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ABSTRACT 

The thesis describes the direct measurement of adsorption of electro—

lytes on some oxide surfaces and electrokinetic measurements made on the 

same systems. 

Oxides with the spinel structure were chosen so that variation of 

lattice constant and chemical properties could be controlled and the 

extent of their effects on adsorption examined. A number of spinels 

were prepared from the pure parent oxides or coprecipitated hydroxides. 

The surface areas of some samples of the spinels, prepared for 

adsorption studies, have been measured by a B.E.T. isotherm method. 

Propane was used as the adsorbate gas, conveniently giving pressures 

of the order of 10 emit at 5lid Carbon dipxide tamperatuves. 

The eleotrokinetio behaviour of two of the spinels, MgA1204and 

DiAl
204' was studied by the streaming current technique. 

Methods of analysing small quantities of solutions of divalent 

metal electrolytes at low concentration were devised so that the ad—

sorption of these electrolytes could be determined. 

The results are less satisfactory than expected; in a number of 

cases the total cation and anion concentrations did not agree, indicating 

at least a partial failure of the analytical techniques. 

Even within these severe limitations it has been possible to arrive 

at certain qualitative conclusions. The surfaces of EigA1204 and NiA1204  

are not chemically inert. Evidence was obtained for the presence of 

A6CO3  on an atmospherically aged surface of TagA12040  which gave rise to 
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appreciable concentrations of Mg4-  in the electrolyte solutions. 

N1A1204 had a less soluble surface. Contact between solid and solution 

always reduced the electrolyte cation concentration; in some cases this 

was due to precipitation as the hydrated oxide. 

The zeta—potential measurements cannot strictly be compared with the 

adsorption data because leaching alters the state of the oxide surfaces 

and the pH of the solutions. 

3. 
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SYNBOLS 

The following symbols will be used without further definition. 

Units are given in the text where they differ from those stated, 

particle radius, cm. 

constant. 

concentration, in g equiv. 11 

density, in g cm-3  

electronic charge, e.s.u. 

constant. 

Boltzmann's constant. 

natural logarithm. 

log = logarithm to the base 10. 

molecular weight, molarity. 

milli - 

Avogadro's number. 

number of ions per cm3  (double layer theory); number of 
moles (surface area measurements). 

pressure, dynes per cm2  

R = gas constant, ergs per °C per mole. 

S = surface area, cm2  

T = absolute temperature. 

V = volume, cm3  

x = distance, cm 

z = valency, inclusive of sign. 

= double layer thickness, cm. 

= dielecbric permittivity. 

7. 

a = 

0 = 

= 

K = 

k = 

Ian = 

M = 

m = 

N = 



electrokinetio zeta-potential. 

viscosity, poises. 

inverse of double layer thickness, am-1  

micro - 

charge density per cm3 

potential difference between a point in solution near to the 
surface and a point an infinite distance from the surface, 

8. 



1. INTRODUCTION 
	 9. 

1,i. GENERAL 

Much experimental work has been published on the electrokinetic 

properties of various natural and some synthetic minerals, but no 

satisfactory general theory has been found for correlating the 

experimental results with the properties of the solid phase and the 

ions in solution. 

Frequently, the electrokinetic measurements have been used to 

calculate the extent of adsorption of ions on the surface under 

consideration; for instance, (1). It must be assumed, in per-

forming these calculations, that there is a general relation between 

the measured electrokinetic potential and the surface charge and 

that the,surface charge originates from the adsorption of one ion 

only. The calculated surface charge is that actually on the sur-

face. However, some results recently obtained on non-mineral 

surfaces indicate that these assumptions are not valid:  (2). 

There are t,-)o reasons for doubting the validity of these 

assumptions; the exact position of the plane of shear of the 

electric double layer and the significance of the zeta-potential 

are unknown, and values of dieletric constant and viscosity of 

the medium near a charged surface, for which bulk values are used, 

vary with surface charge density. 

Briefly, any electrokinetic measurement consists of the 

determination of the relative mobility of a solid with respect to 

a solution, This mobility can be interpreted in terms of a 

potential difference between the plane of shear of the two phases 
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and the bulk of solution, viz. the zeta-potential. 	The zeta-

potential can only have significance if this plane of shear is 

lalwn. 	There is no independent method of determining this plane, 

nor is there, in general, any theoretical method of relating zeta 

to other potentials (e.g. electrode potentials) of the system. 

The plane of shear has frequently been associated with a certain 

plane in the model for the electric double layer developed by Gouy 

(3), Chapman (4) and Stern (5). 	There is no fundamental reason 

for this; it is an arbitrary choice and solely a matter of con-

venience in calculation. Further, there is no fundamental reason 

for assuming that this plane of shear is independent of factors 

such as electrolyte concentration and viscosity. 

There is a general relation between the net surface charge 

density and the zeta-potential which is independent of any model or 

assuA-nption regarding the position of the plane of shear. 	This is 

the charge per unit area between the plane of shear and the bulk 

solution (also it is equal and opposite to the net charge per unit 

area between the plane of shear and the bulk solid). 	It is by 

using such a relation that the adsorption of ions has been calcu- 

lated. 	It should be stressed that this value represents the 

difference between the total cation and the total anion adsorptions 

within the plane of shear. It is impossible to calculate either of 

these quantities without resorting to a model for the electric double 

layer and the associated electrokinetic effects. 	In view of the 

uncertainty of the interpretation of electrokinetic measurements and 
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of the model of the electric double layer, there is no general 

relation between the net surface charge densities as calculated 

from the relative mobilities and the true surface charge density 

or adsorption of ions. 

1,ii. PURPOSES OF THE WORK. 

One purpose of the present work vas to measure, directly, the 

adsorption of electrolytes on oxide surfaces and to compare the 

results with those obtained by electrokinetic methods. 

A second purpose of this project was to investigate some of 

the factors affecting the extent of the adsorption. In this respect 

all previous work has been carried out on individual minerals and 

synthetic oxides. Comparison of the results for the several oxides 

is made difficult because not only their chemical constituents but 

also their crystal lattice structures differ. 

The series of oxides known as the spinels was chosen for the 

experimental investigations. They are compound oxides, e.g. 

442010  all having the same crystal lattice structure and occur 

frequently among minerals. Thus, by studying adsorption on several 

of these oxides, the effect of structural changes, normally present 

in a series of simple metal oxides, is eliminated from the compari—

son. Spinels can be readily prepared in a pure form from the 

parent oxides and in this way lattice dimensions and chemical con—

stitution can be varied in a controlled manner. Hence it is possible 

to investigate individual rather than overall effects. 

The only published work in adsorption and zeta—potentials of 

materials of the spinel type is that of Anderson (6) and Benton and 



Horsfall (7) working with synthetic magnetite. 

Several electrolytes, which contained divalent cations that 

can be incorporated into a spinel lattice, were chosen for the in-

vestigation. It was suspected that ion exchange might occur 

between these cations and divalent lattice ions which latter would 

then be detectable in the equilibrium solution. 	Considerable 

exchange of lattice ions takes place only on fresh precipitates 

and this has been extensively studied by Kolthoff (8). 	Only 

very small and possibly non-equilibrium concentrations of the 

lattice ions from the spinel would be expected in the electrolyte 

solutions. Lead salts - were also included since from some earlier 

zeta-potential measurements lead ions appeared to have a high 

affinity for the surface, yet they cannot occur as lattice ions. 

Calcium salts were used as a basis of comparison of other electro-

lytes. Calcium :could be expected to be an indifferent ion, the 

adsorption of which was purely by electrostatic forces. 	The 

electrolyte anions, chloride and nitrate were chosen in order to 

minimise any effect due to specific adsorption of the anion. The 

former was preferred in the adsorption measurements because it was 

easier to determine analytically. 

1,iii. CONSIDERATION OF PRACTICAL .IZTHODS. 

The experimental work consists of three topics which arc 

described together with relevant published data and theoretical 

considerations. The three topics are: the preparation of the 

spinels, the determination of surface areas and the measurement of 

zeta-potentials and adsorption. 

12. 
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The structure of several types of spinel has been briefly 

reviewed. 	It was found convenient to describe the structure in 

terms of an oxygen layer lattice since the oxygen atoms exert a 

controlling influence on the lattice dimensions.. A number of 

methods by which a homogeneous mixture of the pure parent oxides 

might be prepared were tested. Examination of the material after 

the solid state reaction had been carried out indicated that some 

of the mixtures were not homogeneous and the methods by which they 

had been prepared were rejected. A molybdenum sheet element 

furnace was used to obtain the high temperatures required for the 

solid state reaction to occur at a satisfactory rate. 	The fired 

products were tested for spinel formation by X-ray diffraction and 

solubility in dilute acids. 

The extent of adsorption by a solid from a solution by 

reason of the electric double layer is related to the surface area 

of the solid and the volume and concetration of the solution. Hence 

it was necessary that the surface areas of the spinels be determined. 

An apparatus was constructed to measure surface areas by means of 

the Brunauer, Emmett and Teller adsorption isotherm. Propane. was 

used as the adsorbate gas, conveniently giving pressures of the 

order of 10 cm Hg at the adsorption temperature. This technique has 

limitations which have been discussed but only comparitive values 

of surface area are required. 

As the electric double layer effects constitute the most 

important part of the work, much consideration has been given to 

the properties and structure of the electric double layer. Models 
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number of electrolyte solutions was 

at concentrations between 10 5M 
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MO 

and 10-2M, were 
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of the double layer are discussed and an expression, based on 

the Gouy model, was derived for the surface charge density at a 

solid surface. 

The various methods of measuring zeta-potentials have been 

described. A simple form of electro-osmosis cell was constructed 

but was found to be unsatisfactory and the more sensitive streaming 

current method was adopted. The streaming current equation was 

derived and the assumptions regarding surface conductivity considered. 

The electrokinetic behaviour of two of the spinels, N41204  and 

prepared by dilution of 1M stock solutions. 

The low concentrations of solutions used in the adsorption 

experiments, of which, frequently, only small samples were available, 

meant that many of the simpler analytical techniques could not be 

Used in their usual macro-chemical form. Methods of analysing 

these small quantities of divalent metal electrolytes at low 

concentration were devised so that the adsorption of these electro-

lytes could be determined. At a late stage in the investigation a 

Cathode Ray Polarograph became available, greatly simplifying the 

determination of lead, zinc and nickel ions. 

A considerable number of adsorption experiments were performed, 

principally on NEA1204  and N1A1204  spinels. Some preliminary 

results obtained using spinels prepared at relatively low 

temperatures suggested that ion exchange might be the principal 
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mechanism of adsorption. However, further testing on samples 

sintered at higher temperatures showed that only small amounts of 

the spinal cations were present in the equilibrium solutions. 	In 

the earliest experiments, where only small samples of spinels were 

available, a number of adsorption tests were performed on each 

sample. 	It Was discovered that adsorbed ions were not completely 

removed by washing the sample with distilled water and it was 

suspected that the state of the surface would no longer be the same. 

Accordingly, it was decided to use smaller samples of the spine' for 

only one test each. 

The results are less satisfactory than expected; in a number 

of cases the total cation and anion concentrations did not agree, 

indicating at least a partial failure of the analytical techniques. 

Possible causes of failure are considered, low pH readings and the 

undetected presence of aluminium in the adsorption solutions having 

very low pH are the most likely, but these cannot explain all the 

errors. The anion analyses, which were effectively chloride only 

in all cases, of the final solutions tended to be higher than those 

of the original solutions and no reasonable explanation of this 

observation can be offered. 

Even within these severe limitations it has been possible to 

arrive at certain qualitative conclusions. 	The surfaces of 

ISEA1204  and NiA1204  are not chemically inert. Evidence was 

obtained which suggested that lig003  might be present on an 
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atmospherically aged surface of hgA1204, which gave rise to 

appreciable concentrations of Ne+ in the electrolyte solutions. 

NiAl204 had a less soluble surface. Contact between the solid 

and electrolyte solution always reduced the electrolyte cation 

concentration; in some cases this was due to the precipitation as 

the hydrated oxide. 

The zeta potential measurements cannot strictly be compared 

with the adsorption data because the flow of electrolyte through 

the plug alters the state of the surface. The pH and concentration 

of the electrolyte in contact with the solid for a zeta-potential 

measurement are those of the initial solution since sufficient 

electrolyte is run through the plug to bring this about: in the 

case of an adsorption experiment these parameters are changed by 

the adsorption process. 



2. SPINELS 

2,i. PROPERTIES AED STRUCTURE. 

Spinels are oxides of general form AB204  with a well- 

established crystal structure but many modifications are known. 

The lattice structure is basically similar to that of diamond, 

theB atoms occupying the sites of carbon atoms in diamond. In 

view of the complexity of the spinel crystal lattice, the unit 

cell contains 32 0 atoms, the structure is most conveniently 

described in terms of a layer lattice. 	The normal spinel is 

composed of alternate layers of I (the corundum lattice) and II 

in Fig. I, which is a projection along a triad axis of the unit 

cell. The layers are superposed in such a way as to give each 

A atom four and each B atom six nearest oxygen neighbours and 

overall cubic close packing for the oxygen atoms. 

Certain "inversed" spinels exist in which half the B 

atoms occupy thetetrAedral lattice sites with the remaining B 

atoms and the A atoms filling the octahedral lattice sites. 

Spinels of this type are conveniently represented and distinguished 

as B(AB)04. and are exemplified by; .263+(mg2+1,e3t)02 
' 

Fe3+(Ti24103+Y07 	Zn2+(Sn4+Zn2+)02. 

Three types of spinel can be obtained depending on the 

valencies of A and B, viz. A2+, B3+; A4+, B2+.I  A6+  Bt or 

2:3, 4.:2 and 6:1 spinels. 	Calculation by Verwey and Hielmann 

(9) showed that the 2:3 spinels would be most stable in the normal 

form and 4:2 in the "inversed" form. Experimental evidence bears 

this out in general, a few 2:3 "inversed" forms are known. 

17. 



OXYGEN ATOsIvi A ATOMS 

FIG.j. LAYER PACKING IN SPINELS. 

LAYER I 

(The Corundum Lattice) 

LAYER II 

2.8 



Full details of the structure are given by Wells (10). 	It 

is apparent, see Table 1, that the size of the unit cell depends 

only slightly on A and rather more on B but is mainly governed by 

the oxygen lattice. The structure is very stable — chemically 

inert except under extreme conditions. 
---------- 

TABLE 1. LATTICE CONSTANTS OF SOLE SPDEELS. 

All belong to the 07 since group. The length of the side 

of the unit cell "a" is given in angstrom units. 

19. 

Formula a Formula a Type, Formula 	a 

2:3 ,  ivIgAl2014. ; 8.090 

CoA1204 8.059 

CuAl204.1 8•070 

FeAl20 . 8.12 

NiA1204.  8.045 

ZnA1204. 8.099 

_ 
Snivig204.  8.58  

ligCr2024.  8.290 ,  

CdCr204 j 8.59 

CoCr204. ! 8.31 

NiCr204.  

ZnCr204. • 8.323 

Cue°204. 1 8.039! 

SnCo204.  ' 8.60 

TiCo204. - 

ZnCo2014. 8.108  

MgFe204.  (i) 	8.342 i 

CdFe204 	8.73 

CoFe
2
04 	8.36 

CuFe204 (i) 	8.445 

Fe304.  (i) 	8'37 

NiFe204 (0) 8.340 

ZnFe2O4 	8.403.  

SnZn204 
	

1 8.65 

TiZn204. 
	8'46 

1:6 hIcAg204  9.26 

(i) indicates "Inversed " 2:3 spinels 



20. 
REVird OF PREPARATIVE METHODS 

Considerable data exists on the occurrence of spinels in 

refractories and slags but only a limited amount is available on 

their preparation in the pure state without resorting to the 

addition of mineralizers to increase the rate of conversion from 

the starting materials. Yamaguchi (11) classified various basic 

oxides sintered with alumina by the temperature at which conversion 

to spinel occurred, the spinel being detected by the X-ray powder 

method. Other workers (12 a-d) have determined the percentage of 

spinel formed after given times using various methods, That some 

of these were prepared from fairly coarse material is obvious from 

the range of their results. The fullest data that can be obtained 

indicate complete conversion to 118:A1204  of a material having a 

grain size of 0.06 mm. after 10 mina. at 14500C on a test piece 

compressed to 10,000 p.s.i. 

Dilatorskii (16) gives the colours of several spinels - a 

useful guide to the degree of conversion. Hild (17) gives a 

method for the preparation of ZnA1204  and Natta and Passerini (18) 

for some bivalent cobalt spine's. Methods of preparing spinels 

oontaining vanadium (19), gallium (20a-c) and germanium (23) have 

also been published. 

That reactions between solids can take place without the 

formation of any liquid phase was first demonstrated by Spring (24). 

Hodvnll and his school have made detailed investigations into solid 

state reactions (25 a-c). 	Lattice ions near structural defects 

are less firmly bound than those in the bulk solid and therefore 
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such ions near the surface are especially active and govern the 

rate of reaction in the solid state. This occurs to a marked 

extent during a phase change and the increased reactivity at this 

stage is known as the Bawl]. effect, In the sintering of oxides 

atmospheric oxygen may exchange with oxide ions near these active 

sites making these ions especially suitable for initiating the 

reaction with foreign oxides in a mixture. 	In addition to this 

the equilibrium oxygen pressure will determine the stoichiometry 

of the oxide and hence the number of defects and active sites. 

Optimum conditions for sintering spinels can, therefore, only be 

determined after detailed investigation, Although most pre-

parations specify the 19-'st time and temperature for conversion, 

the composition of the atmosphere round the sample is often des-

cribed in vague terms. Increasing the number of points of con-

tact, by using fine, pressed material, leads to a reduction, often 

considerable, in both sintering temperature and reaction time (28)0 

The X-ray powder method is used most frequently to determine the 

extent of spinel formation; other methods that have been used 

include magnetic spectra (29), radiotracer diffusion (30) and 

the Hahn emanation method (31), 

2, iii, EXPERIMENTAL PREPARATION, 

The trio stages in the prepalmtion of the spinels were, 

first, to prepare an intimate mixture of the oxides (cr compounds 

which decompose to the oxides) and second, to carry out the solid 

state reaction, in which the oxides combined, at high temperatures.. 

The methods used for pre-aria g the intimate mixture wore as follows. 



Solutions of the nitrates, of known composition, were mixed 

and evaporated and the solid residues were heated gently to decom-

pose the nitrates. This method proved unsatisfactory because the 

final stages of the evaporation, under an infra-red lamp, caused 

spurting and loss of material from the syrupy liquid: only small 

batches of material could be prepared because of the bulk of the 

solutions. 

The second method tested was to mix the individual oxides 

in stoichiometric proportions. Analytical Reagent grade oxides 

were used where available, other oxides were prepared by decom-

position of the nitrates where loss of material was of little 

consequence. The oxides were sieved finer than 200 mesh before 

weighing and mixing, the mixture was put in a bottle and shaken 

vigourously before sintering. At the temperatures available with 

the early furnace this method tended to leave some unreacted 

metal oxide. With the higher temperatures available in the 

molybdenum sheet element furnace (Fig.II) reaction appeared to be 

complete. 

A third method tested was to prepare a mixed solution of 

Down composition and to rapidly coprecipitate the hydroxides by 

addition of aqueous ammonia. Frequently nitrates were used but 

ammonium aluminium sulphate Was used for solutions containing 

aluminium. The precipitation was carried out rapidly to ensure 

a homogeneous precipitate. 	The mixed precipitate was dried, 

pelleted and fired to the appropriate temperature. Filtering 

the voluminous precipitate provided the only drawback to this 

method. 

22, 
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The extent of reaction was estimated, in the majority of 

cases by the X-ray powder method. Series of X-ray photographs 

were taken of the individual unfired oxides, unfired mixtures 

of oxides in stoichiometric proportions and mixtures fired under 

various conditions. Thus, by comparing the photographs of the 

individual oxides with the fired and unfired mixtures it was 

possible to distinguish the main lines of the individual com-

ponents and the subsequent changes on firing. Under the most 

favourable conditions the most intense lines of the individual 

oxides completely disappeared and new ones, corresponding to 

the various spinels, appeared. This method is sufficiently 

sensitive to detect less than 5% of unreacted oxides in the 

mixture. It was hoped that amounts of this order would be 

contained in the interior of the sintered powders and have no 

effect on the surface properties of the spine's. 

In other cases the solubility in very dilute acid was used 

to Indicate the extent of reaction. 	The spinels are virtually 

insoluble in acids whereas any unreacted oxides in the fired mixture, 

with the possible exception of A1203, will be attacked. As only 

the surfaces of the powder particles were under investigation un-

reacted material in the interior of the particles was unimportant 

provided the spinel surface layer was sufficiently thick for the 

particle to behave as though it were uniform throughout. Thus 

the reaction was considered to have proceeded to a sufficient 

extent if acid could not penetrate the outer layer of the particles 

and leach out considerable amounts of unreacted oxide. Generally, 
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 Mhydrochloric acid was used for this test and conductio-

metric measurements or Utration with alkali, after about 5 days 

in contact with the powder, were used to determine the change 

in concentration. Most of the spinels tested in this way 

caused a lowering of the acid concentration equivalent to the 

dissolution of the order of 0•005‘10 of the spinel. 	This treatment 

was followed by repeated water washing; the concentration of 

dissolved electrolyte decreased rapidly but never reached zero. 

Mee204  prepared from the parent oxides reacted with the acid 

very rapidly and no acid vas detectable in the solution after 

24 hours; presumably the reaction products included Fe3014 

and unreacted MgO in large quantities. 

Samples of the following spinels were prepared from the 

mixed oxides for preliminary tests; MgA12040  MgCr2041  

Mge204, NiA12014., ZnA1204, CuA1204, MnA1204  and Mg2TiO4  . 

Because of the rapid reaction of the sample of MgFeA.with 

acid a further sample of this spincl was mode from the 

ceprecipitated hydroxides to give a more intimate mixture of the 

starting materials. This sample proved satisfactory when sub- 

jected to the acid leaching tests 	The samples of CuA1204  and 

MnA1204  were rejected without further testing on account of their 

non-uniformity of colour. 	The sanplc of Mg2T104  after a first 

firing became violet on the outer surface where the reducing 

atmosphere had penetrated but there was a considerable amount of 

unreacted material in the interior of the crucible. After mixing 

24. 



uminium oxides, finer than 160 l A mixture of zinc and a 

25. 

and refiring the lightly compacted mixture under apparently the 

same conditions as formerly a greyish-green material was obtained. 

Since the reported colour of Mg2TiO4  is violet to black this 

sample was rejected on the grounds of uncertainty of composition. 

It is probable that the material was a mixture of the more easily 

formed MgTi0.3  and MgO. 

Further tests required the preparation of more material, the 

higher temperature furnace becoming available at this stage. The 

methods are detailed below: 

ZnAl204' 

mesh, was made up in stoichiometric  proportions. Homogeneity was 

ensured by rotating the bottle containing the mixture for several 

hours. 

A series of six pellets, 1 inch in diameter by 1 inch long, 

were prepared at pressures ranging from 400 to 2,400 p.s.i. in a 

Millen Mounting Press. A small quantity of water was used as a 

binder. 	The pellets were air dried at 110°C. 	The optimum 

pressure was found to be 1,000 p.s.i. which gave a pellet that 

remained hard on drying yet without any tendency to bind in the 

die. The remaining material was made into pellets at this opti-

mum pressure. 

The pellets were scraped to remove any iron contamination 

on their surfaces and fired in air at 1600 C. Each pellet 

remained in the hot zone (about 3 inches long) for three hours and 

was then slowly withdrawn and annealed. The surfaces of the 

fired pellets were again scraped. 
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N1A1204. The nickel aluminium spinel vas prepared by precipitating 

the hydrous oxides from a solution of nickel nitrate and ammonium 

aluminium sulphate by the rapid addition of aqueous ammonia. 	The 

mixture vas dried, lightly pressed and sintered at 1600°C for three 

hours in air. 

hIgA 12 Oh.' A series of pellets was prepared for the original spinel 

by the method used for ZnA1204. The optimum pressure was found to 

be 1200 p.s.i. using a slightly damped mixture of magnesium and 

aluminium oxides. In view of the higher melting point of this 

spinel as compared with ZnA1204 the sintering temperature was in-

creased to 1650-1700°C for three hours retention in the hot zone of 

the furnace. 

NgCr204. To prevent oxidation of the Cr203  to a complex chromic 

chromate during the sintering process the effluent "forming gas" 

from the furnace was passed through the alumina tube used to 

support the crucibles in the main furnace tube. The ands of the 

main tube were loosely plugged with a large fireclay crucible above 

and asbestos -wool below. 	A slightly higher gas flowrate than used 

for the furnace alone was required to obtain a uniform green product 

in pellets compressed to 1000 p.s.i. after 3 hours firing. 	The 

slow lowering of the crucibles through the furnace had a useful 

annealing effect in the reducing atmosphere. 

The early spinel preparations were carried out in a hori-

zontal tube furnace capable of reaching 1450°C. The recrystallised 

alumina furnace tube, 2 inches in diameter, was heated by means of 
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six Crusilite elements fed through a Variac transformer. The 

measured output power was used as a guide to the temperature 

attained at equilibrium which was frequently checked with an 

optical pyrometer. 

The main advantage of this furnace was that it could 

accommodate a 50 ml. crucible, permitting the preparation of 

large batches of material at a single firing and hence obtaining 

a uniform product. The lengthy heating up time and limited 

temperature attainable proved to be the most serious drawbacks. 

A molybdenum sheet clement furnace (32 a,b), similar to 

that designed by NcRitchie and Ault (34), was adapted for the 

preparation of further samples of spinels. The general con-

struction can be seen from the diagram, Fig. II. Fewer was 

supplied through variable and step-down transformers rated at 

6 K.V.A. 	The heating clement consisted of a sheet of moly-

bdenum rolled into a cylinder 1.25 inches diameter connected 

directly across the output terminals of the transformr. 

During operation of the furnace, the element was surrounded by 

an atmosphere of "forming gas", 90c/0 N2  and 10-/0 H2  to prevent 

oxidation. 

Temperatures up to 1700°C were obtained with only a modest 

power input. Fig. III is a temperature/power survey of the 

furnace. 	The disadvantages of the earlier furnace were eliminated 

but the gain was offset to some extent by the limited crucible 

capacity of 5 ml. To compensate for this and hence ensure a 



,cy to  Firaire II 

	

A to F 	Flow of casing cooling -water. 

Forming gas input. 

Forming gas output. 

	

I 	Top cap. 

J,N,T,V,X 	Hollou brass outer casing sections. 

	

IC 	Conical wedges holding element in contact with Liana W. 

L 0 - ring seals. 

	

J 	Brass contact cones. 

P Alumina furnace tube. 

	

Q 	Molybdenum sheet clement. 

	

R 	Molybdenum sheet radiation shields. 

O Molybdenum spring clips and spacers. 

S Silica, outer radiation shield. 

U Insulated bushes between casing sections T and V. 

	

Y, Z 	Electrical input lugs. 
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Distance from top of furnace tube, cm. 

20 	 30 
(Total length of tube 54cm.) 

40 

1400 Watts 

1000 

500 

7 0  

TEMPERATURE/ POWER SURVEY OF MOLYBDENUM SHEET 

ELEMENT FURNACE. 



high degree of uniformity in batch production the furnace was 

I inch -w 	 f -with a column of empty crucibles, supported on a  

diameter diaixter alumina tube, which were removed at a steady rate from 

the bottom of the tube once equilibrium was established. Loaded 

crucibles were simultaneously fcd in from the top of the furnace, 

thus all the contents received the same treatment in their 

passage down the furnace tube. 

31. 



3. SURFACE AREA hIASURENTINT 
	 32. 

3 , 1. REVITh OF 1ETHODS 

The extent of adsorption by a solid from a solution by reason 

of the electric double layer is related to the number of sites for 

adsorption and the number of ions available to fill those sites or, 

in other words the surface area of the solid and the volume and 

concentration of the solution. 	These latter two quantities are 

readily measureable but of the various experimental methods for 

measuring the surface area of the adsorbent it is necessary to 

select one which will give the requisite area. 	It is possible to 

visualise a solid material containing numerous pores and cracks of 

varying size. 	If this material is covered with a monomolecular 

layer of various adsorbates a measure of its surface area can be 

obtained. Now if the adsorbate can penetrate the pores and cracks 

in the solid this internal area will contribute to the total; but 

if this adsorbate is replaced by a larger molecule certain of the 

pores and cracks may become impenetrable and no longer add to the 

measured surface area. 	Thus, a range of decreasing surface areas 

could be determined using adsorbates of increasing size. 

The ideal technique would be to measure the surface area under 

conditions identical to those of the chosen adsorption system. 	In 

cases of adsorption onto a solid from a solution generally, and 

especially under conditions of low adsorption or surface area, this 

becomes impracticable as it involves determining very small changes 

in high solution concentrations. A vapour phase adsorption 

technique using an adsorbate of similar size to that to be studied 

in the solution provides a useful alternative. 
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Early methods of measuring the surface area of powder were 

generally based on the adsorption from solution of a surface active 

but chemically inert substance and the estimation of that substance 

before and after the adsorption experiment. 	Harkins and Gans (.35) 

used a solution of oleic acid in benzene as their adsorbate 

solution. 	Samples of the solution were extracted with alcohol 

and the oleic acid titrated with NaOH solution. 	The oleic acid 

molecules were assumed to be close-packed on the surface and to 

occupy an area of 20.0A2, a value based on crystallographic data. 

The accuracy of this type of method is not very high. 

The use of law temperature van der 1Iaals vapour adsorption 

isotherms was investigated by Brunauer, Emmett and Teller 

(36 a-d o  40 a) in the early 1930's for determining surface areas. 

One of their early isotherms is reproduced in Fig. IV and shows 

the typical S - shape with straight central portion. 	Surface 

areas were determined for points A to E; the better repro-

ducibility of point B for a number of adsorbents can be accounted 

for by its close approximation to the formation of a monolayer. 

The surface area would be expected to be approximately equal 

for all gases at a point where the surface is equally covered. 

This rather empirical approach was soon put on a sound theo-

retical basis by extending the Langmuir adsorption theory to an 

infinite number of layers (40 a-c). 

From the rates of condensation and evaporation from an 

infinite number of layers of adsorbed molecules once equilibrium 

has been attained, an expression was derived for the amount of gas 
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required to form a monolayer on the surface. Two assumptions 

are made: that the energy of adsorption of molecules in the 

second and subsequent layers is equal to the heat of liquefaction 

of the adsorbate and that the evaportion and condensation pro-

perties of molecules in these layers arc the same as in the liquid 

state. 

The isotherm equation then follows 

P 	= 1 	C 1 . P 	1 
V(Po-P) 	Vm 	VM. C 	Po  

where P = pressure, V = volume of the gas; Po  = the saturation vapour 
.4414,41k.  AUFP 

Vm  = - the volume of gasrequired to form a monolayer and 

C is a constant. 	If it is further assumed that the gas is ideal 

V 	= n , where nm  is the total number of moles required to form 
Vm nm  

a monolayer on the adsorbent surface. 	Then, 

P 	. 	1 	+ C- 1 • 2 7777P) nmC 	n m  C 	P 

A plot of P/n (Po- P) against P/1°0  should yield a straight line 

with intercept i/nmP and slope (C-1) /nmC. 	If only a limited number 

of layers can be adsorbed then a modified expression is obtained 

which for one layer only is the Langmuir type expression 

P/V = Wain+ P/Vm 

and for four or more layers becomes equal to equation 2 which is 

most applicable for surface area calculations in which P/Pp lies 

between 0.05 and 0.35. 

Assuming that the average cross-section of the adsorbed mole-

cules is the same as that corresponding to the plane of closest 

pressure; 
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packing in the solidified gas 

S=4 (0.866) (ii1/1412.A.ds) 2/3 

where S = surface area occupied per molecule, = molecular weight 

of the adsorbate, A = Avogadro's number and ds  = the density of the 

solid gas. In many cases the adsorbate is liquid at the temperature 

of the adsorption and the density of the liquid at this temperature 

can be substituted for the density of the solid, ds, with a marked 

reduction in scatter of the calculated surface areas. 

Harkins and Jura (43) developed an absolute calorimetric 

method of determining the surface area of non—porous powders which 

did not require any knowledge of the molecular areas. 	These 

workers also improved upon the apparatus of Brunauer, anmett and 

Teller; the new form of apparatus, Fig. V, gave greatly increased 

precision and accuracy te the surface area results. 	Other forms 

of B.E.T. apparatus have been constructed by Lippens and Herm-fns (44). 

More recent methods of determining surface areas include use of 
ktots 01 a Isorp ti On 	f- 

differentiale4rcl analysis andAchromatographic techniques which 

require complicated and expensive apparatus without any considerable 

improvement in accuracy over the B.E.T. method; (45 a—d) 

3, ii. EKPERIMENTAL METHODS 

a) 	Construction and calibration of the apparatus. 

The apparatus is diagrammatically illustrated in Fig. VI and is 

basically a modified form of the simple apparatus used by Harkins 

and Jura, Fig. VII. 	The refined apparatus used by Harkins and 

Cons incorporntr(R u capillary type mercury cut—off and a pressure 
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reservoir between the gas burette and high pressure manometer which 

enabled continuous pressure readings to be made during the ad-

sorption. This feature is absent in the present apparatus but the 

volume of gas in the adsorption section was held constant by 

bringing the mercury level to the same fixed lower mark for each 

pressure measurement. 

The actual pressure measurements were taken between the 

highest parts of the too meniscus. The lower mercury level was 

adjusted so that the rim of the meniscus coincided with the fixed 

mark. The manometer arrangement, whereby mercury moves into or 

out of both limbs simultaneously, rather than from one into the 

other, was to keep the dead space volume constant and to ensure 

that both meniscus moved in the same sense, hence making pressure 

corrections for meniscus height unnecessary. Pressure measure-

ments were found to be considerably affected by the method of 

illuminating the mercury surfaces. 	The method finally adopted was 

to have a pre-focussed torch bulb mounted above and behind the mano-

meter. The light beam was reflected from a small mirror, mounted 

on en extension arm fitted to the microscope barrel, horizontally 

across the meniscus into the microscope. 	This ensured that the 

angle of illumination remained constant and independent of the 

mercury level which improved the accuracy and reproducibility of 

the pressure readings. 

The gas burette bulbs were calibrated by weighing the volume 

of mercury which filled them. 	Temperature corrections, to the 

nearest 0.1°C, were applied to the density of the mercury. 
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b) 	Operational procedure. 

About 8 to 10 g of the dry powder whose surface was required 

were weighed into a sample holder which was then sealed onto the 

apparatus and thcaslowly evacuated, care being taken to avoid 

loss of material. 	The sample was degassed by heating at 400°C 

under vacuum for several hours after which it was isolated from 

the rest of the apparatus by means of the taps Ti  and Y (see 

Fig. VI). A cooling bath at —78.5°C, maintained by a solid 

carbon dioxide / alcohol mixture, was placed about the sample 

chamber and its level was held sensibly constant throughput the 

experiment. 

A gas is required for calibrating the dead space volumes 

of the apparatus that will not be adsorbed at the temperature of 

the sample cooling bath. Nitrogen was used for this purpose and 

was expanded by stages from reservoir R1  through taps T2and T3  

into the gas burette and manometer dead space. A series of 

pressure and volume measurements vere made and, by applying 

Boyles Law to these readings, the dead space volume Vm,  between 

the uppermost bulb of the gas burette and the fixed mark on the 

manometer, was calculated. 	The gas was thenrallowed to expand 

through the tap Y into the sample container. A similar series of 

pressure and volume measurements were made and the additional dead 

space above the sample was calculated. The value for Vm is a 

constant for the apparatus but the additional sample dead space 

must be repeated for each sample. 
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Propane was used as the adsorbate: N.C.L. sample stated 

to be better then 99.9. pure. The choice of gas, and the tem-

perature of the adsorpt ion, was originally dictated by the 

inadequate supply of liquid nitrogen available (at Liverpool). 

Some justification can be made for using propane on the grounds 

that the size of the molecule (4x10-8  cm. diameter approximately) 

is nearer in size to an hydrated cation than either krypton or 

nitrogen which are the preferred adsorbents (molecular diameters 

3.14 and 3.15 x 10
8 
cm respectively). 	Also, the relative areas 

of different samples were more important than absolute values. 

The apparatus was again evacuated and the sample degassed. 

Two similar series of pressure and volume measurements weremadc, with 

propane, from reservoir R2  (Fig. VI). 	With the gas in the 

burette and manometer only it was possible to calculate the amount 

present. 	'When the gas was admitted to the sample container 15 

minutes were allowed for equilibrium to be reached and the level 

of the cooling bath was checked. 	The amount of gas adsorbed 

accounts fora lowering of the pressure at a given volume. 

All pressure readings were taken for increasing and decreasing 

pressures. 	Good agreement was obtained indicating that the ad-

sorption vas reversible and .vithout hysterisis. 
• 

Various values for the saturated vapour pressure of propane, 

Pp, at the adsorption temperature are reported or can be calculated 

from published data (49, and others). 	This is due to some extent 

to uncertainty in the exact temperature maintained by a bath of 

solid caton dioxide in alcohol. Some propane was condensed at 



43. 
liquid nitrogen temperatures into an empty sample tube which 

was then allowed to warm up to the solid 002  bath temperature and 

the saturated vapour pressure was experimentally measured. 	It 

was found to be 111.6 mm Hg at this temperature which is close to 

one of the reported values (50). 

An attempt was made to determine the amount of gas adsorbed 

by an empty sample container (superficial area about 20 cm2). No 

significant change in the PV terms occurred with the tube open to 

the adsorbate. 	Hence it was not necessary to correct the determined 

adsorption for adsorption due to the container. 

The B.E.T. isotherm plot, equation 2, was performed and using a 

value for the area occupied per molecule of propane, calculated from 

equation h, the surface area of the sample was calculated. 

A typical series of results for one of these surface area 

determinations is given in Chapter 5,i. 



1k.. ELECTRIC DOUBLE LAYER  

411. GENERAL 

a) Origin of charges in the double layer. 

Surface ionisation and preferential adsorption of one ion from 

solution are the mechanises by which an interfacial charge can arise 

when a solid is placed in a liquid. These effects can be illustrated 

by reference to the behaviour of systems containing glass and barium 

sulphate. 

The effects on glass of hydrogen and hydroxyl ions are particu.. 

larly important. 

In 10-5N alkali, LnJreaoes numerical) 2; Leyond the value in water by 16 mV. 

ft 10-5N acid, 	" decreaLca 	tt 	tt 	n 	It 	ft 	ft 	ft  80 mill. 

" 10-5N K 	, 	ft 
	

ft 	n 	It 20 

These most reasonable explanation of these observations is that 

ionisation of silicic acid groups occurs and to a greater extent in 

alkaline than acid solutions. 

Barium sulphate systems preferentially release SO4  ions leading 

to a positive zeta-potential. This is equivalent to postulating an 

excess of vacant lattice sites or interstitial ions, possibly due to 

defects and dislocations. 	Such systems arc characterised by high 

sensitivity to heavy metal ions and polyvalent cations. These ions 

form a Stern layer in which they are strongly bound because of their 

high polarisation energy. 

b) Excess ions in solution. 

The electric double layer consists of excess ions (or electrons) 

present on the surface of the solid phase and an equivalent amount of 
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ionic charge of opposite sign distributed in the solution phase 

near the interface. 	The charge on the solid is treated as a 

surface charge spread out uniformly over the surface. 	The space 

charge in solution is considered to be built up by unequal distri-

bution of ions and the solvent is treated as a continuous medium 

influencing the double layer only through its dielectric constant. 

The Gouy-Chapman theory of the distribution of the ions in 

solution considers the ions as point charges whilst the Stern 

theory takes account of their finite volume. 	This latter theory, 

in the "specific adsorption potential", also accounts for the 

possibility that ions may be adsorbed through non-coulombic forces. 

c) Potentials in the double layer. 

Two extreme examples of the interface between a solid and a 

solution can be envisaged. 

1. The interface is completely polarisable. 	The potential 

difference between solid and solution may be altered by the appli-

cation of an external potential difference to the interface. There 

is no exchange of charged species between the two phases. 

2. The interface permits fully reversible exchange of charged species; 

it is thus an electrode of a galvanic cell. The potential difference 

between the two phases may be altered by changing the chemical potential 

of the exchanging species in the solution. 

The most extensively studied example of the first type is the 

interface between mercury and an aqueous solution. The cell may be 

envisaged as containing a solution, a mercury electrode and a 

standard hydrogen electrode. 	The hydrogen cell is assumed to be 
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ideally reversible and of so small a surface that its adsorption 

may be neglected. The mercury electrode is assumed to be com-

plctely polarised; that is, no ions from solution can be dis-

charged at it, and the concentration of Hg2  ions is negligible. 

Consequently, any charge carried to it by an external potential 

difference remains on the mercury. 

For an example of the second type a similar cell may be en-

visaged in which the mercury electrode has been replaced by a 

silver-silver iodide electrode. As opposed to the case of the 

completely polarisable electrode the potential difference of this 

cell is not a new variable of the system but is completely defined 

by the composition of the phases present. It is this type of system 

which is assumed for the spinel-solution system under investigation. 

Both treatments give similar expressions for the change in 

Gibbs free energy of the interface with change in the aqueous phase 

in terms of the changes in chemical potential of the species present 

and in the interfacial potential. 	The difference is that in the 

case of the cJnyletely polarisable electrode the expression applies 

to all the species present since none can be discharged whilst for 

the completely reversible electrode adsorbed lattice ions are not 

included. 

The difference in Galvani potentia104,p, between two phases may 

be defined as the coulombic work required to transfer a species having 

unit charge from the bulk of one phase to the bulk of the other phase. 
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The actual work required to transfer a charged species involves not 

only coulombic work but also chemical work, since there is a 

difference in chemical potential between the phases. Neither 

contribution can be'determined or calculated independently for 

two phases, although it can be done for two regions of the same 

phase. The actual work done in transferring the charged species 

is the difference in electrochemical otentialA1.119 d the 

chemical contribution4fi i, so 

441' ilfi +Ei°41P 

OT 	- 	• 	 
2.0 

If a reversible exchange of the species between the two 

phases is possible then equilibrium can be reached, which corres-

ponds toAR 0 and 

4 u, / c zi  

If the charged species.af 
40- 

the major components of a solid 

phase (e.g. the cation or the anion of an ionic crystalline 

material) then small changes in concentration in a solution 

phase will not influence the chemical potential in the solid. 
infita 

The fj's 3 e change in chemical potential, d(kai), brought about 

by changing the solution concentration of the charged species is 

d(Ati) = kT d(Ln ci) 

hence 	CAI.) =-kT 	cyzie 

Ions which conform to this treatment are known as potential 

determining ions and their concentration determines Af), 

5 

6 

2 

8 



4s a result of the difference in Gelvani potential near 

the interface there will be en orientation of dipoles and re-

distribution of ions. The two effects may be formally separated 

such that 

2 
where ')c. is the part associated -,-/ith the solid and oriented 

dipoles and ai the part associated with the ionic charges in 
/ 0 

solution. 	It is convenient to assume that if no major changes 

occur in the solution or the solid as a result of altering electro-

lytes and concentrations in the solution that a x,=0, hence 

d ( ,6r) = d 	= kl.d(Lrici)  
nie 

The fact that ro varies with ei  in the same way as the 

Nernst potential is a direct consequence of the close relation-

ship between ti0  and the Galvani potential difference developed 

above. Within the limits of the assumptions made, definite 

values can be allocated to
0
because one value can be fixed, 

viz./G'0 = = 0 at the zeropoint of charge (.is / 0 	 still finite and 

of unknown value)* 

a) 	Models of the double layer. 

The first model of the double layer was proposed, but not 

used, by Helmholtz in 1879 (51) but the simple condenser model is 

contrary to the Second Levi of Thermodynamics and will not be con-

sidered further. 

In 1910 Gouy and Chapman independently presented a new 

10 
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theoretical treatment in which the distribution of the counter 

ions around the charged surface is based on the Boltzmann dis- 

tribution. 	This gives a picture of the double layer similar to 

that proposed by Debyc and Hrickel (52) for the ion atmosphere 

around simple ions. The model corresponds to an equilibrium 

between the electrical forces responsible for the maintenance 

of the electric-double layer and the thermal motion tending to 

maintain homogeneous distribution of the charges in the bulk 

liquid. 	The total excess of counter ions in the double layer 

is equivalent to the number of charges on the particle surface. 

The Boltzmann relation gives the concentration of excess ions 

at x in terms of , however x is itself a function of ; hence 

before the distribution can be fully defined the relation between 

l~jand Xis required. 	The number of each kind of ions in the 

double layer, at a point where the potential is is given by 

rii = rii cxp (-zie AT) 

where n° is the number of ions of species i in the bulk solution, 

far from the surface, where 1p = 0. 

The excess charge per unit volume of liquid iy , where 

= 

or 	= 

1 
e z no e -z ii//kT)-z n° cap (_z _e rikT) 

Poisson's equation describes the relation between the 

potential 	which changes from a certain value, 	, at the 



interface to zero in the bulk of the solution, the charge 

density,os and the distance from the interface. 

'c7cp= -9f 
Combining equations 12 and 11 

-z •3. en? 3. exp (-zie Vi AT) 
E 

For small values of )only the first two terms of the 

exponential expansion need be considered. This corresponds 

to ziy, <25mV. and the expression becomes 

- -47T 	•'Tzieni,=-LTEzion91.zie tai  
kT 

On account of the electroneutrality of the solution 

2_4 z• en•3. = 0 3.  

whence 

50. 

1.4 

16 

tu = 	7T e2  
I 	EkT 

2 
1z1 ~1 i2. 

which is generally written 

vy) = )1 2y) 	
' 18 

in which , 

/12` 	
2 	o 2 

EkT 
	 19 

and 1/11( has the dimensions of length and is known as the double 

layer thickness since it is the plate separation of an equiva-

lent simple oondenser. 
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The summation term can be further expanded 

o 2, o 
ni Li = {ni Zi)Zi = cAAL  7,z 	 20 

.103  

where 	z is the numerical sum of the valencies and c is the 

electrolyte concentration in g. equiv. /1. 	Equation 12 be-

comes, for 2:1 electrolytes as used in the experimental work 

described later, 

2 = 12 7T e2cN 
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103 s kT 
This approximate equation does not hold for large potentials 

when the complete equation must be used. 

By restricting the discussion to an infinitely large 

plane interface the Laplace operator can be simplified to 

d2/dx and an expression for 	a function of distance from 

the surface can be derived. 

2 	-LE Z e/4 exp (-zier/kT) 	 22 

dx 	.E .E 

2.  ar  d2cP  = 	 2Ezieni  exp (-zier/kT)• 	 
dx. dx2/ 	 dx 

Integration gives 

(c 	

2 - 871kT 	n. 
LexP 

 (-z isyilkT)-1] 

applying the boundary condition that for x = infinity, f-7-0 

and ay)/dx TO. 



The condition of electroneutrality of the total double 

layer requires that the surface charge is equal and opposite 

to the total space charge in solution. 	This establishes a 

relation between the surface charge density, Cr; and the 

surface potentiol,ro. 

po 

6-' = frdx 

This can be integrated by using Poisson's expression, 11. 

52. 

ty— 

.coo 

= 
 1.1

E .(1!ip dx = 
4 7r ax2  (4P) , dx x=o 

26 

Combining equations A and 21we find the full expression 

V2  
0-- f 	 27r9  lexp (-Zier/o/kT) 

L2-Tr 

The Gouy theory, discussed above, has one serious defect. 

';'he ions are regarded as point charges with the consequence that 

ifaniis high and 0 is also high, e.g. 200 MV., absurdly high 

concentrations near the surface are predicted, demonstrating the 

non-validity of the theory close to the surface. 

Stern based his modified theory on the assumption that 

close to the fixed charge on the surface there is something like 

a fixed layer of counter ions at a distance g, which might be 

of the order of thickness of a hydrated ion. Between the two 

layers occurs a 3:blear poteitial drop. Beyond this first layer 

of ions the diffuse layer, as in the Gouy theory, extends into 

the solution and the total thickness is the sum of the extension 
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of the two layers. Stern's theory also includes allowance 

for the limited number of adsorption sites on the surface and 

for the "specific adsorption potential" of the ions which in-

cludes the influence of all forces other than those of simple 

coulombic attraction between the charged surface and an ion. 

So far nothing has been said about the potential distribution 

around a sphoical particle. Considering the Debye-HUckel 

approximation for small potentials, the potentialfx  at a distance 

x from the surface of a particle, radius a, is 

fo 	a eacp - x 

(a+x) 
28 

For small particles, the potential falls off more rapidly with 

increasing distance x than in the case of the flat double layer. 

In the latter case the potential has decreased to 5; of the 

value at the surface such thatifx=3. So providing 1a,3 the 

double layer around a curved surface is the same as that for a 

flat surface. As I is rarely less than 10
6 
 cm

-1 
 , particles 

greater than 300 radius may be regarded as plane surfaces. 

In assigning numerical values to the terms in the various 

equations the assumption must be made that E, the permittivity, 

has the same value in the double layer as in the bulk solution. 

When there is a high ionic concentration within the double 

layer this assumption is open to doubt. 



4,ii. SURFACE ION EXCHANGE 

Only in the simplest cases is the double layer built up 

from the ions of a single salt. Generally, several types of 

ions are present, some of which are contributed by the surface 

after exchanging with ions from the solution. The exchange 

of true lattice partners is generally only present to any 

considerable extent in fresh precipitates making equilibrium 

phenomena difficult to observe although considerable work on 

this aspect of ion-exchange has been done by Kolthoff. 	In 

Kolthoff's examples exchange was considerable because the 

surface areas of the precipitates were high and bulk exchange 

occurred in some cases. 

The simplest case of ion-exchange is:  theoretically, 

that for a diffuse Gouy layer in which all specificity except 

valency can be neglected. The ratios of the concentration 

of ions of equal valency will be the same in the double layer 

as in the bulk solution, 	If one of the cations is divalent 

and the other monovalent the exchange is greatly shifted 

towards the divalent cation in places of negative potential 

and vice versa for anions. 

Customarily adsorptions are referred to the solvent and 

the total cations and anions just compensating the surface 

charge are considered as belonging to the double layer. How-

ever:  in ion exchange work it is convenient to consider ions 

bearing the same charge as the surface as having zero 

54. 
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adsorption and an amount of charge equal to the surface charge 

is considered exchangeable. 

Van Os (53) considered a diffuse double layer at a 

negatively charged plane surface in equilibrium with a solution 

containing two salts with monovalent anions. 	One salt has a 

monovalent and the other a divalent cation. By applying 

equation 11 to both salts and multiplying by e the excess of 

positive over negative charge for the two salts can be calcu-

lated. By integrating over the whole double layer the ratio 

of the two excesses is found to depend only upon the surface 

potential and the concentration ratio in the bulk solution and 

not on the absolute concentrations. Especially for high 

negative potentials the distribution is very much in favour of 

the divalent cation in the double layer; at a surface potential 

of about -100 mV and for a ratio of divalent to monovalent 

cations of 1:10 in the bulk liquid this is increased to 2:1 

in the double layer. 

In most cases of ion exchange a certain specificity of the 

ions is observed and the simple Gouy theory is no longer appli-

cable. The Stern double layer theory could perhaps be applied, 

but because most practical ion exchangers do not rely on surface 

exchange alone this has not been done. 	In those ion exchangers 

where the bulk of the material takes part in the exchange process 

the specificity is much more marked. 

4n extreme case might be considered in which all the double 
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layer is concentrated in the Stern layer an equation of the 

following type holds for the exchange between monovalent ions 

ni 	.0, el 
•••I•M 	 mminmr 

n2 	02 

where f= exp 	132 TLan expression for the difference in 

the Stern adsorption potentials 	the respective ions. 

Various modifications to this equation have been suggested for 

exchange between ions of different valency but neither theo-

retical derivation nor experimental evidence give sufficient 

information to choose any particular form. 

The pH of the solution can play an important part in ion 

exchange, especially when the exchanging groups are weak acids 

or bases. Only when the exchanging groups are strongly acidic 

can a direct comparison be made between the exchange of metal 

and hydrogen ions in the diffuse part of the double layer. 

ZETA POTENTIALS AFIJ ELECTROKINETIC EFFECTS 

a) 	Electrokinetic phenomena 	and slipping-plane considerations. 

Ion exchange is probably the most important practical appli-

cation of the electric double layer but there are a number of 

others; Furstenau (54) has shown a high degree of correlation 

between contact angle, adsorption density, flotation recovery 

and zeta potential. The only experimental method of in-

vestigating the electric double layer is by means of electro-

kinetic measurements. 



Electrokinetic phenomena involve both electricity and a 

tangential movement of two phases along each other. They 

may arise from an external electric field directed along the 

phase boundary and resulting in movement; or from movement 

of the phases over each other, resulting in an electric field. 

The first type is exemplified by electro-osmosis and electro-

phoresis, and the second type by sedimentation and streaming 

potentials. 

For both kinds of electrokinetic phenomena it appears 

that the potential in the slipping-plane between the fixed 

and the flowing liquid is determinative. This potential is 

called the zeta-potential (s).  
The slipping-plane does not occur at the physical 

boundary between the two phases but further out into the 

solution phase. The potential at this plane must, therefore, 

always be smaller than the surface potentialyio. 	Overbeek 

(55) suggests that the slipping-plane might occur at the 

junction of the Stern and Gouy layers. For very small con-

centrations this would lead to the zeta-potential becoming 

very close to
ld 
 and thus explain that at these low concen-

trations only potential determining electrolytes have any 

influence on t. At higher concentrations the compression of 

the Gouy layer would explain the lowering of!;. Stern 

adsorption potentials would account for differences between 

different electrolytes of the same valency type and the 
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reversal of charge by adsorption of ions. The experimental 

evidence tends to suggest that the slipping-plane is situated 

somewhere in the Gouy layer. Also there is no real evidence 

that the position of the slipping-plane will not change with 

change in concentration or electrolyte. 

That part of the double layer between the particle sur-

face and the slipping-plane will not suffer any distortion when 

the diffuse double layer is subjected to shear by an external 

mechanical or electrical force, being firmly held by the electro-

static forces of the particle. A few speculative attempts 

have been made to elucidate the thickness of this adhering 

layer. 	Eversole et al (56 a,b) tried to calculate t (see 

Fig. VIII) on the basis of electrokinetic data available in 

the literature. 	It was assumed that the charge on the 

particle surface is equal to the total excess charge in the 

double layer less that part in the sheared-off layer. 6 
DS well asris occur in this equation; the latter is success-

fully eliminated in terms of for two concentrations, this 

assumes that both Sand t are unaffected by the change in 

ionic strength. The t values obtained for monovalent ions 

vary between 10 and 70 2, depending on the material and the 

method of determining 	Bickerman (58 alb) postulated 

that the fixed layer may be restrained by protrusions on the 

surface and that this surface roughness would then explain 

the higher values of t. Kramer and Freise (60 a,b) examined 
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ion exchange resin particles; they found t to vary with 

the valency of the counterions. In NaC1 t was of the order 

of 10 R compared with up to 200 R in A1013. 

Other attempts to measure t have been made by Derjaguin 

et al (62 a-h); the method used in all these experiments 

vas based on a direct measurement of the adhering layer be-

tween plates, plate and bubble and between two bubbles. The 

measured thickness need not necessarily be identical with 

those previously described. 	The method helps to clarify 

the idea of a firmly attached multilayer of water molecules 

and ions on a charged surface. It appears that the surfaces 

exert a certain force on the surrounding liquid and ions but 

it is difficult to say anything definite about the true 

cause of the observations. 	The static effects can be 

ascribed to the pressure of the electric double layers but it 

is not clear to what extent the molecules surrounding the 

charged solid are immobilized. 

Grahame (70) has shown that ions within the slipping plane 

lose all or part of their hydration shells by reason of their 

close proximity to the surface. 	In addition some other ions:  

not in direct contact with the surface, are included; these 

ions probably have their crystalline hydration form, given by 

the Goldschmidt co-ordination number as shown by Bernal and 

Fowler (71). 	Some ions of this latter type may, further from 

the surface, take on part of the hydration shells of the "bound" 
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ions. 	These various hydration states finally merge into the 

bulk form of the ions. 

b) Derivation of the streaming current equation. 

The relations between the electrokinetic phenomena and 

the zeta-potential can be derived without any exact structural 

knowledge of the electric double layer other than the potential 

distribution as developed by Stern. 

When liquid is forced through a porous plug by an external 

pressure a potential difference, the streaming potential, is 

set up across the ends of the plug. 	If the ends of the plug, 

or rather the electmies between which the plug is contained, 

are shorted together the streaming current flows through the 

short circuit in preference to the liquid. In practice, this 

short circuit is replaced by a low resistance galvanometer 

as in the experimental technique discussed in 4liv. 

Consdder the flow of liquid through a single capillary of 

length 1 and radius a, large compared withcc, the thickness of 

the double layer. 

A potential Es  volts is generated by the liquid flow in 

the electric double layer near the wall of the capillary. 

Providing the flow is laminar its profile is parabolic and 

is given by the classical equation for laminar flow: 

v 	P 	(a 2-1,2) 

4l 

where in the tube, at any distance r from the centre, the 

linear velocity of flow of the liquid, of viscosi9, is 
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v, under the pressure P. 

By differentiation, the velocity gradient at and very 

close to the wall is: 

	

(d v = 	P.a 

	

dr r=a 	22 1 

Provided the electric double layer is thin in comparison with 

a, the velocity at any distance x = a-r from the wall of the 

tube is given by 
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V = 
dv 1 dx 
dx x=o 

Pax 

= 
Provided is constant within the double layer. 	similar 

equation, with a different value of dv/dx, will be true of flow 

in the laminar sublayer near the wall even if the flow is so 

fast as to be turbulent elsewhere. 	The theory, therefore, 

remains valid if the ionic double layer lies within this 

laminar layer. Since by definition the charge carried per 

second by the liquid, the streaming current Is, is 

a 
2/c af v. dx 

of 
Substitution of from Poisson's equation and of v from 

equation la gives 

Is  = - Pa2 	D d 2   x. dx. 
4 11 	dx 

If D is also independent of x, i.e. independent of the 



presence of the electric double layer, integration by parts 

gives 

  

x=a 	
) - 	
lx=a 

9 

x=o 	x=o 

Is 	=_ PDa2  

244.1 1 
x.  d  

d _ 

and, since dtidx = 0 and y.) = 0 when x=a (the radius of the 

tube being so much greater thanc) and since also f) = 

when x=0, this reduced to: 

Is  = 	5 rs2\ 

1.777 	77) 

If D and YZ vary with field strength in the double layer, it 

can be shown (72) that 

Is  = ps2  

Ti" 1 	
0 

When a low resistance galvanometer is connected across the 

ends of the capillary the return circuit can be visualised as 

two resistances in series, the capillary and the galvanometer 

of resistances R and Rc  respectively. In the steady state 

the streaming potential across the plug Es, is balanced by 

the current flowing through these resistances and measured 

on the galvanometer as Tie  

ES = IsR = I
G R+ 

Is  = 14  R+1.16  
R 

Rearranging, 
g 

= As 4, ig , R+R 4 	1  
P.D 	R 	-;a 
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Because of the accumulation of ions in the double layer, 

there is a conductance path along the surface of the 

capillary and the resistance of the return path through 

the capillary can be expressed as 

Tr a 2/ 	2 if a Pis  

R 

where if and 	are the specific bulk and surface conductivities 

respectively. 

Provided the bulk conductivity is large compared with the 

surface conductivity equation L2 can be extended to a plug of 

arbitrary geometry. The restrictions,that the pore radius is 

large and the particles of which the plug is composed are large 

compared with &, still apply. 

The equation then becomes 

= 	R+R  

P,D 

where k, the plug constant, is equal to R providing that the 

surface conductivity can be neglected. In the presence 

electrolytes of increasing concentrations the contribution of 

the surface conductivity to the total becomes vanishingly small 

and the ratio of the resistance of the cell containing the plug 

filled with electrolyte solution to that of the cell 
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containing solution only becomes constant. This limiting 

ratio is the plug constant, k. 

c) Summary of experimental methods of zeta-potential 

determination. 

Electrophoresis can be defined as the study of par-

ticle motion with respect to a bulk liquid under the 

influence of an applied electric field. The microscopic 

or ultramicroscopic method, in which single particles are 

observed, is applicable for particles in the size range 

0.11 to 10,e, For colloidal molecules the moving boundary 

method (73) can be used; a mass of particles is observed. 

The results for non-spherical particles, particularly pro-

teins, were given a theoretical interpretation by Overbeek 

(74). Sols of T102  and CuO have been investigated electro- 

phorctically (75 a-d). 	Anderson has also investigated 

synthetic magnetite using microelectrophorcsis, a modified 

form of the microscopic method in which only very small 

quantities of the so] arc required. 

In 1931, Henry (79) studied the effect of an electric 

field on a large single particle suspended in an electro-

lyte solution. The high experimental errors, mainly 

associated with the particle suspension system, have 

prevented further development of this technique. 

Electro-osmosis consists of the movement of bulk 

solution under an applied field with respect to a fixed 



solid in the form of a plug. Particle sizes arc slightly 

larger than for electrophoresis and to avoid surface con-

ductance effects it is convenient to use solutions of 

10--1d and upwards. Douglas has used this method for 

fluorspar and Iceland spar (80a,b) 

Sedimentation potentials (Dorn effect) are set up 

when solid particles move with respect to a bulk liquid. 

The difficulty in controlling the flow of the solid and 

the measurement of the small potentials produced have meant 

that this effect has been little used to determine electro- 

kinetic potentials. 	Elton and his co-workers (82 a-j) 

have recently investigated this technique more thoroughly but 

only results for silica, with a high zeta-potential, have 

been published. 

Streaming potentials are set up when bulk liquid is 

forced through a fixed plug of material. 	The particle 

sizes need be neither uniform nor very small and a large 

range of electrolyte concentrations can be used though the 

potentials become very small at high concentrations. 

Wood (92) and Gartner (93) derived equations from which 

the zeta potentials may be calculated. 	The theory has 	been 

criticised by Bull (913.). 	The technique has been used by 

numerous workers for a variety of fibrous and powdered 

These two papers form an interesting comparison of changing 

the anion but unfortunately impurities in the natural 

specimens and difference in crystal structure make exact 

comparison impossible. 
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materials (95 a-g). Bolt (102) has shown that errors in-

troduced by using values of bulk viscosity and dielectric 

constant, rather than the values in the electric double 

layer, are in opposite senses and for small potentials, 

W5 mV, cancel. 

The zeta-potentials calculated from streaming potential 

and eIectro-osmotic measurements are equal, as shown by 

Biefer (103), providing that observations of electro-

osmotic velocity are corrected for the leak-back of 

solution through the pores of the plug under the extra 

pressure of the liquid transported. 

The equations for streaming potential and electro-

osmosis, in single capillaries including corrections for 

surface conductance, are 

= 2+7r2 ( 	+ Ofs  Es  - streaming potential 

	

D 	a P 

and 	=LF177 L 2 u electro-osmosis ) 

/ 

• •F5i = uP 	 U. 

where Es  is the streaming potential under a pressure P and 

u is the electro-osmotic volume flow rate produced by a 

current i. 	This relation has frequently been tested and 

it also holds if ...CD/ 	is replaced by . dy , 
-6 

provided only that the velocity gradient very near the wall 

is non-turbulent in both cases. 



If the streaming potential is applied across a 

galvanometer of known resistance the streaming current 

can be measured. This method is less sensitive to electro-

lyte concentration (for a given zeta-potential) than 

streaming potential measurements. 	O'Connor has used 

this method to determine the zeta-potential of natural 

scheelite (104). 

Electrocapillary and capacity measurements provide 

the most complete information about the electric double 

layer but this technique is confined to irreversible 

electrodes, mercury being the most studied. 	The electro-

viscous and ballioelectric effects, although due to 

electrokinetic phenomena, are too difficult to handle 

mathematically to provide a suitable method of measuring 

zeta-potentials. 

EATERIkINTAL DETERMINIITION OF ZETA-POTENTIALS. 

a) Electro-osmotic measurements. 

A closed circuit streaming potential apparatus used 

for some previous determinations of zeta-potentials of 

1424204 spinel was abandoned because of the difficulty in 

preventing the powdered material, which formed the plug, 

leaking back through the platinum gauze electrodes. A 

simple V-shapped electro-osmosis cell was constructed as 

in Fig. DC in which the plug was formed by allowing the 
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material under investigation to settle through the electro- 

lyte in the cell. 	It was hoped that this form of packing 

would reproduce should the plug be disturbed. The whole 

apparatus was immersed in a water bath thermostatted at 

25°C. 

After constructing several prototypes the plug section 

was finally made from two 5 cm lengths of 4  inch bore gloss 

tubing with a 90°  angle between them. 	This angle was 

formed by grinding the ends of the sections to 45°  and 

fusing, care being taken not to distort the tubing. This 

arrangement gave the best compromise between solution 

flow rate and plug stability. 

The upper parts of the electrode arms were bent so 

that both capillaries, of 0.5 mm precision bore tubing, 

could be observed in the microscope eyepiece simul- 

taneously. 	The original electrodes consisted of copper 

gauze intermeshes] with a tungsten lead sealed through the 

wall of the apparatus and plated first with silver and then 

with silver chloride but this treatment did not prevent 

copper from entering the solution. A coil of well 

annealed tungsten wire (0.01 in. diameter) was substi-

tuted and silver plated followed by anodisation in :01 

solution until chlorine was evolved, exposing only un-

reactive tungsten. Part of the silver chloride coating 
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was removed, by reversing the anodising current, and then 

the electrodes were further anodised at a lower current 

density to give an increased surface area of silver 

chloride. 

To avoid contamination from grease polytetrefluoroethy-

lene sleeves were used at the cone and socket joints. These 

were not entirely satisfactory because of uneven stretching 

and it was found that wetting the surfaces of the joints 

with the cell electrolyte solution gave a watertight seal. 

A potential of 120V across an 1411204.  plug in water 

developed a pressure difference of only 2 mm. across the 

capillaries which took some two hours to reach equilibrium 

when the viscous and electro-osmotic flows become equal. 

An increased pressure difference can only be obtained at 

the expense of additional time to reach equilibrium. The 

equilibrium level could have been obtained from the rate of 

approach to equilibrium although this was also slow. 

Because the viscous flow rate yam so low it took a con-

siderable time before a change of concentration could be 

effected. At this period results of early adsorption 

measurements became available, indicating the presence of 

material dissolved from the solid. 	It was therefore 

decided that this method should be abandoned in favour of 

one in which only uncontaminated electrolyte solution passes 

through the plug. 

71. 



b) Streaming current measurements. 

The streaming current apparatus (Fig. x) consisted 

of a solution reservoir fitted with a constant head 

device, a manometer and the plug section. The plug 

section was comprised of a vertical glass tube with a 

slight constriction on which rested a platinum disc 

pierced with numerous fine holes. The plug was packed 

on this disc and a second similar disc pressed tightly on 

the plug. Connections from the two discs were taken to a 

sensitive galvanometer. 

To ensure uniform packing of the plug the following 

standard technique was adopted. 	The cell was filled 

with water, the lower electrode only being in position, 

and a thin layer of -60 mesh spinel fraction was added. 

The bulk of the plug, consisting of 60 - 120 mesh 

material, was then added slowly with constant tapping of 

the cell walls to assist settling and prevent channelling, 

until a depth of 1 cm. was attained. A thin upper layer 

of coarse material was finally added and the upper elec-

trode inserted to hold the whole plug firmly in place. 

Five litres of distilled water were run through the 

apparatus to condition the plug. The upward flow of 

solution through the plug was to minimise washing out of 

the finer particles. 	The behaviour of the galvanometer 
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when the flow was stopped and during the decay of 

polarisation was followed. 	A series of 1Iisolutions 

of various electrolytes were prepared for use in the 

apparatus after suitable dilution. 	The range of con-

centrations studied was 10-5  to 10-41. The solutions 

were run through the plug in order of increasing then 

decreasing concentration followed by double-distilled 

water. The current change when the flow of solution 

through the plug was stopped was measured several times. 

The connections from the galvanometer to the cell were 

reversed and the measurements repeated. 

It appeared that the streaming current in water 

varied considerably for any plug. This was found to be 

due to absorption of atmospheric 002  into the water. 

Accordingly all the solutions were freed from carbon 

dioxide by bubbling nitrogen through the double-distilled 

water used in the dilution of the electrolyte stock 

solutions and by maintaining an atmosphere of nitrogen in 

the reservoir of the apparatus. All recorded results 

were obtained in this manner unless otherwise stated. 

c) Washing the plug. 

It has been shown (Horsfall and Benton, Private 

Communication) that adsorbed electrolytes on metal oxides 

arc not readily desorbed in water, even electrolytes which 

are not expected to exert specific adsorption or potential 
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determining effects. 	These workers found that the 

adsorption process could be reversed by washing the solids 

with boiling -water. 

This effect was not observed from the streaming 

current measurements indicating that the amount adsorbed 

was small. However, to ensure complete removal of the 

adsorbed ions the plug was washed with about 11. boiling, 
macctssivf_ tosithcolts wit/, 

double-distilled water between
A 
 electrolyte solutions. 

d) Polarisation effects. 

In early streaming current observations, it had been 

noticed occassionally that the galvanometer required a 

few seconds to reach its maximum deflection, returning 

slowly to the zero position. To check whether this could 

be due to polarisation effects at the cell electrodes an 

external polarising potential was applied to the cell. 

The implication is that, if the polarisation decays rapidly, 

the deflection recorded by the galvanometer will be the 

difference between that proportion of the streaming current 

returning through the galvanometer and the current caused 

by the polarisation decay, hence any zeta-potential calcu-

lations would be invalidated. The external polarisation was 

supplied by a 2V accumulator wired in series with a resis- 

tance of about 1 megohm across the cell electrodes. 	This 

produced a galvanometer deflection of about 20 divisions 
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(0.1f11). The rate of deflection of the galvanometer and 

the apparent streaming current were unchanged by the 

polarisation. 	Changing the polarity and magnitude of 

the applied potential had no effect. When no solution was 

flawing, switching on the polarising circuit caused a rapid 

deflection of the galvanometer which returned to zero very 

slowly when the polarising potential uas removed, i.e. the 

polarisation decays only slowly. No change in the apparent 

streaming current could be detected ,Alen the solution flow 

through the plug was stopped and the external polarisation 

circuit was broken simultaneously, 

e) Surface conductivity. 

In low concentrations of electrolytes surface con-

ductivity contributes a small, though significant, part to 

the total conductance of the streaming current return path 

which consists of the surface, bulk solution and the ex-

ternal circuit all connected in parallel. The surface 

conductivity arises from two separate causes; firstly, 

there is an excess of ions in the double layer over the 

bulk solution concentration and their motion in the electric 

field gives rise to part of the total, the ionic mobility 

contribution; secondly, the clectrokinetic movement it-

self provides the electro-csInotic contribution which is 

not observed in high frequency a.c. fields where clectro- 



osmosis cannot develop) this is basically a displacement 

of the free charge in the double layer. 

The effects of surface conductivity of the plug 

materials tested were corrected for by determining the 

apparent conductivity of various concentration of ICC1 

in the cell with the plug in place. 	In high concen-

trationsof electrolyte the contribution to the total con- 

ductivity from the surface becomes negligible. 	By 

measuring the resistance of the plug containing high 

concentrations, up to 0.2U, of KCl a limiting value 

of the cell constant, k 	was found. 	k is 

defined by the equation 

k = R.0 /120  

where R is the measured resistance of the plug and 

RC  the measured resistance of the solution using a dip 

cell with constant C to correct the measured solution 

resistance to specific resistance. 	The limiting value 

of k is a measure of the bulk conductivity alone. 

lower concentrations the value of k is decreased by the 

surface conductance effects; however, to a good 

approximation it is the limiting value which is required 

in equation 	used for the calculation of zeta-potentials. 
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= t rL  x 	I c , 	x R+R 

D 	 R 	P 

where 	zeta-potential in c.s.u. 

viscosity of the solution in poises. 

D 	= dielectric constant of the solution. 

galvanometer current in e.s.u. 

plug resistance in ohms. 

R 4  = galvanometer resistance in ohms. 

pressure head in dynes cm72  

limiting cell constant. 

Inserting the requisite conversion factors into the 

equaticn it becomes 

s= 1.696 . 103 x 1, x R.24  x k at 26°C 
R 

where 5 is in millivolts, IS  is in microamps. and P is the 

pressure head in cm. of solution. 

Certain corrections were applied before calculating 

a value for the zeta-potential; 

(i) The measured pressure was reduced by the 

frictional loss of hydrostatic head. 	This was experi-

mentally determined as the hydrostatic head required to 

produce a given flowrate through the apparatus in the 

absence of a plug; it was found to be proportional to the 

flowrate. The correction normally amounted to less than 1(;6 

of the total pressure. 
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(ii) Temperature fluctuations betaecn solutions 

were allowed for, to the nearest 0.5-)0, in the constant 

used in equation a. 
(iii) After standing for several days, the plug 

sometimes became highly compacted and the flow-rate 

became very low. 	In such cases the plug was dis-

turbed slightly to improve the flow-rate and the cell 

constant was redetermined with approximately 0.2M K01 

solution. 

4,v. ANALYTICAL TECHNIQUES 

a) 	Determination of aluminium. 

A method of determining aluminium gravimetrically 

in whichbydrixyl ions are produced in situ and the alu-

minium hydroxide precipitated from a chloride solution, 

'canard and Tang (105), was used in the analysis of 

solutions of aluminium salts from which the original 

spinels were prepared. 	It was not possible to reduce 

the scale of this determination to cover the very small 

amounts of aluminium leached from the fired spincls. 

To determine the amount of aluminium extracted from 

the spinels a method using ethylenediamineteiraacotic 

acid (E.D.T.A) was devised. 	The solution was boiled 

with excess E.D.T.A., cooled and,a) the aluminium determined 

by back-titration of the excess E.D.T.A. at pH5 or,b) 
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magnesium and aluminium determined at pH 10 oro c) 

magnesium alone determined at pH 10 by omitting the 

boiling. 	Initial tests were made with 10-2M solutions 

of magnesium and aluminium and the back titration was 

accomplished potentiometrically using mercurous nitrate 

solution and a static mercury drop electrode. 	The end 

point usingtaio method was too indistinct for good repro-

ducibility and the titrating solution was changed to 

farDua ammonium sulphate. The titration curves then 

obtained were of a flat Z shape, apparently due to the 

combined effect of two redox potential changes and again 

the end point could not be located accurately. 

A further variation was tried; the titration was 

carried out with a zinc nitrate solution and the end 

point detected using a mixture of potassium ferro - 

and fermi-cyanides as a redox indicator with a platinum 

wire electrode. 	This was entirely satisfactory for 

10-2M but not for 10-41v1 solutions. 	The aluminium 

solutions were evaporated down and the zinc concentration 

was increased to 103M giving some improvement to the end 

point for aluminium alone. The very small quantities of 

aluminium extracted from the spincl were, however, usually 

within the titration error. 	The results for magnesium 

when determined by a type c) titration and by the difference 

between b) and c) titrations differed by more than the 
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experimental error. In order to reduce this discrepancy, 

the point in the process at which the indicator and buffer 

were added was varied as were the concentrations and amounts 

added; but no satisfactory method could be developed. 	In 

view of the extremely smoll amounts of aluminium extracted 

from the spinet it was decided to neglect this ion in the 

adsorption determinations. 

b) Determination of zinc using dithizone. 

A standard solution of zinc was prepared by dissolving 

a known weight of the A.R. oxide in the minimum quantity 

of hydrochloric acid and diluting accurately to approxi-

mately
-6_ 

10 -M. 	Samples of this standard solution were 

taken to give up to 5X of zinc, 1 ml. of pH 10 buffer 

(1lK NE4OH / 1hihH4
C1) was added and the volume was 

brought to 100 mis. by the addition of distilled water. 

10 ml. of a 0.001 solution of recrystallised dithi-

zone in carbon tetrachloride was added to this solution 

after transferring to a shaking funnel and the mixture 

was shaken vigorously for five minutes. Samples of the 

carbon tetrachloride layer were run into 1 cm. specto-

photometer cells and the optical density of the solution 

was measured at 530 and 625 miti. 	NO reproducible 

results were obtainable for either 530 /17441  viz. the zinc 

dithizonate absorption peak or 625 1- 4,viz. the dithi-

zone in the carbon tetrachloride absorption peak. 
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This lack of reproducibility - the solutions turn 

yellow - was investigated by following the spectrophotometric 

behaviour of threeki multaneously extracted(san;Dxsafilso-..,  

distilled water. The rate of decomposition, as shown by 

the change in optical density of the solution, would be 

expected to be equal for all three samples:- The graphs 

(Fig. XI) show this not to be so. 	Therefore the possibility 

of taking absorption measurements after any given time 

interval was not practicable. The possibility that Im-

purities in the dithizone were catalysing the decomposition 

means that fresh solutions and standardisations would be 

necessary for each series of measurements. Accordingly 

the method was abandoned. 

o) Determination of divalent cations with E.D.T.A. 

Divalent cations at the concentrations investigated 

could be determined satisfactorily by titration with E.D.T.A. 

using standard complexiometric indicators. The titrations 

showed that glassware cleaned with chromic acid retained 

considerable quantities of titrateble ohromium even after 

several rinses and also that some of the electrolyte 

solutions used, slowly removed calcium ions from the walls 

of the glass containers. Adsorption experiments were 

then carried out whenever possible in polythene bottles 

and the titrations in fused silica beakers to minimise 

these possible sources of contamination. 
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It was decided to use a back-titration method since 

this allowed the determination of a large number of ions 

without undue difficulties arising from blocking of the 

indicator, as in the direct titration of copper using 

E.D.T.A. with Eriochrome Black T indicator. Even with 

a back titration care had to be exercised to prevent 

local concentrations of copper ions blocking the indi-

cator. 

Schematic analytical procedures, based on methods 

devised by FlascNka (106) were drawn up for the analysis 

of Pb, Net' 

of Mg++, Ni++, 

++ 	. Ca++ Cu 	NI++  and Zn++in the presence 

Zn++  or Cr++ which might have been leached 

from the spinels initially investigated, Table 2. Most 

titrations were carried out at pH10 with Eriochrome Black 

T indicator; other pH's and various masking agents enabled 

the same method to differentiate between the ions. Copper, 

niokel and zinc can be masked by the addition of excess KCN 

solution; the zinc, unlike copper and nickel, is released 

from its cyanide complex by the addition of formaldehyde. 

These ions can be titrated at pH5: titration at pH6.5 
was used for the determination of nickel in the presence 

of copper, and in these cases PAN indicator was used. 

To an aliquot of the sample solution, usually 25 ml., 

was added a measured excess of 10
...3 E.D.T.L. Buffer, and 

masking agents when required, were next added and followed 
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Table 2. 	Schematic procedure for complexiometric titrations. 

Ions 
dotormined Titrationn required 

Cr3+  

+ 	2+ 
Ng 

Ca2+ 

Cu2+ 

Pb
2+ 

.. 	2+ iirg 

Ni
2+ 

Zn2+ 

Ca at pH12, cold; 	Ca + Mg at pH10, cold; 	Ca + Mg + Cr at P110, hot. 

Cu at pH5 (PAN) cold; 	Mg at pH10 with xn. KCN, cold; Mg + Cr at pH10, xa. RCN, hot. 

Pb at pH8, cold; 	Pb + Cr at p18, hot; Mg + Pb + Cr at pH10, hot. 

Mg at pH10, cold; 	Cr at pH8, hot; 	(iig + Cr at pH10, hot). 

Ni + Mg at pH10, cold; 	Ni + Mg + Cr at pH10, hot; 	Mg + Cr at pH10 with xa. KCN, hot. 

Zn + Hg at pH10, cold; 	Ni + Mg + Cr at PH10, hot; 	Mg at PH10 with xc. KCN, cold. 

Mg
-i- 

Ca2+ 

Cu
2+ 

Flo 2+ 

2+ 
Mg 

Ni2+ 

Zn2+ 

Ca at PH12, Ca + Mg at pH10. 

Cu at pH5 (PAN); 	lig at pH10 with xa. KCN. 

Pb at pH8; 	Pb + Mg at P110. 

_. 
lig at pH10. 

Mg at PH10 with xc. KM; 	Mg + Ni at pH10. 

Mg at pH10 with xa. KCN; 	Mg + Zn at pH10. 



Table 2 (continued). 

Ions 
determined Titrations required 

Ni2+ 

Ca2+ 

Cu2+ 

Fb2+ 

ri2 -.1-  

Ni2+ 

Zn
2+ 

Ca at .0210 with xs. KCN; 	Ca + Ni at pH10. 

Ni at pH6.5 (PAN); 	Cu + Ni at pH5 (PAN). 

Pb at pH10 with xs. KCN; 	Pb + Ni at pH10. 

Hg at pH10 with xs. KCN; 	Hg + Ni at pH10. 

Ni at pH10. 

Zn + Ni at pH5 (PAN); 	Zn at pH10 with xs. KCN followed by xs. formaldehyde. 

Zn2+ 

Ca2+ 

Cu2.f  

Pb2+ 

Mg,2+ 

Ni2+ 

Zn
2+ 

Ca at pH10 with xs. RCN; 	Ca + Zn at pH10. 

Zn + Cu at pH5 (PAN); 	Zn at pH10 with xs. 	KCN followed by xs. formaldehyde. 

Zn + Pb at pH10; 	Pb at FE10 with xs. KCN. 

Zn + Eg at pH10; 	Mg at pH10 with xs. RCN. 

Zn + Ni at pH5 (PAN); 	Zn at pH10 with xs. 	KCN followed by xs. formaldehyde. 

Zn at pH10. 

For titrations at pH's below 7 PAN indicator (1-(2- Pyridylazo)-27- naphthol) was used, all other 

titrations were carried out using Eriochrome Black T indicator. 



by the indicator in solid form in sufficient quantity to 

give a faint, but readily discernible, colour. The titrant, 

a 103Msolution of lead or zinc nitrate, vas then run in 

until the colour change occurred; blue to purple for 

Eriochrome Black T at pH10. The mean of two titres 

agreeing to within 0.1 ml was taken as the end-point. No 

satisfactory calcium titrations at pH12 were obtained and 

masking agents were found to give large blank corrections 

reducing the accuracy of the titrations. 

d) Polarographic determinations. 

Lead, zinc and nickel analyses were latterly much 

simplified and speeded up by the use of a Southern Instru-

ments K1000 Cathode Ray Polarograph.0.1M KNO3  was found 

suitable as a supporting electrolyte when the cations under 

investigation were about 10-414 When Zn+tand Nit+  occurred 

in the same solution the peaks overlapped in KNO3, but a 

supporting electrolyte 0.114 with respect to both NH4OH and 

NH4C1 was found to give satisfactory separation of the two 

peaks. 

Spurious maxima were observed in some solutions and 

one drop of 0.1D freshly prepared gelatin solution added to 

the 5 ml, or so of solution under test was found to be 

satisfactory in suppressing them without introducing a 

volume correction. 
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88. 

The calibration plots of peak height in microamps vs. 

concentration are shown in Figs. XII, XIII, 21V. Calcium 

and magnesium cannot be determined by this method. 

e) Determination of calcium and magnesium. 

The determination of calcium in the presence of 

magnesium at concentrations near 10-31d was found to be un-

satisfactory with NUrexide indicator at pH 12 in the E.D.T.A. 

titrations. New complexiometric indicators were tried; 

"Calcien" (yellow - fluorescing yellow) gave difficulty 

under ordinary conditions of illumination in detecting the 

exact point at which fluorescence starts and Patton and 

Reeder's Indicator (red-,  blue) was oxidised very quickly 

at the pH of the titration and gives a variable colour 

change•  

The determination was performed spectrophotometrically 

in a Unicam SP 600 spectrophotometer. The reagent employed 

was di-(o-hydroxyphenylimino)-ethane in alcoholic solution 

at pH 12.6, using the method employed by Kerr (107). 	The 

bright red colour of the complex took e few minutes to 

develop but was stable for about 30 minutes. Beer's law is 

obeyed up to /4.0/1 of calcium, Fig. XV. An attempt was 

made to repeat the determination at pH10 where, by com-

parison with E.D.T.A. complexing, it was hoped that 

magnesium might also complex. The solutions tested 

developed a uniform yellow colour with no trace of the red 
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colour of the complex even after standing for 24 hours. 

Magnesium, therefore, had to be determined titri-

metrically. It was thought advisable to determine the 

total cations and find magnesium by difference rather than 

attempting a direct determination by the addition of 

masking agents. As little as 	of total cations as 

Me+  in 10-3M solutions could be determined: less than 

this could be detected but was not accurately measureable. 

f) Perchlorate determinations. 

To avoid excessive complication of the adsorption 

results it was necessary to use a univalent anion for 

which the surface has little specific affinity. Nitrates 

were used in the earliest experiments but when full 

analysis of the adsorption solutions was required, it 

became necessary to use an anion which could be 

determined. A scheme of analysis was drawn up for 

perchlorate ion which is not adsorbed. 

A gravimetric method of determining the ion as nitron 

perchlorate was tried (108). 	To avoid excessive dilution 

of the reagents, since the nitron perchlorate is appreciably 

soluble, the determination was carried out in semi-micro 

filter beakers. However, the reduction in scale from macro 

to semi-micro quantities led to unacceptably large 

variations in standard determinations and the method was 

abandoned. 
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g) Analysis of chloride ion. 

The technique adopted for the final series of 

adsorption measurements required precise analyses of small 

volumes of solution of which only 1 ml. samples were avail-

able for anion determinations. Test analyses were satis-

factorily completed on the potentiometric titration of 

chloride ion with mercurous nitrate. The end-point of 

the titration corresponded to almost complete precipitation 

of the chloride as mercurous chloride. 

The apparatus consisted of a pool of mercury containing 

somemercurouschloride placed in a 5 ml. tall form beaker. 
A platinum wire sealed into a thin glass tube made con-

nection with the mercury pool. lml. of the unknown 

chloride solution, between 5 x 10-4  and 3 x 10-314 was 

pipetted into the beaker. A salt bridge consisting of 

a cotton thread soaked in saturated ammonium nitrate solution 

made the connection from the solution to a saturated KOV 

calomel electrode. The potential across the two electrodes 

was measured on a Pye pH - and millivoltmeter. 	The 

mercurous nitrate solution, about 4. x 103M, was added 

from an "Aglan micrometer syringe with a capillary tip 

placed below the surface of the solution in the beaker. 

Mixing was accomplished by placing the titration beaker on 

a rotating table, the stationary electrodes and capillary 
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tip providing sufficient agitation. The mercurous 

nitrate solution was added in 0.005 ml. portions at 90 

second intervals, 

The potential vs. volume curves were plotted, Fig. 

XVI shows typical examples, but a more rapid determination 

of the end-point was made from the differential curve. 

A graph of the change in potential for a 0.01 ml. addition 

vs. the total volume, e.g. Fig. XVII which corresponds to 

the curves shown in Fig. XVI, shows a peak change of the 

order of 80 mV. at the end-point. 

Carbonate interferes unless the pH of the solution is 

low. One drop of 10-1M HNO3 was added to each titration 

to prevent the precipitation of the highly insoluble 

mercurous carbonate. 

The mercurous nitrate solution was standardised by 

titration in the above manner against a 10-3M solution of 

KCl made up by weight. The reproducibility of the 

titration, on this scale, was ±104:moles/litre at all 

concentrations used. Tests for reproducibility and 

accuracy of location of the end-point were satisfactorily 

carried out with solutions of lead and copper chlorides. 

Measurement of the pH of the solutions with a Pye pH 

Meter completed the determination of the composition of the 

electrolyte solutions before and after adsorption. 
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4,17i. ADSORPTION ;2ASURENMETS. 

a) Preparation of samples for adsorption studies. 

For the preliminary tests the sample was ground to 

finer than 60 mesh in an agate mortar and the fines were 

removed by sedimentation. 

The sample was brought into equilibrium with double-

distilled water and the concentration of ions leached from 

the oxide was determined. Leaching was continued until 

the ion concentration reached a minimum value (which was 

never found to be zero for MgA1204  spinel). In some 

Oases leaching was carried out with very dilute acid 

_ 	ry  e 2.3 . solutions (approximately 10-3M), Lie 

It was found that after the first leaching treatment 

only the divalent cation was removed from the oxide. The 

first leaching removes a small amount of trivalent ion, 

but not in stoichiometric ratio with the divalent ion, 

and is probably removed in the form of a soluble salt 

formed by reaction with alkali metal contaminants of the 

original oxides. 

After the leaching treatment all samples were 

quickly washed with double-distilled water and dried at 

110°C in air. 

Some of the extractions were followed by continuous 

conductivity measurements. The interpretation of these 
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measurements and their subsequent conversion into con-

centrations was rather difficult and the proposed use of 

this technique for following the adsorption process was 

abandoned. 

b) Early investigations. 

To establish the most convenient concentration for 

for adsorption studies an experiment was carried out in 

which the change of adsorption with concentration of 

electrolyte could be studied. 	100 ml. 10-2M lead nitrate 

solution were shaken up with a 4g sample of MgA1204  spinel. 

After standing for 24 hours c sample of the solution was 

removed and a known amount of double-distilled water 

added and the mixture shaken. Back titration with B.D.T.A. 

of the sample of solution gave a measure of the amount of 

lead removed from the solution and adsorbed on the spinel. 

The new theoretical concentration of the lead remaining in 

the diluted solAtion in contact with the spinel was calcu-

lated (this included the lead ions already adsorbed) and 

the procedure of sampling and diluting was repeated 

several times. Solutions approximately 10-3M indicated 

a total adsorption of about 250 of the lead on the 4g 

sample of spinel. These values had to be regarded as 

only approximate because of cumulative titration errors 

and insufficient knowledge regarding the reversibility of 

the adsorption, 
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The first full series of adsorption experiments were 

carried out on weighed amounts of the samples, between 5 

and 10 g, which were brought into contact with 100 ml. of 

solutions of various electrolytes ( Pb(NO3)2, MgCl2, 

Zh504  and Ca012) of concentration approximately 10-3M, 

for at least two hours in polythene bottles. The mixture 

vas filtered by a sintered glass filter crucible 

(porosity 4). 	The solutions were analysed for cations 

volumetrically with E.D.T.A. both before and after ad-

sorption. The titrations were carried out in fused 

silica beakers. 

The results for NiA1204, ZnA1204  ;and MgC1-20j prepared 

from the fired oxides end ligii1204 and hgFe204 from the 

coprecipitated hydroxides suggested that ion-exchange was 

a major mechanism in the adsorption process. Up to half 

the electrolyte cations were adsorbed (1 to 5 pmoles/g) 
and were largely replaced by the divalent lattice ions. 

There were several cases in which overall adsorption or 

desorption was found but the concentrations rarely exceeded 

6 moles/g. 
A sample of METe

2 
 0 prepared from the fired oxides was 

found to give complete exchanging of electrolyte cations 

in all cases. It appears that this sample consisted of 

a mixture of Fe304.  and MgO, which latter undergoes the 
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exchange reactions. Results from this sample were dis-

carded. Large amounts of material extracted from a 

spinel sample throw doubt on its constitution and such 

results must be treated with caution. 

Since no constant solid / solution ratio was used, 

because of the varying weights of the spinel samples, no 

direct correlation of these results is possible. Such a 

correlation can only be obtained when the equilibrium 

concentrations of the solutions in contact with the 

spinel are the same. 

As a consequence of the ion exchange mechanism 

apparent in the above adsorption experiments a series 

of tests was made to check the adsorption/extraction con-

centration ratio. The sample of MgA1204  spinel used 

previously was washed with double-distilled water, dried 

in air at 110°C and contacted with 100 ml. 10-3M lead 

nitrate solution. The lead and magnesium concentrations 

were determined after the solution had been in contact 

with the spinel for four different periods. Although 

the total amount of lead adsorbed varied with the time 

the solution was in contact with the spine' a constant 

ratio of 1.05 for lead adsorbed to magnesium extracted 

was found: i.e. an overall adsorption. 
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c) Extraction of ZnA1204. 

Attempts were made to measure the amount of metal ion 

that could be extracted from ZnA1204spinel in water and 

dilute nitric acid solutions. 

Four samples of ZnA1204  approximately 1.8 g. each 

were placed in polythene bottles. 25 ml. of water was 

added to each of two of the samples and 25 ml. dilute 

nitric acid ca. 10 3M, to each of the others. To one of 

the samples containing water was added ig "Zeo-Karb 225" 

ion-exchange resin in the sodium form and to one of the 

samples containing acid was added 1g of the same resin 

in the hydrogen from. The bottles were agitated in a 

flask shaker for about 20 hours over the course of a 

week. 

After a week the mixtures were filtered. lg of the 

sodium form of the ion-exchange resin was added to the 

aqueous extract of that sample which had contained no 

resin and likewise 1g of the hydrogen form to the acid 

extract. These were left in contact for about 3 hours 

and filtered off. The other samples of resin were 

separated from the spinel by screening. 	The spinel 

samples and extracts were discarded. The ion-exchange 

resin samples were eluted with 25 ml. 5o NaCi solution 

and the extract titrated with 10-3M E.D.T.A. at pH 10. 
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Those extracts to which the resin was added after 

filtering off the spinal were not titratable (less than 

0.05/imoles). 	The aqueous extract which contained the 

ion-exchange resin throughout (Na form) contained 80 

micromoles of titratable ion and the acidic extract 

which contained the ion-exchange resin throughout (H form) 

contained 160 micromoles of titratable ion, 	This indi-

cated that there was a very small amount of zinc in 

solution, in equilibrium with the solid spinel. In an 

acidic solution the amount present was greater. 

d) Adsorption studies on NiA1204. 

Further tests were carried out to investigate more 

closely the adsorption of lead, magnesium, zinc and 

calcium ions by nickel aluminium spinal and the subse- 

quent removal of adsorbed ions, 	The NiA1204 spinel was 

chosen because it had shown low nickel desorption in the 

preliminary tests and was, therefore, abnormal, 	The 

oxide was prepared by coprecipitation from nickel nitrate 

and ammonium aluminium sulphate with final sintering at 

1400°0. A batch of about 100g was ground to minus 200 

mesh and was washed with dilute nitric acid (co_ 10-2N) 

followed by several changes of distilled and double-

distilled water. During the washing fines were removed 

by decantation as before. The batch was then dried at 

11000 in air. Five portions (A to F, Table 7) were taken 

103. 



of between 10 and 20g. each and adsorption of ions from 

approximately 10-31v1 solutions of the electrolytes used 

previously was determined. The total amount of electro-

lyte adsorbed was about 10j0 of the original amount. 

After each adsorption the supernatant liquid was filtered 

off as before and the portion of the spinel washed 

several times with double-distilled water and dried at 

11000 in air. 

The adsorption experiments were arranged to study 

the reproducibility of adsorption on similar surfaces 

and the effect on adsorption of pretreating the surface 

with the same or a different electrolyte. 	Thus, sample 

A had three treatments with Pb++  followed by one of Mg++, 

sample B had one treatment each of 
Ft4.4. 

and Mg and sample 

0 one of Me+  only. Samples D and E were treated with 

Zn++ and Ca++ respectively. 

In no test was nickel detected in the supernatant 

liquid in amounts Erecter than the experimental error, 

i.e. one drop of the titrating solution. This indicated 

the absence of any significant ion-exchange with this 

material contrary to the indications of the preliminary 

experiments (where the adsorption was near the lower 

limit of measurement). 

The marked decrease in adsorption with repetition 
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and the effect of the surface pretreatment on a second 

ion, viz. Me+, could be due to either the surface re-

taining some of the adsorbed ions or to alteration of 

the original surface by the adsorption and washing pro- 

cess. 	Attempts were made to detect any lead retained, 

after washing the samples, by secondary X-ray emission. 

However, small unclassified peaks are found in the 

region of the main lead emission peaks even on a sample 

of "Specpure" nickel oxide used as a blank. 	These 

peaks could not be accurately reproduced in magnitude 

and any small amounts of lead present would be masked by 

the variation in these peaks. 	Count rates, at the 

angles for the maxima of lead secondary emission, also 

gave inconclusive results. 

The N1A1204  samples used previously were mixed to-

gether and washed with dilute nitric acid (ca.10-2M) 

followed by prolonged soaking in several changes of 

double-distilled water. The batch was dried in air at 

110°C and material finer than 120 mesh was used to study 

the effect of electrolyte concentration on adsorption. 

Portions of a 1M stock solution of lead nitrate were 

diluted and 100 ml. of 3 x 10-4, 10-3, 2 x 10-3, 4 x 10-3  

and 10-2M solutions were mixed with 10g samples of the 

NiA104 in polythene bottles. 	100 ml. of distilled water 

was added to a further sample (No, 6, Table 9) and filtered 
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off after 24 hours. This sample was then dried in air at 

110°C and placed in a polythene bottle with 100 ml. 10-3M 

solution. This served as a blank indicating whether or 

not pre-treatment with water alone (as opposed to lead 

nitrate solutions) had any effect on the subsequent 

adsorption of ions. 

In order to determine whether hydrogen or hydroxyl 

ions were involved in the adsorption, the pH of the 

solutions before and after adsorption was measured; 

steady readings were generally obtained. Since an in-

crease in pH of about 0.2 units, independent of lead 

concentration, occurred during the adsorption some lead 

nitrate solutions were titrated with sodium hydroxide 

solution. The amount of NaOH required to produce an in-

crease of 0.2 units over the original pH of the lead 

nitrate solution was determined and compared with the 

amounts calculated to produce the same change if the 

lead nitrate solution behaved as a strong acid. 	The 

experimental results were inconsistent and could not be 

used to interplet the pH changes occurring as a result of 

adsorption. 

e) Final series. 

Fresh samples of MgA1204  and NiA1204  spinels were 

prepared for the final series of adsorption experiments. 

In view of the apparent gradual decrease in the adsorption 
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capacity of the NiA1204  observed in the earlier experiments 

it was thought advisable that each sample should be used 

once only, The fired batches of spinel were ground finer 

than 300 mesh; independent surface area measurements were 

made on samples of the MgA1204  and N1A1204  which were 

obtained by careful multipoint sampling from the whole 

batch (100g) divided into four quarters. 

2g of the spinel was accurately weighed out into a 

15 ml centrifuge tube and 10 ml of the required electro- 

lyte was added from a pipette. 	The tube was closed with 

a polythene stopper and azitated for a set period, normally 

Z.8 hours. Before removing any samples for analysis the 

tube and contents were ccntifuged for 10 mins. A 5 ml. 

sample was withdrawn for the cation determinations, 2 ml. 

of the polarographic supporting electrolyte were added and 

the mixture made up to 25 ml. with .'?ouble 7istilled water. A 

5 ml. sample of this new solution was used to determine the 

sum of the metal ions by back-titration with E.D.T.A. and 

a 10-311 solution of the original electrolyte. Further 

5 ml. samples were used to determine cations polarographically. 

Of the solution remaining in the centifuge tube only about 

3 mis. could be removed. The pH of this small quantity was 

measured and I ml samples were used for the chloride 

determinations. 



The first electrolyte to be investigated was lead 

Chloride. Lead chloride vas precipitated from a solution 

of L.R. lead nitrate by the slow addition of A.R. hydro- 

chloric acid. 	The precicitate was washed several times 

with water and dried in air at 110°C. 	Solutions 10-3M, 

2 x 10-3M and 3 x 10-3M in PbC12 were made up by weight 

and solutions 5 x 10-4M and 7.5 x 10-4M wore made up by 

dilution of portions of the two most concentrated 

solutions. 

Preliminary tests were carried out, using the 

103M solution, to establish the time required to reach 

equilibrium. Three samples were made up for each spincl 

and analyses were performed after 4, 13 and 25 hours. 

The mixtures were not agitated during the adsorption. 

There appeared to be no difference between the solutions 

analysed after 13 and 25 hours. 	ei full test was then 

carried out for all five concentrations of electrolyte 

and the solutions were analysed after 48 hours with agi-

tation. With few exceptions the total anion and cation 

concentrations were within 103 of each other. 

further group- afadsorption experiments was made 

using zinc chloride solutions at the same concentrations 

as for PbC12. 	The zinc chloride solutions were prepared 

by dissolving the A.R. zinc oxide in A.R. hydrochloric 
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acid and diluting with double-distilled water. Entirely 

different behaviour was observed, compared with lead 

chloride adsorption; only three of the analyses showing 

satisfactory agreement, an excess of chloride ion was 

indicated in the others. The final pH of the solution 

appeared to control the discrepancy in some way. 

At this stage it was suspected that the spinels might 

have adsorbed water and carbon dioxide since being fired, 

i.e. the surface retains the properties of the simple oxides 

of magnesium and nickel, and that hydroxyl ions were causing 

a lower pH measurement or carbonate ions were reporting a 

chloride ions through insufficient acidification of those 

titrations. It would require of the order of 0.01yo free 

chloride ion in the solid to provide the measured excess 

by solubility clone. 

A further test was made on the adsorption of i0-3M 

PbC12  solution on MgA1204  spinel freshly heated to about 

900°C. The behaviour was similar to that observed with 

the unheated spinel except that the final solution became 

strongly alkaline. 

.1% fresh solution of zinc chloride was prepared by 

adding dilute hydrochloric acid to a boiling aqueous sus-

pension of zinc oxide until the last trace of solid just 

dissolved so that the pH of the solution might be kept as 



high as possible, 	The spinels were heated to about 

90000 before weighing out into the adsorption tubes. 

The general behaviour was as with the more acid 

solutions but the analytical results were in much 

closer agreement both before and after the adsorption. 

Solutions of nickel and calcium chloride were then 

tested. Nickel chloride solutions 6 x 10-4  and 

3 x 10-3M were made up by dissolving the A.R. nickel 

oxide in boiling hydrochloric acid and diluting the 

stock solution. These solutions were strongly acid 

and the total cations were considerably in excess of 

the chloride ions both before and after adsorption. 

Ca012 solutions of the 3.5me concentmtions.were 

made up by dissolving calcium carbonate in dilute hydro- 

chloric acid and making up with double-distilled water 

to the required volume. There was an anomalous 

increase in the calcium concentration in the two dilute 

solutions which would appear to indicate that some of 

the extracted magnesium and nickel was reporting as 

calcium although this was not confirmed by the spectro- 

photometric determinations on calibration solutions. 

To complete each series of adsorption vs. concen- 

tration experiments a value for the "solubility" in water 

was required. Tests were made on the unheated spinels 
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using water that had been allowed to absorb carbon 

dioxide from the atmosphere and on both heated and un—

heated spinels with nitrogen saturated water. 



5. RESULTS 

5,i. SURFACE AREAS. 

a) 	i typical calculation. 

The results recorded here are those for an 8g sample of 

NiAl20 used in the last series of adsorption measurements. 

The sample was degassed under vacuum for 12 hours at 400C. 

The calibration of the gas burette, found by weighing 

mercury running out of the bulbs, Was 0, 10.488, 28.409, 

69.705 and 158.150 ml at the calibrated marks. The mano-

meter dead space, VIII., had been calculated as 6.294 ml from 

several previous runs with nitrogen. The results of the 

first stage of the propane adsorption and the total dead 

space volume determination using nitrogen (Tables 4. and 3 

respectively) have been used to demonstrate the method of 

calculation. 

The bracketed result in Table 3, which is significantly 
different from the others, has been omitted from the calcu-

lation of a mean value of Vs. The choice of results for the 

APV andAP stages of the calculations, indicated at the left 

hand side of the6N column, ensures that each measurement is 

used twice only and that as large a range of values as possible 

is scanned. Early calculations using adjacent pressure and 

volume results gave a non-symmetrical distribution of values of 

Ys  which became constant as/V2 increased. Calculation of all 

possible PV combinations gives no further improvement in 

accuracy. 
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After evacuating then degassing the sample, propane was 

introduced into the manometer section and further pressure and 

volume measurements were made. 

TABLE 3. Determination of total dead space volume, 
V , using nitrogen. T = 2200. 

Volume of 
gas, ml. 

Mercury Levels P 
cm HE 

PV APV AP APV 
AP -Upper Lover 

1)Vs 18.578 0.114. 18.464 0  (1/3)172.783 12.382 13.954 

2)Vs+ 10.488 10.631 0.111 10.520 110.334 (2/5)124.045 9.038 13.725 

3)Vs+ 28.409 6.210 0.128 6.082 172.784 (3/4) 41.350 3.010 13.738 

4)Irs+ 69.705 3.186 0.114 3.072 214.134 (4/2)103.800 7.448 13.937 

5)Irs+158.150 1,637 0.145 1.482 234.378 (g/A234.378 
16.982 13.802 

 13:;°J 
6)v3+ 69.705 3.204 0.120 3.084 214.970 (6/8)104.206 7.477 13.937 

7)175i. 28.409 6.216 0.129 6.087 172.926 (7/5) 61.453 4.605 (13.345) 

8)V5+ 10.4438 10.689 0.128 10.561 110.764 (0/7) 62.162 4.474 13.894 

9); 18.686 0.130 18.566 0 (9/6)214.970 15.472 13.894 

Mean value of APV = 'Vs  = 13.848 0.094 ml. 
.64P 
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TABLE 4. Determination of the amount of propane in the system. 
T = 22.8°C. 	(Propane confined to manometer section). 

Volume of gas 
ml. 

Mercury Levels P' 
Cm Hg 

P'V V', ml. (IN)/  
Upper Lower 

Vm 18,165 0.105 18.060 0 6.294 113.670 

Vm + 	10.488 6.950 0.122 6.828 71.641 16.782 114.587 

Vm + 	28.409 3.402 0.108 3.294 93.580 34.703 114.312 

Vm + 	69.705 1.610 0.106 1.504 104.81 75.999 114.302 

Via + 158.150 0.864 0.178 0.686 108.49 164.W 112.809 

Vm + 	69.735 1.678 0.169 1.509 105.18 75.999 114.682 

Vm + 	28.409 3.408 0.104 3.304 93.860 34.703 114.659 

Vm 4. 	10.488 6.957 0.126 6.831 71.655 16.782 114.638 

Vm 18.419 0.137 18.272 0 6.294 115.004 

Mean (PV)'= 114.296 *. 0.672 

From the PV values it is possible to calculate 4PV, LP and 

further value of Vin  as before. 	The previously determined value 

calculated for Vm, 6.294 ml, has been used here to give a total 

volumelil. If it were much in error this would lead to a systematic 

variation in (dv)' which would indicate whether Vm  was too small or 

too large. 
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TiiBLE 5.. adsorption measurements.. T = 22.5°C. 

(Propane allowed 15 mins. to reach equilibrium before pressures 
were measured). 

Volume of gas,m1. 
Mercury Levels 

P",cm.Hg. (I.N)" upper Lcwer 

13.848 (=Ir5+V) 3.074 0.114 2.960 40.990 

24.336 2.102 0.119 1.983 48.258 

42.257 1.466 0.123 1.343 56.751 

83.553 0.922 0.114 0.808 67.511 

171.998 0.590 0.132 0.458 78.775 

83.553 0-959 0.132 0.827 69.098 

42.257 1.524 0.144 1.380 58.315 

24.336 2.167 0.132 2.035 49.524 

13.848 3.077 0.106 2.971 41.142 

(PV)" is now a measure of the gas remaining in the apparatus. 

The difference between this and (lr)I from Table 4 is a measure 

of the `as adsorbed. From a knowledge of the temperature of :the 

measured gas, 295.7°K, and the gas constant in appropriate units, 

_ 
i.e. P in cm. Hg, V in ml and T in 

o  k, the actual amount of gas 

adsorbed in moles is calculated. 	The terms then required to 

plot the B.E.T. isotherm expression, equation z, are then cal-

culated , Table 6. 



TALE 6. Calculations for B.E.T. isotherm plot. 

(pv)' 	- (V)" n x 105  P...)-P) n(00  -P) x 105  P/nP0-1105  P/P0  

73.306 3.976 8.198 32.595 0.09081 0.2653 

66.038 3.582 9.175 32.865 0.06034 0.1777 

57.545 3.121 9.815 30.633 0.04384 0.1204 

46.785 2.537 10.350 26.258 0.03077 0.0724 

35.521 1.927 10.700 20.619 0.02221 0.0410 

45.198 2.451 10.331 25.321 0.03266 0.0741 

55.981 3.036 9.778 29.686 0,04649 0.1237 

64.772 3.513 9.123 32.049 0.06350 0.1824 

73.153 3.968 8.187 32.486 0.09145 0.2663 

The slope s and intercept i are measured from the graph, 

Fig.20, and nm  is calculated from equation Z. 

s = 0.1283 - 0.010 x 105  = 0.2975 x 105 
0.40 

i = 0.01 x 105 

s/i = C 1 = 29.75 

c = 30.75 

nm  = 0-1 = 29.75 x 10-5  = 32.53p 

s.c 30.75 0.2975 

moles 

From equation 4 S, the surface area occupied by each propane 

molecule, is calculate] (assuming spherical molecules). 

S = 4(0.866) (W4,I2 ic71.  )2/3  

= 4 x 0.866 (44.09/4 x 1.414 x 6.025 x 1023  x 0.6259) 

= 26.1 sq. 
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The surface area of the sample can now be deduced: 

Area = 26.1 x 10-16  x 32.53 x 10-6  x 6.025 x 1023  4. 8 

Brea = 6393 cm2E-1  

b) Results for various spinel samples. 

The surface areas of some of the Nii11204  samples used for 

adsorption studies, Chapter 4,vi,d), have been determined as well 

as the area of a similar, untreated sample. 
	The results are 

shown in Table 7 and the B.E.T. isotherms in Fig. XVIII. 

TABLE 7. 

Sample No.of pretreatments Surface area 	(cm2g-1).  

II 4 8000 

B 2 7 200 

C 1 6500 

F 0 7300 

The experimental error in the determination of nm  is of the 

order of + /0. This would be equivalent to a variation of + 1m1 

in Vs, the combined dead space volumes of the sample chamber and 

the manometer, Fig. XI X.. 	The variation in surface area of these 

samples is thus not related to the number of processes previously 

undergone by the samples, i.e. loss of the fine particles in 

filtrations and drying. 

Independent surface area measurements were made on three 8g. 

samples of the k4204  and on tvio 8g samples of Ni 1204  used in 

117. 



B.E.T. ISOTHERMS FOR VARIOUS NiAl
2 
 0 SAMPLES. 
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the final series of adsorption measurements. The samples were 

obtained by multipoint samplinL from the whole of each batch 

of oxide (100E) divided into four quarters. The results for the 

two nickel samples were in excellent agreement and gave an area 

of 6390 cm2 E-1  Fig. )0. 	The results for the three magnesium 

spinel samples were not in such good agreement and they were 

6250, 6680 and 7480 cm2E-1 , with a mean of 6800 cm2g-1. Fig. XXI 

illustrates the B.E.T. isotherm plots for the big 1204  samples. 

Curve (ii) indicates more scatter of the individual points than 

was usually obtained. The variation is a little greater than that 

expected from inaccuracies in the gas adsorption measurements. 

The surface areas correspond to a spherical particle diameter 

of approximately 2/0 whereas the actual particles would be ex- 

pected to have a diameter of about 30/t1 . 	(Very small particles 

were removed by decantation tefore the surface area and adsorption 

measurements were made). 	This indicates that the actual particles 

consisted of sintered aggregates of smaller particles giving a 

large internal surface. This was confirmed by the fact that 

grindinL a sample of Niia204 that had been treated with 10
3m 

Pb (I103) (Sample 4, Table 9) from all less than 200 mesh to all 
extedici f  

less than 300 mesh produced 	a smalkrchange in surface arew 

5800 to 9700 cm2E-1. 

Part of this finely ground batch appeared more grey than the 

rest and it was suspected that this might be due to contamination 
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FIG.XXI. B.E.T. ISOTHERMS FOR THREE SAMPLES OF MgA1204  SPINEL 
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by porcelain from the Nibra"rom" vibratory ball mill used for 

the grinding. Examination of the powder under high magnification 

showed that the particles retained their blue colour down to a 

diameter of approximately 10".4 and then changed to greyish white. 

Undoubtedly some silica impurities would still be present in the 

final material although the very fine particles were separated 

from the main bulk of the powder by beaker decantation of the 

spinel in water. 

5, ii. ZETA-POTEHTILL PFSULTS. 

Anderson (109) and Benton (110) have shovm how the various 

parts of the curves of zeta-potential versus concentration may 

be interpreted and their explanations are widely used although 

there is still some diversity of opinion as to the best method 

of expressing the electrokinetic data (111, a-d). 	The general 

interpretation of the results is in terms of two groups of ions; 

potential determining ions and surface indifferent ions. 	This 

second group can be further subdivided into aurface active and 

surface inactive indifferent ions. Hydrogen, hydroxyl and solid 

lattice groups are generally regarded as being potential determining 

in that a change in their concentration will produce a more marked 

change in zeta-potential than an equivalent concentration change 

of any other ion. 

Fig. XXII shows the variation of zeta-potential with con- 

centration for ng;,1204fl 	The curves also show the considerable 

effect of carbon dioxide dissolved in water on the zeta-potential. 
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Fl G.XXII. ZETA POTENTIALS OF MgA1204  SPJNEL. 
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Of the electrolytes likely to prove potential determining 

nitric acid shows a marked tendency to reduce the negative 

potential, but in no solution was a positive potential detected. 

This effect is typical of all oxides. The curve for Mg(M13)2  

is remarkable; it shows that this electrolyte produces the 

smallest change in zeta-potential at a given concentration. 

Calcium chloride was included in the investigation since, 

by analogy with the alkali metal ions, Oa++  might be expected to 

be a surface inactive indifferent cation whose adsorption was 

purely by e]ectrostatic forces and whose influence on the zeta-

potential was mainly due to a reduction in the thickness of the 

diffuse part of the double layer. Other divalent ions, which 

can fit into the lattice, might be expected to adsorb by a part 

physical and a part chemical mechanism and hence have a greater 

effect. 	It is therefore of pathcular interest that this electro- 

lyte should be the most effective in reducing the negative zeta- 

potential. 

The results for Ni,;1204, shown in Fig. XXIII, are similar, 

but the order of effectiveness of the ions is slightly changed. 

Small positive potentials 7/ere found for Cu(NO3)2. 	Vihen a 

potential determining ion such as ntchanges the sign of zeta the 

surface charge as well as the double layer charge must change sign 

but when a surface active indifferent ion (Cut+  in this instance) 

causes this change then there must be a higher charge in the Stern 

layer than at the surface: a triple layer is formed. 	Such ions 
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must be bound by chemical as veil as electrostatic forces. 

Solutions of nickel nitrate and lead nitrate which had not 

been outgassed with nitrogen gave irreproducible and ir-

reversible results which bore no resemblance to the curves for 

outgassed solutions. 

Five litres of double-distilled water, frceC from CO2  by 

outgassing with nitrogen and having a pH = 7.00, were run 

through the Nilt1204  plug and the streaminE current was measured 

several times. The zeta-potential was calculated and values 

bet4een -18.5 and -19.4 mV were obtained. Similarly a further 

5 litres of water were saturated with CO2; the zeta-potential 

in this solution vas found to be -3.5 mV. Corresponding values 

for the ligill204  plug were -15.0 to -16.7 mV and -3.5 mV nes-

pectively. 

5,iii. RESULTS OF ADSORPTION flEi3UREMENTS. 

The results of the adsorption experiments on NiA1204  

samples .;1 to E (t ,vi. 	are sliown in Table 8. 	The figures 

are the calculated adsorptions in micromoles of the stated ion 

per g of sample. The treatment numbers indicate the order in 

which the adsorptions were carried out on a particular sample. 

In no test was nickel detected in the equilibrium solution in 

amounts greater than the experimental error, i.e. one drop of 

the titrating solution. 	This indicates the absence of any 

significant ion exchange with this material, contrary to the 

indications of the earliest experiments. 
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TABLE S. 

Sa.ivle Treatment 1 2 3 

A Pb++ 	0.90 Pb++  0.61 PL11.0.32 Me+ 	0.20 

B 

C 

Et71.4. 	0.87 

lye+ 	0.61 

Li 	+ 0.25 

D Znt+ 	1.5 

E Ca++ 	1.1 

The results, Table 8, are summarised below. 

A.1 and D.1 show that adsorption on similar surfaces is 

reproducible to within the expected experimental error. 

.A.1, 2 and 3 show the marked decrease in adsorption ca;,acity 

with repetition. This indicates that continual treatment 'pith 

electrolytes and wash water alters the state of the surface. 

A.4, B.2 and 0.1 indicate the effect of pretreating the surface 

on a second ion, viz. M. 	These two effects may be due to 

the surface retaininE, soma of the adsorbed ions rather than 

alteration of the original surface by the adsorption and 

washing process. D.1 and E.1 show that the adsorption of 

and 0a++  is comparable with those of Pb++  and M. 

Table 9 (overleaf) shows the results of the effect of 
frgt (103)z, 

electrolyte concentratiown adsorption on N11,1204. 	These 

results also show that the adsorption capacity of the spinel 

had decreased. 

128. 
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TABLE 9. 

of (wq j  

Sale 
Before Adsorption 
Ooncentration(h) pH 

after Adsorption 
Concentration(4 pH 

Amountadsorbed 
d'Lle/L 

1 9.815 x 10-3  4.35 9.805 x 10-3  4.56 1.0 

2 4.020 x 10-3 4.68 3.966 x 10-3  4.82K  0.54 

3 2.025 x 10-3  4.89 1.994 x 10-3  5.0i 0.31 

4 1.005 x 10-3 5.10 0.998 x 10-3 5.20 0.07 

5 3.041 x 10-4  5.31 2.932 x 10-24' 3.40 0.11 

6 1.005 x 10-3  5.10 0.980 x 10-3  5.12 0.25 

The two pH values marked H slowly increased by about 0.1 pH unit. 

Insufficient solution was available to repeat the analysis of 

the solution from Sample 4 1.-:hich gives an anomalous result (Sample 

6 was pretreated with water but is otherwise similar). 	The 

probable error on the amount adsorbed at 10-31,1 is 't 0.05tA mole g 1. 

Tables 10 to 14 shov) the results obtained by contacting various 

electrolyte solutions with the two oxides kAl204 and NiA1204  

in the final series of adsorption measurements. Tables Zia, 12a, 

13a and 14a give the detailed analytical results obtained in each 

case. Tables lib, 12b, 13b and 14b give a summary of the total 

electrolyte concentrations after various adsorption experiments. 

In the latter tables the values of "cations" and "anions" for 

each solution should be equal. 	Overall increases or decreases 

of electrolyte concentrations are possible and the siLnificance 

of these will be discussed later. 
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The oxides were contacted with double-distilled water and 

the resulting solutions analysed in the same way as in the 

adsorption measurements. Table 15 shows the results and they 

clearly indicate the different nature of the surfaces and freshly 

heated oxides and also the effect of carbon dioxide dissolved in 

water. 

The surface charge density calculated from the zeta-potential 

of NIL1204  in 10-3Lia(NO3)2  solution is about 10.5 x 1011charEes 

per sq. QM. which is nearly 80 x the value calculated from the 

adsorption measurements. The possible explanations for the dis-

crepancy between chemioal and electrokinetic values of the surface 

charge density, discussed in Chapter 6, suggest that the pH of the 

solution should decrease. In fact the pH is observed to increase 

(Table 9) by about 0.2 pH units independent of concentration. 	The 

results of some titrations of lead nitrate versus sodium hydroxide 

solutions were plotted. 	The amount of NaCH solution required to 

produce an increase of 0.2 pH units over the original pH of the 

lead nitrate solution was determined. 	This was compared with 

the amounts calculated to produce the same change if the lead 

nitrate solution behaved as a strong acid. If hydrolysis of 

the lead ions occurred or some 7eak acid were present (pH of 

water about 5.6) the quantity of NaOH required would increase. 

The experimental results were inconsistent and could not be 

used to interpret the pH changes occurring as a result of 

adsorption, Fig. XXIV. 
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Table 10 

Adsorption of PbC12  on aged spinels MgAl204  and NiA1204  

Origin of 
Solution No. 

Time in 	Concentration, milli-equivalents per litre 
contact, 
hours. Pb pH H+ NAg+$r Total cations Cl- = Total anions ZM 

Initial 
Solution 	1 0 2.00 1 5.43 0 0 2.00 2.15 -0.15 

Contacted 2 4 1.48 5.62 0 0.50 1.98 1.95 +0.03 
with aged 3 13 1.10m 5.97 0 0.92 2.02 2.29 -0.27 
MgA1204 	L. 25 1.10m 6.00 0 0.88 1.98 2.19 -0.21 

Contacted 5 4 1.59 	5.05 0.01 0 1.60 2.19 -0.59 
with aged 6 13 1.67 	5.75 	0 0 1.67 2.22 -0.57 
NiAl204 	7 25 1.67 	5.80 	0 0 1.67 2.19 -0.52 

= Total cations - total anions. 

m But later experiments for Pb++  on MgAl204 
showed Wti= 0 after adsorption, 

Table 11(a). 

Note. Concentration units; milli-equivalents per litre = milli-normal. 



Table lla  
Adsorption of Lead Chloride on MgAl 0 and MA' 0 

Origin of Solution 

No. 

Concentration, iwilli-equivalents per litre 

Pb++ pH H+ 
Ni++ or 
Mg++ 

_ 
Cl 	Total cations Total anions 

1 1.00 5.76 0 0 1.02 1.00 1.02 
2 1.50 5.58 0 0 1.44 1.50 1.44 Initial 	3 2.00 5.39 0 0 2.2 2.0 2.2 Solutions 	4 4.0 5.39 0 0 3.9 4.0 3.9 
5 6.0 5.22 0 0 5.9 6.0 5.9 

.... 	
..1  

1  0 7.51 0 1.21 1.30 1.21 1.30 
2 0 7.65 0 1.61 1.86 1.61 1.86 

Contacted with 3 0 7.61 0 2.2 2.2 2.2 2.2 
aged MgA1201, 	4 0 7.37 0 4.5 4.4 4.5 4.4 

' 	5 0 7.L.6 0 6.2 6.5 	
J 

6.2 6.5 

Fresh PbC12 solution 	3a 1.92 5.67 0 0 2.10 1.92 2.10 
CO2 free 

Contacted with .z,
"  fresh MgA1204   0 9.50 0 2.3 2.2 2.3 2.3 

+.. 	- 	 

1 0.54 5.88 0 0.12 1.20 0.66 1.20 
2 1.00 5.90 0 0.42 1.84 1.42 1.84 

Contacted with 3 1.47 5.77 0 0.52: 1.96 1.99 1.96 
aged NiA120h 	4 3.6 5.64 0 0.54 3.9 4.2 3.9 

,i- 	5 4.7 5.48 0 0.84 6.2 5.5 6.2 

m Includes a concentration of 0.1 corresponding to OH 



Table llb  

Adsorption of Lead Chloride on MgA1204  and NiA1204, Summary of Solution Data 

Conce.ntr%tioh, milli-equivalents per litre 

Original Initial Final,aged MgA1204  Final,fresh MgA1204  Final,aged NiA1204  

Soln. No. cations anions cations anions cations anions cations anions 

1 1.00 1.02 1.21 1.30 - - 0.66 1.20 

2 1.50 1.44 1.61 1.86 - - 1.42 1.84 

3 2.0 2.2 2.2 2.2 - - 1.99 1.96 

3a 1.92 2.10 - - 2.3 2.3 - - 

4 4,0 3.9 4.5 4.4 - - 4.2 3.9 

5 6.0 5.0 6.2 6.5 - - 5.5 6.2 



Table 12a  

Adsorption of Zinc Chloride from Acid Solution on MgA1204  and NiA1204  

Origin of Solution 
No. 

Concentration, milli-equivalents per litre 

Zn++ pH H+  -4+ Or NiMg++ C1 Total cations Total anions 

1 1.00 3.20 0.63 0 2.1 1.63 2.1 
2 1.50 3.00 1.00 0 3.1 2.5 3.1 

Initial 	3 2.0 2.68 2.1 0 4.1 24.1 4.1 
Solution 	4 4.0 2.53 3.0 0 9.4 7.0 9.4 

5 6.0 2.32 4.8 0 13.3 10.8 13.3 
	. 	 

1 0.02 8.3 0 3.5 3.0 3.5 3.0 
2 0.02 8.83 0 4.2 3.3 4.2 3.3 Contacted with 	3 0.02 8.27 0 5.9 4.5 5.9 4.5 aged MgA1204 	4 1.83 7.00 0 8.5 9.0 10.3 9.0 
5 2.4 7.00 0 10.7-  13.0 13.1 13.0 

1 0.88 5.22 0 0.80 2.1 1.68 2.1 
2  1.48 4.96 0 0.92 3.2 2.4 3.2 

Contacted with 	3 2.1 4.50 0 0.84 4.3 2.9 4.3 
aged NiA1204 	4 3.9 3.17 0.7 1.14 9.2 5.1 9.2 

5 5.8 3.30 0.5 1.06 13.0 6.9 13.0 



Table 12b  

Adsorption of Zinc Chloride from Acid Solution on MgA1204  and NiA1204, 

Summary of Solution Data 

Original Solution 
No. 

Concritra2;ion, ?dill-equivalents per litre 

Initial Final,aged MgA1204  Final,aged NiA1204  

cations anions cations anions cations anions 

1 1.6 2.1 3.5 3.0 1.68 2.1 

2 2.5 3.1 4.2 3.3 2.4 3.2 

3 4.1 4.1 5.9 4.5 2.9 4.3 

4 7.0 9.4 10.3 9.0 :1_ 9.2 

5 10.8 13.3 13.1 13.0 6.9 13.0 



Table 13a  

Adsorption of Zinc Chloride from Less Acid Solution on MgA1204  and NiA1204  

No. 

Concentration, milli-equivalents per litre 

Origin of Solution .++ 

Zn++ pH Ni 	or 
Mg++ 

- Cl Total cations Total anions 

1 1.00 4.40 0.04 0 1.05 1.04 1.05 

Initial 	2 
3 

1.50 
2.0 

4.19 
4.04 

0.07 
0.09 

0 
0 

1.47 
2.0 

1.57 
2.1 

1.47 
2.0 

Solutions 	4 4.0 3.70 0.20 0 4.1 4.2 4.1 
5 6.0 3.53 0.30 0 6.2 6.3 6.2 

1 0.20 7.78 0 0.88 1.81 1.08 1.81 
Contacted 	2 0 7.78 0 2.4 2.0 2.4 2.0 
with fresh 	3 0.03 8.28 0 2.4 2.6 2.4 2.6 
MgA1204 	4 0.90 7.28 0 3.6 4.5 4.5 4.5 

5 3.1 6.77 0 4.5 6.8 7.6 6.8 

1 0.77 7.04 0 0 1.24 0.77 1.24 
Contacted 	2 1.18 7.00 0 0.05 1.81 1.23 1.81 
with fresh 	3 

4 NiAl
2
0
4 	5 

1.67 
3.8 
6.0 

6.90 
6.73 
6.56 

0 
0 
0 

0.05 
0.,07 
0.14 

2.4 
4.4 
6.8 

1.72 
3.9 
6.1 

2.4 
4.4 
6.8 



Table 13b  

Adsorption of Zinc Chloride from Less Acid Solution on MgA1204  and NiA1204, 
Summary of Solution Data 

Original 
'Solution 

No. 

Concentration, 	milli-equivalents per litre 

Initial Final,fresh MgA1204  Final,fresh NiA1204  

cations anions cations anions cations anions 

1 1.04 1.05 1.08 1.81 0.77 1.24 

2 1.57 1.47 2.4 2.0 1.23 1.81 

3 2.1 2.0 2.4 2.6 1.72 2.4 

4 4.2 4.1 4.5 -4.5 3.9 4.4 

5 6.3 6.2 7.6 6.8 6.1 6.8 



Table 14a. 

Adsorption of NiC12  and CaC12  on MgA1204  and NiA1204  

Origin of Solution 
No. 

Concentration, milli-equivalents per litre 
++ i NCa.i.v pH H+ mNi 

44 
i'g  +91-r  C1-  Total cations Total anions 

Initial NiC12 	1 1.20 2.40 4.0 1.16 5.2 1.16 
Solutions 	2 6.00 1.95 11.2 - 6.6 17.2 6.6 

Contacted with 	1 0.12 6.45 0 6.1 2.0 6.2 2.0 
aged MgA1204 	2 4.85 5.70 0 22;9 7.7 27.8 7.7 

Contacted with 	1 1.48 3.10 0.79 - 2.0 2.3 2.0 
aged NiA1204 	2 6.2 2.20 6.3 - 10m  12.5 10m  

Initial CaClo 	1 1.20 3.87 0.14 0 1.29 1.34 1.29 
Solutions 	' 	2 6.0 3.19 0.65 0 6.4 6.7 6.4 

Contacted with 	1 1.50 7.30 0 o.:Tot 2.4 2.2 2.4 
aged MgA1204 	2  5.8  

7.00 0 1.76 6.8 7.6 6.8 

Contacted with 	1 1.40 6.30 0 0 2.0 1.40 2.0 
aged NiA1204 	2 2.8 5.23 0 3.8 7.1 6.6 7.1 

m This is an estimated figure, the solution was spoiled just before the 
end point was reached. 



Table 14b 

Adsorption of NiC12  and CaC12  on MgA1204  and NiA1204, 

Summary of Solution Data 

Solution No. 

Concentration, milli—equivalents 

Final,aged MgAlp-4- Final,aged 

per litre 

Initial NiA1204  

cations anions cations anions cations anions 

1 
NiC12 

2 

i 
CaCl2 

2 

5.2 1.16 6.2 2.0 2.3 

12.5 

1.40 

2.0 

10 	R 

2.0 

17.2 6.6 27.8 7.7 

1.34 

6.7 

1.29 

6.4 

2.2 

7.6 

2.4 

6.8 6.6 7.1 

m This is an estimated value, the solution was spoiled just 

before the end point was reached. 

8 



Treatment of MgA1204  and NiA1204  with water for 48 hours 
Wor=ntrations in milli-equivalents/litre) 	 

Condition of spinelpH 
and water Mg+4-or Ni ++ Equivalent 

Hg2(NO3)2  

Water + atmos. CO2 initial 

After contact with 
aged MgA1204  

After contact with 
aged NiA1204  

Water degassed with 
nitrogen 

After contact with 
aged MgA1204  

After contact with 
fresh MgAl204  

After contact with 
aged NiA1204  

After contact with 
fresh NiAl204 

5.7 

7.75 

6.80 

7.00 

7.59 

10.36 

6.90 

7.08 

0 

0.84 

0A2 

0 

0..76 

2.8 

0.12 

0.01 

0.30 

- 

- 

0.01 

0.08 

0.08 

. 	0.05 

0.03 

"Equivalent Hgo(N0)," represents anions determined by the 
mercurous niti6ate'tttration method. 

Table 15  
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6. DISCUSSION 

The 80-fold difference between surface charge densities 

for NiA1204 	
3 

in 10 MIt(N092 calculated from early adsorption 

and electrokinetic measurements, can be interpreted as follows: 

1. It can be concluded that the determination of adsorption 

from zeta-potentials may not be possible in this case. 

2. The difference between the adsorption and the electro-

kinetic measurements may arise from one of the following 

phenomena:- 

(i) The high positive charge due to the measured ad-

sorption of cations is almost balanced by adsorption 

of anions into the fixed part of the double layer. 

(ii) The cations lost from the solution might exchange 

with hydrogen ions from water adsorbed on the surface. 

The pH of the solution will decrease in this case and 
••• 

also in case (i) if OH is adsorbed. 

(iii) The adsorbed cations might undergo ion exchange 

with cations from the spinel - but the analytical 

results of these early adsorption series indicated that 

this was not so. 

The next series of adsorption experiments (lead nitrate 

at various concentrations adsorbed on Niii1204spinel) in which 

the pH's of the solutions were measured, showed increases in 

pH ruling out interpretations 2 (i) and 2 (ii). 

The overall adsorption is possibly the result of both 

true adsorption and surface ion-exchange. Considering the 
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true adsorption process, the solution can be regarded as being 

divided into three regions; (a) that part between the solid 

surface and the slip plane (corresponding to the zeta-

potential) (b) the diffuse double layer extending from the 

slip plane to the bulk solution and (c) the bulk solution. 

In the case of lead nitrate adsorption there will be Pb,++  

HE', OH and NO3 ions in all three regions of the solution. 

The measured zeta-potential of + 5 .mv in 10 PErb(NO3)2  

solution indicates that there is an excess of cations in the 

fixed layer;-n.ispositive,where zi  and ni  are the 

valency and number respectively of the four ionic species. 

In the diffuse double layer, region (b), there must be an 

excess of anions such that 	zini  for this region exactly 

balances that for the fixed layer. The bulk solution is 

electrically neutral, i. e. 	zini = O. 

If the pH of the bulk solution is to increase as a.  

result of this adsorption process the number of hydroxyl 

ions in the bulk solution must increase. This can only 

occur if the ratio OH /NO3 is less in region (a) than in the 

rest of the solution or, conversely, if the ratio le/A++  

is greater in regions (c) and (b) than in (c). 

It is suggested that the second process, surface ion-

exchange, involves the reactions 

2 S-OH + FIG++ z----27  (S-0)2  Pbt+  + 2 le 	(i) 

S-OH + N07
3 	

e
3

N07 	+ °lc 	(ii) 



where S-OH represents the hydrated surface. Reactions of 

this type will have no effect on thc net surface charge. 

Reaction (i) will contribute to the measured uptake of Pb++. 

If reaction (ii) is more favoured than reaction (i) there will 

be a net increase in hydroxyl ion concentration in the bulk 

solution. 

Two methods arc available to obtain further information 

about these two processes. Either use the measured change 

of pH in conjunction :with the measurements of zeta-potential 

and lead ion adsorption or values for the total uptake of the 

anion together with the other measurements may be utilised. 

Each method, together with certain assumptions about the 

diffuse part of the double layer, provides enough data to 

calculate the number of ions in each part of the solution and 

on the surface. The measurements of change in pH have already 

been pointed out as unsatisfactory and hence thc second method, 

involving full analysis of the adsorption solutions, was 

adopted for the final series of adsorption experiments. 

Inspection of Tables 10 and llb to 14b shows that of 

sixty-four solutions on whichncompletc analysis" was performed, 

twenty solutions gave analyses in which anions apparently 

exceeded cations by significantly more than the experimental 

error of lopb. J further eight solutions gave analyses cor-

responding to a significant excess of cations. These twenty-

eight results are underlined in Tables 10 and llb to 14b. 
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Accepting the electroneutrality law two possible explanations 

are left, either the analyses were grossly in error or they 

were not complete. If the results are to have any value it 

is necessary to establish the probable cause of the dis-

crepancy in each case, 

There are four instances in which anions apparently 

exceed cations in the original solutions; they are all 

strongly acidic solutions of zinc chloride (Table 12b), The 

most likely source of error is in the pH measurement giving a 

low hydrogen ion concentration. An error of 0.2 pH units 

on these four samples would entirely account for the dis-

crepancy. Although this error is greater than expected, 

it is possible in unbuffered solutions. In the less acid 

solutions of 41012 (prepared from the same oxide sample) the 

hydrogen ion concentration is a much smaller part of the 

total cations and so any error in the pH measurement is less 

noticeable. 

Dealing next with the fourteen cases giving anomalous 

results after adsorption on N1A1204  spinel. Table 12b shows 

that all five of the final, more acid zinc chloride solutions, 

after contact with the NiA1204, have anions far in excess of 

cations. 	The discrepancy increases with concentration of 

zinc and hydrogen ions from 1526 to 40. The final pH of 

these solutions varied from 5 to 3 and it is likely that the 

assumption that no aluminium dissolves from the spinel is no 
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longer correct. Comparison of the anion analyses for the 

original and final solutions shows good agreement. 	It is 

reasonable to assume that the cations unaccounted for are 

Alt++  which would not be detected in the polarographic 

determination of zinc and nickel. The concentration of Ni++  

is a guide to the amount of solid attacked by the acid 

solution. Assuming that three equivalents of Ill
++4- dissolve 

for each of Nit+  (based on the ratio L1:111 = 2:1 in the oxide) 

the maximum concentration of Al+++ possible is more than 

enough to account for the differences except at the highest 

concentration of ZnC12. 

The results for the less acid zinc chloride solutions 

after contact with fresh Niii1204.  (Table 13b), again indicate 

that the anion concentrations exceed the corresponding cation 

concentrations. 	The differences here are approximately con- 

stant and independent of zinc or hydrogen ion concentration. 

The final pH of the solutions vas sufficiently high to keep 

aluminium out of solution. No reasonable and simple explan-

ation can be suggested for these discrepancies. 

Nickel chloride solutions (Table 14b) should yield 

results comparable to the zinc chloride solutions. Inspection 

of Table 14b shows that there is no similarity, neither are 

the anion nor the cation analyses self-consistent. 	-11though 

small errors in pH measurements and the presence of AI41+  

in the final solutions may partly account for the major dis- 
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crepancies they cannot account for the total differences. 

Similarly, the results of contacting low concentration lead 

chloride solutions with Niila01 (Tables 10 and 11b) are 

difficult to understands These results and those of Table 

13b discussed earlier cannot be interpreted and they must 

cast some doubt on the analytical procedures used, par-

ticularly that for nickel. 

Generally, the results of contacting the various electro-

lyte solutions with MgA1204.  show better agreement than those 

for NiA120. Five of the ten anomalous results are in those 

two groups which are already in considerable doubt: the more 

acid zinc chloride (Table 12b) and the acid nickel chloride 

solutions (Table 1)+b). Three (of these results arc only just 

outside the likely experimental error and may be the result of 

an accumulation of errors all in the same sense (Table 10, 

solutions 3 and 4 and Table 11b, solution 2). 	The remaining 

pair of results arc for the low concentration solutions of °the 

Icas acid ZnC12. In solution 1 (Table 13b) it would appear by 

comparison with other solutions of this group that the anion 

analysis was seriously in error. In solution 2 it is more 

likely to be the cation analysis which is at fault° Again 

no satisfactory explanation can be offered for these results. 

Mere aged Li&li1204.  was used and the final solution was at 

at pH of 6.5 or greater there may have been a contribution to the 

total anions from 11C0 3 - which was not determined. As will be 
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discussed later, there is some evidence that the aged 

IdEA1204  had some carbonate on the surface; this will dissolve 

in the acid solutions and, if the final pH is high, the re-

action may be written 

MgCO3  (soi) Bt = le+  Hari 	(iii) 

Of these ions le and 	are determined but HC073  is not which 

will result in an apparent excess of cations. 	It is difficult 

to estimate the quantity of bicarbonate which may remain be-

cause, in the early stages of adsorption and in the chloride 

estimation the solution is acid and some carbon dioxide may 

be evolved as gas and in the later stages of adsorption when 

the solution becomes neutral or alkaline the reaoticn 

/el' 	OCO; = 16.003  (solid) + 2114. 	(iv) 

may occur, where Dit+ is the electrolyte cation. 	This re-

action will remove bicarbonate from the solution and, 

following reaction (iii), will tend to restore the cation-

anion balance that is determined. Only the more acid 

solutions of zinc chloride gave consistently high total 

cation analyses after contact with aged :A1E111204  (Table 12b), 

other solutions did not give consistent results. 	The less 

acid zinc chloride solutions were only used in conjunction 

with freshly heated Mr1;111204  where no carbonate is expeCted. 

The anion analyses (which wore effectively choride only 

in all cases) of the final solutions tended to be higher than 

those of the original solutions. 	Of forty final solutions 
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examined, thirty-one gave a final chloride ion analysis 

higher than that of the original solutions; in fifteen cases 

the difference was greater then the probable experimental 

error. In only one case was the experimental error exceeded 

in the other direction and then only by a small amount. The 

effect appears to be real and not restricted to any particular 

solutions. 	The possibilities why this should occur are (a) 

the chloride analysis fails after contact betReen solution 

and solid but not before (b). chloride, or another ion pre-

cipitated by mercurous nitrate in acid solution, is extracted 

from the solid or (c) the solution becomes concentrated. 

then a solution without solids was subjected to the same 

treatment as in the adsorption measurements no decrease in 

weight was observed thus eliminating possiblity (c). Treat-

ment of the spinels with water in a similar manner showed 

tbat,no appreciable chloride or other comparable ion was 

extracted although some chloride ions originating from the 

saturated calomel electrode used in the pH measurement will 

appear in the solution. 	However, as the same technique was 

used for the water treatment samples and no significant 

quantity of chloride ion appeared in these solutions (Table 15), 

it is reasonable to assume that this was not the source of the 

increase in chloride ion concentration. 	It is difficult to 

see why the analytical method should work on the original 

solutions and not on the final solutions which differed only 
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by the presence of low concentrations of Ni +  or Mi41-  whilst 

Pb,++  Znt+  etc. were already present in the original solutions. 

Again there appears to be no reasonable explanation of this 

observation. 

Summarising the preceding discussion of the validity 

of the adsorption measurements the position is:- 

(i) the analyses are less certain than was expected 

from the original tasting and calibration: 

(ii) the results for the more acid zinc chloride 

solution and the nickel chloride solution are unreliable; 

(iii) the results for all measurements involving the 

oxide N1111204  are doubtful, probably because the nickel 

analysis was at fault, 

(iv) the anion (chloride) concentration apparently 

increased as a result of contact with the spinets for no 

obvious reason. 

Even within these severe limitations it is possible 

to arrive at some qualitative conclusions about the inter- 

action of the electrolytes with the two oxides. 	First, it 

is quite clear that the oxides do not have inert surfaces, 

ions originally in the oxide lattice appear in the solution 

in all cases. The higher concentration of Mg++  in the final 

solutions indicate that the magnesium sninel is more reactive 

than the nickel spinel, although the surface areas of the two 

oxides were comparable, 
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The action of CO
2
- free double-distilled water 

(Table 15) on these spinels gives an indication of that is 

happening in the case of electrolytes. 	The freshly heated 

magnesium spinel gives an alkaline solution and a quantity 

of magnesium dissolves of the same order as the amount of 

magnesium available in the oxide surface. 	If the surface 

layer is assumed to be i unit cell thick, i.e. one hypo cube 

of the cell, then four magnesium atoms arc associated with 

- 16 	2 / 
a surface area of 65.4. x 10 	am from X-ray diffraction data). 

The concentration of magnesium expected in the final solution 

can now be calculated as follows:- 

Magnesium in surface = 6800 x 4. x 1016  x 10-23  moles 

65.43 	6.023 

Since the spinel is present to the extent of 2g per 

10 mis. of solution.Mg++  expected in solution 

68 x 4 x  10-5  x 200 moles/1 

65.43 x 6.023 

= 68 x 4x 10-5  x 200 x 2000 milliequivalents/litre 

65.43 x 6.023 

he+ expected in solution = 2.76 milliequivalents / litre. 

he+ found in solution 	= 2,8 millicquivalents / litre. 

lipporently the solid is chemically attacked by the water and 

magnesium oxide dissolves until equilibrium betacen solid 

magnesium hydroxide, magnesium ions and hydroxide ions is 

reached. As the free energy of formation of the spinels from 

the primary oxides is small, the activity of Mg0 in MgA1204 
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is nJt far from unity so the equilibrium reached is virtually 

the same as that for pure MgO. 	The primary oxide is coin,- 

pletcly converted to iig(OIi)2  in the presence of water. 	Cal- 

culation shows that the results for fresh Mg/11204  in contact 

with water arc in good agreement with the solubility product 

of 40H)2, which is approximately 1 x 10-11. The residual 

aluminium hydroxide is probably hydrolysed to a hydrated 

oxide which remains insoluble and attached to the surface of 

the spinet. 

In the case of the unheated ilg0.204 with CO2-free water 

the pH increased to 7.6 and less magnesium dissolved. 	This 

is consistent with the surface being predominantly magneSium 

carbonate. If the surface were predominantly magnesium hydroxide 

the final pH of the solution would lead one to expect an ex-

tremely high concentration of magnesium in the solution; the 

magnesium ion concentration determined, 0.38 x 10-31'1, is in 

better accord with the solubility of magnesiwn carbonate 

(solubility product 2.6 x 10-5). 	The carbonate in solution 

is not detected by the mercurous nitrate titration carried out 

in acidified solution. 

The NiAl20 shwas the reverse tendency, more Ni++  is 

dissolved from the aged solid than from the freshly heated 

material. It is possible that heating temporarily renders the 

surface less reactive in a kinetic sense rather than a 

thermodynamic sense. The slow action of adsorbed water and 
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CO2 from the atmosphere converts the surface to hydrated nickel 

oxide or basic nickel carbonate, either of which reach equili- 

brium with water more rapidly. As might be expected, less 

nickel dissolves than magnesium and the final solution is 

barely alkaline. Horsfall and Benton (7) in their v:a-k on 

synthetic magnetite similarly found that water leached ferrous iron 

from the solid spinel. 

Aen electrolyte solutions were used with Mgii1204  

essentially the same initial processes occurred as with water. 

Magnesium oxide dissolved to give a more alkaline solution 

which caused precipitation of the metal cation as a hydrated 

oxide or basic carbonate, depending on whether the oxide was 

fresh or aged. 	In the case ofleadchloride the precipitation 

was complete and the final pH was approximately that reached in 

water. 	This was confirmed by slow titration of the lead 

solution with alkali; precipitation of the lead was virtually 

complete at a pH of 10. With acid electrolytes precipitation 

was not complete and the pH aid not reach such a high value 

as in water. Probably the amount ;f magnesium oxide which 

could be leached in forty-eight hours was limited. 	This 

also confirms that there was no appreciable excess of un-

reactca magnesium oxide present in the fired spinel since 

this would have reacted much more rapidly 

In the case of NiA1204 greater quantities of nickel 

were extracted from the unheated oxide, particularly by the 
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acid solutions. 	The heated oxide shoved less tendency to 

react. Vhether or not precipitation of the metal cation 

occurred cannot be deduced from these results. 

The results of the zeta-potential measurements cannot 

strictly be compared with the adsorption data because the pH 

of the solutions and, probably, the state of the oxide surface 

were not the same in the two series of measurements. 	In 

zeta-potential measurements the electrolyte solution was 

passed through the plug until no change was observed in the 

streaming current. This probably corresponds to a more com-

plete leaching of the oxide than occurred in the adsorption 

measurements, although the time of contact was much shorter. 

This is more likely to be the case with .11.12024.  than NiA1204. 

The final surface must resemble hydrated aluminium oxide rather 

than spine' and the solution will be at a pH at or very near to 

the pH of the original solution. Any precipitation of the 

metal cation of the electrolyte which occurred in the first 

stage of flow will be reversed as further more acid, original 

solution is streamed through the plug. 

The important conclusion of this work is that the inter-

action of metal oxides of the spinel type with divalent cation 

electrolytes is much more complex than simple adsorption of the 

electrolyte. Leaching of the oxide surface is the dominant 

feature, particularly where the more basic oxides such as 

/124204  are concerned. Ageing of the oxide by air containing 
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-water vapour and carbon dioxide produces a marked change in 

ilgA1204.  and a significant change in Nii,1204. 	Zeta—potential 

measurements made on oxides of this type must be interpreted 

with great caution because the surface existing at the time 

of measurement is very different from that of the original 

oxide. 

In order to make a comparison of electrokinetic and 

chemical values f adsorption more quantitative results will be 

necessary. 	This will entail a very through investigation of 

the analytical procedures. Equally necessary will be careful 

control of the previous treatment of the oxides and, if pos—

sible, identification of the surface species produced by the 

electrolyte—oxide contact. Little of further value to such 

a lengthy programme could be achieved in the short time avail—

able to the author, so the decision was made to conclude the 

present investigation at this stage. 



156. 

7. REFERENCES  

Aust. J. Chem. (1954) 2., 254. 

	

1. 	D.J. OsConnor,N.Strcet and 
A. S Bucha na n. 

	

2. 	J. H. Soh enkel. 

3. 	G. Gouy • 

Ann.phys . (1917) 2,, 129. 

4. D.L . Chapman. 	 Phil . ha L. (1913) 	475. 

5. 0.S tern. 	 Z. Ele-ktrochera. (1924.) 32, 508. 

6. P. J.And ers 	 Proc. 2nd . Intern. Conf.Surface 
Activity (1957) 2, .512. 

7. D.P.Benton and G..A .liorsfa 11. 	J.C.S. (1962) 3899. 

8. I. IVI.Kolthoff and Ch.Ros enblum. 	Phys.Rev. (1934) L2, 34.1. 

9. E. J. Very/ ey and E. L. Hi elma rra. 	J. Chem.Phys. (1947) j, 174, 

. 	 Structural Inoranic Chemistry 
(0.d.P. 1951). 

J. Cerara.Ass oc . Japan. (1953) 61,594. 

MineralSuire. 2, No. 9, 25. 

Nature (1944) la, 653. 

J.Am. Ceram.Soc (1934) j, 50. 

J.Res.N6 t.Bur.Standards (1944) 
36, 277. 

Khim.ref era t. Zhur. (1939) 8, 20. 

Z. phys ik. Chem. (1932) A.161 , 305. 

Gazz.chim. ital. (1929) 	280. 

19. 	B.Reuter and G.Marx. 	Na turwiss1 g4  0) LI, 539. 
20a. F. Bus eh end orf 	 Z.phys ik. Chem. (1931) :f;j1... 297. 

Thes is ,Univers ity of London, 
(Imp. Coll), 1958. 

J.Physigue (1910) 2, 457. 

11. 	G.Yama Luchi. 

12a 	A . Ba zilevich. 

12b. H. C. Ca s tell, S.D ilnot and 
rrin,yton. 

12c, J.H. Chas t ers and C.V4Parmaloe. 

12d. R. . Geller, P. J. Yavorsky, 
B. L. S te ierman and A.S.Creamer. 

16. N. L.D ila torskii. 

17. K.Hild. 

18. G.Na tta and L. Pass erini. 



157. 

20ba If, Huber. 	 J. Chime-Phys. (1960) 52„ 202. 

20c. F. hfacha tschki. 	 ZoiCr is t. (1932) 821  325. 

230 	.A.Durif-Varambon,E.F.Bertaut 	Ann. chim. (Paris) (1956) 1, 
and RoPauthen et. 	 525. 

24, 	VI. Spr in& 	 Z.phys ik. Chem (1888) Z., 535. 

25a, J..ii.Hedva11 and G.Schil1er. 	Z. an org. a 11gem. Chem. (1934) 
221, 97. 

25b. 	ti 	" L. Leffler. 
0-6 

ibid. 	(1937) 
235. 

25c„ 	 " O.Rune Fla gen. 	haturwiss (1940) 28, 429 

28. G.V.. Kukolev, I, E.Dudayskii, 	Ukrainian Ins t.Sc ieRes.Refrac- 
N.,P0Volobu 'eve & G. Z,Dol 1.gika. 	tory & _Acid resisting Materials. 

Bulletins (1941) 4, 25, 119. 

29. J-LX.ittel,G.F.EbtiAg L,nd 	Z. a norg. a llgem. Chem. (1932) 
Z, Hermann, 	 21Q, .26. 

30„ 	R. Lindner 	 Z,Elektroche.rn, (1955) 2,, 967. 

310 	00 Hahn-, 	 Proc. Int. Symp °Rea c t ivity of 
Sol ids, Gothenburg 1952. Part 
1, 21. 

32a. J. 0 tM,Bockris J.A.Kitchener. D isc. Farad .Soc. (1948) 1k,91 

32b. Trans.Farad Soc. (1952),536. 

31, 	F.II,McRitchic & N. N.Ault. 	J.iim.Ceram.S oc (1952) 3.,/, 25. 

350 	1,70D.Harkins and D.M. Gans. 	C.S. (1931) a, 2804.. 

36a 	P,HLEmmett and S,,Brunauer. 	ibid. (1934.) 
ft 	ibid. (1937) a, 310. 

36, 	 fl 	ibid. (1937) ,524 1553. 
36d, 	ff 	 ft 	ibid. (1937) 2., 2682. 



158. 

40a. S.Brunauer,P. H. anme t t and 	J.A . C. S. (1938) 60 309. 
E. Teller. 

14.0b. S Brunauer , L. S . and 17, E. Deming. 
and E. Teller. 

240c. P. H. rnett. 

43. 	W.D. Hark ins and G. Jura 

ibid. (1940) 62, 1723. 

ibid. (1946) 68, 1784. 

ibid. (19414.) 66, 919, 1362, 
1366. 

Powder Metallurgy (1961) 7, 66. 

. C. S (1956) 78, 2929. 

Can. J. Chem. (1959)22, 1782. 

Doklady Akad. Nauk. SSSR. 
(1960) la, 878. 

J.Phys . Chem (1961) a, 1261. 

N.B.S. tables ending with K. 

Viiss.Abh.phys. tech.Re ichsanst 
(1879) 1, 925. 

Phys ik. Z. (1923) 2L, 185. 

Thesis, Utrecht (1943) 

Mining Eng. (1957) 2, 1365. 

"Colloid Science ", Vol. I, 
p.229 (Else7ier, 1952) 

J. Chem. Ph,ys. (1941) 2, 530. 

ibid. 	(1941) 2, 798. 

ibid. 	(1941) 2, 880. 

Phil.Mag. (194.2) 32, 384. 

Z.Elektrcehem. (1952) 	822. 

Z.phys Chimie N. P. (1956) 2, 2:0, 

/44. B. C. L ipp ens and M. E.A.Hermanns. 

4.5a. 	J.Ros enberg. 

45b. H. P. S chre ib er and M. H.17a ldman. 

45c. S. Z.Roginskil et al.. 

4.5a. P. E. Eberly jun. 

49. Am.Petrolevm Inst. Research 
Project 4/4.. 

50. International Critical Tables. 

51. H. Helmholtz. 

52. P.Debye and E. 

53. G.11. J. Van Os. 

54. Furs tenau. 

55, 	J. Th. G. Overbeck. 	( in) 

56a. "tf. G.Evers Die and P. H.Lahr. 

56b. W.W.Boardman. 

58a. J., JeL ikerman. 

58b.  

60o. V. Frcise. 

60b. E,Kromer and V. Praise. 



159. 

62a. B.DerjaEuin. 	 z. (1934) L, 155. 

62b. li 	and E.Obuchov. 	ncta Physiochimica (1936) 2, 1. 

62c. 11 

	

	 ibid. 	(1939) 10, 15, 
153. 

62d. a 	and M.Kussalcov. 	ib id. 	(1939) 10, 333. 

62e. tt 	 Trans.Parad.Soc. (1940) L, 203, 
730. 

62f. it 	and L. Landau. 	.cta Physiochimica. (191+1) 16, 633. 

62E. 	ft 	.(.S. Titijev.skaia, 	Disc.Parad.Soc.(1954) 18, 24. 
I.I..Lbrilcos a ova & L . D.Diulkina. 

62h. 	B.DerJaEuin 12: I.I.11:_rikossova. 	ibid. 	18, 33. 

70. D.C.Grahame. 	 Chem.Revs. (194-7) 41, 441. 

71. J.D.Bernal and R.H.Fgaler. 	J.Chem. Phys. (1933)_, 515. 

72. T.R.C. Fox. 

	

	 (in) "Intefacial Phenomena" p.120 
(iicademic Press, 1961). 

73. 1,. Tis Gnus. 	 Trans.Farad.Soc. (1937) lip 524, 

74. J. T. Cverb ck. 	 ildvances in Colloid Science 
(1950) 1, 97. 

75a. B.N.Ghosh and D.K.Chattoraj. 	1'olloid Z. (1958) j8,  144. 

75b. H. H.Pa ine. 	 Trans.loarad.Soc. (1955) 2.1., 995.. 

75c. id. 	(1958) L, 241. 

75d. P.J./inderson. 	 ibid. 	(1958),_1+, 130. 

79. 	C. G.Sumner and D.C.Henry. 	Proc. Roy. Soc. (1931) L133,  106. 

80a. 	H.W.DoKlas and R.il.titalker. 	Trans.Farad.Soc (1950) 	559. 

80b. 	11 	" 

82a. G.L.H. Elton. 

82b. Pt 

82c. C.I.Dulin and G-..A.H.Elton.  

ibid. 	(1954) ,52, 1251. 

Proc.Roy.Soc. (1949) it197, 568. 

J.Chem.Phys. (1951) 19, 1319. 

J.C.S. (1952) 286. 



160. 

82d. C.I,Dulin and G..H.Elton. 	J.C.S. 	(1952) 2953. 

82e. 
ft 	 ibid. 	(1953) 1168. 

82f. ibid. 	(1953) 2096. 

82g. 
It 	 ibid. 	(1953) 2099. 

82h. G.1;. H. Elton and J. -tialitchell. ibid. 	(1953) 3690. 

825.. 	C.I.Dulin and G.A.H.Elton. 	ibid. 	(1954) 1324. 

82j. 	G.L.H.E.lton and J.B.Peace. 	ibid. 	(1956) 22. 

92. J.L. 0.S. (1941) 68, 432. 
J.Fhys.Chem. (1947) :II, 174. 93. H.B.Bull and R..L.Cortner. 

94.,  H.B.Bull. 	 "Physical Biochemistry" 1943. 

95a. .i,.S.Buchanan and E.S.Heymann. J.Coll.Sci. (1949) L., 137. 

95b. D.J.01 Connor and .i.S.Buchanan. 	.J.Chem. (1953) 6, 278. 

95c. Trans.Parad.Soc. (1956) ,?,397. 

95d. P.G.Johansen and 	ioid 	(1956),229!  

95e. P.G.Johansen and A.S.Bsuchanan. ..u.st. J. Chem. (1957) 10, 392. 
95f. 0-nzo Jo and YuEiro 	Nippon nob Raishi (1957) 

ay 231. 

95g. H.J.Mcdi and D...-61u.rstenau. 	J.Phys.Chem.(1957) 61, 640. 

102. G-.H.Bolt. 	 J.Coll.Sci. (1955) 10, 206. 

103. G.J.Biefer and S.G.Mason. 	ib id. 	(1954) 2, 20. 

104. D.!.T. 0' Obnnor. 	 Cczif. SurfEcre 
Activ).-bz (1957)  '2, 22b. 

105. H. 	rd and N. G. Tang. 	Ind.EnL.Chcm. thial.E0. (1937) 
9, 537. 

106. H.ZA . Fla schka. 	 "E.D. T..ti. Titra t ions " (PerEarmnon 
Press, 1959) 

107. J.R.Ti. Kerr. 	 analyst (1960) 85, p67. 



161. 

108.  F.J.Welcher. "Organic analytical Reagents" 
(Van Nostrand, 1958) 

109.  P.J. Lnderson. Trans. Farad. Soc. 	(1958) al  562. 

110.  D.P.Benton and G.L.H.Elton. 21-oc.2hd.Intern.Conf.Surface 
Lotiyity (1957) 2, 344. 

lila. ILL. Perez. Lnales real soc. espari. fis. 
quire (1954) , 5. 

111b. D.J.0tConnor. Rec. tray. chi::. 	(1956) 22, 938. 

111e. L.Ialicha. Kolloid Z. 	(1957) 	122, 32. 

11111. L. de -Atte. ibid. 	(1960) 	ILL, 135° 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152
	Page 153
	Page 154
	Page 155
	Page 156
	Page 157
	Page 158
	Page 159
	Page 160
	Page 161

