BuN were plotted. The only solvent studied by Reed 

and Vincent that did not show this behaviour was N,N-dimethylacetamide, 

but here no values for HkN+ and Me4N 
were reported, and it is 

around Me4N 
that the maximum arises. 

This indicates that this method of correcting the Stokes 

radii so as to find the solvation number is not as satisfactory 

as was at first thought, not only for glycol where data for only 

Bu N-1-  are available but in water too where it has already been 

proved (134) that these tetraalkylammonium ions are hydrated. 

Another attempt to obtain solvation numbers was tried by 

the writer using density data (partial molal volumes). The equation 

to be used (133, p.67) is 

h = OP 

h 
vl vl 



0°- the apparent molal volume 

v1
h - obtained from Vs = nv1

h + v. 

where: 

n is solvation number 

v. is volume of the ion using the crystallographic radius 

V is Stokes' volume 

v
1 
is volume of a free glycol molecule 

h v1 is volume of a compressed glycol molecule 

As V (Stokes' volume) for glycol is usually smaller than the 

crystallographic volume (vi), n turns out to be negative. Thus, 

neither of these methods is suitable for this solvent. 

This shows that much more work must be done, not only with 

glycol but with the other solvents, in order to obtain information 

on solvation and the ion-solvent interaction. 

7.4 INFLUENCE OF DIVINCTRIC CONSTANT 

In practically every publication in the literature the old 

value for the dielectric constant of glycol determined by akerlof 

almost 30 years ago has been used. Since at least 2 results 

published in the last 15 years agree on a value of 40.7 at 25°C, 

the writer decided to study the influence of the old value on the 

interpretation of her results. 
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The electrophoretic and relaxation terms became respectively 

4.64 and 0.688. The empirical Longsworth equation then leads to a 

value of T°01- of 0.5234 (instead of 0.5235) but the slope is unchanged. 

The use of the Stokes equation (7.3) with K now 0.4743 VC givesas 

the best value of the distance of closest.approach a = 7 A (Table 

7.4.1). This value is shown to be the best value when comparing 

the 111,-H-0 and F-0 electrophoretic contributions with the values 

obtained from experiment (Table 7.4.2). Thus the a values, but 

not the ToCl-  values, are fairly sensitive to the choice of 

dielectric constant. 
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TABLE 7.4.1  

KC1 

normality TCl-(obs.) 

To Cl- (calcd.) 

a = 3.3A a = 7.0A a = 7.3A 

0.005 0.5242 0.5235 0.5235 0.5236 

0.01 0.5243 0.5236 0.5234 0.5235 

0.02 0.5245 0.5231 0.5234 0.5234 

0.05 0.5248 0.5229 0.5234 0.5234 

TABLE 7.4.2  

Electrophoretic contribution 
. 	- 1 ../1! (ohm-1  cm2  equiv 	) 

KC1 limiting F-0 F-0 
normality Experimental D-H-0 a = 3.3A a = 7.0A 

0.005 0.32 0.33 0.30 00.Z7 

0.01 0.36 o.46 o.40 0.35 

0.02 0.44 0.65 0.54 o.45 

0.05 0,58 1.0 0.77 0.60 
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