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ABSTRACT

The thesis desoribes 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 constent and chemical properties could be controlled and the
extent of their effects on adsorption examineds A number of spinels
were prepared from the pure parent oxides or coprecipitated hydroxides.

The surfacc 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 cm Hy at £351id.carbon diosxide tampcratusess

The electrokinetic behaviour of two of the spinels, }gAly0jand
NiAlzoh, was - studied by the streaming current techniques

llethods 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 MgA1204 and NiAle#
are not chemically inert, ZEvidence was obtained for the presence of

MgCOB on an atmospherically aged surface of MgAIZOA, which gave rise to



appreciable concentrations of llg** in the electrolyte solutions.
NiAlpQy, 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.
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SYMBOLS

The following symbols will be used without further definition.

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

a

C

i

i

particle radius, cm.
constants.

-1

concentration, in g equiv. 1
density, in g em™
electronic charge, 6e¢Ss:Us
constant.

Boltzmann's constant.
natural logarithm.
logarithm to the base 40.
molecular weight, molarity.
milli -

Avogadro's number,

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

pressure, dynes per cm?

gas constant, ergs per °C per mole.
surface area, cm?
absolute temperature.
volume, cmd /
distance, cm

valency, inclusive of signe

double layer thickness, ome

dielecbric permittivity.

7o



~ O x & = oy

1§

electrokinetic zeta=-potential.
viscosity, poises.

inverse of double layer thickness, cm™!
micro -

charge density per e

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

8.



1o

INTRCODUCTION Je

1,1, GENERAL

Much experimental work has been published on the electrokinetic
properties of various natural and some synthetic minerals, but no
sa’ciéfaotory general thcory 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 genernl 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 rcsults recently obtained on non-mineral
surfaces indicate that these assumptions are not valid. (2).

There are two reasons for doubting the validity of thesec
assumptions; the exact position of the plane of shear of the
elecetric double layer and the significance of the zeta-potential
are unknown, and values of dieletric constant and viscosity of
the medium ncar 2 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 differencc between the plane of shear of the two pheses
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end the bulk of solution, viz. the zets-potentials The zeta-
potential can only have significence if this plene of shear is
lmown.  There is no independent method of determining this plene,
nor is there, in general, any theoretical methad of relsting zeta
to> other potentials (e.g. electrade potentials) of the systems
The plane of shear has frequently been associated with a certain
plane in the model for the electric double leyer developed by Gouy
(3), Chepman (4) and Stern (5)¢ There is no fundamental resson
for this; it is an arbitrary choice and solely a matter of con-
venience in calculatimn,  Further, there is no fundamental reason
for assuming that this plane of shear is independent of factors
such os electrolyte concentration and viscosity.

There i1s a general relation between the net surface charge
density and the zeta~potential which is independent of any model or
assumption 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 nct charge per unit
arca 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 totel anion adsorptions
within the plane of shear. It is impossible o celculate either of
these quontities 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 genercl
reletion between the net surface charge densities as calculated
from the relative mobilities and the {ruc surface charge density
or adsorption of ions,

1,ii, PURPOSES OF THE WCRK,

One purpose of the present work was 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 projeot wes to investigate some of
the factors affecting the extent of the adsorption. In this respect
all prévious work has been carried out on individual minerals and
synthetic oxidess Comparison of the results for the several oxides
is mede 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, esge
MgAlzoh, all having the some crystal lattice structure and occur
frequently among minerals. Thus, by studying adsorption on several
of these oxides, the effect of structural changes, normlly present
in a serics of simplc mctal oxides, is eliminated from the compari-
sone  Spinels can be rcadily prepared in a purc form from the
parent oxides and in this wey lattice dimensions and chemical con-
stitution can be varied in a controlled menner. Hence it is possible
to investigate individual rather than overall effects,

The only published work in adsorption and zeta=potentisls of

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



Horsfall (7) working with synthctic mognetite,

Several electrolytes, which contained divalent cations that
can be incorporated into a spinel lattice, were chosen for the in-
vestigation, It was suspcected thet ion exchange might occur
between these cations and divelent lattice ions which latter would
then be detcetable in the equilibrium solution. Considerable
exchange of lattice ions takes place only on fresh precipitotes
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 expectecd in the electrolyte
solutionse Lead salts werc alsd included since from some earlier
zeta~potential measurements lcad ions appearcd to have a high
affinity f£or the surface, yct they camnot occur as lattice ions.
Colcium salts were used as & basis of comperison of other electro-
lytes. Calcium would he expected to be an indifferent ion, the
adsorption of which was purely by electrostetic forces, The
electrolyte anions, chloride and nitrate were chosen in order 1o
mininmise any effect due 4o specific adsorption of the anione The
former was preferred in the adsorption measurcements because it was
casier to determine analyticolly.

1,iii, CONSIDERATION OF PRACTICAL METHMDS.

The cxperimental work consists of threce topics which orc
described together with relevant published date and theoretical
considorations. The threce topies are: the preparation of the
spinels, the determination of surface arecas and the measurement of

zeta-potentials and adsorntion,

12,
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The structure of scveral 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 influencc on the lattice dimensions.. A number of
methods by which a homogencous mixture of the purc parent oxides
might be prepercd were testeds Examination of the moterial after
the solid state reaction had been corried out indicated that some
of the mixtures were not homogeneous and the methods by which they
had been prepored were rejccteds A molybdenum shect element
furnccec wos used 1o obtain the high temperntures required for the
solid state reaction 4o occur at o satisfactory rate. The fired
products wers tested for spinel formation by L-ray diffrsction and
golubility in dilute ocidse

The extent of edsorption by e solid from a solution by
reason of the electric double layer is related to the surface area
of the so1lid and the vilume and concetratisn of the solutions. Hence
it wes necessary that thc surface arecs of the spinels be determined,
An apparatus wes eonstructed to measure surface areas by means of
the Bruncuer, Bamctt and Teller adsorption isotherms  Propanc was
used as the adsorbate gos, conveniently giving pressures of the
order of 10 cm lig ot the cdsorption teupere ture, This technique has
limitations which have been discussed but only comparitive values
of surfacc area are rcquired,

As the electric doublc laycr 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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of the double layer are discussed and an expression, based on
the Gouy model, was derived f{or 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 wes constructed
but wos found to be unsatisfactory and the more sensitivc streoming
current method wos adopteds  The streaming current equation was
derived and the assumptions regarding surface conductivity considered.
The electrokinetic behaviour of two of the spinels, MgAIZOL and
NiAlp0y, in a number of electrolyte solutions was studiede  The
electrolytes, at concentrations between 10-5M and 10-2M, vere
prepared by dilution of 1il stock solutionse

The 1ow concentrations of solutions used in the adsorption
experiments, of which, frequently, only small samples were availeble,
meant that meny of the simpler enalytical techniques could not be
used in their usual macro-chemical forme Methods >f analysing
these small quantities of divalent metal electrolytes at 1ow
concentrotion were devised so that the adsorption of these electro-
lytcs could be determineds At o late stage in the investigation a
Cothode Ray Polarugraph became available, greatly simplifying the
determination of lcad, zinc and nickel ions.

A considerable number of adsorption experiments were performed,
principelly on MgA1204 and NiAIZOL spinelss  Somc preliminary
results obtained using spinels prepared ct relativcly low

temperatures suggcsted thot lon exchange might be the principal
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mechanism of adsorption. However, further testing on samples
sintered at higher temperatures showed thet only smell emounts of
the spinel cations were present in the equilibrium solutions. In
the earliest experiments, where only small semples >f spinels were
available, o number >f 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 wos
sugpected that the state of the surface would n> longer be the some.
Accordingly, it was decided to use smaller samples of the spinel for
only one test each,

The results are less setisfoctory then expected; in o number
of cases the total cation and anion concentrations did not agree,
indicating a2t least a pertial failure of the analytical techniques,
Possible causes of failure‘are considered, low pH readings and the
undetected presence of aluminium in the adscorption solutions having
very low pH are the most likely, but these cannot explein all the
errors. The anion analyses, which were effectively chloride only
in all cases, of the final solutions tended t> be higher then those
of the original s>lutions and no> reasonable explenation of this
observetion can be offcred.

fven within thcse severe limitations it has been possible 2
arrivec at certein qualitetive conclusions. The surfaces of
MgAlzo4 and NiAlzoh arc nd>t chemically inert. Evidencec was

obtained which suggested that Mg003 might be present on an
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atmospherically aged surface of MgAlzoh, which gave rise to
appreciable concentrations of Mght in the clectrolyte solutions,
NiAlzo# had a less soluble surfaces Contact between the solid
and electrolyte solution always reduced the electrolyte cation
concentration; in some cases this was due t5 the precipitation as
the hydrated oxide.

The zeta potential meosurements camnst strictly be compared
with the adsorption data beczuse 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 thosc of the initisl solution since sufficient
electrclyte is fun through the plug t> bring this about: in the

case of an adsorption experiment these parameters are changed by

the adsorption process,



17,
2o _ SPINELS

2,1, PROPERTIES 4ND STRUCTURE.

Spinels are oxides of general form,AB204 with a well=-
estaeblished crystal structure but meny modifications are known.
The lattice structure is basically similar to that of diamond,
theB catoms occupying the sites of carbon atoms in diomond. In
view of the complexity of the spinel crystal lattice, the unit
cell contoins 32 O atoms, the structure is most conveniently
described in terms of a layer lattice. The normal spinel is
composed of alternnte layers of I (the corundum lattice) and II
in Fig. I, which is 2 projection along o 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 the tetraohedraol lattice sites with the remaining B
atoms and the A atoms filling the octahedral lattice sites.
Spinels of this type ore conveniently represented and distinguished
as B(AB)OA, and are exemplified by; 'Réf*(Mg2+Fe3+)0if,
Fe3+(TiZ+F65+}OE? , Zn2+(th*Zn2+)Oif.

Three types of spinel caon be obtained depending on the
volencies of A and B, viz. A2, B3*; alt B2+, 46+ Bt op
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.
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Full detoils 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 rother more on B but is mainly governed by
the oxygen lattice, The structure is very stable - chemically

inert except under extreme condltions.

TABLE 1. LATTICE CONSTANTS OF SQME SPINELS.
All belong to the 0;71 space group.  The length of the side

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

"‘ype Formhl a Formula a Formu.la e

2:31 Mighl 0 ‘8090 x1g0r204 80290 MgF620 (1) ? 8-342?

I 4 caorzoh; 8.59 | 0dPe,0, 873

 Coh1;0, 8:059 Colry0,  8-31 ' CoPey0y 8436

- OuA1,0, | 8:070 | | CuFey0, (1) | 8eui5

Feﬂlzoll. ge12 ; Fe 0, (1) 837 s
i 1 NiAlzo4 8°045 | NJ.CI‘20)+ - ! NiFey0) (i?)i 80340
i - Znh1,0, 80099 ZnCry0, 8'323 ZnFe2 ) 803
4:2% |  CuGo,0, | 8039 | |
| | Snlig,0, | 858 8nG0,0), ' ' 8460 onano4 1 865 |
1 l \ o0, | - T, » 8+ 1i6
| ; ,_ ch"zoz,, 8 108 ' o

i e ,
1 6:! MOA82)+ 9'26 ’ r ‘j i ‘

L R ——— S AU VO QU St

(1) indicates "Inversed" 2:3 spinels



2,41, REVIEW OF PREPARATIVE METHWDS

Considerable date 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. Yemaguchi (11) olassified various besic
oxides sintered with alumina by the temperature at which conversion
to spinel oocurred, 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 Wwere prepared from fairly coarse material is obvious from
the range of their results, The fullest data that can be obtained
indicate complete conversion to MgAlZOh- of a material having a

grain size of 0406 mm. after 10 mins. at 1450°C on a test piece

compressed to 10,000 pes.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 ZnAl,0, and Natta and Passerini (18)
for some bivalent cobalt spinels. Methods of preparing spinels
containing vanadium (19), gallium (20a-c) and germanium (23) have
also been published.

That reactions between solids con take place without the
formation of any liquid phose was first demonstrated by Spring (21;.).
Hedvall and his school hove made detailed investigations into solid
state reactions (25 a-a). Lattice ions near structural defects

are less firmly bound thon those in the bulk solid and therefore



216

such ions near the surfacec are especially active and govern the
rate of reaction in the solid state. This occurs to a marked
extent during a phose change and the increased reactivity at this
stage is known as the Hedvall effect, In the sintering of oxides
atmospheric oxygen may exchange with oxide ilons 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, thereforc, only be
determined after deteilecd invegtigation.  Although most pre-
parations specify the b~ st time and tempcrature for conversion,
the composition of the atmosphere round the somple is often des-
cribed in vague terms., Inoreasing the number of points of con-
tact, by using fine, pressed matcrial, leads to a reduction, often
considerable, in both sintering temperature and reaction time (28),
The X-ray powder method is used most frequently to determine the
extent of spinel formation; other methods that heve been used
include mognetic spectra (29), rodiotracer diffusion (30) anad

the Hahn emanation method (31),

2,131, FXPERIMENTAL PREPLRATION,

The two stages in the prepavaticn of the spinels were,
Tirst, to prepare an intimate mixture of the oxides (cr compounds
which decompose to the cxides) and second, to carry out the solid
state rcaction, in which the oxides combined, at high temperatures.

The methods used for premaring the intimate mixture were as follows.
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Solutions of the nitrotes, of known composition, were mixed
and eveporated 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 lomp, 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 individusl oxides
in stoichiometric proportions. Analytical Reagent grade oxides
were used where availeble, other oxides were prepared by decom-
position of the nitrotes where logss of material was of little
consequence. The oxides were sieved finer than 200 mesh before
weighing and mixing, thc mixture was put in a bottle and shaken
vigourously before sintering. At the temperaturcs aveilable with
the early furnace this method tended to leave some unreacted
metol oxide. With the higher temperatures available in the
molybdemun sheet element furnoce (Fig.II) reaction eppeared to be
completce

A third method tested was to prepare a mixed solution of
known composition and to rapidly copreoipitate the hydroxides by
addition of agueous ammonia. Frequently nitratcs werc used but
ammonium aluminium sulphate wos used for solutions containing
aluminiume The precipitation was carried out rapidly to ensure
a homogeneous precipitate. The mixed precipitate wes driecd,
pelleted and fired to the appropriate temperature. Filtering

the voluminous precipitate provided the only drawback to this

method,



The extent of resction was estimated, in the majority of
cases by the X=ray powdcr methode  Scries 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 completcly disappearcd and new ones, corresponding to
the various spinels, appeared, This mcthod is sufficiently
sensitive to dctect less than 5% of unrcacted oxides in the
mixture. It was hoped that amounts of this order would be
contained in the interior of the sintcred powders and have no
effect on the surface properties of the spinels.

In other cascs the solubility in very dilute acid wes uscd

to indioate the extent of reaction, The spinels arc virtually

insolublc in acids whercas any unreacted oxides in the fired mixture,

with the possible exception of AlpOz, will be attackeds  4s only
the surfaces of the powder particles were under investigation un-
rcacted material in the interior of the particles was unimportant
provided thc spinel surface layer was sufficiently thick for the
particlc to behave as though it werce uniform throughout. Thus

the reaction was considered to have proceeded to a sufficient

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

and leach out considerable amounts of unreacted oxide, Generally,
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M hydrochloric acid was used for this test and conductio=
metric measuremcnts or titration with alksli, after about 5 days
in contact with the powder, were uscd to detcrminc the change
in conccntration. 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% of the spinels This treatment
was followed by repeated water washing; the concentration of
dissolved electrolyte decrcased rapidly but never reached zeros
MgFeQOA prepared from the parent oxides reacted with the acid
very rapidly and no acid was detcctable in the solution after
2} hours; presumably the reaction products included F§3Q4
and unreacted MgO in large gquantities,

Samples of the following spinels were prepared from the
mixed oxides for preliminary tests; MgAlQOA, MgCrQOA,
NgFey0y, NiA1204, Znhly0 , CuAlQOh, MhAlQOA and MgoTi0, .
Because of the rapid recaction of the samplc of MgFeQOA'nith
acid a further sample of this spinel was made from the
coprecipitated hydroxides to give a morc intimete mixture of the
starting materials, This sample proved satisfactory when sub-
Jected to the acid leaching tests  The samples of Cully0) and
MhA1204 were rejected without further testing on account of their
non~uniformity of colour. The sample of MngiO4 after a first
firing became violet on the outer surface where the reducing
atmosphere had penetrated but there wes a considerable amount of

unrcacted material in the interior of the crucible. After mixing



and refiring the lightly ocompacted mixture under apparently the
same conditions as formerly & greyish-green material waes obtaincd.
Since the reported colour of Mg2T104 is violct to black this
samplc was rejected on the grounds of uncertainty of composition.
It is probable that the material was a mixture of the more casily
formed MgTiQ5 and MgO.

Further tests required the preparation of more material, the
higher temperature furnace becoming available at this stage. The
mcthods are detailed below:

Znhly0). A mixturc of zinc and aluminium oxides, finer than 160

mesh, was made up in stoichiometric proportions. Homogeneity was
ensured by rotating the bottle containing thce mixture for several

hours.

A series of six pellets, % 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 optirmm
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 mode into pellets at thi; opti~
mum pressure,

The pellets were scraped to remove any iron contemination

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

remained in the hot zonec (about 3 inches long) for threc hours and

was then slowly withdrewn and annealeds The surfacces of the

fired pellets were again scrapecda

25
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NiAlZOA' The nickel aluminium spinel was prepared by prccipitating
the hydrous oxides from a solution of nickel nitrate and ammonium
aluminium sulphate by the rapid addition of agucous ammonia.  The
nixture was dried, lightly pressed and sintered at 1600°C for threc
hours in air.
MgAlZOA. A series of pecllets was prepared for thc original spinel
by the method used for ZnAlzoh. The optimum pressure was found to
be 1200 pes.is using a slightly damped mixture of magnecsium and
aluminium oxides. In vicw of the higher melting point of this
spinel as compared with ZnAlp0) the sintering termperature was in~
orecased to 1650-17009C for three hours rctention in the hot zone of

the furnacc.

MgCrZOA. To prevent oxidation of the CrZO3 to a complex chronmic
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 ends of the
main tube were loosely plugged with a large fireclay crucible above
and asbestos wool below., A slightly higher gas flowratec than used
for the furnacc alone was required to obtain a uniform green product
in pellets compressed to 1000 pesei. after 3 hours firing. The
slow lowering of the crucibles through the furnace had a useful
anncaling cffcct in thc reducing atmospherc.

The carly spincl preparations were corried out in a hori-
zontal tubc furnsce capable of reaching 1450°C, The recrystallised

alumina furnace tube, 2 inches in diameter, was heated by means of



27
six Crusilite elements fed through a Variac transformecr, The
measured output pover was used as a guide to the temperature
attained at cquilibrium which was frequently checked with an
optical pyrometer,

The main advantage of this furnacc was that it could
accommodate a 50 ml. crucible, permitting the prcparation of
large batchcs of material at a single firing and hencc obtaining
a uniform product. The lengthy hcating up time and limited
temperature attainable proved to be thce most scrious drawbacks.

A molybdenum shect element furnace (32 a,b), similar to
that designed by licRitchie 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,  Power was
supplied through variable and stcp~down transformers rated at
6 K.V.A, The heating clcment consisted of a sheet of moly-
bdenun rolled into a cylinder 1425 inches diamcter connected
dircctly across the output terminals of thc transformer,

During opcration of the furnace, the clement was surrounded by
en otmosphere of "forming ges", 90% Ny and 105 H, to prevent
oxidation,

Temperatures up to 1700°C were obtained with only a modcst
power imput. Fig. III is o temperature/pover survey of the
furnaoce.  The disadvantages of the earlier furnace were c¢limineted
but the gain was offset to some extent by the limited crucible

capacity of 5 ml. To compensate for this and hence cnsure a
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high dcgrce of uniformity in batch production the furnacc was
filled with a column of empty crucibles, supported on a & inch
dieneter alumina tubc, which werc removed a2t a steady rate from
the botton of the tube once equilibrium was cstablishcd, Loaded
crucibles werc simultancously fed in from the top of the furnace,

thus all the contents rcccived the same treatment in their

passagc down the furnace tube.
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SURFaCE AREA MEASUREMENT 32

3,i, REVIEW OF METHODS

The extent of adsorption by a solid from a solution by reason
of the elecctric doublc layer is releted to the number of sites for
adsorption and the numbsr 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 gquantities are
readily measuresble but of the verious experimentel methods for
measuring the surfoce area of the adsorbent it is necessary to
select one which will give the requisite area. It is possible to
visualisc a solid material conteining numerous pores and cracks of
varying size. If this matericl is covered with a monomolecular
layer of various odsorbates a measure of its surface area can be
obtained. Now if the cdsorbate can penetrate the pores and cracks
in the solid this internal arca will contribute to the total; but
if this adsorbate is replaced by a larger molecule certain of the
porcs 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 systems In
cases of adsorption onto a solid from e solution generally, and
especilally under conditions oi low adsorption or surface ares, 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 substonce and the estimation of that substance
beforc and after the adsorption cxperiment, Horkins and Gens (35)
used a solution of oleic acid in benzene as their adsorbate
solution. Samples of the solution were extractcd with alcohol
and the oleic acid titrated with NaOH solution. The oleic-acid
molecules were assumed 1o be close-packed on the surface and to
occupy an area of ZO.OAZ, a value based on crystallographic data.
The accuracy of this type of method is not very highe

The use of low temperature ven der Waals vapour adsorption
isotherms was investigated by Brunaucr, Hamctt and Teller
(36 a=d, 4O a) in the carly 1930's for determining surface arces,
One of their early isothcrms is reproduced in Fig. IV end shows
the typical S = shape with straight central portion,  Surface
arcas were determined for points 4 to E; the better repro-
ducibility of point B for o number of adsorbents can be accounted
for by its closc approzimation to the formetion of o monolayer,

The surface arca would be expccted to be approximrtcly equal
for oll gases at 2 point where the surfacc is equally covered,
This rather empirical approsch was soon put on ¢ sound theo-
rcticel basis by extending the Lengimir adsorption theory to an
infinite nuaber of layers (4O a-c).

From the rates of condensction and eveporation from an
Infinite numbcr of layers of adsorbed molecules once cquilibrium

has been etteined, an expression was derived for the amount of gas
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rcquired to form a monoleyer on the surfacce Two assumptions
are ﬁade: that the energy of adsorption of molecules in the
sccond and subsequent layers is equal tc the heat of liquefaction
of the adsorbate and that the eveportion and condensation pro-
perties of moleccules in thesc loyers are the same as in the liquid
statcs

The isotherm equation then follows

P = 1 + C=-1 ., P 1

V(P,-F) v v.¢ FE,

where P = pressure, V = volume of the ges; P, = the saturation vepour
i nTR
- s
pressurc; V. = thc volume of gas, required to form a monolayer and

m A
C is o constant. If it is furthcr assumed thet the gas is ideal

% = n , wherc ny is the totz] number of molcs rcquired to form
m I

a monolayer on the adsoroent surface. Then,

P = 1 +C-1'P 2
n(P_- P) n_C n_oC P -

o
A plot of B/n (P,- P) against B/P, should yield a straight line
with intercept 1/nm0 and slope (C~-1) /nCe  If only o limited number
of leyers can be edsorbed then a modificd exprcssion is obtoined
which for one layer only is the Langmuir type expression
P/V = P/cVm + 2/Vm 3
and for four or more layers becomes equal to equation 2 which is

most applicable for surface area calculations in which EVTglies

between 0.05 and 0.35.
Agsuming that the average cross~section of the adsorbed mole~

cules is the same as thet corresponding to the plane of closest
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packing in the solidificd gas
/3
8=l (0,866) (/4 f2,4.35) L

where S = surface area occupied per molecule, il = molecular weight
of the adsorbate, A = Avogedro's number and dg = the density of the
so1id gas. In mony cases the adsorbate is liquid et the temperature
of the adsorption end the density of thc liquid at this tempcrature
can bec substituted for the density of the solid, dg, with a marked
reduction in scatiter of the calculated surface arcas,

Harkins and Jura (45) developed an absolute calorimetric
mcthod of determining the surface area of non-porous powders which
did not require any kmowledge of the molccular arcas. These
Workers also improved upon the apparatus of Brunauer, Emnett and
Teller; the new form of apparatus, Fig. V, gave greatly increased
precision and accuracy tc the surface area results. Other forms
of B.E,T. apparatus have been constructed by Lippens and Hermans (44).

More rccent methods of determining surface arcas includec use of

heals o‘)[ ac(sorf’tim»\ of
differentialﬁﬁﬁﬂmgareﬁe&ysés-andhchromﬂtographic techniques which
require complicated and cxpensive apparatus without any considerable
improvement in accuracy over the B.E.T. method; (45 a-d)
3,1i, EPERTMENTAL METHODS
a) Construction and calibration of the apparatuse

The apparatus is diagrommatically illustrated in Fig, VI and is
basically a modified form of the simplc apparatus used by Harkins
and Jure, Fig, VII, The refined apporatus used by Harkins and

Gons incorporn®ed « Capillary type mercury cut-off and a pressure
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FIGVI. SIMPLIFIED FORM OF ADSORPTION APPARATUS
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rescrvoir betwecen the gas burcette ond high pressure monometer which
enabled continuous pressure readings to be mde during the ad-
sorption, This featurc is absent in the present epporatus but the
volume of gos in the adsorption section was held constant by
bringing thc mercury level to the samec fixed lower mark for each
pressure measurcnent.

The actual pressure measurements were taken betiueen the
highest parts of the two meniscus. The lower mercury level was
adjustcd so thaot the rim of the meniscus coincidcd with the fixed
marke The manometer arrangement, whereby mercury moves into or
out of both limbs simultoneously, rather than from one into the
other, vas to kcep the dead space volume constant ond to ensure
that both meniscus moved in the same sense, hence making pressure
corrcctions for menilscus helght unnecessary. Pressure measurec-
ments were found to be considerably affected by the method of
illuminating thc mercury surfaces.,  The method finally adopted was
to have a prc-focussed torch bulb mountcd above and behind the manc-
meter. The light beam was reflectcd from o smoll mirror, mounted
on en cxtension arm fitted t0 the microscopc barvel, horizontally
across the meniscus into the microscopes  This ensurcd that the
angle of illumination remaincd constant and indcpendent of the
mcrcury level vhich improved the accuracy ond reproducibility of
the pressure readings,

The gas burette bulbs were calibratcd by wecighing the volumc
of mercury which fillcd theme  Tempcrature corrections, to the

nearcst O.lOC, vierc applied to the density of the mercury.
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b)  Operational proccdure,

About 8 to 10 g of the dry powder whose surfacc was required
werc weighed into a sample holder which was then seclced onto the
opperatus ond thaslowly cvacuated, carc being taken to avoid
1oss of mnterial. The samplc was degassed by heating at 400°C
under vacuum for scveral howrs after which it was isolated from
the rest of the opperatus by meens of the taps Ty and ¥ (see
Fige VI). 4 cooling bath at ~78,5%C, mainteined by o solid
carbon dioxide / alcohol mixturc, was placed about the sample
chamber and its level wos held sensibly constant throughout the
cxperiment,

A gas is required for calibrating the desd space Volumcs
of the apparctus that will not be adsorbed at the temperature of
the semple cooling bathe Nitrogen was used for this purpose and
was expended by steges from rescrvoir Ry through tops Toand T3
into the pas burette and manometer dead space, A series of
pressurce and volume mecsurcments were made and, by applying
Boyles Law to these readings, the dead space volume V., betiecen
the uppermost bulb of the gas burctte and the fixed mark on the
manometer, was calculateds The gas was thcnrgllowed to expand
through the tap Y into the sample contoiner, 4 similar series of
pressure and volume mensurcements were mande and the additional dead
space a2bove the sample wes calculatede The valuec for Vm is a
constant for the apperatus but the additionel sample dead space

must be repeated for each somple,
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Propene was uscd os the adsorbate: N.CoL. samplc stoted

to be better than 99.9: pure. Thc choice of gas, and the tem~
perature of the odsorption, was originolly dictated by the
inadequate supply of liguid nitrogen available (at Liverpool).
Some justification can bc madc for using propane on the grounds
that the size of thc molcculc (kx10'8 cm, diamectcr approximatcly)
is nearcr in size to an hydroted cation than elther krypton or
nitrogen which aorc the preferred adsorbents (molccular diameters
3,14 and 3415 x 1078 cn respectively)s Also, the relative orcas
of differcnt samples wcere more importent than cbsolute values.

The apparoatus was again cvocuated and the sample degasseds
Two similar scries of pressurc and volume measurements Wére made wilh
propane, from rcservoir Ry (Figs VI).  With the gas in the
burettc and monomcter only it wes possible to calculate the amount
prcscnte When the gos wos admitbed to the samplc container 15
minutcs were allowed for equilibrium to be rcached and the level
of the cooling bath was checked. The amount of gas adsorbed
accounts for o lowering of the pressurc at a given volume.

All pressurc readings were teken for increasing and decreasing
pressurese  Good agrecment was obtained indicating that the ad-
sorption was reversible and without hysterisis.

Vérious valucs for the scturated vapour pressure of propane,
P,, at the adsorption tempcrature are reported or cen be calculatcd
from published data (49, and others). This is due 9 some extent
to uncertainty in thc cxect temperoture maintained by o bath of

§011d carbon dioxide in alcohols  Somc propanc was condensed at
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liquid nitrogen temperatures into on empty sample tube which

wos then allowed to warm up to the s0lid CO, beth temperaturc and
the saturated vapour pressurc wes experimentolly mecsureds It
was found to be 111.6 mm Hg ot this temperature which is close 1o
one of the reported values (50).

An attampt was mde to determine the smount of ges adsorbed
by an empty sample container (superficial arca about 20 cm?).  No
significant change in the PV terms occurred with the tube <pen to
the adsorbates Hence it was not necessary to corrcct the determined
adsorption for adsorption due to the container.

The BeE.Ts isotherm plot, equation 2, wes performed and using a
voluc for the arca sccupied per molecule of propone, caleulatcd from
cquotion 4, the surface area of the sample was calculated,

A4 typical series of results for one of these surface area

determinations is given in Chapter £ ,d.



L4, ELECIRIC DOUBLE LAYER

k,i. GENERAL
a) Origin of charges in the doublc layer.

Surface ionisation end preferential adsorption of one ion from
solution are the mechonisins by which en interfzacial charge can arise
when a s21id is placed in a liquids These effects can be illustrated
by reference to the behoviour of systems containing glass end barium
sulphate,

The effects on gless of hydrogen and hydroxyl ions are particue
larly important.

In 107N elkali, g Licreases nunerically Leyond the value in water by 16 mV,
" 407N acid, " decreasco " " " wenomor 80 mv,

"y O-BN K " ] " n t " ] " " o0 mv;

’
Thesc most recasonable cxplenation of these observations is that
ionisation of silicic acid groups occurs and 1o a greater extent in
alkaline than acid solutions.

Barium sulphate systems preferentially release SOb_“ions leading
to a positive zeta=potentiale This is equivalent to postulating an
excess of wvecant lattice sites or interstitial ions, possibly due to
defcects and dislocations, Such systems arc characterised by high
sensitivity t0 heavy metel ions and polyvalent cations. These ions
form a Stern layer in which they are strongly bound because of their
high polarisation energys
b) Exccss ions in solution,

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

present on the surface of the s21id phese and an cquivelent emount of
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ionic charge of opposite sign distributed in the solution phase
near the interface, The cherge on the s01id is treated as o
surfacc cherge spread out uniformly over thc surface, The space
charge in solution is considered to5 be built up by unequol distri=-
bution of ions and the solvent is treated as o continuous medium
influencing the double loyer only through its dielectric constant.

The Gouy=-Chapmon theory of the distribution of the ions in
solution considers the ions as point charges whilst the Stern
theory takes account of their finite wolume,  This latter theory,
in the "specific adsorption potential", als> accounts for the
possibility that ilons may be adsorbed through non-coulombic forces.
c) Potentials in the double laycr,

Two extremec exemples of the interface between & s01id and a
solution can be cnvisaged.
1e  Thc interface is complctely polarisables  The potential
difference betwecen solid and solution may be altered by the appli-
cation of an external potential difference to the interfaces There
is no cxchange of charged species between the two phosese.
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 botween mercury and an agueous solution., The cell may be
envisagced as containing e solution, a2 mercury electrode and a

standard hydrogen clecctrodes  The hydrogen cell is assumed to be
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ideally reversible and of s2 small o surface that its adsorption
may be neglecteds  The mercury clectrode is assumed to be come=
plctely polarised; that is, no ions from solution cen be dis-
charged at it, and the concentrction of ng iong 1s negligible.
Consequently, any chaerge carried to it by en external potential
difference rcmains on the mercury.

For an example of the second type o similer ccll may be en-
visaged in which the mercury clectrode has been replaced by a
silver-silver iodide electrode, As opposed to the case of the
completely polarisable clectrode the potential difference of this
cell is not a new variable of the system but is completcly defined
by thc composition of the phases presents It is this type of system
which is assumed for the spinel-golution system under investigation.

Both treatments give similar expressions for the change in
Gibbs free energy of thc interface with change in the aquesus phose
in terms of the changes in chemical potenticl of the species present
and in the interfacial potentiols The difference is that in the
cage of the completely polarisable electrode the expression applies
to all the species present since none can be discharged whilst for
the completely reversible clectrode adsorbed lattice ions arc not
included,

The difference in Galvani potential,ll?), between two phases moy
be defined as the coulombic work required to transfer a species having

unit charge from the bulk of onc phase to the bulk of the other phasee
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The actual work requircd to transfer a charged species involves not
only oosulombic work but also chemical work, since there is a
difference in chemical potentisl between the phoses,  Neither
contribution can be ‘determined or calculatcd indepcndently for
tuo phases, although it can bc done for two regions of the same
phase,s The actual work done in transferring the charged species
is the difference in electrochemical potential,AFia and the
chemical contributionﬂ,/qi, SO

A/Tir Dy +o Ay
- A

I

or ﬂ;u 1
l

If a reversiblc exchange of the species between the two
phases is possible then equilibrium can be reached, which corres~
ponds toA/ul 0 and

Au::. -—Aﬁ/z c

If the charged species zf the major components of a solid

fon

phasc (cege the cation or the anion of an ionic crystalline
material) then small changes in concentration in e solution

phase will not influence the chemical potentisl in the solid,

iuﬁ\qt Imal )
TheAf).nfrt% change in chemical potential, d(l)/zi), brought about

by changing the solution concentration of the charged species is

d(A/"i) = kT d(In cy) L

hence a(d ¥)  =-kT 4(In ci)/ z:€

loo

Tons which conform to this treatment arc known as potential

determining ions and their concentration determines A 7-"



As a result of thce difference in Galvani potential near
the interface there will be an orientation of dipoles and re-
distribution of ions. The two effects may be formally separcted
éuch that

AV SRR £ 2
where ¢ is the part associated with the solid and oriented
dipoles anc ;LO the part associated with the ionic cherges in
golution. It is convenient t> assume that if no major chonges
secur in the solution or the s01lid as a result of altering electro-
lytes and concentrations in the solution thatd x=0, hence
2(89) = a9y = Kalimey) 10
nje

The fact that }Uo varies withcy in the same way as the
Nernst potential is o direct consequence >f the close relation-
ship betviecen 700 end the Golveni potential difference developed
above., Within the limits of the assumptions made, definite
values can be allocated to ;ﬂobecause one value can be fixed,
vizefo= O at the zero point of cherge (x is still finite and
of unknown value),
d) Modcls of the double layers

The first model of the double layer was proposed, but not
used, by Helmholtz in 1879 (51) but the simmle condenscr model is
contrary to the Second Lew of Thermodynemics and will not be con=-
sidered further.

In 1910 Gouy and Chepman independently presented a new
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theoretical trcatment in which the distribution of the counter
ions around the cherged surface is based on the Boltzmann dig-
tribution, This gives o pictwre of the double layer similar to
that proposed by Debye and Hickel (52) for the ion atmosphere
around simple ions. The modecl corresponds to an equilibrium
between the electricol forces responsible for the maintenance
of the elcctric-double layer and the thermal motion tending to
maintein homogeneous distribution of the charges in the bulk
liquide The totel excess of counter ions in the double layer
is equivelent to the number >f charges on the perticlc surface.
The Boltzmann relation gives the concentration of excess ions
atxin terms of)'ﬂ , however x is itsclf a function of)'u; hence
before the distribution can be fully defined the rclation between
%and x is requireds, The number of each kind of ions in the

double leyer, at o point where the potential isy is given by

n, = nz oxp (—zie >U/k'1‘) 11
where ng is the number of ions of species i in the bulk solution,
far from the surface, wherc &/) = 0.
The excess charge per unit volume of liquid iS/a , where
/D = Zzinie.
or /0 e l__z+ni oxp( -z+c}b/kT)-z_nS cxXp (-z_e;u/kT)] 12

Poisson's equation describes the relation between the

potential%, which changes from a certain valuc,?ﬂo, a2t the
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interface to zero in the bulk of the solution, the charge

density,/o, and the distance from the interfaceas

V(?N= "_)'.I'_ﬂa.'Q 13

Oombining equations 12 and 13

- o
vf: .% Dozzen; exp (-zze %/kT) 14
For small velues of ;Uonly the first two terms of the
exponential expansion need be considereds This corresponds
to zi’ll < 25uV. and the expression becomes
VYJ = THT Szieni =-A=1r Z’zien?.zie ;fi
€ & kT 1

On account of the electroneutrality of the solution

<~ [»]

&Zieni =0 Jé
whence
2 o 2
V= %@. Shinty 17

which is generally written

2
in which .
2 2 <t'.0 2
/:i = Q:Tre énizi 19
. EkT ==
and I/H has the dimensions of length and is known as +the double

loyer thickness since it is the plate sepearstion of an equiva=-

lent simple condensers,



The summation term can be further expanded
Zinf 2 = 2ol 43)7 = el 2z
107
wherc}Z} is the numerical sum of the velencics and ¢ is the
electrolyte concentrotion in g. equive /1. Equation ]9 be-
comes, for 2:1 electrolytes as used in the experimental work

described later,

H 2: 127Tech

10‘3 £ kT
This approximate equation does not hold for largc potentials

when the complete equation must be used,
By restricting the discussion to an infinitely large
plene interface the Loplece operotor con be simplified to

dz/dx and an expression for}bas a function of distaonce from

the surface can be derived.

g_ig_u_ = ".ltﬂz nien?_ exp (-zie)[//kT)
dx2 £

dx. ax dx

2._ay d_z.yL= —QZEC Szien; exp (~ziep /AT). ay

Integration gives

a 2 8 nkT n? (e (=z.cy/XT)-1
(gf) £ 2 [om Loeplenn ]

applying the boundary condition that for x = infinity, 71'—‘70
and d?’/dx —>0.

51,

21,



The condition of electroneutrality of the total double
layer requires that the surface charge is equol and opposite
to the total space charge in solution. This establishes a
relation between the surface chorge density, 0, and the

surface potential, }Uo'

o
0""=..f dx
of"

This can be integrated by using Poisson's expression, 13.

(J—v

It

.o
L& a2y ax=-_§(a)
.Ih-’ffg;j hﬂ'a{x:o

Combining equations 24 and 25 we find the full expression
. Y
=& 5 [op (eq/in) -1 |
Lo

The Gouy theory, discussed above, has one serious defect.
The jons are regarded as point charges with the consequence thot
ifm; is high ond (, i led high, e.g 200 m¥., sbsurdly high
concentrations near the surface are predicted, demonstrating the
non~validity of the theory close to the surfaoc.

Stern based his modified theory on the assumption thet
close to the fixed charge on the surface there is something like
e fixed layer of counter ions at a distance g, which might be
of the order of thiclmcss of a hydratcd ione Between the two
laycrs occurs a linear jotential drop, Beyond this first layer
of lons the diffusc laycr, os in thc Gouy theory, cxtcnds into

the solution and the sotal thickness is the sum of the cxtension

52



of the two laycrs. Stcrn's theory olso includes allowance

for the limited number of adsorption sites on the surface and
for the "specific adsorption potential" of the ions which in-
cludcs the influence of cll forces other thon those of simple

coulombic attraction betwecen the cherged surface and an ion.

53

So far nothing has been said about the potentizl distribution

arcund a sphoical perticles Ccnsidering the Deby e~Huckel

approximation for small potentials, the potcntial% at a distance

x from the surfoce of & particle, radius a, is

e = P oy AT

For small particles, thc potential falls off more rapidly with

increosing distence x than in the case of the flat double layer,
In the latter casc the potential has decreosed to 5% of the
value at the surfacc such thetyx=3. S5 providing fja>3 the
double layer around e curved surface is the same as that for a
flat surfaces As 4 is rarcly less than 1060m-1, particles
greater than 300 R radius may be regerded as planc surfaces.

In assigning numerical values to the terms in the various
equations the assumption must be made that £, the permittivity,
has the same value in the double layer as in the bulk solution.
When therc is o high ionic concentrstion within the double

layer this assumption is open to doubt,
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Lyii. SURFACE ION EXCHANGE

Only in thec simplest cases is the double layer built up
from the ions of a single salts  Ggnerally, several types of
ions are present, some of which are contributed by the surface
after exchanging with ions from the solutions The exchange
of true lattice partners is generally only present to any
considerable extent in fresh precipitates making equilibrium
phenomene difficult to observe although considerable work on
this aspect of ion-exchange has been done by Kelthoff, In
Kolthoff's examples exchenge was considercble because the
surfoce areas of the precipitates were high and bulk exchange
occurred in some cases,

The simplest case of ion-exchange is, theoreticelly,
that for a diffuse Gouy layer in which all specificity except
valency can be neglecteds The retios 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
towerds the divalent cation in places >f negative potential
and vice versa for anions.

Customarily adsorptions are referred to the solvent aond
the total cations and anions just compensating the surface
charge are considercd as belonging to the double layer. How-
ever, in ion exchange work it is convenient to consider ions

bearing the some charge 2s the surface as having zero
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adsorption and an emount of charge equal to the surface charge
is considered exchangeable,

Van Os (53) considered o diffuse double layer at o
negatively charged plane surface in equilibrium with o solution
conteining two salts with monovalent anions. Onc solt has a
monovalent and the other a divalent cation. By applying
equation 11 to both salts ond multiplying by e the excess of
positive over negative charge for the two salts can be calcu-
lateds 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 muich in favour of
the divalent cation in the double layer; at 2 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-
cables The Stern double layer theory could perhaps be applied,
but beccause most practical ion exchangepsdo not rely on surface
exchonge alone this has not been done. In thos¢ ion exchangers
where the bulk of the material takes part in the exchange process
the specificity is much more marked,

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

following type holds for the exchange between monovalent ions

ny

where £ = exp (%- ¢2 /kljj,an expression for the difference in
the Stern adsorption potentials ;251and %2 of the respective ions.
Various modifications to this equation have been suggested for
exchange betwecn ilons of different valency but neither theo-
retical derivation nor experimental evidence give sufficient
information to choose any particular forms.

The pH of the solution cen play an important part in ion
exchange, especially when the exchanging groups are weak acids
or basecs. Only when the exchanging groups are strongly acidic
can a direct comparison be mode between the exchange of metal
and hydrogen ions in the diffuse part of the double layer,
4,1ii. ZETA POFENTIALS ANO ELECTRKINETIC EFFECTS
a) Electrokinetic phenomens and slipping-planc considerations.

Ion exchange is probably the most important practical appli-
cation uf the slectric doublc layer but there are 2 number of
others; Purstenau (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 doutle layer is by means of electro-

kinetic measurements,



Electrokinetic phenomena involve both electricity and a
tangential movement of two phases along each others  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 exemplifieé by electro-osmosis and electro-
phoresis, and the second type by sedimentation and streeming
potentials,

Por both kinds of clectrokinetic phenomena it appeers
thet the potential in the slipping-plane between the fixed
and the flowing liquid is determinatives This potential is
called the zeta-potential (g).

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 potentialjﬂo. 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 toybeuﬂ thus explain that at these low concen-
trations only potential determining electrolytes have any
influence mnz. At higher concentrations the compression of
the Gouy layer would explain the lowering ofg. Stern
adsorption potentials would account for differences between

different electrolytes of the same valency type and the

50e



reversal of charge by adsorption of ions. The experimental

evidencec 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~plene will not change with
change in concentration or electrolyte.

That part of the double layer between the particle sur-

face and the slipping-plene 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 (sece
Fig, VIII) on the basis of electrokinetic date ovailable 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. 'C

as well asygg occur in this equation; the latter is success-
fully eliminsted in terms of g for two concentrations, this
assumes that botrlérand t are unaffected by the change in
ionic strengths The t values obtained for monovalent ions
vary between 410 and 70 3, depending on the material and the
method of determining fﬁ Bickerman (58 a,b) 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) exemined

584



FIGVIL.EFFECT OF CONCENTRATION ON THE
DOUBLE LAYER.
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ion exchange resin particles; they found t to very with
the valency of the counterions. In NaCl t was of the order
of 10 R compared with up to 200 & in AlClj.

Other attempts to measure t have been made by Derjaguin
et al (62 a~h); the method used in all these experiments
was based on a direct measurement of the adhering layer be-
tween plates, plate and bubble and between two bubbles. The
measured thiclness 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 cbservations, The static effects can be
ascribed to the pressure of the clectric 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
lons probably have their crystalline hydration form, given by
the Goldschmidt co-ordination number as shown by Bernzl and
Fowler (71)s 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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iong. These verious 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-potentisl con be derived without any exact structursl
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 extcrnal
prcssurc a potential difference, the streaming potential, is
set up across the ends of the pluge If the ends of the plug,
or rather thc electrodes between which the plug is contained,
are shorted together the streaming current flows through the
short circuit in preference to the liquide In practice, this
short circuit is replaced by a low resistance galvanometer
as in the experimental technique discussed in L., iv.

Consider the flow of liquid through a single capillary of
length 1 and radius a, large compared Withér, the thickness of
the double layer.

4 potcntial Eg volts is generated by the 1liquid flow in
the electric double layer near the wall of the capillary.
Providing the flow is laminar its profile is parabolic and

1s glven by the classical equation for laminar flow:

v=F_ (a%-r2) 30
4721
where in the tube, at any distance r from the centre, the

linear velocity of flow of the liquid, of viscosity7 , is



v, under the pressure P,
By differentiation, the velocity gradient at and very

closec to the wall is:

[av) = -2 3
\dr r=a QZ 1

Provided the electric double layer is thin in comparison with
a, the veclocity at any distance x = a=r from the wall of the
tube is given by
>4
dv dx P
— ax
V= dx )X:O = 2n1 ‘3—2-
5 L
Provided Z is constont within the doublc layers A similar

equation, with a different value of dv/dx, will be true of flow
in thc laminar sublayer near the wall even if the flow is so
fast as to be turbulent elsewheres The theory, therefore,
remains valid if the ionic double layer lies within this
laminar layer. Since by definition the chargc carried per

second by the liquid, thc streaming current Iy, is

a
2K a/a v.dx 33
of

Substitution of 4 from Polsson's equation and of v from

[

equation 32 gives

a
I, = = Pa? /D a2§gx.ax. 34
1 d
w1, *

If D is 2lso indepcndent of x, i.,e. independent of the



presence of the electric double layer, integration by parts

gives

5 X=a X=2a
IS =_FDa [x. dig} - [W] ﬁ
ll-\z 1 d X=0 X=0 )
and, since dy)/dx = 0 and p = O when x=a (the radius of the

tube being so much greater than&) and since also YJ = (

when x=0, this reduced to:

T = -BD (702 36.
4717 (T)

If D and 12 vary with field strength in the double layer, it

can be shown (72) that

]
Is=“.£.?: / 13_-,6}0 2L
Ll A ;Z :

When a low resistance galvanometer is connected across the
ends of the capillary the return circuit can be visualised ag
two resistances in series, the capillary and the galvanometer
of resistances R and R; respectively. In the steady state
the streaming potential across the plug Eg, is balanced by
the current flowing through these resistances and measured

on the galvanometer as I

Bs = IR = LR+ LR 38
Is = Ig BRe 32
R

Rearranging, 5) = b,ﬂ?& I, R+R 1
et ’ q ) ...._q .
P R ’ra§ =
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Because of the accumulation of ilons in the double layer,
there is a conductance path along the surface of the
capillary and the rcsistance of the return path through

the capillary can be expressed as

= a?
1 ﬂ'l R+ 27ri Hs 1
R
where 4 and Kg are the specific bulk and surface conductivities
respectively.

Provided the bulk conductivity is large compared with the
surface conductivity equation 40 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 5, still apply.

The equation then becomes

L= -&iy . I, RBg. &k 42

P,D R
where k, the plug qonstant, is equal to R K providing that the
sucface conductivity can be neglectede In the presence i
electrolytes of increasing concentretions 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

- U
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containing solution only becomes constants  This limiting
retio is the plug constant, k.

c) Sumary of experimecntel mcthods of zeta~potenticl
determination,

Electrophoresis can be defined as the study of par-
ticle motion with respect to a bulk liquid under the
influence of an applied elcctric fields  The microscopic
or ultramicroscopic method, in which single particles are
observed, is applicable for particles in the size range
O.1ftto 1?/ﬁ, For colloidal moleculcs the moving boundary
method (73) can be used; o moss of particles is observed.
The results for non-spherical particles, porticularly pro-
teins, werc given a theorctical interprctation by Overbeek
(74)s Sols of ThO0p and CuQ havc been investigated clectro-
phorctically (75 a—d). Anderson has also investigated
synthetic magnetite using microelcctrophoresis, a modified
form of the microscopic method in which only wvery small
quantities of the sol are requircd.

In 1931, Henry (?9) studicd thc e¢ffcet of an eloctric
field on a large single particle suspended in an electro-
lyte solutions Thc high experimcntal crrors, mainly
associated with the particle suspension system, have
prevented further development of this technique.

Electro-osmosis conéists of the movement of bulk

solution undcr an appliecd fiecld with respect to a fixed
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solid in the form of a plug. Porticle sizes arc slightly
larger than for electrophoresis and to avoid surface con- .. ..
ductance effects it is convenient to use solutions of
10-hM and upwards, Douglas has used this method for
fluorspar and iccland spor (80a,b) ™

Sedimentation potentials (Dorn effect) are set up
when solid perticles move with respect to a bulk liquid.
The difficulty in controlling the flow of the solld and
the measurement of the small potentials produced have meant
that this effect hos been little used to determine electro-
kinetic potentials, Elton and his co-workers (82 a=j)
have rccently investigated this technique more thoroughly but
only results for silica, with a high zeta-potentisl, have
been published.

Streaming potentials are sct up when bulk liquid is
forced through o fixed plug of moterial, The particle
sizes need be neither uniform nor very smell and a large
range of clectrolyte concentrotions can be used though the
potentials become very smell at high concentrationse
Wood (92) and Gortner (93) derived equations from which
the zeta potentials may be calculateds The theory has been
criticised by Bull (94)s The technigue has been used by

numerous Workers for a varicty of fibrous and powdered

These two papers form an interesting comparison of chenging
the enion but unfortunately impurities in the naturel
specimers and difference in crystal structure make exact

conparison impossible,
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mterials (95 a-g). Bolt (102) has shown that errors in-
troduced by using values of bulk viscosity and dielectric
constant, rother than the velues in the electric double
layer, are in opposite senses and for small potentials,
1425 mV, cancel.

The zeta-potentials calculeted from streaming potential
and electro-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 extro
pressure of the liquid tronsported.

The equations for streaming potential and electro-
osmosis, in single capillaries including corrections for

surface conductance, are

Z = 47?7 ( Mot 245) Es - strcaming potential 43

D a/ P

and ;’ =_L7T} ¥ ot 2Ky\ u - electro-osmosis 4
D a/ 1

... E‘Sl = .uP M

where Ey is the streaming potentizl under a pressure P and
W is the electro-osmotic volume flow rate produced by a
current is  This relation has frequently been tested and
7
it also holds if _{D/z is replaced by / D/z . d;// ,
0
provided only that the velocity gradient very nesr the wall

is non~turbulent in both cases,
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If the streaming potential is applied across a
galvanometer of known resistance the streaming current
can be mecsurede This method is less scnsitive to electro-
lyte concentration (for o given zeta~potential) than
streaming potential measurements. O'Connor has used
this method to determine the zeta-potential of natural
scheelite (104).

Electrocapillary and copacity measurements provide
the most complete informntion about the electric double
layer but this technique is confined to irreversible
electrodes, mercury being thc most studieds  The electro-
viscous and ballioelectric effects, although due to
clectrokinetic phenomena, are too difficult to handle
mathematically to provide a suitable method of measuring
zeta-potentials,
4,ive EXPERIMENTAL DETERMINATION OF ZETA~-POTENTIALS,

a) Electro-osmotic measurements.

A closed circuit streaming potential apparatus used
for soinc previous determinotions of zeta-potentials of
HMghAlp0) spinel wos abondoned because of the difficulty in
preventing the powdered materiacl, which formed the plug,
lecking back through the platinum gauze clectrodes.s A
simple V-shapped electro-osmosis cell wes constructed as

in Fig, IX in which the¢ plug wes formed by ollowing the
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material under investigation to scttle through the electro-
lyte in the cell, It was hoped that this form of packing
would reproduce should the plug be disturbed.  The whole
opporatus was immersed in o water both thermostatted at
25°C.

After constructing several prototypes the plug section
wes Finally made from two 5 cm lengths of % inch bore glass
tubing with a 90° angle between thems This engle was
formed by grinding the ends of the sections to 45° and
fusing, coere 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 werc bent so
that both copillories, of 0.5 mm precision bore tubing,
could be observed in thc microscope eyepiece simul-
taneously. The original electrodes consisted of copper
gouze intermecshed 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. 4 coil of well
amncoled tungsten wire (0.01 in. diameter) was substi-
tuted and silver plated followed by anodisation in KC1
solution until chlorine was evolved, exposing only un-

reactive tungsten. Part of the silver chloride coating

70,
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wes removed, by reversing the anodising current, and then
the electrodes were further anodised at a lower current
density to give an incrcased surfacc arce of silver
chloridce

To avoid contamination from grease polytetrafluorocthy-
lene sleeves were used at the cone and socket joints. These
were not entirely satisfactory becausec of uneven stretching
and it was found that wctting the surfaces of the joints
with the cell electrolyte solution gave o watertight seals

A potential of 120V ecross an nghlpQy plug in water
developed a prossure difference of only 2 mm. across the
capillaries which took some two hours 1o reach equilibrium
when the viscous and electro-osmotic flows becomne equale
An increased pressure differcnce cen only be obtained at
the cxpense of additional time to reach cquilibrium. The
equilibrium level could have been obtained from the rate of
approach to equilibrium although this was also slowe.
Because the viscous flow rate wos s> low it to0k a con~
siderable time before a change of concentretion could be
effecteds At this period results of early adsorption
measurcments became available, indicating the presence of
material dissolved from thc solid., It was therefore
decided that this method should be abandoned in favour of
one in which only unconteminated clectrolyte solution passcs

through the pluge.
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b) Streaming current meosurcmentse

The streaming current apporatus (Fige X) consisted
of a solution rcscrvoir fitted with a constont head
device, ¢ manometer and the plug scctiona The plug
secction 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 ¢ sccund similar disc pressed tightly on
the pluge Conncctions from the two discs werc taken to a
sensitive galvanometer.

To cnsure uniform packing of the plug the following
standard technique was adoptcda The ccll was filled
with water, the lower clectrode only being in position,
and a thin layer of =60 mesh spincl fraction was added.
The bulk of the plug, consisting of 60 = 120 mesh
material, was then added slowly with constant tepping of
the cell walls to assist scttling and prevent channelling,
until a depth of 1 cme, wes etteinede &4 thin upper laycr
of coarse meterial was finelly added and the upper clec-
trode inscrted to hold the whole plug firmly in placce

Pive litrcs of distillcd water were run through the
apparatus to condition the pluge The upwerd flow of
solution through the plug was to minimisc washing out of

the finer pcrticles. The behaviour of the gelvanometer
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The

when the flow was stopped and during the deccay of
polarisation was followede A scries of 1M solutions
of various electrolytes werc preparcd for usc in the
apperatus efter suiteble dilution. The range of con=-
centrations studied was 1072 to 10~2My The solutions
were run through the plug in order of increasing then
decrcasing concentration followed by double-distilled
watcre The current change when the flow of solution
through the plug was stopped was measured scveral times.
The conncctions from the galvanometcr to the cell were
rcversed and thc measurements repcateds

It appeared that the strcaming current in water
varicd considerably for any pluge This was found to be
due to absorption of atmospheric COp into the water.
Accordingly all the solutions were feed from carbon
dioxide by bubbling nitrogen through the double~distilled
water uscd in the dilution of the clectrolyte stock
solutions and by maintaining an atmosphere of nitrogen in
the rescrvoir of the apperatus, fill recordcd results
were obtained in this manner unlcss otherwisc stated.

c) Washing the pluge

It has been shovm (Horsfall and Benton, Private
Communication) that adsorbed electrolytes on metal oxides
arc not readily desorbed in watcr, even electrolytes which

are not cxpceted to cxert specific adsorption or potential
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determining cffects. These workers found that the
adsorption process could be reversed by washing the solids
with boiling water,

This effect was ndot observed from the streaming
current measurcments indicating that the amount adsorbed
was smalle However, to cnsure complete removal of the
adsorbed ioms the plug was washed with about 11. boiling,

 auceessive Cralments with
dovble-distilled water bctwceqﬁclcctrolyte solutions.

d) Polarisction effcctsa

In eorly strcoming current obscrvations, it had been
noticed occassionally thet the golvanometer required a
few seconds to reach its moaximum deflcction, returning
slowly to the zero positione To check whether this could
be duc 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 deflcction recorded by the galvanometer will be the
differcncc between that proportion of the streaming currcnt
rcturning through the golvanomcter and the currcnt ccused

by the polarisetion decay, hence any zcte~potentizl calcu-
lations would be invalidatede The externsl polarisetion was
supplied by a 2V accumuletor wired in serics with a resis-
tance of about 1 megohm across the cell elcctrodese  This

produced & galvanomcter deflection of about 20 divisions
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(O.tflA). The ratc of deflection of the galvanometer and
the apparent streaming currcnt were unchanged by the
polarisation. Chonging the polarity and magnitude of
the applied potential had no effcete  When no solution was
flowing, switching on the polarising circuit caused a rapid
deflection of thc galvanometcr which rcturned to zero very
slowly when the polarising potential was removcd, i.ee the
polarisetion decays only slowly. N> change in the apparcent
streaming current could be detected when the solution flow
through the plug was stopped and the external polarisation
circuit wes broken sinultancously,

¢) Surface conductivitye

In 1low concentrations of clectrolytcs surface con-
ductivity contributes o small, though significant, part to
the total conductance of the streoming current return path
vwhich consists of the surfacc, bulk solution and the ex-
ternal circuit all connected in parallels  The surface
conductivity arises from two separate causes; firstly,
there is an excess of ions in the double layer ovcr the
bulk solution concentration and their motion in the cleciric
ficld gives risc to part of the total, the lonic mobility
contribution ; scecondly, the clectrokinetic movement it-
self provides the clectrom~csmotic contribution (which is

not observed in high frequency a.c. ficlds where electro-
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osmosis cannot develop) this is basically a displacement
of the free charge in the double layer.

The effects of surface conductivify of the plug
meterials tested were corrected for by determining the
apparent conductivity of various concentration of KCL
in the cell with the plug in place, In high concen-
tratioms of 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 0.2l, of KOl 2 limiting value
of the cell constont, k , was found, k is

defined by the cquation

k = R.C /Ry k6

where R is the measured resistance of the plug and

Ro the measured resistance of the solution using a dip
cell with constant C to correct the measured solution
resistonce to specific resistance, The limiting value
of k is a measure of the bulk conductivity alone. At
lower concentrations the value of k is decreased by the
surface conductance cffects; however, to a good
approximation it is the limiting value which is rcequired

in equation 42 used for the calculation of zeta-potentials.



C:Mﬂ x I x ReR, x k
D R P

where [

il

zeta-potential in ce.seU

viscosity of the solution in poiscs.

[aaN1
1

D = dielectric constant of the solution.
I{ = galvanometer currcnt in c.s.u.

R = plug resistance in ohms.

R, = galvanometer resistance in ohms.

P = pressure head in dynes em™2

k = 1limiting cell constant.

Inserting the requisitc conversion factors into the
equaticn it beocnes

zlz 1,696 x 107 x I, x R+R, x k at 26°C

R
where gjis in millivolts, I, is in microamps. and P is the
pressure head in cm. of solution.

Certain corrcctions were epplicd before calculeting
a value for the zeta-potential;

(i) The measured pressure wos reduced by the
frictional loss of hydrostatic hcad,  This was experi-
mentally detcrmined as the hydrostetic hcad rcquircd o
produce a given flowrate through the apperctus in the
absence of a plug; it was found to be proportional to the

flowrates The correction normally cmounted to less than 1%

of thc total presszurc.
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(ii) Tempercture fluctuctions betwecn solutions
were allowed for, to the nearest 0.530, in the constant
used in equetion Lf.

(iii) After standing for severzl deys, thc plug
sometimes bccame highly compacted and the flsw-rate
became very love In such cases the plug was dis-
turbed slightly to improve the flowe~rate and thc ccll
constent was redetcrmincd with approxiinately O.2M KCL
solution.

Ly ve ANALYTICAL TECHNIQUES

a) Determination of 2luminium.

A mcthod of determining aluminium gravimetrically
in which bydroxyl ions arc produced in situ end the alu-
minium hydroxide precipitated from o chloride solution,
Tillard and Tang (105), was used in the analysis of
solutions of aluminium salts from which the original
spinels were preparcde It was not possible to reducc
the scale of this determination t5 cover the very small

amounts of aluminium leached from the fired spinclse

To determine the amount of aluminium c¢xtracted from

the spinels a method using ethylcnediaminetetraacetic

acid (E,D,T.s) was deviscde The solution was boiled

with exccss E,DeTodt., cooled and’a) the oluminium determined

by back=titration of the cxcess E.DeT.he ot plb or,b)

79



magnesium and eluminium determined a2t pH 10 or, c)
magnesium alcone determined at pH 10 by omitting the
boiling, Initisl tests vere mode with 1072H solutions
of magnesium and aluminium and the back titration was
accomplished potentiometrically using mercurous nitrate
solution and a stotic mercury drop clectrode, The end
point usingtaig method wes too indistinet for good repro-
ducibility and the titrating solution was changed to
Tfarroug ammonium sulphate. The titraetion curves then
obtained were of o flat Z shape, apparently duc to the
combined effect of two redox potential changes and again
the ¢nd point could not be located accurztelye.

& further varietion wos tried; the titration was
carried out with a zinc nitrote solution cnd the end
point detected using o mixture of potossium ferro -
and ferri-cyanides os o redox indicator with a platinum
wire electrodc, This was entirely satisfoctory for
10~%1 but not for 10~%i solutions. The aluminium
solutions were eveporated down ond the zinc concentration
was incresscd to 107 M giving some improvement to the end
point for eluminium alone. The very small quantities of
aluninium extracted from the spincl were, however, usually
within the titration error. The results for mognesium
when determined by o type c) titration and by the difference

between b) and ¢) titrotions differed by morc¢ than the

80,
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experimentel errors In order to reduce this discrepency,
the point in the process at which the indicator and buffer
vwere 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 spinel it was dccided to neglect this ion in the
adsorption dcterminations.

b) Determination of zinc using dithizone.

A standard solution of zinc was prepored by dissolving
a known weight of the A.R. oxide in the minimum quantity
of hydrochloric acid and diluting accurately to approxi-
ma tely 10-6M. Samples of this standard solution were
token to give up to 5&’ of zinc, 1 ml, of pH 10 buffer
(M NH), OH /A NH401) was added and the volume was
brought to 100 mlse 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 sheken vigorously for five minutess Samples of the
carbon tetrachloride layer were run into 1 cm. specto-
photometer cells and the opticel density of the solution
was measured at 530 and 625 m4.  No reproducible
results were obtainable for cither 530 T/4, viz., the zinc
dithizonate absorption peak or 625 qy4, vizg, 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 three of’ ‘fhoh
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
(Figse XI) show this not to be so. Therefore the possibility
of taking absorption measurements after any given time
Interval was not practicables The possibility that im-
purities in the dithlzone 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 standaxd complexiometric indioators. The titrations

showed that glassware cleaned with chromic acid retained
considerable quantities of titratable ohromium even after
several rinses and also thot some of the electrolyte
solutions used, slowly removed calcium ions from the walls
of the glaoss containerss Adsorption experiments were
then carried out whenever possible in polythene bottles
and the titrations in fused silica beskers to minimise

these possible sources of contomination,
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It was decided to usc a back-titration method since
this allowed the determinztion of a large number of ions
without undue difficulties arising from blocking of the
indicator, as in the direct titration of copper using
E.DeTohy with Eriochrome Black T indicator., BEven with
a back titration care had to be exercised to prevent
local concentrations of copper ions blocking the indiw-
cator,

Schematic anelytical procedures, based on methods
devised by Flaschka (106) were drawn up for the snalysis
of Pu**, Mg™, G, cu™, Ni**anda zn"tin the presence
of Mg*t*, Ni**, 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,
nickel and ziné can be mesked 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 pHS5: titration at pHE.5
wes 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"3MIE.D.T.A. Buffer, and

masking agents when required, were next added and followed



Table 2. Schematic procedurc for complexiomctric titrations.

Tons . . )
dctermined Titrations rcquircd
Caz"' Ca at pH12, cold; Ca + Hg at pH10, cold; Cn + iig + Cr at #i10, hot.

Cu Cu at pH5 (PAN) cold; iig at pHAO with xs. KON, cold; ilg + Or at pH10, xs. KCN, hot.
Cr3+ Pb2+ Pb at pH8, cold; ©b + Cr at pHB, hot; lig + Pb + Cr at pH10, hot.

Mg™ |Ig g ot pH10, cold; Cr at pHB, hot; (Mg + Cr ot pH10,.hot).

Ni Ni + iig at pH10, cold; Ni + Mg + Cr at pH10, hot; Iig + Cr at pH10 with xs. KCN, hot.

Zn Zn + Mg at pH10, cold; Wi + lig + Cr at 10, hot; g at pH10 with xs. KCN, cold.

ca®* | Ca at pH12, Ca + g at pHAO.
cu®t | Cu at g5 (PAN); Hg at pHAO with xs. KON.
ug2 Pb?* | Pb at pHE; Pb + Hg ot pH10.
Mg>" | lig at CHAC.
Ni%* | Hg ot (H10 with xs. KON; g + Ni at pH10.
2+

Zn Mg at pH10 with xo. KON; Mg + Zn at pHi0.




Table 2 {continucd).

d.oig:;incd Titrations required
ca®* |Ca ot pH10 with xs. KCON; Ca + Ni at gH10,
cu®* |Ni at pH6.5 (PAN); Ou + Ni at g5 (PAN).
Ni%*| pb2* | Pb at O with xs. KON; Pb + Ni at gH10.
1ig>" |Hg at PH10 with xs. KON; Mg + Ni at pH10.
Ni%* | Ni ~t pHAO.
zn®t | Zn + Wi ot 55 (PAN); 2n at pH10 with xs. KON followod by xs. formaldchyde.
Ga®* |Ca at H10 with xs. KON; Co + Zn ot pH1O.
cu®t |Zn + Cu at fH5 (PAN); Zn ot pH10 with xs. KON followed by xs. formaldchydc.
Zn2*|Pb>* |2Zn + Pb at H10; Pb at pHAO with xs. KQN.
ugt | Zn + g at [H10; Mg at 10 with xs. KON,
Ni%* |Zn + Ni ot gH5 (PAN); 2Zn ~t pHA0 with xs. KON followed by xs. formaldchyde.

Zn Zn at pH10.

For titrations at pH's below 7 PAN indicator (1=(2~ Pyridylazo)~2~ nnphthol) was used, all other

titrations werc carried out using Eriochraomc Black T indicator.
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by the indicator in solid form in sufficicent quantity to
give a faint, but readily discernible, colour. The titrant,
a 10'3M solution of lead or zinc nitrate, was then run in
until the colour change occurred; blue to purple for
Eriochrome Black T at pH10s.  The mean of two titres
agrecing 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
simplifiecd and speeded up by the use of a Southern Instru~
ments K1000 Cathode Rey Polarograph. O.1M KNOz was found
sultable as 2 supporting electrolyte when the cations under
investigation were about 107%M, When Zn™*and Nit* occurred
in the same solution the peaks overlapped in KNOB, but a
supporting electrolyte 0.1M with respect to both NHAOH and
NH) C1 was found to give satisfactory separation of the two
peaks,

Spurious maxima were observed in some solutions and
one drop of O,L 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,

87,



88,

The calibration plots of peak height in microamps vs,
concentration are shown in Figs. XII, XIII, XIV. Calcium
and magmesium cannot be determined by this method,

e) Determination of calcium and magnesium,

The determination of calcit;m in the presence of
magnesium at concentrations near 10774 was found to be un-
satisfactory with Murexide indicator at pH 12 in the E.D,T,4.
titrationss 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 gquickly
at the pH of the titration and gives a variable colour
changes

The determinntion was performed spectrophotometrically
in a Unicam SP 600 spectrophotometer. The reagent employed
was di-(o-lrwdroxyphenylimino)—ethane in clecoholic solution
at pH 12.6, using the method employed by Kexr (107). The
bright red colour of the complex took 2 few minutes to
develop but was stable for about 30 minutes, Beer's law is
obeyed up to l;.O/uj of calcium, Fig, XV, An attempt was
made to repeat the determination at pH10 where, by com~
perison with E,D.T.4, complexing, it was hoped that
magnesium might also complexs The solutions tested

developed a uniform yellow colour with no trace of the red
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FIGXI. POLAROGRAPHIC CALIBRATION FOR ZINC SAMPLES.
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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 sdvisable to determine the
total cations and find magnesium by differsnce rather than
attempting a direct determination by the addition of
masking agentse As little as 1% of total cations as
Mg™ in 1073} 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 2 univalent anion for
which the surface hos 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
determineds A scheme of analysis was drewn up for
perchlorate ion which is not adsorbed,

A gravimetric method of determining the ion as nitron
perchlorate was tried (103)s To avoid excessive dilution
of the reagents, since the nitron perchlorate is appreciably
goluble, 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 teohnique edopted for the final series of
adsorption measurements required precise enalyses of small
volumes of solution of which only 1 ml. samples were avail-
able for anion determi.nafions. Test analyses were setis-
factorily completed on the potentiometric titration of
chloride ion with mercurous nitrete. The end-point of
the titration corresponded to almost complete precipitation
of the chloride as mercurous chloride.

The apperatus consisted of o po§1 of mercury conteining
some marcurous chloride placed in a 5 ml. tall form héakero
A platinum wire sealed into a thin glass tube made cone
nection with the mercury pools 1mle. of the unknown
chloride solution, between 5 x 10™% and 3 x 10™7M, wes

pipetted into the beaker. & salt bridge consisting of

a2 cotton thread sosked in saturated ammonium nitrate solution
made the connection from the solution to a saturated XC1/
calomel eleotrodes The potentinl aoross the two electrodes
was measured on 2 Pye pH -~ and millivoltmeters The
mercurous nitrate solution, about 4 x 10'5M, was added

from an "igla" miorometer syringe with a oapillary tip

placed below the surface of the solution in the beakex;.
‘Mixing was accomplished by placing the titration beeker on

a rotating table, the stetionary electrodes and capillery
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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 typicel examples, but e more rapid determination
of the end-point wes made from the differentisl curves
A graph of the change in potential for a 0.01 ml, addition
vse. the total volume, e.g. Fige 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 wes added to each titration
to prevent the precipitation of the highly insoluble
mercurous carbonate,

The mercurous nitrete solution was standardised by
titration in the above manner against a 10~3M solution of
KCl made up by weights The reproducibility of the

bno1 es/litre at all

titration, on this scale, was +10
concentrations used. Tests for reproducibility and
accuracy of locetion of the end-point were satisfacterily
carried out with solutions of leed 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.



FIG.XVI. POTENTIOMETRIC TITRATION OF CHLORIDES WITH MERCUROUS NITRATE.
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FIG.XVI. POTENTIOMETRIC TITRATION OF CHLORIDES WITH MERCUROUS NITRATE.
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L,vi, ADSORPTION IEASUREMENTS,.

a) Preparation of samples for adsorption studies,

For the preliminary tests the sample was ground to
finer then 60 mesh in an agate mortar and the fines were
removed by sed hnentgtion.

The sample was brought into equilibrium with double-
distilled water and the concentration of ions leached from
the oxide was determineds Leaching was continued until
the ion concentration reached & minimum value (which wes
never found to be zero for Mghly0, spinel). In some
ocases leaching was carried out with very dilute acid
solutions (approximstely 107 M), 4te Faye 23.

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 conteminants 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



measurements and their subsequent conversion into con-
centretions was rather difficult and the proposed use of
this technique for following the adsorption process was
cebandoned.

b) Eerly 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. 1072M lead nitrate
solution were shaken up with a 4g sample of MgA1204 spinel.
After standing for 24 hours ¢ sample of the solution was
removed and a known amount of double-distilled water
added ond the mixture shoken, Back titration with E.D.T.4.
of the sample of solution gave a measure of the amount of
lead removed from the solution ond adsorbed on the spinel.
The new theoretical concentration of the lead remaining in
the diluted solution 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™2M indicated
a totel adsorption of about 25% of the lead on the g
sample of spinel. These values had to be regarded as
only approximate because of cummﬁlative titration errors
and insufficient Imowledge regarding the reversibility of

the adsorptions

39,



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(NOz),, MgCl,,

ZnSOZ‘. and CaClz) of concentration approximately 10"3M,

for at least two hours in polythene bottles. The mixture
was filtered by a sintered glass filter crucible

(porosity I). The solutions were analysed for cations
volumetrically with E.D,T.A., both before and after ad-
sorption. The titretions were carried out in fused
silica beakers,

The results for NiAlzob_, ZnAlzoh and MgC::zoh_ prepared
from the fired oxides end Mpghly0) end kgFes0) from the
coprecipitated hydroxides suggested that ion-exchange was
a major mechanism in the adsorption processe Up to half
the electrolyte cetions were adsorbed (1 to 5Fmoles/g)
and were largely replaced by the divalent lattice ions,
There were severzl ceses in which overall adsorption or
desorption was found but the concentrations rarely exceeded
6 /Jmoles/g.

A sample of Mg:F‘eZOb.prepared from the fired oxides was
found to give complete exchanging of electrolyte cations
in 21l cases. It appears that this sample consisted of

a mixture of FG3OA_ and MgO, which latter undergoes the

100,



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 consequenoce of the ion exchange mechanism
apparent in the above adsorption experiments o series
of tests was made %o check the adsorption/extraction con-
centration ratio. The sample of Mghlzoh spinel used
previously was washed with double~distilled water, dried
in air at 1109C and contocted with 100 ml. 1073M 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 spinel a constant
ratio of 1,05 for lead adsorbed to magnesium extracted

was found: 1i.e. an overall adsorption.

101,
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c) Extroction of ZnilpQy.

Lttempts were made to measure the amount of metal ion
thot could be extrocted from Zndls0) spinel in water and
dilute nitric acid solutions.

Four samples of Znalg0), 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 mls dilute
nitric acid ca, 10-3M, to each of the otherss To one of
the samples containing water was added 1g "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 froms The bottles were agitated in a
flask shaker for about 20 hours over the course of 2
week,

hfter & week the mixtures were filtered. 1g of the
sodium form of the ion-exchange resin was added to the
aqueous extroct of that sample which had contained no
resin andlikewise 1g of the hydrogen form to the acid
extract, These were left in contact for about 3 hours
and filtered offs The other samples of resin were
separated from the spinel by screening, The spinel
sampleés and extracts were discarded, The ion-excheange
resin samples were eluted with 25 ml. 5% NaCl solution

and the extract titreted with 1072M E.DsT.hs ot pH 10,



Those extracts to which the resin was added after
filtering off the spinal were not titratoble (less than
O.OB/Amoles). The aqueous extract which contained the
ion=exchange resin throughout (Na form) contoined 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 Nik1,0j,.

Further tests were carried out to investigate more
closely the adsorption of lead, magnesium, zinc and
calcium ions by nickel aluminium spinecl and the subse-
quent removal of adsorbed ions.  The NiAlzoh_spinel wag
chosen because it had shown low nickel dcsocption 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°C, 4 batch of about 100g was ground to minus 200
mesh and was washed with dilute nitric acid (cs. 10™2M)
followed by several changes of distilled and double-
distilled water. During the washing fines werc removed

by decantation as before, The batch was then dried at

110°C in air. PFive portions (& to B, Table 7) were taken

103,
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of between 10 and 20g. ecach and adsorption of ions from
approxim tely 10~3M solutions of the elcctrolytes used
previously was determined, The total amount of electro-
lyte adsorbed was about 10% 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
110°C in air,

The adsorption experiments were arranged to study
the reproducibility of adsorption on similer surfeaces
and the effect on adsorption of pretreating the surface
with the same or a differcnt elcctrolyte. Thus, sample
4 had three treatments with Pb™™ followed by ome of Mgt*,
sample B had one treatment cach of Pb*¥ and Mg++ and sample
C one of Mg™ only. Somples D ond E were trented with
Zn** and Catt respectively.

In no test was nickel detected in the supernatant
liquid in emounts greater than the experimental error,
ie€s onc drop of the titrating solution. This indicated
the absence of any significent ion-exchange with this
material contrary to the indications of the preliminary
experiments (where the adsorption was neer the lower
limit of measurement).

The marked decrease in adsorption with repetition



and the effect of the surface pretreatment on a second
ion, viz. Mgtt, could be due to either the surface re-
taining gsome of the adsorbed ions or to alteration of
the original surface by the adsorption and weshing pro-
cesse Attempts were made to detect any lead retained,
after washing the samples, by secondary X-ray emission.
However, small unclassified pcaks are found in the
region of the main lead emission peaks even on a semple
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 NiA1204 samples used previously were mixzed to-
gether and washed with dilute nitric acid (ca.10” )
followed by prolonged soaking in sevcral 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 conccntretion on adsorption,

Portions of a 1M stock solution of lead nitrate were
diluted and 100 ml. of 3 x 1074, 1073, 2 x 1073, 4 x 10~3
and 10'2M solutions were mixed with 10g samples of the

NiAlp0), in polythenc bottless 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 somple was then dried in air at
110°C and placed in a polythene bottle with 100 ml. 107°M
solution, This served as o blank indicating whether or
not pre-treatment with weter alone (as opposed to lead
nitratc 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 werc generally obtained. Since an in-
crease in pH of about O0e2 units, independent of lead
concentration, occurred during the adsorption some lead
nitrate solutions were titrated with sodium hydroxide
solutions 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 samec change if the
lead nitrate solution behoved as 2 strong acid.  The
experimental results were inconsistent and could not be
used to interpret the pH changes occurring cs 2 result of
adsorption.

e) Final series.

Fresh semples of MgA1204 and NiA1204 spincls werc
prepared for the final series of adsorption experiments,

In view of the apperent grodusl dccrease in the adsorption
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capaclty of the NiAl observed in the earlicr experiments

20y,
it was thought advisalble that each sample should be used
once onlys The fired batchcs of spinel were ground fincr
than 300 mesh; indcpendent surface arcea measurements were
made on samples of the MgAly0) and Nik1,0, 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 thc required electro-
lyte was added from a pipette. The tube was closed with
a polythenc stopper and azitated for a set period, normally
L8 hours. Beforc removing cny semples for analysis the
tube and contents werc centifuged for 10 mins. 4 5 ml.
sample was withdravn for the cation dcterminations, 2 ml.
of the polorographic supporting electrolyte were cdded and
the mixture mde up to 25 ml, with 7ouble Jistilled woter.
5 ml,. sqmple of this ncw solution was used to determine the
sum of the mctel ions by back-titration with E.D.Tehs and

a 10"3M solution of the criginal clectrolyte. Further

107,
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5 ml. samples werc used to determine cations polarographically.

Of the solution remaining in the centifuge tube only ebout
3 mls. could be rcmoveds The pH of this small quantity was
measured and 1 ml samples werc used for the chloride

determinations,
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The first electrolyte to bec investigated was lead
chloridc. Lead chloride was precipitated from a solution
of heRe lezd nitrate by the slow addition of A.Re hydro-
chloric acids  The precinitatc was washed severol times
with water and dried in eir at 110°C.  Solutions 1072,
2 x 1079M and 3 x 10™2H in PbClo were made up by welght
and solutions 5 x 10~ and 7.5 x 1074l were madc up by
dilution of portions of the two most concentrated
solutions,

Preliminary tests were carried out, using the
10™9n solution, to establish the time rcquired to rcach
equilibriume Three samples were madc up for each spincl
and analyses werc performed ofter 4, 13 and 25 hours.

The mixturcs werc not agitated during the adsorption,
Therc appeared to bc no diffcecrencc between the solutions
analysed after 13 and 25 hours. & full test was then
carried out for all five concentrations of electrolyte
and the solutions were cnalyscd after 48 hours with agi-
tations With few exceptions the total anion and cation
concentrations were within 10y of sach other.

4 further group >fadsorption experiments was madc
using zinc chloride solutions at the same concentrations
as for PbCl,. The zinc chloridc solutions werc prepared

by dissolving the AJRe zinc oxide in A+Re hydrochloric
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acid and diluting with double-distilled water., Entirely
different behavisur was observed, comparcd with lead
chloride adsorption; only thrce of the analyscs showing
satisfactory agrecment, an excess of chlorideion was
indicated in the others. The final pH of the solution
appeared to control the discrepancy in some way.

4t this stage it was suspected that the spinels might
have adsorbed water and carbon dioxide since belng fired,
i.e. the surface retains thc 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
chloridec ions through insufficicnt acidification of those
titrationse It would require o>f the order of 0,0l% free
chloride ion in the solid to provide the measurcd excess
by solubility alone.

A further test was made on the edsorption of 107
PuCly, solution on MgA1204 spinel freshly hcated to about
900°C.  The behaviour was similar to that observcd‘with
the unhcated spincl cxcept that the final solution became
strongly alkaline,

&L fresh solution of zinc chloridc was prepared by
adding dilute hydrochloric acid to a bhoiling aquecous sus-
pension of zinc oxide until the last trace of solid just

dissolved so that the pH of the solution might be kept es
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high es possibles The spinels were heated to about
900°C before weighing osut into the adsorption tubes.
The general behnviour was as with the more acid
solutions but the analytical results were in much
closer agreement Loth before end after the adsorption.

Solutions of nickel and calcium chloride were then
tested. Nickel chloride solutions 6 x 10™% and

3 x 1079M werc made up by dissolving the A.R. nickel

oxidc in boiling hydrochloric acid and diluting the
stock solutiones These s»lutions werc strongly acid
and the totel cations werc considercbly in cxcess of
the chloride ions both before ond after adsorptione.
CaClp solutions >f the game ccncentrctions.wcre
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
increese in the oslcium concentration in the two dilute
solutions which would appear to indicate thet some of
the extracted magnesium and nickel was reporting as
calcium although this was not confirmed by the spectro-
photometric determinations on calibration solutions.
Io complete each series of adsorption vs. concen-
tration experiments a valuc for the "solubility" in water

was requireds Tests were made on the unhcated spinels
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using water that hed been allowed to absorb carbon
dioxide from the atmosphere and on both heated and un-

heated spinels with nitrogen saturated water.
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1124
RESULTS
5,is SURFACE AREAS.
a) A typical calculation,

The results rceorded here arc those for an 8g sample of
N1A1204 used in the last scrics of adsorption measurcments.

The samplc was degassed undcr vacuum for 1% hours at 400°C,

The calibration of the gas burette, found by weighing
mcroury running ocut of the bulbs,was O, 10.488, 28.409,

69,705 and 158150 ml at the calibrated marks., The mano-
metcr dead space, Vp, had becn calculated as 6294 ml from
scveral previous runs with nitrogen. The results of the
first stage of the propanc adsocrption and the total dcad
space volume determination using nitrogen (Tables 4 and 3
respectively) have becn 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 valuc of Vge The choice of results for the
APV and AP stages of the calculations, indicated at the left
hand side of the APV column, ensurecs that cach measurcment is
uscd twice only and that as large a range of valucs as possible
is scamned., Early calculeations using adjacent pressurc and
volume results gave a non-symmetrical distribution of values of
Vg which became constant asAP increascd. Calculation of all
possible PV combinations gives no further improvement in

accuracye



After evacuating thendepassing the sample, propane was
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introduced into the manometer section and further pressure and

volume measurements were made.

T4{BLE 3. Determination of total dead space volume,
V , using nitrogen. T = 22°C,

Volume of | Mercury Levels| P PV APV | AP| APV
gas, ml. | Upper Lower | cm Hg AP
1)Vs 184578 | 0u11h| 184464 0 [(1/3)172.783 12,382 13,954
2)Vgt 104488 | 10,631 | 0,111 | 10.5200 110,334 | (2/5)124.045] 9.038 13.725
3)Vgt 28,409 | 64210 | 04128 | 6,082 1724784 (3/4) 41.350| 3.010 13,738
L)Vt 694705 | 34186 | Oo11k | 3.072] 21ks134 | (4,/2)105,800) 7.448| 134937
5)Vgr158.150 | 1,637 | 0.1h5 | 1,462 230,378 | (20 23t 378 15857 13:502
E)Vst 694705 | 3.204 | 0.120 | 3,084 2144970 |(6/8)104s 206| 7e477] 134937
7)Vat 284409 | 64216 | 0,129 | 6.087{172.926 |(7/5) 61.453| La605|03.345)
8)Vg+ 10,488 [10.689 | 0,128 [10.561{110.764|(8/7) 62:162} Lal7h|13489)
9)Vsg 18,686 | 0,130 |18.566] 0  [(9/6)214s 970 |15.472]13.89%

Mean value of ARV = Vs = 13.8,8 £ 0,09, ml,

P
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TLBLE L4 Determination of the emount of propane in the system,

T = 22,37C. (Propane confined to manometer section).

|Volume of gas,| Mercury Levels | P 2V |V, nl. @vY
nle Upper Lower | cm Hg

Vm 18,165 | 04105 | 18,060 0 6e294 | 113.670
Vin + 10,488 66950 | 0,122 | 64828 | 714641 | 16,782 | 1144587
Vm + 28.409 3.402 | 04108 | 34294 | 934580 | 34.703 | 11Le312
Vm + 69,705 12610 | 0,106 | 14504 |104e81 750999 | 1144302
Vi + 158,150 0.864 | 04178 | 0,686 [108.49 | 16Ladlk | 112,809
Vm + 69,735 1.678 | 0,169 | 1,509 [105.18 754999 | 114.682
Vm + 28,409 3.408 | 0,404 [ 3.30L | 93,860 | 344703 | 1144659
Vin + 10.488 6,957 | 0.126 | 6.831 | 71.655| 16.782 | 114.638
Vi 18,419 | 0.137 |16,272 0 6,294 | 115,00k

Mean (PV) = 114.296 £ 0,672

From the PV values it is possible to caleulcte APV, AP and
P further value of Vp as before. The previously Jdetermined value
caleuleted for Vi, 64294 ml, has becn used here to give a total
volume V', If it were much in error this would lead to ¢ systematic
variation in (PV), which would indicate whether Vp was too small or

too large.



TABLE 5, adsorption measurements. T = 22.5°C,

(Propane allowed 15 mins. to reach equilibrium before pressures

were measured).

Mercury Levels |

Volume of gas,ml.] Vpper | Lewer | P",cm.Hg. (Bv)"
13.848 (=Vg+V) 3,074 | 04114 | 2,960 40,990
2).4336 2,102 0.119 1.983 434258
L2, 257 1,466 0.123 10343 564751
83,553 0,922 | O.11k4 | 04808 674511
1714998 0590 0.132 04458 784775
834553 0-959 0.132 0.827 69,098
42,257 10524 | Oethh | 1,380 584315
24,336 2.167 | 0.132 | 2,035 49,524
13.848 34077 0.106 2. 971 .42

115,

(PV)" is now o measure of the ges remeining in the apparatus,

The difference Letween this and (EV)' from Takle 4 is a2 measure
of the gas adsorbed.
measured gas, 295.7°K, and the gas constant in appropriate units,

. =y s . PR
lees P in cis Hg, V in ml and T in "I, the actual amount of gas

Fron a knowledpe of the temperature of .the

adsorbed in moles is calculated.

plot the B,E.T, isotherm expression, equation 2, are then cal~-

culated, Tal:le 6.

The terms then required to
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T.BLE 6, Calculations for B,E.T. isotherm plot.

@) - (BV)"n x 10° | (B P) | n(@,~P) x 10° | T/nP~P}0%| £/B,
734306 34976 8.198 324595 0.0908%1 042653
66,038 34582 | 94175 32,865 0.06034 |0.1777
57545 3,121 92.815 30,633 040384 041204
46,785 24537 110,350 264258 0.03077 |0,0724
354521 1927 | 104700 20.619 0.02221 |0.0410
454198 2,451 | 104331 254321 0.03266 0,074
554981 3.036 | 94778 29. 686 0.04649 [0.1237
6le 772 34513 | 9.123 32,049 0.06350 041824
754153 3.968 | 84187 32,486 0.09145 {042663

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

Fige20, and n, is calculated from equation 2.

4]
i

0,128% - 0,010 x 102 = 0,2975 x 102

0,40
i = 0,01 x 109
s/i:C—1= 29075

C = 30.75

np = O=1 = 29,75 x 1072

SeC

30.75 0.2975

= _'52.53/4 moles

From equation & 3, the surface area occupied Ly each propane

molecule, is calculated (assuming spherical molecules),

S = 4.(0.866) (m/hm/z ady )2/3

I % 00866 (14a09/k % 14h1k x 6,025 x 10% x 0.6259)
2641 SQe E
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The surface area of the sample can now bte deduced:

iren = 2641 x 10716 x 32,53 x 1076 x 6,025 x 1023 &+ 8

6393 cm25"1

Area

t) Results for various spinel samples,

The surface areas of some of the N131204 samples used for
adsorption studies, Chapter A,Vi,d), have been determined as well
as the area of 2 similar, untrented samsle.  The results are

shown in Takle 7 and the B,E.T. isotherms in Fig. XVIIL,

T:BLE 7.
Sample | No,of pretreatments | Surface area (cm?g"1).
A L 8000
B 2 7200
c 1 6500
F 0 7300

The experimental error in the determination of n, is of the
order of + lj. This would be equivalent to a variation of + 4ml
in Vg, the combinel dead space volumes of the sample chamber and
the manometer, Fig, XIX. The varistion in surface area of these
samples 1s thus not related to the number of processes previously
undergone Ly the samples, i.e. loss of the fine particles in
Tiltrations and Crying.

Independent surface area measurements were made on three 8g.

samples of the MgA1204 and on two 8g samples of N151204 used in
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FIGXVIL B.E.T. ISOTHERMS FOR VARIOUS NiAlZOl. SAMPLES.
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FIG.XIX. ERRORS IN BE.T. |SOTHERMS,; EFFECT OF A #iml VARIATION
IN THE TOTAL DEAD SPACE VOLUME OF THE APPARATUS.
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the final series of adsorption measurements. The samples were
oltained Ly multipoint sampling from the whole of each lLatch

of oxide (1003) divided inte four quarters. The results for the
to nickel samples were in excellent agreement end gave an area
of 6390 cm?g"1, Fige XXs  The results for the three magnesium
spinel samples were not in such good agreement and they were
6250, 6680 and 7480 cmg™!, with a mesn of 6800 em®s~1, Fig, XKI
illustrates the B.E,T. isotherm plots for the mgA1204 samples.
Curve (ii) indicates more scatter of the individual points than
was usuzlly obtained. The varietion is a little greater than that
expected from inaccuracies in the gas adsorption measurements.

The surface areas correspond to a spherical particle diameter
of approximntely 2/4 whereas the actual particles would te ex~
pected to have a Jdiameter of albout 30/: . (Very small particles
were removel Ly Cecantation :efore the suwrface area and adsorption
measurements were made). This indicates that the actual particles
consisted of sintered agrregates of smaller particles giving a
large internal surfacee This was confirmed Ly the fact that

-3

grindin_ o sample of NinlpOy that had Leen treated with 10 "N

o

Pb(HOB)Q (Sample 4, Talle 9) from all less than 200 mesh to all

fl\&k uau’l ‘Q gxff.(rtll
less than 300 mesh produced opky- a smellerchange in surface areaé
5800 to 9700 cm2g'1.

Port of this finely ground tatch appeored more grey than the

rest and 1t was suspected that this might be due to contamination



FIGXX. BE.T. ISOTHERM FOR TWO SAMPLES OF NiA1204 SPINEL
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FIG.XXI.
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BE.T. ISOTHERMS FOR THREE SAMPLES OF MQNZOL. SPINEL

Surface Areas (i)6250 cmfg
(i1)6680 crm? g
Gi)7680 cm? g

Mean Area 6800 cmrf 61
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by porcelain from the "Vikratem"' vibraotory ball mill used for
the grinding. Fxamination of the powder under high magnif ication
showed that the particles retained their blue colour down to a
dianmeter of approximately 1OfJ and then chanzed to ;reyish white.
Undoutedly some silica impurities would still Le present in the
Pinal moterial althouch the very fine particles were separated
from the main bulk of the powder Ly :cecaler decantetion of the
spinel in waters
5,1i, ZETA=-POTENTIAL RESULTS.

inderson (109) and Benton (110) have sho'n how the various
parts of the curves of zeta-potential versus concentration may
e interpreted and thcir explanations are widely used although
there is still some diversity of opinion as t0 the best method
of expressing the electrokinetic data (111, a=d), The general
interpretation of the results is in terms of two groups of lons;
potential determining ions and surface indifferent ions, This
second group can Le further suldivided into surface active and
surface inactive indifferent ions. Hydrogen, hydroxyl and solid
lattice groups are lenerally regarced as being potential determining
in that a change in their concentration will produce a more marked
change in zeta~potentlal than an equivalent concentration change
of any other ion.

Pige XLIL shows the veriation of zeta-potential with con-
centration for b@;lzoho The curves also show the consideratle

effect of carbon dioxide dissolved in water on the zeta-potential,
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FIG.XXI. ZETA POTENTIALS OF MgAl,Q, SPINEL.
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Of the electrolytes likely to prove potential determining
nitric acié showz a marked tendency to reduce the negative
potential, Lut in no solution was & positive potential Cetected.
This effect is typical of all oxides, The curve for Mz(NO3z)s
is remarkable; it shows that this electrolyte produces the
smollest change in zeta-potential at a piven concentration.

Calcium chloride was incluled in the investigation since,
by analogy with the alkali metal ions, Ca*t might be expected to
e a swiace inactive indifferent cation whose adsorption was
purely by electrostatic 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 it into the lattice, might be expected to adsork Ly a part
physical and a part chemical mechanism and hence have a greater
effect, 1t is therefore of particular intercst that this electro-
lyte should ke the most effective in reducing the negative zeta-
potential,

The results for Nialp0), shown in Fig, XXIII, are similar,
but the order of effectiveness of the ions is slightly changed.
Small positive potentials were found for Cu(NQj)Z‘ Vhen a
potential determining ion such as H+changes the sign of zeta the
surface charge as well as the double layer charge must change sign
tut vhen a surface active indifferent ion (Cu++ in this instance)
causes thls change then there must be a higher charge in the Stern

layer than at the swface: a triple layer is formeds Such ions
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FIG.XXO. ZETA POTENTIALS OF NiAl,O, SPINEL.
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must be bound by chemical as well as electrostatic forces.
Solutions of nickel nitrate and lead nitrate which had not
teen outgassed with nitrogen gave irreproducible and ir-
reversilble results which kbore no resemblance to the curves for
outgassed golutions.

Five litres of double-distillel water, frced from CO, by
outgassing with nitrogen and having a pH = 7.00, were run
throuzh the NiA1204 plug and the strcaming current was measured
several times. The zeta-potential was calculated and values
between ~12.3 and ~19+.4 mV were octained, Similarly a further
5 litres of water were saturated with COp; the zeta~potential
in this solution was found to Le =3.5 mV. Corresponding values
for the Nkﬁ1204 plug vere =15.0 10 =1647 mV and ~3.5 nV res-
pectivelys
5,1iii. RESULTS OF ADSORPTION IEASUREMENTS .

The results of the adsorption experiments on NiA1204
samples 4 to E (4,vi.d) are shown in Table 8.  The figures
are the calculated adsorptions in micromoles of the stated ion
per g of samples The {reatment numbers indicate the order in
which the adsorptions were carried out on a particular sample,
In no test was nickel detected in the eguilibrium 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 thls material, contrary to the

indications of the earliest experimentse

127.



TABLE 8,
Saimple Treatent | 2 .3 4
4 Pbtt 0,90 |Pr*t 0.61|P:Y0,32|Mgtt 0,20
B BTt 0,87 Mgt 0.25
c Mt 0.6
D zatt 1.5
B Ca™ 1.1

The results, Teble 8, are summarised below.

4is1 and 3,1 show that adsorption on similar surfaces is
reproducil:le to within the expected experimental error,

A41, 2 and 3 show the marked decrease in adsorption capacity
with repetition, This indicates that continual treatment with
electrolytes and wash water alters the state of the surface.
fal, Bo2 and Ca1 indicate the effect of pretreating the surface
on a second ion, vize M&™. These two effects may be due to
the surface retaining some of the adsorlred lons rather than
alteration of the original surface by the adsorption and
washing process.s Da1 and E.1 show that the adsorption of
Zn*t and Ca** is comparable with those of Pt™* and Mg**.

Table 9 (overleaf) shows the results of the effect of

el wo,),,

electrolyte concentratioqwfn adsorption on Ni51204. These

results also show that the adsorption capacity of the spinel

had decreased,

128,
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TABLE 9.
— of P10y,
Before adsorption sfter adsorption Lmount, adsorked

Saiple| Concentration(ii)| pH {Concentration(i) pH Bie/:

1| 9.815 x 100 [1.35] 9.805 x 1077 156 1.0

2 | 4020 x 1077 |1.68) 3,966 x 1070 |n.87 005

3 2.025 x 1077 489 1,994 x 1073 5,017 0431

L 1,005 x 1073 5.10| 0.998 x 10™3  |5.20 0.07

5 | 3.0 x 107F  [5.31] 2,952 x 107% [500 0.11

6 1,005 x 1073 5.,10[ 0.980 x 1079  |5.12 0,25

The two pH values marked : slovly increased Ly about 0.1 pH unit.
Insufficient solution was availakle to repeat the enalysis of

the solution from Sample 4 which gives an anomalous result (Sample

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

probable error on the amount adsorbed at 1072M is + 0.05/4 mole g—1.
Takles 10 to 14 shos the results obtained bty contacting various

electrolyte solutions with the two oxides Mghly0) and NiA1204

in the final series of adsorption measurements. Tables i1z, 12a,

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

cases Tables 11b, 12b, 13t anC 14k give a swmary of the total

electrolyte concentrations after various adsorption experimentse

In the latter tables the valuez of "cations" and "anions" for

each solution should be equals Overall increases or decreases

of electrolyte concentrations are possible and the significance

of +these will he discussed later.
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The oxides were contacted -vith double-distilled water and
the resulting solutions analysed in the same way as in the
adsorption measurements. Takle 15 shows the results and they
clearly indicate the dirferent 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 Niilg0) in 1077 Pb(NOz), solution is about 10,5 x 10"

charges
per sge oM. wWhich is nearly 80 x the value calculated from the
adsorption measurements. The possible explanations for the dis-
crepancy cetveen chemieal and electrokinetic values of the surface
charge density, discussed in Chapter 6, suzgest that the pH of the
solution should decrease, In fact the pi is observed to increase
(Teble 9) Ly about 0.2 pH units independent of concentration, The
results of some titrations of lead nitrate versus sodiun hydroxide
solutions were plotteds  The amount of NaCil solution reguired to
produce an increase of 0,2 pH units over the oripinal pH of the
leaé nitrate solution was determineds  This was compered with

the amounts calculated to produce the same change if the lead
nitrate solution ehaved as a strong acidse If hydrolysis of

the lead ions occurred or some veal acidWere present (oH of

water about 5.,6) the guantity of NaOH required would increase.

The experimental results were inconsistent and could not be

used to interpret the pi changes occurring as a result of

adsorption, Fig. XKIV,



FIG.XXIV. TI TRATION OF LEAD NITRATE SOLUTIONS.
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Table 10

Adsorption of PbGl2 on aged spinels MgAlzoLL and NiAlzou

¥ Origin of Time in Concentration, milli-equivalents per litre
i Solution No.: contact, s ; T or
hours. |Pb*™" |pH [H+ [ Mg+3F [Total cations |Cl- = Total anions| 3 M-FA
Initial
Solution 1 0 2.00 | 5.431 © 0 2.00 2.156 -0.15
Contacted 2 L 1.48 1 5.62;, O 0.50 1.98 1.95 +0.03
with aged 3 | 13 1.10% 5.971 O 0.92 2.02 2.29 -0.27
N[gA12OL|. LJ-; 25 1.1055‘ 6.00 O 0088 1098 2-19 "0021
Contacted 5 | L 11.59 {5.05:0.01 0 1.60 2.19 ~0.59
with aged 6 13 1.67 :5.75! O 0 1.67 2,22 -0.57
NiA1,0, 7 25 1.67 | 5.80! © 0 1.67 2.19 -0.52
>M -ZA = Total cations — total anions.

# But later experiments for pb** on MgAl

Table 11(a).

Note.

Concentration units;

20,

showed @h"’ﬂ: O after adsorption,

milli-equivalents per litre

= milli-normal.

‘25T



Table 11a
Adsorption of Lead Chloride on MgAl,0;, and l\IiAlpOLL

Origin of Solution Concentration, wmilli~equivalents per litre
Ni++ or -
No. pbtT pH H+ Mg++ C1 Total cations{ Total anions
1 1.00 5.76 0 0 1.82 1.00 1.02
s 2 1.50| 5.58 | O 0 144 1.50 1.44

ghrtial 3 2.00| 5.39 | O 0 2.2 2.0 2.2

L 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 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 MgAlzou I 0 7.37 ] O L.5 L.l h4.5 Lol

5 0 7.46 0 6.2 6.5 6.2 6.5
____________________________________ e e e e e —————— e
Fresh PbC12
solution 3a 1.92 5.67 0 0 2.10 1.92 2.10
CO, free

2

Contacted with ®

1 O.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 10“-7 50 77 0 0052—: 1.96 1.99 1.96
aged NiAlZOLL L 3.6 5. 6L 0 0.54 3.9 L.2 3.9

5 L.7 5.48 0 0.84 6.2 5¢5 6.2

¥ TIncludes a concentration of 0.1 corresponding to OH ™

oot



Table 11b

Adsorption of Lead Chloride on MgA120LL and_NiAlzou, Summary of Solution Data

Conccntration, milli~-equivalents per litre
Original Initial , Final,aged MgAl,0) |Final,fresh MgAl,0, | Final,aged NiAl,0)
Soln. Wo. [cations| anionsi 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 1.8L
3 2.0 2.2 2.2 2.2 - - 1.99 1.96
3a 1.92 2.10 - - 2e3 2.3 - -
L 4.0 3.9 h.5 Lol - - h.2 3.9
6.0 5.0 6e2 6.5 - - 565 6o 2
”

[1=3



Table 12a

Adsorption of Zinc Chloride from Acid Solution on MgAl, O, and NiAl, O

24 274
Concentration, milli-equivalents per litre
Origin of Solution o T ~t Or _
No., Zn pH H Nng+$ C1 Total cations Total anions
1 1.00 3,20 0.63 o 2.1 1. 63 21
2 1.50 3,00 1.00 0 3.1 2.5 3.1
Initial 3 2.0 2.681 2.1 0 b1 L.1 Lo
Solution L L.0 2,531 3.0 0 9.4 7.0 9.4
5 6.0 2.32 L.8 0 13.3 10.8 13.3
_________________________________ e e ]
1 0.02 2.3 0 2.5 3,0 2.5 3.0
. 2 0.02 .83 o 2 3.3 2 3.3
Congacte‘i "o“th 3 | 0.02| 8.27| O 5.9 | L.5 5.9 .5
aged Mghl,0) [ | 4,83 7.00] O 8.5 | 9.0 10.3 9.0
5 2.4 7.00 0 10.7 {13.0 131 13.0
____________________________ e e e e
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 NiAl, 0 L | 3.9 | 3.17| 0.7 1.141 9.2 51 9.2
5 5.8 3.30 0.5 1.06|13.0 6.9 13.0

Qo



Table 12b

Adsorption of Zinc Chloride from Acid Solution on MgAlzou and NiAlQOM,
Summary of Solution Data

Concentraiion, milli-squivalents per litre
Origin;é.Solution Initial Final,aged MgAlzou Final,aged Niélzou
cations anions cations anions cations anions

1 1.6 2.1 | 3.5 3.0 | 1.68 | 2.1
2 2.5 3.1 4a2 3.3 | 2.4 3.2
3 T Lhe1 5.9 4e5 2.9 Le3
L 7.0 9.4 10.3 9.0 5«1 9.2
5 10.8 13.3 13.1 13.0 6.9 13.0

*9%T



Table 13a

Adsorption of Zinc Chloride from Less Acid Solution on MgAlzoLL and NiAlzou

Concentration, milli-equivalents per litre
Origin of Solution Nittor -
No. gntt pH H+ Mg++ Cl Total cations| Total anions
1 1.00 L.4O | 0.04L 0 1.05 1.04 1.05
o 2 1.50 | 4.19 | 0.07 0 1.47 1.57 1.47
chatial 3 2.0 | L.ok {0.09]| O 2.0 2.7 2.0
utions m 1.0 3,70 | 0.20 0 T b.2 L1
5 6.0 3.53 0030 O 6.2 6.3 6-2
1 0.20 7.78 10 0.88 1481 1.08 1. 81
with fresh 3 0.03 8.28 | O 2. 2.6 2.4 2.6
MgA120u L 0.90 7.28 | O 3.6 Le5 Le5 L.5
5 3.1 6.77 | O 4.5 6.8 7.6 6.8
_____________________________________ b e e
1 0.77 7.04 | O 0 1. 24 0.77 1.24
Contacted 2 118 7.00 | O 0.05 1.81 1.23 1.81
mith trecn 3 1.67 | 6.90 |0 0.05 | 2.4 1.72 2.y
Hipl O L 3.8 | 6.73|0 0.07 | 4.b 3.9 L.y
274 5 6.0 | 6.56|0 O.1l4 | 6.8 6o 6.8

LET



Table 13b

Adsorption of Zinc Chloride from Less Acid Solution on MgAlzou and NiAl2

Summary of Solution Data

0

| Original Concentration, milli-equivalents per litre
i Solution
No. Initial Final,fresh MgAlzoLL Final,fresh NiAlzou
cations anions cations anions cations anions
1 1,04 1,05 1.08 1.81 0.77 1.2l
2 1.57 1.47 20 2,0 1.23 1.8
3 2.1 2.0 2.4 2.6 1.72 2.4
n h.2 LA L4.5 h.5 3.9 L.h
5 6.3 6.2 7.6 6.8 6.1 6.8

Q4T



Table 1lLa.

Adsorption of Ni012 and CaCl2 on MgAlzou and NiAlQOu

Origin of Solution Concentration, milli-equivalents per litre
No. . ++ I _
Néq+9r pH H+ M§i+gr C1 Total cations| Total anions
Initial NiCl 1 1.20 2.0 | 4.0 = 1.16 5.2 1.16
Solutions > | 6,00 | 1.9511.2 - | 6.6 17.2 6.6
Contacted with 1 0.12 6.45 0 6.1 2.0 6.2 2.0
aged MgAl,0, 5 | ) .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 NiAl, Q) o | 4.0 2.20| 6.3 - |10% 12.5 10%
Initial CaGl, 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 Wéth 1 1.50 7.30| 0 0.70{ 2.L 2.2 2.l
aged MgAl,®) > | 5.8 7.00| O 1.76] 6.8 7.6 6.8
Contacted Wéth 1 1,140 6«30 | O 0 2.0 1.40 2.0
aged NiAl,D) 5 | 5.8 5.23| 0 3.8 | 71 6.6 7.1

% This 1s an estimated figure, the solution

end point was reached.

was spoiled just before the

65T



Table 14b

Adsorption of NiCl2 and CaCl2 on MgAlQOu and NiAl,O, ,

2 L
Summary of Solution Data

Concondration, milli—-equivalents per Litre

Solution No. Initial Final,aged MgAlQOu Final,aged NiAlQOu
cations anions cations anions cations anions
1 B2 1.16 6.2 2.0 2.3 2.0
NiCl2
2 17.2 6a 6 27.8 7.7 12,5 10 *
—————————————————— r———_-—.—-——---—_-——-———--————-—————-—--———-———-—-r—————-—-————.L--—-———-———
1 1. 34 1.29 2.2 2.4 1,40 2.0
CaGl2
2 6.7 6.l 7.6 6e 8 6.6 71

% This is an estimated value, the solution was spoiled just

before the end point was reached.

*OFL



Table 15

Treatment of MgAlQOu and NiAlQOLL with water for 48 hours
(Goncentrations in milli-equivalents/litre)

+

fresh NiAlZOu

Condi;ignwgieipinel pH Mg++or Nit ggz%§8;§2t
Wagigt;aitmos. 002 5.7 0 0.30
M mea o, | T 0.8 -
sro st v | s | oz :
Watgr degassed with 7,00 0 0.01
nitrogen
”Eéidﬁ‘;ﬁigéh‘”“h 7.59 0.76 0.08
st | ose | 2 ou08
S o A BT I RCRN IR
After contact with 7.08 0.01 0.03

!,‘.

"Equivalent Hg,(NO
mercurous nit%

ateBtgtr

" represents anions determined by the

ation method.
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6. DISCUSSION

The 80-fold diffcrence between surface charge densities
for Niklp0), in 103 7 (NO3), caloulated from carly adsorpbion
and elcectrokinetic measurements, can be interpreted as follows:
1s 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 measurcments may arise from one of the following
phenomenn:~

(i) The high positive charge due to the mcasured 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 cxchange

with hydrogen ions from water adsorbed on the surfacec.

The pH of the solution will decreasc in this case and

also in casc (i) if OH is adsorbed.

(iii) The adsorbed cations might undergo ion exchange

with cations from thc spinel - but the analytical

results of these carly adsorption scries indicoted that
this was not so.

The next serics of adsorptisn experiments (lead nitrate
at verious concentrations adsorbed on NiAlzohgpinel) in which
the pH's of the solutions were measured, showed increascs in
pH ruling out interpretetions 2 (i) and 2 (ii).

The overall adsorption is possibly the result of both

truec adsorption and surface ion-exchange. Considering the
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truc adsorption proccss, the solution can be regerdcd as being
divided into three regions; (a) that part between the solid
surface and the slip plenc (corresponding o the zcta~
potential) (L) the diffusc double laycr cxtending from the
slip plene to the bulk sclution and (c) the bulk solution.

In the casc of lcad nitrate adsorpticn there will be '.E’b++,

B, OH and NOE ions in 2ll threc rcegions of the solution.

The measurced zcta-potenticl of + 5 .mV in 107 }b(N03)2
solution indicates that there is an cxcess of catlons in the

3 e~ .
fixed laycr; Z zing

is positive, where z; and n, are the
valency and number respectively of the four ionic species.
In the diffuse double layer, region (t), there must be an

excess of anions such thatz z;n; for this region exactly
balences that for the fixed layer. The bulk solution is
electrically neutral, i.c. Z z;ni = Oa

If the pH of the bulk solution is to increasc as a.
result of this adsorption proccss the number of hydroxyl
ions in the bulk solution must incresses This can only
occur if the ratis OHH/NOE is less in rcgion (a) then in the
rest of the solution or, converscly, if the ratio H+/Pb++
is greater in regions (2) and (b) than in (c).

It is suggested that the sceond process, surface ion-

exchange, involves the reactions

280H + 't = (s-0)7 Ty 2 H (1)
S-0H + Nog = S+No'3' + OH (i)
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where S-OH represents the hydratcd surfacce Reactions of
this typc will have no effect on thc net surfacc charge.
Reaction (i) will contribute to> the measured uptake of Pb*t,
If rcaction (ii) is more favoured than reactisn (1) there will
be a net increasc in hydroxyl ion concentration in the bulk
solution.

Two methzds arc avallable to obtain further information
about thesc two processcse Either usec the measured change
of pH in conjunction with the measurcments of zeta-potential
and lead ion adsorption or values for the total uptake of the
anion together with the other mecasurements may be utilised.
Each method, together with certain assumptions about the
diffuse part of the double layer, provides cnuugh data to
calculate the number of ions in cach part of the solution and
on the surfaces The measurements of change in pH have already
bcen pointed out as unsatisfactory and hence the sccond method,
involving full analysis of the.adsorption solutions, was
adopted for the finel scries of adsorption expcrimentse

Inspcetion of Tables 10 and 411b t3 14k shows that of
sixty=~four soslutions on which"completc analysis" was performed,
twenty solutions gave analyscs in which anions apparently
exceeded cations by significantly more than the experimental
error of 10% 4 further eight solutions gave analyses cor-
responding to & significant excess of cationse Thesc twenty-

eight results are undcrlined in Tables 10 and 411b to 14b.
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Accepting the electronecutrality law two possible explunations
arc left, either thc analyscs werc grossly in error or they
were not completee If the regults are to have any value it
is necessary to cstablish the probable cause of the dis-
crepancy in cach case.

Therc are four instances in which anions apparently
exceed cationg in the original solutions; they are all
strongly acidic solutions of zinc chloride (Table 12b)e The
most likely source of error is in the pH measurement giving a
low hydrogen ion concentration. &n error of 0.2 pH units
on these four samples would entirely account for the dis-
crepancye  Although this error is greater than expected,
it is possible in unbuffered solutions, In the less acid
solutions of ZnClop (prepared from the same oxide sample) the
hydrogen ion concentration is o much smaller part of the
total cations and so any error in thc pH measurement is less
noticeable,

Dealing next with the fourtcen cages giving anomalous
results aftcr adsvrption on NiAlZOh spinel. Tablc 12b shows
that 2ll five of the final, more acid zinc chloride solutions,
after contact with the NiAlp0,, have anions far in exccss of
cationse  The discrepancy increases with concentration of
zinc and hydrogcen ions from 15% to 40y The final pH of
thesc solutions varicd 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 corrccte. Comparison of the anion analyses for the
original and final solutions shows good agrcement. It is
rcasonable to assumc that the cations unaccounted for are
L1F* which would not be detected in the polarsgraphic
determination of minc and nickel, The concentration of Nitt
is a guide to the amount of s01id attacked by the acid

+ dissolve

solution. Assuming that three equivalents of At
for each of Nit* (based on the ratio AL:Ni = 2:1 in the oxide)
the maximum concentration of ALY+ possible is more than
cnough to account for the differences except at the highest
concentration of ZnClo.

The results for the less acid zinc chloride solutions
after contact with fresh Nihlg0) (Table 13b), agein indicate
that the anion concentrations exceed the corresponding cation
concentratizns, The differences herc are approximately con-
stant and independent of zinc or hydrogen ion concentration.
The final pH of the solutions was sufficiently high to keep
aluminium out of solutiocn. No reascnable and simple explan—
ation can be suggested for these discrepancies,

Nickel chloride solutions (Table 14b) should yicld
results cumparable to the zinc chlorile solutisns. Inspection
of Table 14b shows that there is no similarity, neither are
the anion nor the cation analyses self-consistent, although
small errors in pH measurements and the presence of A17FYF

in the final solutions may partly account for the major dis-
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crcpancics they connot account for the total differences.
Similarly, the rcsults of contacting low concentration leed
chloride szlutions with NiAlZQIF(Tablcs 10 and 11b) are
difficult to understond, Thesc results and those of Table
13b discussed cariier camnot ke interpreted and they must
cast some doubt on the snalytical procedurcs uscd, par-
ticularly that for nickel,

Generally, the results of contacting the various clectro-
lyte solubions with L@ﬁ1204 show better agreement than those
for NiAIZOh « Pive of the ten anomalous results are in thosc
two proups which are already in considerable doubt: the more
acid zinc chloride (Teble 12b) and the acid nickel chloride
solutions (Table 14b). Threc of these results arc only Just
outside the likely cxperimental error and may be thc result of
an accumulation of errors all in the same sense (Table 10,
solutions 3 and 4 and Table 11k, sdolution 2). The remsining
pair of results arc for the low concentration solutions of $he
icos ceid ZnCl,. 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 ke the cation analysis which is At fault. Agoin
no satisfactory explanation can be offercd for thesc resultse

Vlhere aged Mghls0) was uscd and the final solution was at
ot pH of 6.5 or greater therc may have been a contribution to the

total anions from HCO 3 which was not determined. As will be
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discussed leter, therc is some evidence that the aged
MgA1204 had some carbonote on the surfacc; this will Cissolve
in the acid sulutions and, if the final pH is high, the re-
action may B¢ written

MgCO5 (soxd) + HF = Mgt + HCO; (ii1)
Of thesc ions H' and 1@?+ are determined but HCOB is not which
will result in an apparent cexcess of cations., It 1s difficult
to estimate the gquantity of bicarbonete which may remain be-
cause, in the carly stoges of adsorptiosn and in the chloride
estimation the szlution is acid and some carbon dioxide may
be evolved as ges and in the later stages of adsorption when
the solutizcn becomes ncutral or alkaline the rcacticn

M g’Hcog = %00, (so1id) + oH' (iv)
may occur, where M+ is the clectraslyte cation.  This re-
action will remuve bicarbonate from the sslution and,
following reaction (iii), will tend %o restore the cation-
anion balance that is dctermineds  Only the more acid
solutions of zinc chloride gave consistently high total
cation analyses after contact with aged Mphln0), (Table 12b),
other s>lutions did not give consistent resultse The less
acid zinc chloride solutisns were tnly used in conjunction
with freshly heatcd M@A1204 wherc no carbonate is expected.

The anion analyses (which were cffectively choride only
in all cases) of the final solutions tendcd to be higher than

those of the original solutions, Of forty final solutions
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examined, thirty~-one gave a fincl chloride ion enalysis
higher than thot of the original solutisns; in fiftcen cases
the diffcfcnce was greater then the probable cxperimental
crrore In only onc casc was the experimental crror cxcecded
in the other dircction and then only by a small amovunt. The
ef'fect appears t5 be real and nut restricted to any particular
solutions. The possibilitics why this should sccur arc (a)
the chloride analysis falls after contact betwcen sulution
and s51id but not before (b)) chloridc, or anuther ion pre-
cipitated by mercursus nitratc in acid solution, is extracted
from the solid ur (¢) the solution becomes concentrated.
VWhen a solution without solids was subjected to the same
treatment as in the adsorption measurcments no decreasc in
welght was obscrved thus eliminating possiblity (c)s Treat-
ment of the spinels with water in a similar manncer showed
that.no appreciablc chloride or other comparable ion was
extracted although some chloride ions originating from the
saturated colomel electrode used in the pH measurcment will
appcar in the solutione  Howcver, as the samc technique was
uscd for the water treantment samples and no significant
quantity of chloride ion appearcd in these solutions (Table 15),
it is reasoneble to o2ssume that this wes not the ssurce of the
increase in chloride ion concentration, It is difficult to
see why the enalytical 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 Wit or Mgt whilst
Pb++, Znt* cte. werc already prescnt in the sriginal solutionse
Again there appears to be no reasonable explenation of thig
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 testing and calitration:

(11) the results for the more acid zinc chloridc
solution and the nickel chloride solution are unrcliablc;

(iii) the rcsults for all measurcments involving the
oxide N1A1204 arc doubtful, probably beceuse the nickel
analysis was at fault,

(iv) the anion (chloride) concentration apperently
incrcased as a result of contact with the spinels for no
obvious reason.

Bven within thesc severe limitations it is possible
to arrive 2t some qualitative conclusions about the inter-
action of the electrolytes with the twis oxides,  First, it
is quitc clear that the oxides 3o not have inert surfaces,
ions uriginally in the oxide lattice appear in the solution
in all casese The higher concentration of Mg™ in the final
solutions indicate that the magnesium spinel is morc reactive
than the nickel spinel, although the surface areas of the two

oxides were comparatble,
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The action of 002- free duuble-distilled water

(Tablc 15) on these spinels gives an indication of what is
hoppening in the case of electrulytes.  The freshly heated
magnesium spinel gives an alkaline solution and a quantity
of magnesium dissvlves of the same order as the amount of
magnesium available in the xide surface. If the surface
layer is assumed t2 be & unit ccll thick, i.c. >nc hypofcube
of the cell, then four magnesium atums arc assoclated with

-16

a surface arca of 65.4 x 10 cm2 (from X-ray diffraction data).
The concentration >f magnesium ¢xpected in the final solution
can now be calculated as follows:-

Magnesium in surface = 6800 x 4 x 1016 X 'IO"23 moles ;fé'rﬁ%
65.43 6,023

Sincc the spinel is present to the extent of 2¢ per

10 mlse. of solutionJig™ expected in solution
=68 x L x 10" x 200 moles/1
65,43 x 6,023
= 68 x L x 10-5vx 200 x 2000 milliequivalcnts/litre
65:43 x 64023

lgtt cxpected in solution = 2,76 millicquivalents / litrc.

Mg*+ found in solution = 2,8 millicquivalents / litrc.

Apparently the solid is chemically attacked by the water and
magnesium oxide dissolves until cquilibrium bcetween solid
magmesiun hydroxidc, mognesium ions and hydroxide ions is
reachcds 4s the free cnergy of formmtion of the spinels from

the primory oxides is smell, the activity of g0 in I.'Ig.f=1204
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is not far from unity so the equilibrium rcached is virtually
the same as that for purc 1igO. The primary oxide is com-
pletely converted te Hg(OH) o, in the prescnce of waters  Cal-
culation shows that the rcsults for fresh MgA1204 in cuontact
with water are in good agrecement with the solubility product
of Mg(OH),, which is approximatcly 1 x 10711, The residual
aluminium hydroxidc is probally hydrolysed to 2 hydrated
oxide which remains insoluble and attached to the surface of
the spinel.

In the casc of the unhcated Mghlp0) with COp-frec water
the pH increased to 7.6 and less magnesium dissolved.  This
is consistent with the surface being predominantly magnesium
carbonote. If the surfacc werc predominantly magnesium hydroxide
the final pH of the solution would lcad one to expect an ex-
tremely high concentration of magnesium in the solution; the
mognesium ion concentration determined, 0438 x 10-3M, is in
better accord with the solubility of magnesium carbonate
(solubility product 2.6 x 10—5). The carbonate in solution
is not dectectcd by the mercurous nitratc titration carried out
in acidificd solution.

The Nikl,0, shows the rcversc tendency, morc Nitt is
dissolved from the aged solid than from the freshly heated
‘materials It is possiblc that heating tcmporarily renders the

surface less rcactive in a kinetic sensc rathcr than a

thermodynamic sensee The slow action of adsorbed water and
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COo» from the atmosphere converts the surface 15 hydrated nickel
sxide or basic nickel carbonate, either of which rcoch cquili-
brium with water morce rapidly. 4s might be cxpectcd, less
nickel dissolves than mognesium and the final solution is
barcly alkaline. Horsfall and Benton (7) in their waork on
synthetic magnctite similerly found that water leached ferrous iron
from the so1id spinel.

When elcetralyte solutions were uscd with Mealy0y
cssentially the samc initizl processcs occurred as with watcer.
Magnesium oxide dissolved to give a more alkaline solution
which caused precipitation of the metal cation as 2 hydrated
oxide or basic carbonste, depending on whether the oxide was
fresh or ageds In the casc of lead chloride the precipitation
was complete and the final pH was approximntely that reached in
water. This was confirmed by slow titration of the lecad
solution with alkeli; precipitotion of the lead was virtually
complete 2t a pH of 10,  With acid clectrolytes prccipitation
was not complete and the pH Jdid not reach such 2 high valuc
as in water. IProbably the amount >f megnesium oxide which
could be leached in forty-eight hours was limiteds  This
2lso confirms that there was no appreciable excess of un-
reacted mgmesium oxidc present in the fircd spinel since
this would heve rcacted much more rapidly.

In the case of Niilp0) grcater quantities of nickel

were extracted from the unhcatel oxide, particularly by the
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acid solutions. The heated oxide showed less tendency to
reacte  Whether or not precipitation of the mctael cation
occurred cannot be deduced from these results.

The results of the zeta-potentizl measurements cannot
strictly be compared with the adsorption deta becausc the pH
of thc svlutions and, probably, the state of the oxide surface
were not the same in the two series of meésuremcntso In
zeta=-potenticl measurecments the electrolyte solution wes
passed through the plug until no change was observed in the
streaming currcent, This probably corrcsponds to 2 more com-
plete leaching 5f the oxidc than sccurred in the adsorption
measurcments, although thc time of countact was much shorter.
This is more likely 15 ke the case with MEA1204 than NiA1204.
The final surface must resemble hydrated aluminium oxide rather
than spimel and the solution will be at a pE 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 cunclusion of this work is that the inter-
action of metel oxides of the spinel typc with divalent cation
c¢lectrolytes is much more complex than simple adsorption of the
electrolytes Leaching >f the oxidc surface is the dominant
feature, particularly where the more basic oxides such as

MgA1204 are concerncde fgeing of the oxide by air containing
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water vapouwr andé carbon dioxide praoduces a marked change in

Ikﬁlzo and a significont change in Nia Zeta-potential

L 120Af
measurements made on oxides of this type must be interpretcd
with ¢reat caution because the surface existing at the time

of measurement is very different frim thet of the original
oxide,

In order tc mokc a comparison of electrokinetic and
chemical values -f adszrption more gquantitative results will be
necessary. This will entail a wvery thorsugh investigation of
the analytical procedurese Equally necessary will be careful
control of the previocus treatment of the oxides and, if pos-
sible, identification of the surface specics produced by the
electrslyte-oxide contoct,  Little of further wvalue to such
a lengthy progromme could be achigvcd in the short time avail-
able to thce author, so the decision was made t< conclude the

prescnt investigation at this stage.
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