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ABSTRACT 

Two different caesium sorption mechanisms have been established 

for potassium copper ferrocyanide, KCuFC H, depending upon solution phase 

caesium concentration. Experimental investigations indicated that liquid 

film diffusion controlled the sorption process at caesium concentrations 

less than 1.5x10 M . The corresponding inter-diffusion coefficient was 

—9 2 —1 
found to be 1.465x10 m sec for an aqueous caesium concentration of 

—6 —1 
3.8x10" M . An activation energy of 15-14 kJ mole was evaluated, which 

is in the expected range of a liquid film diffusion process. The ion 
c 

exchange mechanism at higher caesium concentration (>1.5x10~-^ M) is 

believed to be governed by chemical reaction between the caesium and 

potassium in the cyanoferrate. A shell progressive reaction rate model 

was used to interpret the experimental results. An Arrhenius plot gives 

good agreement over the entire experimental temperature range from 20 °C 

to 80 C. The calculated activation energy of 74-85 kJ mole"" supports 

the hypothesis of a rate process controlled by-chemical reaction. The 
—1 

effective capacity was found to be 2.25 ± 0.06 meq gm and this reduced 

to 2.04 ± 0.06 meq gm in the presence of 0.82 M magnesium nitrate. It 

has been observed that 0.2 M nitric acid solution can catalyse the 

caesium-potassium ion exchange reaction and therefore enhances the ) 

sorption rate. 

The sorption of caesium by other cyanof errate s has also been 

studied. Most of the cyanoferrates possess ion exchange "behaviour except 

for copper ferrocyanide, CuPC P, which adsorbs caesium. Potassium cobalt 

ferrocyanide was found to have faster sorption kinetics than the 

potassium copper and copper cyanoferrates. However, the latter compounds 

have a higher effective capacity. 
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NCMENCLATURE 

a Stoichiometric coefficient or -unit cell dimension. 

C Concentration. 

C' Concentration of radioisotopically labelled form. 

C» Concentration of A at the ion exchanger - film interface. 
A 

C. Concentration of A at the surface of the bead's unreacted core. 
Ac 

C, Concentration of A in the bulk solution. 
Ao 

C, Concentration of A at the surface of the bead. 
As 

C Concentration of solid reactant in the bead's unreacted core, 
so 

D Diffusion coefficient. 

D g Effective diffusivity coefficient. 

Dq Pre-e3q)onential factor, 

d Density. 

AE Activation energy. 

J Faraday constant. 

F(t) Fractional equilibrium attainment at time t. 

i Species i. 

J Flux. 

kg Second order reaction rate constant. 

k Reaction rate constant based on surface, 
s 

k . Mass transfer coefficient of A through the liquid film. 
mA 

R Gas constant or specified. 

R Reaction rate, 
r 

r Radius. 

r Radius of the bead's unreacted core, 
c 

r Radius of the bead, o 

T . Temperature. 
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t Time. 

V Volume. 

W Mass. 

w Ratio of CV : CV 

X Fixed ionic groups or degree of conversion. 

fC B[1 - F(t)] ~ 
Value of In < 

- F(t)]J 
C A 

Z^ ' Electrochemical valence of ion i (negative for anions), 

erf Error function. 

Roots of the quadratic equation (x + 3wx - 3w = 0). 

X Dimensionless time. 

0 Electrical potential. 

5 Liquid film thickness. 

OC Separation factor. 

- Overbar represents solid phase. 
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CHAPTER 1 

INTRODUCTION 

1.1 Importance of Caesium Removal on Nuclear Waste Disposal 

It is generally agreed that nuclear power is an important 

energy source. The " burning " of uranium produces much more heat than 

the burning of coal — . about three million times as much on a weight 

basis. However, the penalty of employing nuclear energy is the disposal 

of nuclear waste. Although the quantity of waste to be dealt with is 

vastly less than for fossil fuel, it presents many problems due to the 

radioactivity of the long-lived fission products and the presence of 

traces of the actinide elements. 

The " burning " of uranium yields fission products of about 300 

different nuclei and about 180 of them are radioactive. Table 1.1 gives 

some typical fission product activities. A large number of fission 

products have a very short half-life and decay to stable elements in 

seconds, minutes or hours. As far as radioactive waste is concerned, 

these short-lived fission products can be ignored because they will all 

have disappeared before the fuel is withdrawn from the reactor. Other 

fission products have a half-life of days or weeks and can be allowed to 

decay in the cooling ponds before reprocessing of the irradiated fuel. 

Iodine-131 is regarded as a particularly difficult fission product 

because it is very active and volatile. However, the half-life of 

iodine-131 is 8 days so that it is customary to leave the irradiated fuel 

in the cooling ponds for about six months by which time the activity will 

have decayed by a factor of one million. Cerium-144 "with a half-life of 

284 days contributes the most activity in fuel about a year old. 

However, it will decay to a negligible level, as will ruthenium-103 and 

-106, in about 10 years time. There are a few fission products with 
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A 6 

half-lives of 10-10 years but these are present in such small 

quantities and with such low activity that they present less of a hazard 

than the naturally occurring uranium ore-body. 

The most important fission products are otrontium-90 and 

caesium-137. They are both abundant in irradiated fuel with yields of 

about 5 percent and both have half-lives of about 30 years. This 

relatively short half-life renders them very radioactive yet it is too 

long to allow the activity to decay away in a realistic time. These two 

fission products constitute the principal radioactivity in nuclear waste 

over the period 10 years to 500 years after fuel reprocessing. The 

hazard associated with the disposal of such waste solution would be 

greatly reduced if these two fission products could be removed, 

concentrated and stored separately, Strontium-90 can be removed by means 

of a precipitation method which brings down some other fission products 

as well. Caesium-137 would then have to be isolated prior to discharge 

of the waste. 

Table 1,1 typical fission product activity in 1 kg total fission products. 

Isotope Half-life 
Activity after (ci) 

Isotope Half-life 
1 year 10 years 

2 
10 years 

3 
10 years 

Ba-143 12 seconds . — — -,! — . 

1-131 8 days 

2.0x101 
Ru-103 40 days 2.0x101 

••• 

Ce-144 284 days 2.5x10 4 
9.0 _ 

Ru-106 

Kr-85 

1 year 

11 years 

1.9x10^ 

3.0x10 2 

2.0 

2.0x102 
6.0x10"1 

Sr-90 29 years 3.0x10 5 2.5x105 2.9x10 2 
... — I. 

Cs-137 30 years 3.2x10 5 
2.6x10^ 3.2x10 2 

Sm-151 

Tc-99 

1-129 

90 years 

2.0x10 years 
7 

1.7x10' years 

4.0 

5.0x10~1 

1.0x10~5 

4.0 

5.0x10""1 

1.0x10~5 

2.0 

5.0x10~1 

1,0x10"5 

2.0x10~5 

5.0x10"1 

1.0x10"5 
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1.2 Radioactive V/aste Treatment by Ion Exchange 

Ion exchange originated with studies of inorganic ion exchange 

materials. They consist mainly of aluminosilicates and were first 

(1) 

prepared by Gans. ' However, ion exchange was subsequently dominated by 

the advent of synthetic organic resins, capable of easy and reproducible 

preparation and with excellent mechanical and chemical stability. In 

addition, these organic resins are physically stable and possess 

reproducible properties. 

In recent years, interest has been revived in the application 

of ion exchange for the separation of ionic components in radioactive 

waste treatment. Highly selective ion exchangers are required for this 

operation. They should be stable at high temperature and at high levels 

of radiation and possess good exchange properties in acidic media. 

Organic ion exchange resins are not sufficiently stable for such 

applications because of changes in selectivity and capacity on exposure 
(2) 

to radiation, and instability at high temperatures. Higginsv ' studied 

the damage of some commercial resins exposed to beta and gamma radiation. 

Dowex 50, a nuclear-sulphonic acid polystyrene-based cation exchanger lost 

4-8% of its original capacity after 8.69x10 ra.ds and 40-80% after o 

8.69x10 rads. On the other hand, AmberliteIR-105, Dowex 30 and Nepton 

Cr-51f all phenolic-based cation exchangers lost only 1% of their 

capacity under the same conditions. The strong-base quaternary amine 

anion exchanger Dowex 1 loses its entire original capacity when exposed 
9 (5) to a gamma radiation dose of 1.2x10 rads. Soldano and Boyd* ' also 

observed that the exchange capacity decreased when several ion exchangers 

Q 

were irradiated with Cobalt-60 at exposures of up to 1.7x10 rads. 

Fisher^^ indicated the effect of radiation on both wet and dry Amberlite ) 

resins and concluded that all of the resins underwent some radiation 

damage when exposed to high levels of gamma radiation. The nature of 
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damage was found to be a function of the type of resin used. According 
/c 

to the investigations of Hall and Streat^ ' ' on the strong basic anion 

exchangers in the hydroxyl form, a pronounced degradation is produced by 
t 

Cobalt-60 irradiation at doses of up to 500 Mrads with the release of 

^ \ 

water-soluble aliphatic amines. In addition to tertiary, secondary and 

primary amines, traces of formaldehyde were also detected. 

The radiation damage of synthetic resins, which is accompanied 

by a gradual reduction in capacity and by the formation of tarry 

substances, is a limitation on their use in a strong radiation field. 

Intensive research and development work was subsequently resumed on which 
inorganic ion exchangers are usually stable at elevated temperatures, 

highly selective and of excellent radiation stability. Among the most 

frequently used ion exchangers of this type are hydrous oxides, salts of 

acids with multivalent metals, salts of heteropoly acids, insoluble 

cyanoferrates, aluminosilicates and synthetic zeolites. The properties 

and applications of these ion exchangers have been discussed extensively 

by Amphlett/7^ 

1.3 Objective 

The separation of caesium-137 in radioactive waste by ion 

exchange is of particular interest in the nuclear industry. Several 

investigations suggest that cyanoferrates are capable of this separation. 

However, large scale operation needs more detail informations on the ion 

exchange behaviour of these cyanoferrates0 Despite the fact that much 

work has been done on the application of cyanoferrates to caesium 

isolation there has been little work on the kinetics and ion exchange 

mechanism. It is necessary to understand the mechanism of caesium 

sorption by these materials in order to determine the rate controlling 

stepo The kinetic aspect and certain exchange properties are also 
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important when considering continuous ion exchange operation. Finally, 

the effect of operating temperature, particle size of cyanoferrates and 

composition of waste solution on caesium sorption rate are vital 

parameters in determining the optimum operating conditions. The present 

study is aimed at these investigations especially in a detailed study of 

ion exchange mechanism and kinetics. 
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CHAPTER 2 

A REVIEW OF COMPLEX CYANOFERRATE COMPOUNDS 

2.1 Introduction 

In the research for new inorganic ion exchangers for 

radioactive waste treatment, complex salts based on ferrocyanide 

compounds were developed. For the last twenty years, many different 

ferrpcyanides have been prepared, their structure determined and their 

ion exchange properties i n v e s t i g a t e d . ^ g advantage of these ion 

exchangers are their stability in acidic to moderately alkaline medium 

and their stability under radiation. Their exchange capacity also varies 

in accordance with the type of preparation and structure, but in general 
A 

it is fairly high ranging from 1 to 6 meq gm . The affinity series for 

monovalent ions shows preferential sorption of caesium for most of the 

cyanoferrates studied. Potassium hexacyanocobaltferrate^^ which has a 

high selectivity for caesium, has been made available as a cation 

exchanger in the form of granules. The use of the ferrocyanides of 
(11) ^ t, -,4.(12) • (13) • (14,15,16) . copperv , copper and cobaltx , zincx , ironx and 
(17) 

titaniunr '' have also been found satisfactory in the isolation of 

caesium ions from Purex-type acidic wastes. These investigations and the 

high selectivity towards caesium ion certainly make cyanoferrates an 

important exchange material for the isolation of caesium in the nuclear 

industry. In order to understand the exchange properties of 

cyanoferrates, it is necessary to consider the structure of these 

insoluble complexes. 

2.2 Structural Studies 

The chemistry of hexacyanoferrates begins with the discovery 
(18) of Prussian blue by Diesbach^ ' in 1704 and potassium ferricyanide in 
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(19) 1822 by Gmelin.v ' These complexes were then used, as important pigments 

and in certain medicinal applications but their chemistry and structure 

have never been satisfactorily explained. A wide variety of physical 

methods have been used to elucidate the structure and bonding of this 

type of compound. For a long time the central question was whether the 

structurally different iron ions in ^Prussian blue can be associated with 

distinct valences or whether they oscillate between different valence 
f20-22) 

states. The information accumulated from X-ray diffraction data, ' 

infrared spectroscopy,^^ magnetic susceptibility measurements, 
(31 32) 

electronic spectroscopyw * 'is consistent with the formulation of 

Prussian blue as the iron(lll) salt of hexacyanoferrate(ll). The 

presence of potassium or other alkali metals in various amounts does not 

affect the distinct oxidation states of the different.iron ions. 

Prussian blue and its analogues for numerous metals are usually obtained (33) 
as extremely fine powders or even as gels.v 7 The basic feature of the 

crystal structure of these generally cubic polymers are known because of 

the pioneering work of Keggin and Miles.^^ They conducted the first 

structural investigations of Prussian blue analogues by X-ray diffraction. 

They found a unit cell of the face-centered type and deduced a 

structural mpdel from the geometrical data. 
2.2.1 The Structural Model of Keggin and Miles 

Keggin and Miles studied three classes of compounds in their 

X-ray analysis. They are ferrous alkali ferrocyanide, Prussian blue 

and Berlin green which are cyanoferxates. 

(A) Prussian blue 

This is a class of definite compounds with the formula 

(CN)^, where R represents an alkali metal or ammonium ion. 

This type of compound is usually known as a commercial pigment. The 
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structure is cubic with a equal to 10.2 A and is illustrated in 

Figure 2.1. The iron atoms are arranged, ferrous and ferric alternately, 

o 

at the corners of a cubic lattice of 5»1 A, knd the CN groups lie in the 

edges of these small cubes. The centres of alternate small cubes are 

occupied by the alkali atoms. It is suspected that lithium and caesium 

atoms are too small and too large respectively to enter this lattice 

easily. It is possible that the small cubes not containing alkali atoms 

may contain water molecules. 

A similar class of compounds, Ruthenium p u r p l e ^ ^ , has also 

been shown to exist. Here, the ferrous atom in Prussian blue is replaced 

o 

by the divalent ruthenium. The unit cube edge is 10,4 A with the formula 

F e ^ m ^ R R u ^ I ] [ \ c N ) 6 . The cupriferricyanides, Cu^ I I^RFe^ I I I^(CN) 6, are 

found to exist as well. They have the same structure as Prussian blue 

with the cupric copper replacing ferrous iron. The edge of the unit cube 
o 

is slightly less than 10.2 A. 

(B) Ferrous alkali ferrocyanides 

The white ferrous alkali ferrocyanides are another class of 

compounds which are intermediates in the preparation of commercial blues. 

They have the formula of F e ^ ^ R g F e ^ ^ C N ^ where R represents ammonium 

or alkali metal ions. The lithium atom is too small and the formation 

of this type of compound is doubted. The structure of this series is o 

again cubic with a smaller a value of 5*1 A. The general outline of the 

structural model remains but now all the iron atoms are ferrous and each 

small cube contains an alkali atom. (Figure 2.1) This type of compound 

represents an important class of cyanoferrates in radioactive waste 

treatment. 
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Figure 2.1 Structural models of Keggin and Miles, 

5.1 A 

10.2 X 

Ferrous alkali ferrocyanide 

Fe I IR 2Fe
I I(CN) 6 

Prussian blue 

Fe I I IRFe I I(CN) 6 

EE? 
Berlin green 

F e I I I F e I I I ( C N ) 6 

5,1 A O Ferrous ion 

Ferric ion 

Alkali metal ion 
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(c) Berlin green 

This is the oxidation product of Prussian blue with the formula 

It is also named ferric ferricyanide. The 

determined structure is very similar to that of Prussian blue. All the 

iron atoms are ferric with the centres of the small cubes unoccupied. 

It is possible that water molecules occur in these cavities of the 
o 

lattice. The unit cell is again 5.1 A as in ferrous alkali ferrocyanide. 

(Figure 2.1) 

These three types of structure form an extremely interesting 

series. Ferrous alkali ferrocyanide will oxidise to Berlin green. Thus, 

the lattice starts with an alkali atom at the centre of each small cube, 

alternate alkali atoms are removed and alternate iron atoms become ferric 

on oxidation to Prussian blue. On further oxidation to Berlin green the 

remaining alkali atoms have to be removed and now all the iron atoms 

become ferric. Throughout all this, the same iron-cyanogen skeleton 

structure remains except for very slight changes in the Fe-Fe distances 

which will alter the lattice spacing between members of each class, 

owing to the differences in size of the alkali atoms. 

2.2.2 The Prussian Blue Analogues 

These Prussian blue analogues are here defined as polynuclear 

transition metal cyanides of the composition (MA)k[MB(CN)6]1.xH20. They 

are crystallizing with a cubic unit cell. These compounds are easily 

obtained as sparsely soluble precipitates by mixing solutions of a cyano 

complex [M®(CN)g]n~ with an appropriate salt of The polynuclear 

transition metal cyanides prepared by using the hexacyanometalate in the 

form of the most common potassium salt usually contain different amounts 

of potassium. This potassium in some cases can be exchanged by 

caesium. ̂ ^ Very often the Prussian blue analogues have been formulated 
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with a definite amount of potassium, e.g. KTeFe(CN)^, KFeCr(CN)^, 

^CuFe^N)^. However, the sparse published analytical data^24'^'^^ 

indicate that potassium can be regarded as an impurity of these colloidal 

precipitates. The polynuclear cyanides containing potassium or other 

alkali ions are therefore non-stoichiometric compounds rather than 

having a definite formula as fax as the alkali ions are concerned. 

The precipitates of Prussian blue analogue cyanides always 

contain variable amounts of water. Some of these water molecules can be 
(37) replaced by other molecules such as ammonia or alcohol.v ' The water is 

(21) assumed to be present partly as zeolitic, partly as surface water.v ' 

According to some infrared spectroscopic studies, coordinated water 
(38 39) molecules are also present. 9 1 

Structural Model 

The general accepted structural model ^*40-47) f o r 0ubic 

polynuclear cyanides ^'xHgO was originally postulated by 

Keggin and Miles. Figure 2.2 shows the unit cell of the cubic face— 
o 

centered type, which has a cell edge of about 10 A. This cell may be 

thought of as divided into eight small cubes. According to the model, 

the positions (0,0,0) and 4*> of the cubic face-centered 

unit cell are occupied by the metal ions M^ and M^ respectively. 

Carbon and nitrogen atoms are situated on two sets of the 24-fold 

position (x,0,0). The two 4-fold positions, (4,4,J) and axe 

randomly occupied by the required number of M̂ - or alkali ions in order to 

account for the stoichiometry. The remaining water molecules are assumed 

to sit in the cavities of the lattice, however, they are not assigned to 

any defined crystallographic positions. 

According to this description, the basic feature of the model 

is a three-dimensional connection of MpCg and MAN6 octahedra. All the 
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ions axe in a well defined coordination environment but there are two 

different kinds of metal ions M^ in the unit cell. The first kind of the 

metal ions Ĥ " are situated in the octahedral nitrogen holes (position 4 a) 

of the polymeric framework, whereas the ions of the second kind are 

assumed to be present as uncoordinated interstitial ions at the centres 

(position 8c) of the eight small cubes. Due to the postulated random 

distribution of these interstitial ions m \ the sites ( 4 , 4 , 4 ) and ( J , 4 , f ) 

are equivalent. The structural model is therefore centrosymmetric and it 
5 has been named in terms of space group Cr-Fm^m. 

A B Figure 2.2 A model of Prussian blue analogue (M )k[M (CN)^- xHgO. 

© M^ (position 4a) 

B 

O M (position 4"b) 

© Position 8c 



-27- 9 

2.2.3 The Modified Model 

The structural model of the Prussian blue analogue proposed by 

Keggin and Miles was derived purely from X-ray analysis. The complete 

and reliable description of the actual structure is therefore doubted. 

However, the most important feature of the model of Keggin and Miles, 

namely the linear arrangement M^-N-C—M^-C-N-M^ along the edge of the unit 

cell is beyond any doubt. The unit cell constants of a wide variety of 

these compounds have been determined with lattice constants measured at 

o 

between 9*9 and 10.9 A. Since the C-N distance is known to be about 

1.14 & , the differences in the cell constants are mainly due to the 

differences in the distances 

M A-N and M^-C. The validity of Keggin and 

Miles model needed to be tested by a complete crystal-structure analysis 

of a single crystal. The advanced method of slow precipitation, diffusion techniques 

and gel crystallization made it possible to increase the particle size of 

(39 50) 

several polynuclear transition metal cyanides. ' The hexacyano-

metalate used was either the corresponding acid or the salt of a large 

organic cation in order to exclude contamination with alkali metals. In 

some cases crystals were grown and suitable for complete X-ray single-

(50 51) 

crystal studies. w ' ' The systematic collection of lattice parameters, 

densities, analytical data and infrared spectra necessitate a 

modification of the original structural model proposed by Keggin and 

Miles. 

In the cyano compound ( ^ ^ [ [ ^ ( C N j J ^ - x H ^ O , the assumption of 

randomly distributed interstitial (position Qc) occupied by uncoordinated 

metal ions M^ is discarded. Only positions 4 a and 4b of the cubic face-

centered unit cell are considered as possible sites for the two metal 

atoms, N^ and M^o Consequently, the occupancies of these two sites 

depend on the composition of the compound, i.e. the stoichiometric ratio 
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k:l. Positions 4 a and 4b will be completely occupied only when k=l=1 • 

For all other stoichiometries, the positions assigned to M® and 

corresponding C and N are assumed to have vacancies, whereas the position 

4a is fully occupied by the complete set of four M^ ions. The absence of 

the whole M^CN)^ octahedra therefore leads to interruptions in the very 

tight three dimensional framework of the original model. 

Only for the special case of k=l=1, caji one obtain an uninterrupted 

framework with regular M^N^ octahedra postulated by Keggin and Miles. 

For other k:l ratios, the number of nitrogen atoms coordinating with the 

metal ions M̂ " is less than six. The vacant sites in the coordination 

octahedra of M^ not occupied by nitrogen are now assumed to be filled 

with oxygen atoms of water molecules. Evidence for the presence of 

coordinated water has been found in the infrared spectra of Prussian blue 

analogues. In order to account for the analytically determined 

water content, the presence of a second kind of water (Ojj) is necessary 

(39 50) 

and postulated near the centres of the octants of the unit cell.v ' ' 

This latter type of water is zeolitic in nature. 

The original model and the modified one predict identical 

structure for the stoichiometry k=l=1. The structural differences 

between the two models become more decisive as the stoichiometric ratio 

increases. The model of Keggin and Miles postulates increasing densities 

while the modified model predicts an opposite trend. A comparisi'on of 

the measured and calculated densities of quite a large number of Prussian 

blue analogues have been determined and favoured the revised 

(52) description. ' 

The validity of the modified model has been tested by several 

complete crystal-structure determinations. Some compounds of the 

stoichiometry ( M ^ ^ M ^ C N ) ^ ^ ' 3 ^ 0 ^ i a v e been carried out .the single-

crystal study. The results of all these single-crystal investigations 
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are in good agreement with the postulated properties of the modified 

model. Position 4a (0,0,0) of "the cubic face-centered unit cell is fully 

occupied by four M^ ions. The 2j M 0 ions are situated at the fourfold 

position 4b and therefore giving an occupancy of The same 

2 

occupancy of ^ occurs with carbon and nitrogen atoms, and occupy two sets 

of the 24-fold position (x,0,0). Hence, eight empty nitrogen sites are 

secured by the same amount of oxygen atoms (0^). The other eight oxygen 

atoms (Ojj) of the second kind are now situated close to the special 

position 8c ( 4 , 4 , 4 ) . The metal ion M 8 is octahedrally coordinated by 

six carbon atoms. The coordination sphere of the metal ion M^ contains 

nitrogen as well as oxygen with the average composition being 

All the cyanide ions act as bridges and the carbon end always pointing 

towards the metal ion IT®. In addition, the water molecule (0^.) which 

coordinated to the metal ion M^ is assumed to be linked to the zeolitic 
molecules (Oj-j-) by hydrogen bonds. The shortest O ^ - O ^ distances are 

re in g< 

(39,50) 

o 
between 2.50 and 2.90 A which are in good agreement with the values 

determined by infrared spectra. 

According to the revised structural description, the unit cell 

should contain a total of 16 molecules of water corresponding to the 

composition ( M ^ f M ^ C N ) ^ • 121^0. The available analytical data and 

densities indicate a water content of 11 to 14 molecules per formula unit. 

The degree of hydration is very sensitive to change in humidity and 

temperature. This phenomenon follows quite naturally from the zeolitic 

nature of part of the water content. The structure factor calculations 

carried out so far are on the basis of 12 water molecules per formula 

unit. Attempts have been made to locate the additional water molecule(s) 

were not fruitful. 

(53) 

Besides this modified model, W y c k o f f ' presents another 

version in his compilation of structural data. He relates the structures 
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of Prussian blue analogues to the K^PtClg type model. This comparison is 

stoichiometrically obvious for the compounds (M A) 2M
B(CN) 6 where the 

ambident coordination behaviour of the cyanide ligand is not considered 

as a structural element. The polymeric cyanide is here assumed to be 

composed of discrete M^(CN)^ octahedra. The metal ions M^ are placed at 

the centres of the octants and leaving all the octahedral nitrogen holes 

empty. The structural relationships of this model is better depicted by 

an ideal cubic pervoskite structure in which the bifunctional oxygen is 

replaced by cyanide and titanium alternatively by the metal ions M̂ " and 

M
8
. 

2.2.4 Non-cubic Polymeric Cyanides 

The structural models described so far are within the family of 

the cubic Prussian blue analogues; little attention has been devoted to 

polymeric cyanides not belonging to the cubic system. It. should be 

emphasized that non-cubic polymeric cyanides are by no means rare 

exceptions. Hexacyanometalates(lll) of Zn 2 + and C d 2 + are obtained with 

complicated and not yet resolved X-ray patterns of definitely lower 

symmetry than cubic. The hexacyanoferrates(ll), hexacyanoruthenates(ll) 

/ \ 2 + 

and hexacyanQOsmates(II) of Mn and several modifications of the 

2+ 

corresponding Co salts also show very complicated X-ray powder patterns 

which cannot be indexed in the cubic system. Tetragonal unit cells have 

also been described for the compounds KgCuFe^N)^ and CuPd(CN)^.^
4
^ 

A complete single-crystal structure analysis has been carried 

out for the compound MngR^CN^'QHgO and the corresponding 

hexacyanoferrate(ll) and hexacyanoosmates(ll). ' All these compounds 

show very similar lattice constants. This structure also consists of a 

three-dimensional framework with the characteristic sequence, Ru-C-N-Mn, 

but deviates slightly from linearity. Here, the coordination sphere of 

ruthenium and manganese both have a definite unique composition. In 
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addition, the structure is ordered with no fractional occupancies of 

certain crystallographic positions. Hence, ruthenium is coordinated "by 

six carbon ends of the cyanide ions, manganese by three nitrogen atoms 

and three oxygen atoms of water molecules. The latter coordination 

octahedron is of the facial type. Two such octahedra are linked to a 

dinuclear unit M n ^ ^ ^ O ) ^ with two water molecules acting as bridging 

ligands. 

R i g a m o n t i ^ ) noticed that KgCaFeCCN)^ and K 2BaFe(CN)^ have a 

lower symmetry than cubic. The dialkaline earth ferrocyanides,^.g. f 

MggFe^N)^, Ca 2Fe(CN)^ are apparently of same low symmetry. Ba 2Fe(CN)^ 

has been indexed as monoclinic^^ and Ca2Fe(CN)^*12H o 0 is reported to be 

triclinic.^^ Furthermore, a number of Cs-containing ferrocyanides have 

(59) 

been studied and Cs2SrFe(CN)^ was found to be tetragonal.
V 7 / Kuznetsov, 

Popova and S e i f e r ^ ^ also concluded that the structure of a wide variety 

of metal hexacyanoferrates are not cubic. 

2.2.5 Recent Development 

The structure of polymeric cyanides has been re-examined in a 

(61) 

recent investigation. Raistrick et al^ ' studied the structural aspects 

of some mixed metal ferrocyanides of formula R 2MFe(CN)^ where R = K + , 

Cs +, N H 4
+ , Na + and M = Ca4"*, Ba4"4", Kg4"1". Their results show that a 

variety of unit cells are required to account for these hexacyanoferrates 

but they are rather closely related to the basic structural unit of 

Figure 2.3. 

The cubic unit cell may be regarded as being constructed from 

close-packed layers of R cations and CN anions with a three layer repeat 

distance. The Fe and M cations occupy half the octahedral interstices 

between alternate layers. This unit cell will remain undistorted if the 

sites of the various ions present are ideally matched for the cubic 
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close-packed arrangement. However, if the ionic sizes are inappropriate 

for such arrangement, the unit cell will progressively distort from 

perfect cubic symmetry. Eventually a different type of structure will 

result and in extreme cases materials with this formula will not exist. 

Figure 2.3 Basic structural unit of hexacyanoferrates: R^IFe(CN)^. 

Unit cell of R^FeCCN) 

This new structural approach formed an interesting feature 

contrasted to the compounds of formula RgMFe^N)^ where M is a transition 

or post-transition metal ion. The ditransition metal ferrocyajnides 

appear to be cubic whereas the dialkaline earth ferrocyanides bear little 

resemblance to patterns expected from Figure 2.3 even allowing for 

considerable distortion of the cell. This suggests that the cubic 

framework of the transition metal ferrocyanides is much more stable than 

that of the dialkaline earth ferrocyanides. This is possibly due to 

different bonding between the cyanide groups and the partially filled d 

orbitals of the transition metal ions while with dialkaline earth ions 

such bonding does not form. 

More recently, Ceranic^ 2^ synthesized some cobalt(ll)hexar-

cyanoferrates(II) with incorporated monovalent Na +, K + , NH^ + and Cs + 

ions. The structure of the unit cell of the crystallites have been 

determined by X-ray and infrared analysis. The crystallites containing 
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the monovalent cations are isomorphous having a face-centered cubic 

structure whereas the cobalt(ll)hexacyanoferrate(ll) is tetragonally 

distorted. A structural model has been proposed to explain the ion 

exchange behaviour of these hexacyanoferrates. 

The iron and cobalt are bound via a CN group and located in the 

corners of the unit cell. Iron is located in the octahedral cavity of 

carbon whereas cobalt is in that of nitrogen. Since the formal charge 

of iron amounts to +2 and of the CN group to -1, the internal space of 

the unit cell is then negatively charged which is now compensated by the 

2+ 

Co or monovalent ions. These cations situated in the channels of the 

unit cell (Figure 2.4) are mobile and they are the only ones which take 

part in the ion exchange reactions. The water molecules will occupy the 

rest of the crystal lattice. This determined structural model is in good 

agreement with the structures of a number of mixed metal hexacyano-

ferrates (II) of caesium with various bivalent metals.(59*63) H o w e v e r , 

Kuznetsov et a l ^ ^ identified a number of metal hexacyanoferrates (II), 2. 2+ 2+ 

MgtFe^N)^] (where M = Cu , Co or Ni ), to have a cubic face-centred 

lattice rather than tetragonally distorted. 

Figure 2.4 Diagram of the cross section of the crystallites unit cell. 

(a) (CoFC)Co (b) (CoFC)M, M = K, NH^, Cs. 

I I I I I I 
— Fe-C=N—Co-N=C—Fe — -Fe-C=N—Co-N=*C—Fe— 

I I I I I I 
C „ n • • N ' o C C , N ^ C 
II H 2° II Co « " M H M II 
N C N N C U N 
I I I I I I - Co-N= C—Fe-C=N—Co— — Co-N=C—-Fe-C=N— Co— 
I I I I I I 
N _ C N N ^ C ^ N 
II Co II 2 " " M 'I M H 
C N C C 11 N U C 
I I I I I I 

—Fe-C=N—Co-N=C—Fe— —Fe-C=N—Co-N=C—Fe-
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2.3 Caesium Removal 

The individual application of metal hexacyanoferrates started 

about a century ago. Copper hexacyanoferrate(ll) was initially used as a 

semipermeable membrane in osmotic pressure measurement. Since then, a 

wide variety of cyanoferrates have been prepared and their structure 

i n v e s t i g a t e d . > 5 6 , 6 5 , 6 6 , 6 7 ) rpj^ ou-fcstanding selectivity of these 

cyano compounds towards caesium among the alkali metals favoured their 

useful application in the nuclear industry. 

The first application of ion exchange resins for the removal of 

radioactivity was developed during the Manhattan Project for the 

separation of the fission products, including the rare earths.(68"*?2) 

The U.S.A.E.C. establishment at Hanford has a long history of radioacti.ve 

waste treatment research and a large amount of work has been done there. 

Iron and nickel ferrocyanides were used as scavengers in a plant process 

developed for removing caesium and strontium activities from alkaline 

(73) 

plant wastes. v' ' This experience was valuable in developing a fission 

product recovery process because ferricyanides and ferrocyanides were 

found to be the most promising materials among a variety of other 

potential precipitants including tetraphenylboron, cobaltinitrite and 

silicotungstate. These findings were supported by the fact that nickel 

ferrocyanide was satisfactory in the large scale waste treatment of 

certain first cycle Hanford waste solutions. The material under test had 

no objectionable radiation-induced decomposition. 

Barton et a l ^ 4 ^ therefore immediately studied various metal 

ferro- and ferricyanides for recovery of caesium-137 from fission 

products. Solutions of metal ion and ferro- or ferricyanide were added 

separately in chemically equivalent quantities to a caesium containing 

simulated waste solution. The resultant mixture was stirred, allowed to 

digest at room temperature for an hour, and then centrifuged and assayed. 
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Among the cyanoferrates tested, nickel ferro- and ferricyanides gave 

about 95% caesium recovery with only 1.0x10~^ M nickel. Iron(lll) and 

copper(II) ferrocyanides were also fairly effective but inferior to 

nickel. In each case, the caesium recovery decreased rapidly with 

decreasing concentration of precipitant. Other ferro- and ferricyanides 

tested were much less effective. Furthermore, nickel ferrocyanide gave 

the smallest bulk volume of the centrifuged precipitate corresponding to 

the most favourable volume reduction. With nitric acid alone, caesium 

recovery was quite high and reproducible except in 10 M acid where the 

ferrocyanide was oxidized rather quickly to ferricyanide. The acid 

concentration was not critically important in the range 0.1 to 3 M, nor 

were other constituents, such as uranyl nitrate, sodium nitrate etc.. 

However, with 0.1 M iron added before caesium scavenging, the recovery 

dropped to 90%. Although nickel ferrocyanide had the widest useful acid 

range, zinc ferrocyanide worked better at the lowest concentration and 

gave a product with the highest caesium content. The drawback of zinc 

ferrocyanide was its slow formation which could be overcome at elevated 

temperatures. The caesium zinc ferrocyanide precipitate was analysed to 

be CSgZnFe^N)^. X-ray diffraction analysis indicated that it is 

isomorphous to potassium zinc ferrocyanide K 2ZnFe(CN)£, which is a face 

(75) 

centred cubic structure.K ' The composition of caesium nickel ferro-

cyanide and caesium copper ferrocyanide precipitates correspond 

approximately to Cs 2M^[Fe(CN)^] 2. Those with the other ferrocyanides 

(cobalt, cadmium, iron(ll) and manganese) were similar to nickel and 

copper but with an additional excess of MgFe^N)^. In this caesium zinc 

ferrocyanide process, caesium was recovered in two ways as pure caesium 

chloride. The first method involved calcination of the precipitate in 

air at about 550 °C followed by water leaching. The leach solution, was 

then acidified with hydrochloric acid and evaporated to dryness. The 

other method was the dissolution of caesium zinc ferrocyanide in hot, 
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concentrated sulphuric acid. Zinc and iron were removed as sulphides at 

about, pH 6 whilst excess sulphate ions were removed by ion exchange. The 

final solution was boiled to expel ammonia, acidified with hydrochloric 

acid and evaporated to dryness. This successful achievement of caesium 

recovery from fission products pioneered the research and development 

studies of the large scale application of cyanoferrates. 

Tananaev and c o w o r k e r s m e a s u r e d the solubilities of 

complex ferrocyanides of the type l y i f j e ^ N ) ^ where R = an alkali metal 

and M = a traiisition metal. They reported that the solubilities of these 

cyanoferrates could be arranged in the following sequence when only the 

alkali metal was varied : 

T1 ^ Cs < Rb < K 

Sodium and lithium were excluded in this series because of their doubtful 

existence. These studies concluded that the potassium ion in such 

compounds might exchange with other alkali metal ions. The equilibrium 

relationship might favour the replacement of the potassium ion by the 

heavier alkali metal ions. This initiated the idea of removing radio-

active caesium-137 from large volumes of waste solutions by a simple ion 

exchange method. 

The possibility of using complex cyanoferrates as ion exchange 

materials to remove radioactive caesium was studied by Roginskij and 

(85) 
coworkers. ' Caesium was sorbed on preformed precipitates of nickel 

(86) 

ferrocyajiide. Kourim Rais and Million^ ' studied the exchange 

properties of some heavy metal ferrocyanides used as ion exchangers for 

caesium in the early sixties. They reported that most of the ferro-

cyanides were excellent sorbents. The amount of caesium sorbed exceeded 

99% f 0 ^ nickel, iron(lll), zinc, copper, cadmium and bismuth ferro-

cyanides, and 99.7% for the cobaltous compound. Lead ferrocyanide sorbed 

about 85% and the silver compound only a few percent. Nitric acid 
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solution (1,0 - 10 M) was found effective in desorbing caesium from zinc 

and copper ferrocyanides. A solution of ammonium nitrate (0.3 - 10 M) 

was also capable of desorbing caesium from the zinc compound. However, 

only little caesium was desorbed from the other ferrocyanides in 

descending order of Bi, Fe(lll), Pb > Ni, Cd, Co. This may be explained 

by the different dimensions and arrangements of the crystal lattices of 

the various ferrocyanides thereby enabling caesium to enter or leave to a 

different extent in each. Among the ferrocyanides studied, the zinc and 

copper compounds were found to be the most mechanically stable materials 

and suitable for column operation. Zinc and copper ferrocyanide columns 

gave practical flowrates for many hours even in contact with nitric acid 

solution. This differed from the majority of other ferrocyanides which 

had a tendency to peptization. The exchange capacities under static 

conditions were found to be in rough agreement with the theoretical 

values, assuming the composition of the limiting caesium salts to be 

Cs2M^
i:i:^Fe(CN)^ and CsFe^ I ] [ I^Fe(CN) 6. They reported the following values 

(meq Cs per gm of exchanger) for the ferrocyanides studied : Zn — 6.1 

(5.85); Co 4.6 (6.05); Ni 5.8 (6.05); Cu 4.5 (5.91) and 

Fe(lll) — 3.6 (3.50). The values in parentheses were those obtained by 

theoretical calculation. The column capacities obtained for copper and 

zinc ferrocyanides were rather low compared with theoretical values or 

those derived from static experiments. They suggested that the dynamic 

sorption was a surface process as stated earlier by other researchers.^^' 

A further investigation was then carried out on zinc ferrocyanide for the 

(qq) 

ion exchange of alkali metals by Kourim, Rais and Skejskal.^ ' They 

concluded that repeated use of the columns loaded with zinc ferrocyanide 

working in sorption-elution cycles, was limited principally by the 

solubility of the exchanger and no deterioration of the sorbent was 

observed after 8 cyclesc 
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Another important study of cyanoforrate was conducted by Prout, 

Russell and G r o h ^ ^ in 19^4. They synthesized an inorganic exchanger 

which was belived to be potassium hexacyanocobalt(ll)ferrate(ll) 

(abbreviated KCoFC). The granular form product was found suitable for 

the isolation of caesium-137 from fission product waste solutions. X-ray 

diffraction analysis showed that the complex had the same crystal 

structure as Prussian blue.^ 2 0^ Analysis of the complex for potassium, 

cobalt and iron by atomic absorption spectroscopy gave the atom ratio of 

K : Co : Fe to be 1.6 : 1.4 : 1.0. They concluded that the prepared 

cyanoferrate was not a pure K2[]coFe(CN)^] but probably a mixture of 

K2[CoFe(CN)^] and Co|j:oFe(CN)^]. According to their tests, KCoFC had 

good stability in nitric and hydrochloric acids and in highly salted 

alkaline solutions but dissolved readily in boiling concentrated 

sulphuric acid. Sodium hydroxide solutions more concentrated than 0.01 M 

would cause peptization and form stable colloids. The reported caesium 

- 1 

exchange capacity was rather low value at about 0.5 meq gm . Results of 

their work on the exchange mechanism demonstrated the Cs-K exchange 

qualitatively. Good quantitative agreement was not expected because of 

the heterogeneous nature of the absorbent. 

They also performed column operation to remove caesium-137 from 

the simulated waste solution. The granular KCoFC column removed greater 

than 99.9% of the caesium from at least 40,000 bed volumes of the waste 

solution. They encountered difficulty in eluting the caesium absorbed by 

KCoFC. No satisfactory procedure for elution and regeneration was 

achieved. Although 0.1 M mercuric nitrate solution and 0.02 M thallium 

nitrate solution were found effective to elute the absorbed caesium, the 

former reagent decomposed the KCoFC partially while in the latter case 

the exchanger could not be regenerated. The formation of mixed ferro— 

cyanides of thallium with a number of metals had been r e p o r t e d . ^ 
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Boni^ ' developed some ion exchange systems to concentrate 

radiocaesium from biological and environmental samples at the Savannah 

River Laboratory. Potassium cobalt ferrocyanide was used, either alone 

or with other ion exchange materials. These systems could rapidly, 

preferentially and quantitatively concentrate caesium from neutral, 

acidic and even basic solutions. He concluded that the difficulty of 

concentrating trace quantities of caesium in the presence of large 

amounts of sodium, calcium and magnesium salts could be overcome by this 

exchanger. His results demonstrated that KCoFC was applicable to the 

analysis of radiocaesium in milk, urine, sea water, fresh water and other 

environmental samples. 

A derivative of KCoFC, named ammonium hexacyanocobalt ferrate 

(NCoFC), was prepared by Petrow and Levine.^^ They reported that the 

ammonium derivative was identical to KCoFC in its physical properties and 

ability to adsorb caesium from water, milk, urine and sea water. 

However, NCoFC was found not stable in strongly alkaline solutions or in 

solutions capable of oxidizing ammonium ion. They suggested the compound 

contained only a single ammonium ion with either cobalt or iron in the 

trivalent state. Cobalt was the one believed to be oxidized in the 

preparation stage. 

The advantage of the NCoFC over KCoFC was the natural 

occurrence of radioactive potassium-40 in all potassium compounds. -This 

might introduce errors in counting low levels of caesium-137* The 

substitution of the ammonium ion by another ion of higher molecular 

weight and large ionic radius should improve the exchanger and make it 

(91) 

more selective for caesium ions. Hahn and Klein s ' began their 

investigation using various amines to prepare columns of amine cobalt(ll) 

hexacyanoferrate(ll) and tested for exchange properties. The composition, 

of the compounds formed was probably AHCo^[Fe(CN)^] ̂  when a limited 
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amount of amine was used and AgCo^fj^CN)^] 2 with excess amounts of 

amine,(A = Amine) The latter formula had "been suggested by Tananaev and 
(92) Korolkov, 

Potassium cyanocobaltferrate was also used as an ion exchanger 

in the chemical industry, (^3) v/ald, Soyka and Kaysser^^^ studied the 

process for recovering silver from industrial sewage in the early 

seventies. They suggested that the strongly polarizing coinage metals 

should form more stable cyanocobaltferrates than the alkali metals. 

Hence silver occupied the top position of the stability series: 

Ag + > Rb + > K + > Na + :> Li + 

This reviewed the possibility of eluting the caesium absorbed by KCoFC 

using a silver nitrate solution. Although the strongly bound caesium was 

desorbed the sorbent was limited to one cycle. 

Another type of cyanof errate namely ferrocyanide molybdate was 
(95-98) 

developed and found to possess particularly attractive p r o p e r t i e s . ' ' 

This new cyanoferrate was then studied to a greater extent by Baetsle, 

Deyck and Huys.^^'^0^ They started their investigation on the chemical 

composition and crystallographic structure of the ferrocyanide molybdate. 

They concluded two structural models which could explain the experimental 

X-ray diffraction patterns as well as other data. The first called 

" FeMo-II » with the formula [h^'Ccn)^ - [Mo03(H
2
0)x]-|2 ̂  t h e 

second, " FeMo-IY % identified as [h^FgCcnJ^J ̂  - [ k o O ^ H ^ J ^ 

The unit cell of FeMo-II was found to be a body-centered tetragonal 

structure whilst it was a perfectly cubic structure for FeMo-IV. 

Hydrogen ion was the exchangable group responsible for the ion exchange 

process. The affinity series for the alkali metals was found similar 

to other simple cyanoferrates except that the hydrogen ion was located 

in the immediate vicinity of the caesium ion: 

Cs+ > H + > Rb+ > K + > Na+ 
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They also reported that the optimum pH value for caesium 

sorption wa3 0,0 but ferrocyanide molybdate could work in a concentration 

- 1 

up to 2 M nitric acid. The maximum capacity determined was 3,9 meq gm 

but the useful capacity for the processing of solutions from the 

regeneration of fuel was only 0.2 meq gm , The radiation stability was 9 

good; a dose of 10 rads did not lead to a deterioration m its 

properties. A mixture of 5 M ammonium nitrate and 0.1 M nitric acid 

solution was used to elute the sorbed caesium from ferrocyanide 

molybdate. An alternative method to recover caesium was achieved by 

destruction at elevated temperature. ^ ^ ^ 

Ferrocyanide molybdate was further studied for the separation 

(102) 
and recovery of long-lived fission products. ' A capacity of 3*8 ffleq. 

—1 

gm together with excellent kinetics was reported. The half time of 

hydrogen-caesium exchange was in the range from 40 to 50 seconds. Column 

exchange capacity was found to be only 0.66 meq gm . Both hydrochloric 

acid (3 M) and nitric acid (1„5 and 3 M) could elute over 90% of the 

sorbed caesium from ferrocyanide molybdate. Hydrochloric acid appeared 

to be a better eluent because nitric acid attacked the ion exchanger 

which suffered partial dissolution. 75% of the ion exchanger dissolved 

at the end of the third cycle using 3 M nitric acid as eluent. The 

ferrocyanide molybdate was satisfactorily tested for caesium sorption and 

elution by 3 M hydrochloric acid for up to 4 cycles. 

Another similar type of cyanoferrate, ferrocyanide tungstate, 

was investigated by K r t i l ^ 0 ^ in 1965* He studied the sorption of 

caesium-137 and rubidium-86 under the static conditions as well as the 

influence of other monovalent ions # Concurrently, Huys and B a e t s l e ^ * ^ 

worked with the same material to perform kinetic experiments. The 

sorption rate for the hydrogen-caesium ion exchange reaction was rather 

slow when compared to ferrocyanide molybdate but this was compensated by 



-42- 9 

a better stability in acidic environment. They confirmed the sorption of 

caesium was a particle diffusion mechanism. Ferrocyanide tungstate had 

been prepared in the late 1870's and the structural formula 

[Fe(CN)^*2WoO^]^"" was suggested by D'Amore.^ 0^) Krtil also reported 

that the same class of material, vanadyl ferrocyanides, were suitable for 

rubidium and caesium isolation from acid solutions and in the presence of 

ammonium salts. (106,107) Radiochemicaliy pure caesium-137 "was obtained 

from fission products separation. Vanadyl ferrocyanides were also used 

as ion-exohanging m e n * r a » e S . (
1 0 8 ' 1 0 9 > 

The ion exchange and chemical properties of titanium hexacyano-

(110 111) 

ferrate(ll) were studied by Lieser, Bastian, Hecker and Hild. ' 1 

They reported that samples containing hexacyanoferrate(ll) and titanium 

in the ratio 2 : 1 showed very good exchange properties and had exchange 

capacities of 1.4 to 1.5 meq gm . The affinity series for monovalent 

ions was found to be: 
+ + 4- + + + 

Cs Rb > K > NH„ > Na > Li 
4 

They also concluded an affinity series for bivalent ions: 

B a 2 + > S r 2 + > C a 2 + > M g 2 + > B e 2 + 

which was rather similar to the one reported for copper ferrocyanide: 

B a 2 + > C a 2 + > C d 2 + > Z n 2 + > M g 2 + < 1 1 2 > 

(113) 

Kourira and coworkers^ . described the ion exchange properties of 

titanium : hexacyanoferrate(ll) = 2 : 1 species 

((TiO)2Fe(CN)6 probably) 

in 1974. They stated that the titanyl hexacyanoferrate formed two 

caesium compounds Cs 2(TiO)^[Fe(CN)^] 2 and 4(Ti0)2[Fe(CN)6]•3Cs^[Fe(CN)6]. 

Two years later, Caletka and K o n e c n y ^ ^ developed a new method to yield 

titanium hexacyanoferrate which resulted from the treatment of spherical 

particles of titanium hydroxide gel with acidic solutions of potassium 

ferrocyanide. This novel method was able to prepare products of required 

particle size and of satisfactory high permeability. The maximum 
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retention capacity for caesium was found to be 

2.62 meq gm • They also 

reported that a certain limitation of the applicability of this material 

as ion exchanger was the tendency to form more water-soluble hexacyano-

ferrate(lll) on oxidation. 

In order to improve the mechanical properties of some cyano-

ferrates for use in the column operations, the preparation of these 

exchangers wa3 carried out-by precipitation on inert solid supports, e.g., 

bentonite, silica gel etc., by freezing and thawing the precipitated 

(Q7) 115 1161 g e l s . w ^ ' ' -J Alternatively, the cyanoferrate particles were bound 
(117) 

with insoluble polymers such as polyvinyl acetate. ^The exchanger 

prepared by these methods behaves similarly to the mother cyanoferrates. 

In the late 1960*s, cyanoferrate-ion exchange resins became the 

most intensively studied metal salt-ion exchange materials. They were 

prepared by treatment of strongly basic anion exchange resins with metal 
(11Q) 

salts and potassium ferrocyanide solutions. Watari and Izawa^ ' 

produced a copper ferrocyanide anion exchange resin in 19&5* They 

suggested that a macro-reticular type of anion exchange resin should be 

used because of the large size of the ferrocyanide complex ions. This 

modified resin was then tested and demonstrated very good caesium (1A ̂  

sorption capacity and stability in acid solutions. ' It was specific 

for caesium-137 and mutual separation of fission products, caesium-137> 

strontium-90, zirconium-95> niobium-95, ruthenium-106 and cerium-144 bad 

been achieved in hydrochloric acid media. Caesium sorption occurred only 

in the ferrocyanide portion of the resin. The oxidation of the ferro-

cyanide group to the ferricyanide was found to occur in higher 

concentration of nitric acid solution. It was claimed that sodium 

hydroxide (3 M), ammonium hydroxide (3 M and 4 M), silver nitrate (4 M) 

and nitric acid (8 M) solution could desorb 100% of the caesium-137 from 

the complexed resin. The action of the two alkaline solutions was 
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established to be the dissolution of copper ferrocyanide from the resin. 

In addition, iron and nickel ferrocyanide anion exchange resins were 

prepared and found to have higher resistance against nitric acid 

solution. Again, nitric acid (10 M) was the eluent used to desorb 

caesium-137* It has also been observed that the phosphate form of nickel 

(16) 
caesium. 1 A number of patents have been registered in various 

ferrocyanide anion exchange resin adsorbed strontium readily but little 

(US 

(119-121) 
countries for the removal of caesium from radioactive effluentsv ' 

(122) 

and separation of caesium-137 from barium-137 "by mixed ferrocyanides 

alone or adsorbed on a carrier, e.g. resin, glass fibre bed etc.. 

Zirconium ferrocyanide has been prepared by Tananaev and Ionova 

some twenty years ago.^ ' They suggested two products of formulae 

[zrO(OH)^] [Fe(CN) 6] and Zr0[zr0(0H)2] [Fe(CN)g] were formed. Kawamura, 

Shibata and K u r o t a k i ^ ^ ^ reported their zirconium ferrocyanide with 

determined mole ratio 1 : 1 of iron to zirconium. They performed both 

batch and column studies on sea water to recover radionuclides including 

caesium-137» Batch experiments indicated that only hydrogen ions were 

liberated in the exchange reaction. About three years ago, Severa and 

Biheller^^^ compared a few sorbents for the deactivation of water 

contaminated with caesium radionuclides. These sorbents included 

zirconium hexacyanoferrate(ll), hydrated zirconium oxide, tin phosphate, 

titanium phosphate and Decorpan, known as essentially Prussian blue. 

Zirconium hexacyanoferrate(II) was found to possess the highest 

deactivation effect. 

The preparation and ion exchange properties of stannic ferro-

cyanide was investigated by Gill and T a n d o n . ^ ^ ^ They reported a rather 

unusual sorption series for monovalent ions: 

< N a + < K + < Li + 

4 
- 1 

with exchange capacity varied from 2 054 to 2.87 meq gm and 
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M g 2 + < C a 2 + < B a 2 + 

with capacity 1.66 to 2,23 meq gm for bivalent ions, Varshney and 

coworkers also prepared stannous and stannic ferricyanides and 

/ -j 26 -j 27 \ 

satisfactory applied them in some separations of metal ions. ' ' 

They proposed the structural formula for stannous ferrocyanide to be 

(^Sn0'H^Fe(CN)^'2.5H20]n with a determined capacity of 2.03 meq gm"
1. In 

continuation of their work, a number of amine stannous hexacyanoferrates 

were prepared and analysed. ( ^ 8 ) Th e formula of (snO-AgHgFefGNjg] 

(A =' Amine) was found in accordance with the composition of the compound 

determined. They stated that the drying temperature had an effect on ion 

exchange capacity of the prepared cyanoferrates. The capacity started to 

decrease beyond 100 °C and almost completely lost when heated up to 

400 °C. They explained with evidence that water molecules were lost due 

to condensation of the structure therefore losing the replaceable 

hydrogen ions. 

Zinc ferrocyanide was reinvestigated by Valentini, Meloni and 

(129) 

Maxia recently.v ' They stated that this cyanoferrate could be easily 

oxidised to the corresponding ferricyanide. The oxidation was proved by 

the analyses of both 2 M and 5 M nitric acid treated zinc ferrocyanides 

which gave the zinc to iron mole ratio 1.5. This was further supported 

by the X-ray diffraction analysis of the oxidised product determined to 

be zinc ferricyanide with a monoclinic crystal form as identified by 

Tananaev and Darchiashvili earlier, ^ eXpec-fce£ affinity series for 

alkali metal ions was once again reported: 

Cs + Rb + > K + :==£> Na +, Li + 

The composition and ion exchange behaviour of zinc hexacyano-

ferrate analogues have also been studied by Kawamura et a l , ^ ^ So far, 

the cyanoferrates of zinc compounds tested by various workers were 

confined to the forward sorption reaction. The reverse reaction had not 
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been reported except that the sorbed caesium could be eluted by nitric 

>le 

(132) 

acid (6 M) and ammonium nitrate (6 M) s o l u t i o n s A remarkable 

achievement was published by Vlasselaer, D'Olieslager and D'Hont 

recently. They studied the ion exchange equilibrium of caesium ions on 

potassium zinc hexacyanoferrate(ll), K g Z n ^ F e ^ N ) ^ ^ ' * 1 ^ 0 * raean 

capacity was found to be 2.33 nieq gm and the exchange of caesium with 

potassium proved not limited to the surface of the solid phase. The most 

significant feature of their paper was the reversibility of the exchange. 

The exhausted caesium absorbed exchanger was regenerated successfully 

first with a solution; of 2.5x10 M potassium chloride and later with a 

1 M potassium chloride solution. This was important and of particular 

interest in the field of ion exchange. They also concluded the following 

selectivity orders of potassium zinc hexacyanoferrate(ll) for monovalent 

and divalent ions: 

Cs + > NH, + > K4* > N a + ~ H + > Li + 

4 
2+ 2+ 2+ 2+ 2+ 2+ 

Pb + > Ba > Zn > Ca* + > Mn + > Mg + 

Vol'khin et a l ^ ^ ^ investigated the potential of mixed 

ferrocyanides of nickel and alkali metals as inorganic redox ion 

exchangers. They demonstrated that oxidation of the ferrocyanide can be 

used for desorption of potassium and rubidium, while reduction of (the 

ferricyanide can be employed for the sorption of rubidium ions and 

therefore regenerated the ion exchanger. The applicability to sorb or 

desorb caesium ions by this redox reaction was not reported. This should 

be very interesting if a workable system for caesium can be developed in 

future. 

2.4 Ion Exchange Sorption Mechanism 

The majority of the work on cyanoferrates demonstrated that the 

reaction mechanism involved the exchange of caesium ion with the alkali 
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metal ion. There is no doubt about this for alkali metal ferrocyanides. 

In the case of metal ferrocyanides (without alkali metal in the cyano-

ferrate), there are several alternative suggestions depending on the 

different crystal structures of the cyanoferrates. Some authors claimed 

that the same metal ion was located in two different positions in the 

crystal structure for the same compound. One of them was coordinate 

bound while the other was mobile and therefore liable to exchange with 

the caesium ion. This was supported by the structure proposed by Keggin 

and Miles. A similar argument was put forward by other researchers 

more recently. 

According to the extensive study on some cyanoferrates of 

formula (M A) k[M
BFe(CN)^J 1.xH 20 by Ludi and Gudel^ 2), and s o m e other 

workers^1 33>134)> ^oth metal ions (M* and M 8 ) were bound coordinately. 

They concluded that these metal ions were not mobile and hence not 

applicable to exchange with caesium ions. Some authors reported that 

only a minute amount of such metal ions can exchange with caesium ions. 

This evidence suggested that an ion exchange mechanism between the metal 

and caesium ions was in doubt. In order to account for caesium sorption 

by this class of cyanoferrates, the possibility of adsorption rather than 

pure ion exchange cannot be eliminated. A combination of adsorption and 

absorption is also possible and should be considered. 
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CHAPTER 3 

ION EXCHANGE THEORY 

3.1 General Introduction 

H e l f f e r i c h ^ d e s c r i b e s the phenomenon of ion exchange is 

inherently a stoichiometric process which is a consequence of the 

electroneutrality requirement. The stoichiometric ion-exchange reaction 

between two counter ions A m and B n as shown below: 

nR • A m + mB n ~ — ^ mR -B n + nA m 3.1 
m ^ n 

where R is the exchanger matrix. This equation is a general one which 

applies to both cation- and anion-exchange. The exchange reaction 

proceeds through a redistribution of counter ions A m and B n between the 

exchanger and external solution. It has been generally accepted that ion 

exchange is purely a diffusion phenomenon. 

In a well stirred solution, N e r n s t ^ ' ^ introduced the concept 

of a completely stagnant 11 film " of liquid surrounding the exchanger 

particles. This fictitious Nernst film separated the particle surface 

from the homogeneous bulk solution with a sharp boundary. Boyd, Adams on 

and Myers first showed that diffusion was involved either in the ion 

exchange particle itself or in the so called Nernst film. As these two 

diffusion steps axe sequential, the slower one is rate-controlling. The 

nature of the rate-determining step has been derived theoretically by 

Helfferich^^) -fc0 a function of the film thickness, 8, the radius r 

of the particle (assumed to be spherical), the diffusion coefficients of 

the counter ion in the solid and solution phase (5 and D respectively), 

the concentration of the fixed ionic groups, X, and of the solution, C, 

and- the separation factor, a s shown below: 

+ 2 0 ^ / b ) 1 particle diffusion control 3.2 

~ ( 5 + 2 Q C A / B ) » 1 f i l m diffusion control 3.3 
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(if D, D and a r e variables, average values should be used.) Thus, 

film diffusion control may prevail in systems with ion exchangers of high 

concentration of fixed ionic groups, low degree of crosslinking and small 

particle size, with dilute solutions and inefficient agitation. Under the 
conditions, 

converse particle diffusion control will be favoured. In the inter-

mediate case, interdiffusion in the exchanger and the stagnant film is 

about equally fast and therefore both mechanisms will affect the rate of 

ion exchange. 

The other possible rate controlling steps, e.g. passage through 

the particle-solution interface and chemical reaction between the 

exchanging counter ions cannot be ruled out a priori. Diffusion 

controlled processes are classical preferred ion exchange models. M o d e m 

theory emphasises these two rather rare developed mechanisms than pure 

diffusion. The kinetic concept of a " Shell progressive " reaction 

mechanism^ 1"^ or " Shrinking unreacted core M m o d e l ^ ^ ^ have been 

introduced in more recent ion exchange work. 

3.2 The Kinetics and Mechanism of Ion Exchange 

Consider an ion exchange process, the overall transport of mass 

apart from that effected by the moving liquid, may be divided into five 

steps: 

(1) Diffusion of the counter ions through the bulk solution to the 

exchanger surface. 

(2) Diffusion of the counter ions within the exchanger solid phase. 

(3) Chemical reaction between the counter ions and the exchanger sites. 

(4) Diffusion of the displaced ions out of the exchanger lattice. 

(5) Diffusion of the displaced ions from the exchanger surface into the 

bulk solution. 

Steps (4) and (5) are the reverse processes of steps (2) and 
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(1) respectively. The kinetics of the exchange will be governed by 

either a diffusion or mass action mechanism and therefore depending on 

which of the above steps is the slowest. In general, the diffusion of 

ions in the external solution is usually termed film diffusion. This is 

a most useful concept but hydrodynamically it is ill defined. The 

diffusion or transport of ions within the exchanger is commonly named 

particle diffusion. The chemical exchange of ions at the exchanger sites 

is limited by its reaction rate. Hence, studies of ion exchange kinetics 

fall into three broad classifications which basically divides into two 

distinct categories. 

3.201 Diffusion Processes 

At the outset it should be made clear that the following 

diffusion kinetic treatments are idealized cases of ion exchange. They 

are only strictly true for systems undergoing isotopic redistribution 

where pertinent boundary conditions can be described. Modifications to 

the theory will be discussed later in order to account for the more 

realistic case of conventional ion exchange processes. The treatment of 

ion exchange with nonuniform and irregularly shaped particles is very 

difficult. is usually assumed that all exchanger beads are spherical 

and of uniform size in the theoretical treatment. Nevertheless, 

diffusion processes are fundamentally described in terms of Pick's first 

law: 

J± = -D grad Q± 3.4 

Here J\ is the flux of the diffusing species i of concentration C^ and 

the diffusion coefficient D . 

(A) Film diffusion 

Theoretically, an efficiently mixed ion exchange system should 

result in no concentration gradients within the bulk solution phase. 
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Though the solution is well stirred, it is hydrodynamically impossible to 

maintain perfect mixing right up to the surface of an exchanger particle. 

A stagnant liquid film surrounding the particle is assumed to exist and 

this separates the particle from the bulk solution phase with a sharp 

boundary. Ions are transported to and from the surface of the exchanger 

by diffusion or convective transfer. The transference of ions across 

this film layer is therefore an important rate determining step in ion 

exchange. This film diffusion concept was first introduced by N e m s t and 

proved to be adequate in the theoretical treatment of mass transfer. 

Interdiffusion within the film is treated as a quasi-stationary 

diffusion process through a planar layer. This assumes one-dimensional 

diffusion and the flux across the film adjusts itself rapidly to the 

changing boundary conditions, and furthermore the flux is a function of 

the boundary conditions. From equation (3*4) and with these simplifying 

assumptions, the momentary flux (which is assumed constant throughout the 

film) is given by: 
mc. 

J A - - T 3 , 5 

From the material balance condition and the requirement of equilibrium 

(but no selectivity) at the particle-film interface, the following 

equation is derived: ^ 
d C A 3 C J A 1 = — £ 3.6 
dt r C o 

Equation (3.5) and (3.6) must be solved under the appropriate initial and 

boundary conditions. Two cases which define by the following criterion 

will be considered: 

CV « CV 3.7 
The " infinite solution volume " case which satisfies requirement (3*7) 

has a mathematical solution of; 

F(t) = 1 - exp(- 3.8 
r Sc 
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with a half time of ion exchange; 

r SC 

The second, case called 11 finite solution volume " condition must be used 

if requirement (3*7) is not met. This is a more general one and the 

solution has been solved to be: 

F(t) = 1 - expf- 3B(1_±_VC1S 
L r SCV o 

The time required to reach the fractional equilibrium attainment, F(t), 

under the extreme case (CV<^CV) is given by: 

r S V ^ 
t = - -2— In [1 - F(t)J 3.11 

3VD 

(B) Particle diffusion 

if film diffusion is much faster than diffusion within the 

exchanger particle then concentration differences in the film layer level 

out instantaneously. Concentration gradients exist in the exchanger and 

now solid phase diffusion is the rate controlling step. The quantitative 

aspects of particle diffusion are somewhat more complex since the 

internal solid phase is only partially available as a diffusion medium. 

A large fraction of the interior is occupied by the exchanger matrix 

which leads to a steric barrier and tortuous diffusion paths. 

Furthermore, migration of counter ions is confined to the array of fixed 

ionic groups on the matrix of the exchanger. Thus, steric hindrance and 

ionic interactions result in slower diffusion kinetics in the exchanger 

phase. 

In order to bypass these difficulties, a quasi-homogeneous 

model of the exchanger is assumed. The theoretical treatment of 

diffusion within the solid phase is now considered as occurring through a 

homogeneous spherical electrolyte gel. Consider an ion exchange reaction 

as shown in equation (3.1)• If one assumes the coion concentration in 

3.10 
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the ion exchanger is negligible, then the concentrations (C^, C^) and 

fluxes (j^, Jg) of the various counter ions are rigidly coupled with one 

another. The requirements of equivalent exchange and preservation of 

electrical neutrality at all times yield the following expressions; 

M S = C 3 ' 1 2 

mJ A + nJ B = 0 3.13 

where C is the total counter ion concentration in the exchanger phase and 
V are 

the fluxes in opposition directions. Assuming Fick's first law of 

diffusion, the flux of ionic species A across an element of the exchanger 

is given by: 

1 A = - D grad C A 3.14 

The interrelation of the flux and the time dependence of the counter ion 

concentration is derived from the material balance condition and Fick's 

second law (often termed the condition of continuity). For systems with 

spherical geometry and a constant interdiffusion coefficient, the 

following partial differential equation is achieved for particle 

diffusion kinetics: ~ 
j * b a • 2 « A n + -A = D 

b t 

'A 

br 

Under the aforementioned infinite solution volume condition, equation 

(3.15) may be solved and integrated to give; 

F(t) = 1 - S j ^ l j exp[-

r
 5 T r2 n2 ti 

TT n • w r 1
 n=1 o 

3.16 

with a half time of ion exchange: 
2 

r 
ti = 0o030 — 3.17 * 3 

For low values of F(t) (<0.3), the well known square root law for 

diffusional rate processes is more useful 

* ) - 6
r m f J . " 
o ' 

However, the more convenient but less accurate mathematical solution for 

practical use is approximated by Vermeulen:^ 4^ 
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F(t) 2? - exp(- 3.19 
r o 

A second form of mathematical solution to equation (3.15) is obtained for 

the more general case of finite solution volume condition. This is 

worked out in an analogous situation of heat transfer problem. Here, 

Paterson^^^ gives the approximation: 

F ( t ) = i r { 1 - d ^ C * 6 * 1 ^ " 3-20 

where ^ = \ 1 + erf oC(SL) 41 
r L r J 

o o 

and [1 +erfp(5Sg )*1 
r r J 

o o 

The coefficient <?C and (5 are the roots of the quadratic equation 

(x + 3^x - 3w =3 0). Similar expression to equation (3.20) has been 

derived by Carman and Haul.^^ 2^ 

In real ion exchange cases, different counter ions possess 

different mobilities. An electric field is set up during the 

counterdiffusion process. This will accelerate the slower moving ion 

whilst retarding the faster one. Thus, the ordinary diffusion mechanism 

is superimposed by the coupling action of the electrical potential which 

is effective in preserving the macroscopic flux and electroneutrality. 

The introduction of an electrical potential gradient as well as a 

concentration gradient is. essential for describing the coupling of ionic 

fluxes throuhout an ion exchange reaction. For a quantitative treatment, 

the empirical Fick's law has to be replaced by the more appropriate 

Nernst-Planck equation which enables both particle and film diffusion 

kinetics in ideal systems to be described: 

J = -Dh (grad C + ^ grad <fi ) 3.21 
X X J. Rip 

where <p is the electrical potential. 

By combining both Nernst-Planck equations for counter ions A 
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and B with restrictions (3.12) and (3.13) mentioned earlier, a special 

form of Pick's first law can be derived for particle diffusion control: 

JA = " 
W 2

/
C
A

 + 

a X \
 + V V b 

grad C A 3.22 

This equation describes the coupled interdiffusion in terms of one 

diffusion coefficient; 

»AB = 
w A + * b V 

h X \ + h X h 

3.23 

which is no longer a constant. It varies according to the relative 

concentrations of counter ions A and B. However, the following two 

extreme cases can be approximated; 

(i) C A«C B; 5 a b S B a 3.24 
(ii) C B«C A; = 3.25 
The partial differential Equation for solid phase kinetics analogous to 

equation (3.15) is now obtained as: 

^ r ^ <)r 

With equal mobility of both counter ions or the two special cases (3.24) 

and (3.25), equation (3.26) can be solved as shown earlier. The most 

significant feature of the Nernst-Planck theory is that it predicts the 

forward and reverse rates of ion exchange should differ markedly with 

different mobilities of the counter ions concerned. 

The quantitative treatment of film diffusion is more difficult 

than that of particle diffusion. The presence of coions in the film can 

not be neglected and the selectivity of the ion exchanger has to be taken 

into account. These factors make the theory even more complicated. 

Mathematical solutions have been obtained in two limiting cases which are 

(135) 

by no means simple. ' Generally the quantitative agreement between 

theory and experiment using the Nernst-Planck model has been fair. 

Hence, a truly satisfactory film diffusion theory applied in ion exchange 
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will have to be based not only on the Nernst-Planck equations, but also 

on a more realistic hydrodynamic model. 

3.2.2 Chemical Reaction Kinetics 

The chemical reaction between the counter ions and the 

exchanging sites is well defined as one of the general ion exchange 

mechanisms. The rate controlling step is no longer the conventional 

diffusion process but chemical kinetics is now dominating. The rate of 

ion exchange is governed by the rate constant of the corresponding 

chemical reaction. Basic laws of chemical kinetics can be applied in the 

mathematical treatment. 

(A) Homogeneous reaction kinetics 

Rate laws of the type which describe bimolecular second order 

chemical reaction can be treated as a model of the ion exchange process. 

Although ion exchange involves a heterogeneous system, homogeneous 

chemical kinetics may be considered applicable if one assumes that the 

exchanger phase can be considered as a fully dissolved reactant. The 

rate of ion exchange is now represented by the following rate equation; 

^ = k 2(c A - c)(cB - c) 3.27 

which is integrated to give the solution of; 

1 c B ( 5 A ~ c ) 

t = 1 In — — 3.28 
k
2 (

5 A - C B > 5A< CB " "J 
where C. and C^ are the initial concentrations of counter ions in the 

A B 

exchanger and external solution respectively. The coefficient, is 

the second order rate constant and C represents the external ionic 

concentration of the counter ion originally in the solid phase at time t. 

Equation (3.28) can be rearranged to a more appropriate form: 

cjl - F(t)] 1 

t " k2<5A " V 

B J !• 3.29 

f̂ll ... 
c i r -
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As in the case of bimolecular reversible chemical reactions, the 

integrated solution of the corresponding rate equation becomes: 

c e 

"" K
2 K C B ~ 5 A + C B > C J 

C A C B [ 1 + F(t)] - c e(c A + cB)P(t) 

W 1 ' 
F(t)] 

r 3.30 

The symbol k^ represents the second order rate constant for the forward 

and reverse reaction depending upon the direction of exchange and C e is 

the equilibrium concentration in the external solution. 

(B) Heterogeneous reaction systems 

The mathematical treatment is quite different if the exchanger 

is not regarded as a dissolved chemical reactant but is treated as a 

solid phase. The ion exchange reaction is then considered as the class 

of heterogeneous system in which a fluid (external solution) contacts a 

solid (exchanger), resulting in a chemical reaction which yields a 

product. The conceptual models are similar to those developed for 

noncatalytic fluid-solid reaction. ̂ ^3) rpkese kinetic models have been 

successfully applied to some ion exchange processes.(138,144-147) 

The theoretical treatment of a " Shell progressive " or 

" Unreacted shrinking core " reaction mechanism can be treated as a 

liquid reactant containing counter ions A advancing into the spherical 

exchanger bead (unreacted core). The chemical reaction between the 

counter ions and the exchanger sites progresses in shells and produces a 

solid product layer which is often called ash layer. Initially, the 

reaction takes place at the outer surface of the bead, and as the 

reaction proceeds, the interface between the reacted and unreacted core 

moves gradually into the interior of the bead leaving behind an envelope 

of reacted material. During this process, a sharp inward moving reaction 

boundary is formed resulting in an unreacted core which shrinks with 

time. In order for counter ions A to react with the unreacted core, they 

have to pass through the following mass transfer resistances; the liquid 
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film surrounding the exchanger, the ash layer and then the reaction 

surface at the core. These are illustrated schematically in Figure 3*1 

together with the concentration profiles. 

Figure 3.1 Schematic diagram of a partially reacted ion exchanger bead. 

Concentration 

A 

'Ao 

'As 

Liquid film 

Reacted layer 

Unreacted core 

Moving boundary 

r O r 
c c 

Radial position 

As the reaction progresses into the spherical bead, Fick's 

diffusion equation is applicable for counter ion A. By postulating that 

the rate of movement of the reaction interface at r is very much slower c 

than the velocity of diffusion counter ions A, the fundamental partial 

differential equation for the process becomes: 

l i A 0 
e*—Jf™ + r ) = 0 
6 dr2 r > 

r > r > r 
o ' ' c 3.31 

Equation (3*31) has to be solved with the appropriate boundary conditions 

which result from a sequence of three steps in the process. These are 

the three mass transfer resistances which have to be overcome by counter 

ion A in order to reach the bead centre. The boundary conditions for a 

spherical bead are; 
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(1) Liquid film resistance at the solid bead surface, r Q : 

D ( — ) = k A(C. - C A ) 
mA v Ao As' 

-

dr ~o 
3.52 

(2) Chemical reaction at the moving interface, r : c 

5 (_i 1) - ak C C n \ / -r% c o n e^ s 'r 
dr c 

s so Ac 3.33 

dr 
(3) Reduction of interfacial reaction area, ( ), as more counter ions 

dt 
A diffuse into- the bead: 

dr 

e V r c 8 0 dt 
3.34 

The solution of equation (3.31) with these boundary conditions can be 

obtained readily for the concentration profile of counter ion A as; 

5. 
^ ( 1 4. — + ak C r ^r " r 

s so c c 
3.35 

'Ao D e 1 I)e 
+ e Z i r - T ^ T " ( 1 - F T F ' r 

s so c c mA o o 

and the time required to reduce the radius of unreacted core from r Q to 

r is given by: 
c 

t = 
ar C 

o so 

Ao 
kci- -3 k 

'mA D. 
y + ak_C 

2 „ r r r 
•(1 - * -2-0 - -£,) 

s so o 2D r j 
e o 

3.36 

e o 

By introducing the degree of conversion of the bead, X, in terms of the 

radii of the.bead and the unreacted core: 

r 3 
1 - X - (-S) v r 7 

o 

Equation (3«36) can be rearranged to the form of: 

1 2 " 
1 (1 - (1 - x)5l + fsJi - (1 - X)5] 

L J L J 

3.37 

t = 
ar C 
. o so 
"Z 
Ao 

r 
c 

mA 5 

x( 1 JL) 4-3VE-7 - + a k G 
s so 

3.38 

e e 

This equation represents the general model of the shell progressive 

mechanism and applies to ion exchange processes. Any of the three 

subsequent steps, i.e. film diffusion, ash layer diffusion and chemical 

reaction control, can be rate determining, depending upon the prevailing 

conditions. The following distinct cases have been solved under certain 
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conditions. 

(A) Liquid film diffusion control O ^ a ^ ^ r * ^ ) mA 
ax C 

t = 3.39 
Ao mA 

(B) Ash layer diffusion control (50<<C k g , k m A ) 

. o so 
t = 

B C A e Ao 

3.40 

(C) Chemical reaction control k m A ) 

1 - (1 - x)' 
r 

+ 2— 
" 57k 

Ao s 

3.41 

It must "be noted that the above derivations are confined to 

cases involving a large excess of liquid reactant. However, other 

authors have achieved the above relationships with different conceptual 

approaches. 

The liquid film diffusion control case in very dilute solution 

is now re-considered. Here, counter ions A diffuse through the film 

layer which is the rate determining step. As the process proceeds, the 

bulk solution concentration is reduced accordingly. This is very similar 

to the case of film diffusion for finite solution volume as described in 

section (3.2.1 (A)). The previous kinetic model can then be adapted to 

the present case, especially with the condition ( C V « CV). Therefore, a 

general model described by equation (3.11) is adequate for the two liquid 

film diffusion cases. 

3.3 Contrast of Kinetic Models 

Several kinetic models have been described in the foregoing 

sections to account for the various mechanisms of ion exchange. These 

models are summarised as following: 

(1) Film diffusion > 
Classical diffusional processes 

(2) Particle diffusion J 
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(3) Homogeneous chemical reaction ^ 

(4) Film diffusion 

(5) Ash layer diffusion 

(6) Chemical reaction 

> Chemical reaction based processes 

It is necessary to identify which of these is the rate 

controlling step since their quantitative treatment is different. The 

best method of distinguishing between the two classical diffusional 

processes is by the so called 11 Interruption Test r ^ g i s a 

rather elaborate method whereas the 11 Speed Interruption M developed here 

is found more convenient to identify liquid film diffusion control. Any 

factor which influences the thickness of the liquid film will alter the 

liquid film diffusion rate. However, such a factor will not affect solid 

phase diffusion or chemical reaction controlled processes. The following 

parameters also help to elucidate the likely ion exchange mechanism; 

(A) Particle size (consider spherical geometry) 

The size of the exchanger bead plays an important role in the 

sorption rate. This results in different rates depending upon the 

particle size used in the kinetic runs. For the two classical diffusion 

processes, the rate of ion exchange varies in the following manner; 

rate OC r Film diffusion 3*42 

—2 

rate oC r Particle diffusion 3-43 

The chemical reaction models show that the rate of ion exchange is also 

inversely proportional to the particle size as given below; 

rate independent of size Homogeneous chemical reaction 3«44 

rate OC r ~ (
1 * 5 - 2 . 0 ) Film diffusion 3.45 

—2 

rate oc r~ Ash layer diffusion 3.46 

—1 

rate OG r Chemical reaction 3.47 

In fact, the particle size is a function of surface area which can be 

substituted in the above relationships. Nevertheless, the diffusion 
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coefficient, rate constant and mass transfer coefficient evaluated from 

these kinetic models should remain constant for various particle sizes. 

( B ) Temp er atur e 

The chemical step in the exchange reaction is usually much more 

temperature sensitive than the physical step. Experiments conducted at 

different temperatures should easily distinguish between the diffusional 

process and the chemical reaction controlling step. 

(C) .Model fitting 

The kinetic models described so far each correspond to a 

quantitative treatment. The right mechanism may be found by fitting 

experimental data to these theoretical models. The best fitted model can 

be regarded as the appropriate one for the process. Furthermore, the 

typical linear " Arrhenius " plot can serve as further evidence. 

It is worth noting that more than one of the above steps may be 

rate controlling. It is possible for an ion exchange process to switch 

from predominantly film diffusion control to particle diffusion control 

as exchange progresses. This indeed has been observed in practice. ̂ ^ ^ 

In new operating conditions, it is advisable to be prepared for a change 

in rate controlling step. For example, a rise in temperature and to a 

lesser extent an increase in particle size may cause the rate to switch 

from chemical reaction to ash layer diffusion controlling. It is also 

possible that a shift from chemical reaction to film resistance 

controlling can occur at elevated temperatures. 
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CHAPTER 4 

EXPERIMENTAL SECTION 

4.1 Intro due ti on 

This work consists of an extensive investigation on potassium 

copper ferrocyanide (KCuFC H) together with some studies on a few 

selected cyanoferrates. All experimental procedures were common and are 

described later. These cyanoferrates were either supplied by Harwell 

(U.K.A.E.A.) or prepared at Imperial College of Science and Technology. 

They all received the same pre-treatment by contacting with two 

successive 500 ml distilled water batches for an hour and ten minutes 

respectively, with constant agitation. The cyanoferrates were then 

filtered, dried at about 110 °C for an appropriate period of time and 

finally sieved. Quite a number of experimental techniques have been 

involved. The bulk of the study involved radioactive tracer techniques 

to facilitate efficient and accurate analysis of samples. The 

experimental work was performed with natural caesium-133 and tracer 

caesium-134. Caesium-134 has a half-life of 2 years and is preferable to 

using caesium-137 (t^. = 30 years). This work assumes that the two 

caesium isotopes have the same chemical behaviour in solution. 

4.2 The Counting System 

4.2.1 Tracer Technique 

The application of tracers in isotopic redistribution and ion 

exchange experiments is very simple. Initially, the radioactive tracer 

is present in either the solution phase or in the exchanger phase. The 

extent of the: isotopic redistribution or ion exchange reaction is 

followed by the change in radioactivity of the external solution or the 
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exchanger particles. Continuous kinetic experiments can "be performed, 

provided that an adequate activity measurement technique is adopted. On-

line activity measurement is usually employed in this case. Certain 

assumptions are involved in using radioisotpes as tracers. 

The most important assumption underlying the application of 

radioisotopes as tracers is that " the relative proportions of isotopes 

are unchanged by all physical and chemical processes This implies 

that a radioisotope (or labelled molecule) behaves in exactly the same 

way as the element (or unlabelled molecules) present. To accomplish this 

basic assumption, the tracer must be properly mixed with the carrier 

beforehand. V/here physical mixing is involved, sufficient mixing time is 

required until successive samples have the same specific activity. 

Chemical mixing is more difficult, especially for elements of variable 

valency, and the method of mixing must depend on the reaction which is 

being studied. 

A great advantage of the tracer technique is that it is non-

-16 

destructive. The sensitivity of detection is usually in the range 10 

to 10~ 6 gm. The radioactivity of a tracer is independent of pressure, 

temperature, physical or chiemical state and is easy to locate and assay. 

These advantages make it a very versatile method. In addition, the 

accuracy of the technique is dependent upon the precision of counting 

technique which is usually excellent. Disadvantages of using radioactive 

isotopes, include a slight health hazard, difficulties of waste disposal, 

isotope effects, radiation effects and possibly the cost of equipment. 

4.2.2 The Tracer Caesium-134 

The radioisotope chosen for the experimental work is caesium-

134 which has a half-life of 2.07 years. It is a beta and gamma emitter. 

Caesium-134 appears to be a better tracer because of it's short half-life,j 

Other isotopes, namely caesium-137 and caesium-135, both are long lived 
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and have half-lives 30 and 2.0x10 years respectively. 

The tracer caesium-134 "used in this work was bought from The 

Radiochemical Centre, Amersham, England. It is supplied in the form of 

- 1 - 1 

caesium nitrate solution of specific activity 10 mCi mgm caesium • 

About 4 ml (4 mCi) of the tracer was diluted to 400 ml with distilled 

water and served as a stock tracer solution. It contains approximately 

1 ppm caesium-134 and is kept in the lead castle. An appropriate amount 

(usually 2 ml diluted to 500 ml) of the stock solution is mixed with 

inactive caesium-133 nitrate or with other substances for experimental 

work. The tracer is mixed with natural caesium solution homogeneously by 

mechanical agitation. This is checked by measuring successive samples 

until constant specific activity is obtained. The radioactivity of the 

tracer is determined by scintillation counting. 

4.2.3 The Counting 

A gamma scintillation counter with sodium iodide crystal was 

used for activity measurement in this work. The optimum counting 

condition was first established by some preliminary investigations. This 

was achieved by studying the different settings of the counter in order 

to find the best combination of E.H.T., window width and threshold 

voltage. 

Usually, 5 ml of active sample solution was pipetted into a 

special counting bottle which was then placed into the " well-type " 

crystal scintillator for activity measurement. The crystal was housed in 

a lead castle to avoid background activity. Five consecutive count rates 

were recorded to evaluate a mean value. Each run was counted for a 

period of fifty seconds. A calibration curve which relates the count 

rate and the caesium concentration (caesium-133 doped with caesium-134) 

was plotted beforehand. Hence, the concentration of the caesium sample 
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solution can be determined, accordingly. As the tracer caesium-134 has a 

half-life of about two years, no counting correction is required for the 

decay of the isotope since each experiment only lasts for a few days at 

the most. The stability of the counter was constantly checked by 

counting the same standard caesium-124 solution. Counting corrections 

due to the fluctuation of the electronics were applied where appropriate. 

Background counting with and without the empty counting bottle is 

necessary to minimize error. This is vital when counting samples of low 

specific activity. 

Early studies showed that the count rate was proportional to 

the caesium concentration. A linear relationship was found to hold. A 

typical count rate - caesium concentration calibration curve was shown in 

Figure 4«1* 

4.2.4 Error Estimation 

The error of the tracer technique is mainly due to activity 

measurement. The actual precision of radioactivity assay is well 

defined. The standard deviation of the number of counts (N) recorded is 

simply equal to its square root (/N). The error of the tracer technique 

is therefore dependent upon the total number of counts measured, which in 

turn depends on the time available for counting. Hence, a sufficiently 

long counting time is recommended for a better precision. Special 

considerations are needed to evaluate the error percentage for a fast 

decaying isotope but this is not encountered in this work. 
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Figure 4.1 Count rate - caesium concentration calibration curve. 
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4.3 Experimental Methods 

4.3-1 Preparation of Cyanoferrates 

(A) Potassium copper ferrocyanide 1 (KCuFC P1) 

Potassium ferrocyanide solution (0.1 M) was slowly added 

dropwise to copper nitrate solution (0.1 M) of volume ratio 1 : 2.1 at 

room temperature. For a volume of 80 ml potassium ferrocyanide solution, 

the addition time required was about an hour and ten minutes with 

constant stirring. The resultant solution was heated on a boiling water 

bath for two hours and aged for forty eight hours. The fine brown 

precipitate was filtered by suction, washed with a small amount of 

distilled water (about 10 times) and allowed to dry in the oven at about 

110 °C overnight. The dark brown solid was ground, sieved and followed 

by the pre-treatment procedure. 

(B) Potassium copper ferrocyanide 2 (KCuFC P2) 

The same procedures were applied as described above except that 

the volume ratio changed to 1 : 1. The addition time for a 100 ml of 

potassium ferrocyanide solution was altered to one and a half hours. 

(C) Copper ferrocyanide (CuFC P) 

The procedure employed in Section 4«3*1«(A) was adopted to 

prepare this cyanof errate. Sodium ferrocyanide solution was used instead 

of potassium ferrocyanide solution. It was found that the filtration was 

easier than in the previous cases. The precipitate was dried at the same 

temperature for four hours only and so did the drying stage in the pre-

treatment procedure. 

(D) Potassium cobalt ferrocyanide (KCoFC P) 

One volume of 0.5 M potassium ferrocyanide solution was added 

to 2.4 volumes of 0.3 M cobalt nitrate solution over a period of thirty 



-69- 9 

minutes with constant stirring. The slurry was centrifuged, well washed 

with distilled water and dried at 110 °0 - 115 °C. The granular product 

was crushed and dry screened before the pre-treatment. 

(E) Potassium cobalt ferrocyanide (KCoFC H) 

This cyanoferrate was supplied by Harwell and given a pre-

treatment procedure. 

(F) Potassium copper ferrocyanide (KCuFC H) 

This compound was obtained from Harwell and given the same 

pre-treatment. 

4.3.2 Analysis of Cyanoferrates 

It has been found that a clear sample solution was very 

important to achieve consistent results in the analysis. The following 

procedure was found to be appropriate. About 0.05 gm of the cyanoferrate 

was digested in 5 ml hot concentrated sulphuric acid in a volumetric 

flask for about 15 minutes (or longer time) and cooled. It was then 

diluted very slowly with distilled water while cool. This requires great 

care because of the vigorous reaction between water and concentrated 

sulphuric acid. The flask was immersed in a thermostat water bath to 

maintain 20 °C and the content finally made up to 50 ml with distilled 

water of same temperature. The resultant solution should be clear and 

only slightly coloured. 

The sample solution was analysed by spectroscopic determination 

using an IL 151 Atomic Absorption Spectrometer. Copper, cobalt and iron 

were determined by Atomic Absorption Spectroscopy while sodium and 

potassium by Flame Emission Spectroscopy. Both methods involved a 

calibration technique for each run. Radioactive tracer technique was 

used to estimate the caesium concentration in one case. The cyanide 
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group was evaluated from the ferrocyanide group [Fe(CN)^]^"", based on the 

iron concentration, i.e. Pe : CN = 1 : 6. Water of crystallization was 

calculated by mass balance. Usually, three independent tests were made 

for each cyanoferrate, 

4*3*3 Density Measurement 

The density bottle method was used to determine the density of 

each cyanoferrate. The density bottle was first weighed empty (W^), with 

sample added (W^), with distilled water added to the sample and made up 

to the mark (V^), and finally when filled solely with distilled water to 

the mark (W^). These procedures were performed at a constant temperature 

of 20 °C ± 0.25 °C. The density of the cyanoferrate at 20 °C is then 

given by; 

, Mass _ v 2 1 [ w . 1 

c ~ Volume " (W^ - W 1 ) - (W^ - M 2 )
 4 # 

where d^ is the density of the distilled water at 20 °C. 

4«3«4 Capacity Measurement 

The effective capacity was determined in the following manner. 

An accurately weighed amount (about 0.05 gm) of the cyanof errate was 

contacted with a 20 ml caesium nitrate solution containing 0.015 M 

caesium-133 in a stoppered tube. The caesium nitrate solution was doped 

with active caesium-134* The tube was mounted on a rotating machine at a 

speed of 24 rpm for an appropriate period of time. The resultant 

solution was filtered (Whatman 540) and the filtrate analysed by activity 

measurement for caesium concentration. The corresponding effective 

capacity is calculated from the variation of caesium concentration in the 

test solution. Another capacity measurement was studied in the presence 

of 0.82 M magnesium nitrate together with 0.015 M caesium concentration. 

Experiments were conducted at room temperature but test solutions were 

made up in a thermostat water bath at 20 °C ± 0.25 °C. 
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4.3*5 Ion Exchange Experiment 

The experiment was devised to show whether absorption, 

adsorption or a combination of both processes was involved in caesium 

exchange by the cyanoferrates. From a structural point of view, it is 

expected that potassium should be replaced by caesium which has a larger 

ionic radius, and thereby form a more stable complex. This implies that 

the sorption of caesium by cyanoferrates is an ion exchange process. The 

possibility of other metal ions exchanging with caesium ion cannot be 

ruled out, since authors have postulated that one of the two different 

environment metal ions is mobile and liable to exchange with other alkali 

metal ions. 

Two sets of experiments were carried out simultaneously. One 

set is for the quantitative analysis of the cations released in the 

caesium sorption process. Inactive caesium was used and the cations were 

determined by spectroscopic methods. The other set is to trace the 

caesium concentration sorbed by the cyanoferrate. Inactive caesium doped 

with active tracer, caesium-134> was employed in this case. In both 

cases, an accurately weighed amount of cyanoferrate (about 0.05 gm) was 

contacted with 20 ml corresponding caesium nitrate solution containing 

0.015 M caesium (prepared at 20 °C) in a stoppered tube. For potassium 

cobalt ferrocyanide, about 0.10 gm and the test solution reduced to 

0.0075 M caesium concentration was used. The tube was mounted on a 

rotating machine at a speed of 24 rpm for a fixed period of time. The 

resultant solution was filtered (Whatman 54°) and then followed by 

quantitative analysis. Sodium and potassium concentrations were 

determined by Flame Emission Spectroscopy while copper, cobalt and iron 

by Atomic Absorption Spectroscopy. The amount of caesium sorbed by the 

cyanoferrate was evaluated by activity measurement of the corresponding 

active filtrate and compared to the original test solution, The two sets 
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of experiments were run at the same time with a blank in parallel, i.e. 

the same quantity of cyanoferrate in contact with 20 ml distilled water. 

These experiments were done at room temperature. 

In order to verify the ion exchange reaction between the 

caesium ion and the potassium copper ferrocyanide (KCuFC H), the caesium 

sorbed complex of the latter has been analysed. Experimental procedures 

were carried out exactly as described in Section 4.3.2. A structural 

formula was derived for the caesium sorbed complex to compare with the 

original cyanoferrate. 

4«3«6 Kinetic Measurement 

Experimental apparatus was arranged as shown in Figure 4«2. 

The test solution was kept in a three-necked one litre round bottomed 

flask. The flask was immersed up to the neck in a water bath to maintain 

constant temperature. Two identical thermostats were used to control the 

bath temperature to within ± O.25 °C. These thermostats were run 

continuously in two shifts, each for twelve hours. Polystyrene 

insulating spheres were used to cover the bath in order to reduce heat 

loss. Cooling was accomplished by means of tap water running through a 

coil mounted in the bath. The flask was also clipped firmly to a thick 

transparent perspex plate fixed on top of the water bath. 

Agitation was achieved by a variable speed stirrer motor which 

was situated directly above the flask. The stirrer was made of glass and 

joined to a stainless steel rod in polyvinylchloride tubing. An optical 

tachometer was used to determine the stirring speed accurately. The 

motor is capable of providing a stirring speed between 0 to 6000 rpm. 

The special glass-stainless steel stirrer was rather long and resulted in 

considerable vibration. This was overcome by fitting the stirrer into a 

ball race which was located centrally in a plastic stopper. This 
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arrangement also reduced the evaporation of the test solution when 

working in higher temperatures. 

It was observed that the motor does not maintain constant speed 

for a long period of continuous operation. This is mainly due to an 

increase in temperature after the motor has been running for a few hours. 

This problem was overcome by cooling the motor with compressed-air. The 

motor was inserted into a circular bottle and arranged vertically with 

the shaft extending through the lower end. Both ends were then sealed, a 

few small holes drilled at the other end and cooled compressed-air 

introduced through a tubing at the bottom. Cooling the motor 

continuously enabled a constant stirring speed (+ 25 rpm) to be 

maintained. 

The kinetic experiments were conducted at two different caesium 

concentrations (3.8X1(T6 M and 3.8x10~3 M) with or without other chemical 

constituents. These test solutions were made up at the operating 

temperatures and contained 2 ml of the tracer stock solution. Initially, 

500 ml of the test solution was transferred to the flask immersed in the 

water bath. The experimental preparations were accomplished by 

connecting the stirrer to the motor as described earlier. Cool 

compressed-air was turned on, the motor started and the stirrer adjusted 

to an appropriate speed. Sufficient time was allowed for the test 

solution to achieve the same operating temperature. In some cases, the 

test solution was kept in the flask overnight. The actual kinetic 

experiment was not started until the physical mixing procedure was 

confirmed by consistent count rates for successive samples. An 

accurately weighed 0.2000 gm cyanoferrate was dropped through a glass 

funnel into the flask via the side neck at time zero. A glass tube with 

a sintered glass filter (Pyrex 3) at the bottom was fitted to the other 

side neck. This was dipped into the test solution for sampling. The 
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Figure 4.2 Apparatus arrangement. 
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other end of the glass tube was joined by tubing to a two-way valve which 

was connected to a vacuum pump and the compressed-air supply. In this 

way, samples were withdrawn through the sintered glass filter by suction 

and forced back into the test solution by compressed-air. 

The caesium sorption profile was followed by activity 

measurement of samples withdrawn at various times. 5 nil of the filtered 

sample was pipetted for counting. The glass tube and the pipette were 

rinsed by the filtered solution in the flask before each sampling. The 

sample was returned to the flask immediately after activity measurement. 

The sample volume only occupied 1% of the total test solution and should 

therefore have negligible effect in the sorption process. Stirring speed 

was checked by the tachometer from time to time and adjustment was made 

if necessary. The experiment was terminated when equilibrium had been 

established. 

4.3*7 Interruption Tests 

(A) Conventional interruption test 

The best experimental method to distinguish between particle 

and film diffusion control is the interruption test.^^^ The ion 

exchanger was removed from the solution phase for a brief period of time 

and then reimmersed. The pause gives time for the concentration 

gradients in the ion exchanger to level out. Thus, with particle 

diffusion control, the rate immediately after reimmersion is greater than 

prior to the interruption. With film diffusion control, no concentration 

gradients exist in the ion exchanger, and the rate depends on the 

concentration difference across the liquid film. The interruption does 

not affect this difference and therefore there is no effect on the rate. 

The experimental procedure is somewhat elaborate in the 

interruption test. About 0.2 gm of the cyanoferrate of mesh size 3 6 - 4 4 
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(0,355 - 0,420 mm) was contacted with 500 ml test solution of different 

caesium concentrations. After an appropriate contact time, the ion 

exchange reaction was stopped by isolating the cyanoferrate from the 

solution phase. The cyanoferrate was washed with a very small amount of 

distilled water and left for a known period of time. It was then 

reimmersed and the sorption profile was obtained in the usual manner for 

comparison. All experiments were conducted at a constant temperature of 

20 °C ± 0.25 °C. 

(B) The speed interruption method 

(i) Theoretical background 

This is a modified interruption test. Consider a sorption 

process (adsorbent : solid, adsorbate : solute) taking place in a well 

stirred vessel. A sudden increase in stirrer speed will reduce the 

liquid film thickness at the solid-liquid interface. Hence, the 

diffusion of adsorbate through the external liquid film to the adsorbent 

surface will be enhanced. As a result, the rate of sorption immediately 

after increasing the stirrer speed is greater than prior to the speed 

interruption. This phenomenon is confined to liquid film diffusion. 

With internal particle diffusion control, the rate of sorption depends 

solely on the adsorbate diffusion into the lattice structure. The speed 

interruption does not therefore affect the internal rate of sorption. 

It may be argued that an increase in the rate of sorption might 

result from the disintegration of the adsorbent during the sudden speed 

interruption, . Breaking of the adsorbent will increase the external 

surface area and hence enhance the sorption rate. In order to overcome 

this objection, one can apply the speed interruption test by employing a 

sudden decrease in stirrer speed. The adsorbent is not expected to 

disintegrate at a lower stirring speed-and one would observe a decrease 

in the rate if the sorption process is liquid film diffusion controlled. 
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Similarly, the sorption rate will remain unchanged in the case of 

internal particle diffusion control. By studying the sorption profile 

of the process, the diffusion controlling step can be qualitatively 

identified. 

(ii) Experimental procedure 

About 0.2 gm of potassium copper ferrocyanide (KCuFC H), mesh 

size 36 - 44 (0.355 - 0.420 mm), was first contacted with distilled water 

and then wet screened. The screened portion (size 0.355 - 0.420 mm) was 

then used for the kinetic experiment at different caesium concentrations. 

The same experimental procedure as described in Section 4*3"was 

employed. The stirrer speed was first fixed at $00 rpm or 600 rpm and 

constantly checked by an optical tachometer. It was then increased 

suddenly to 1000 rpm or 1200 rpm after a few samples had been taken. The 

sorption process was then disturbed again and the stirrer speed was 

reduced immediately to the original speed. These two sequential speed 

interruptions should first increase and then slow down the sorption rate 

if liquid film diffusion is the rate determining step. All experiments 

were run at a constant temperature of 20 °C ± 0.25 °C. The cyanoferrate 

was isolated and allowed to air dry after the experiment to observe the 

size reduction. This modified speed interruption test is much easier to 

perform than the conventional interruption test due to difficulties in 

isolating the solid phase. In addition, errors may be introduced in the 

latter case during the isolation and reimmersion procedures when working 

in low caesium concentration solutions. 

4.3 .8 Isotopic Redistribution Experiment 

(A) Diffusion processes 

Isotopic exchange refers to systems which are in equilibrium 

except for isotopic redistribution. The technique is independent of the 



-78 — 

number of species involved in the process. The flux of any one isotope 

always obeys Fick's diffusion laws. The quantitative treatment of 

isotopic redistribution systems have been fully described in Section 

3.2.1 of Chapter 3- Corresponding equations are readily derived to 

account for the kinetics under appropriate limiting conditions. Usually, 

an experiment is used to find the diffusion coefficient in the particle 

phase rather than the stagnant liquid film, 

(B) Chemical exchange reactions 

The rates of chemical reactions are usually studied in real 

reacting systems which are not in equilibrium. The use of the isotopic 

redistribution technique enables measurements to be made at equilibrium 

and permits the rate of reaction to be deduced. Thus, the reaction rate 

can be studied in or near equilibrium condition by tracer technique. 

Consider a reversible reaction of the type; 

A!B + AC ^ ^ AB + A!C 4.2 

where Af represents a radioisotopically labelled form of species A. The 

above reaction will proceed physically undetected if no isotopic label 

were present. However, the rate of chemical exchange can be obtained 

from studies, at equilibrium by employing measurable amounts of tracer. 

The following equation is derived from basic reaction kinetics; 
d CB RrCC,CB - CB, V B , C C - CC, 

= - P — ( — R ' P — V — N ) 4 - 3 
dt C B UB 

where R is the rate of reaction, C' and C' are the concentrations of A'B r JD 

and AfC respectively, while C* represents the total concentration of A1, 

i.e. C1 = C * + C*. The overall concentrations of (AB + A'B) and 
.D 0 

(AC + A'C) are C^ and C„ respectively. Equation (4«3) rearranges to; 
X> . V* 

dCB C' (CB + CC ) CB, 
— = Rrt§ C C "I 4 - 4 

dt r °C B C 

which can be solved by integrating under appropriate boundary conditions. 

If the tracer was originally added as A!C, i.e. C^ = 0 at t = 0, the 
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mathematical solution becomes: 

°BCC l n n <CB + C0)CB , 
' = ~ + °C> [ " C t C B ] 

As t oo , equilibrium implies that: 

nt - 2— 
'Boo C B + C C 

4.5 

4.6 

Hence, equation (4»5) rearranges to; 
C' 

* = " ^ - < £ > ] 4o7 

and in terms of the fractional equilibrium attainment; 
C C 

r' B + V 
with a half time of chemical exchange: 

0.693CbCc 

If the chemical exchange reaction is bimolecular with respect to the 

reacting species, the rate of reaction is given by; 

R r = k 2 c B c c 4.10 

where k2 is the second order rate constant. Hence, the final solution 

is: 

* = - k 2 ( c E \ c c ) M V - F ( t ) ] 4.11 

Therefore the isotopic redistribution experiment is also capable of 

studying the chemical exchange reaction system in equilibrium. The 

parameter to be determined is the rate constant which governs the 

reaction kinetics. 

(c) Experimental procedure^1^^ 

An accurately weighed 0.2000 gm cyanoferrate was first 

saturated for an appropriate period of time with caesium nitrate solution 

tagged with tracer caesium-134. The pre-saturated cyanoferrate was 

washed thoroughly with distilled water and then wet screened to mesh size 

36 - 44 (0.355 - O.420 mm). The under size portion was allowed to air 
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dry and weighed to determine the quantity of cyanoferrate used in the 

experiment. The screened portion was contacted with 500 ml distilled 

water overnight to achieve thermal equilibrium. The experimental 

apparatus was the same as shown in Figure 4*2. 5 nil of the solution was 

withdrawn for activity measurement and discarded. The isotopic 

redistribution experiment was initiated by adding 5 inactive caesium 

nitrate solution of appropriate concentration to give a final caesium 

concentration of 7*5x10 ^ M. The zero time was taken when half of the 

concentrated caesium nitrate solution was added. The isotopic exchange 

profile was followed by measuring the solution activity at different time 

intervals. The same experimental procedure as described in Section 4*3*6 

was employed. Finally, the cyanoferrate was isolated, air dried and 

followed by size analysis. It was then dissolved in hot concentrated 

sulphuric acid and the activity measured. The experiment was conducted 

at a constant temperature of 20 °C ± 0.25 °C. 

4.3*9 Particle Size Analysis 

In order to assess the stability of the cyanoferrate against 

mechanical agitation and in various test solutions, the cyanoferrate 

recovered from corresponding experiments was checked by particle size 

analysis. The active cyanoferrate was filtered through sintered glass 

crucible by suction and then air dried for three to four days. It was 

then sieved using British Standard Sieves and weighed. 

4*3*10 Desorption Experiment 

Desorption of sorbed caesium from potassium copper ferrocyanide 

(KCuFC H) was studied with various concentrations of nitric acid ranging 

from 1 M to 10 M. About 0.01 gm of the cyanoferrate of known activity, 

which had previously saturated with caesium (tagged with tracer caesium-

134), was contacted with 5 ml nitric acid in a stoppered tube. The tube 
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wa3 then located on a rotating machine at a speed of 24 rpm for 1 hour 

and 16 hours. The resultant solution was filtered (Whatman 542) and 3 nil 

filtrate was pipetted for activity measurement. By comparing the 

activity of filtrate with the corresponding original solid phase, the 

percentage of caesium desorption can be evaluated. 

4.4 Experimental Error Estimation 

It has already been mentioned that the bulk of the experimental 

measurements were confined to activity determinations. Therefore, the 

main error arises in counting samples. This has been discussed in 

Section 4*2.4* 

Another main source of error was pipetting since the activity 

measurement was based on a pipetted solution volume. In fact, the 

pipetting error has been measured and estimated to be within ± 0,1% 

which is small compared to the counting error. For 2.0x104 counts there 

will be an error of + 0.7% which is seven times higher than the pipetting 

error. As the number of counts decreases, then the counting error 

increases. Therefore, it is reasonable to assume that the total error is 

entirely dependent on counting statistics. The upper limit was estimated 

to be + 5% for very low counts of a few hundred which was only 

encountered when working in low caesium concentration. 

4.5 Computing 

4.5.1 Introduction 

The evaluation of the self- and inter-diffusion coefficients 

from experimental results is quite simple in some cases. Usually, the 

slope was found from the corresponding 'fr-t plot and the diffusion 

coefficient calculated. As described in the theory, the mathematical 
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solution for particle diffusion under the finite solution volume 

condition appears to be very complicated. Although it has been 

simplified by Paterson, the approximation still cannot give direct 

evaluation of the solid phase diffusion coefficient. Conventionally, tho 

values of fractional equilibrium attainment, F(t), were computed as a 

function of the dimensionless group which is defined as: 

T =
 4

-
1 2 

r o 
These values were evaluated from equation (3#20) by varying the f value 

in an appropriate interval. Subsequently by plotting the theoretical X 

value against the corresponding experimental time (t) at the same 

fractional equilibrium attainment value over the whole process, a 

straight line should form. Since the time (t) is a function of the 

diffusion coefficient can be readily calculated from the slope if the 

radius of the exchanger bead is known, 

4*5.2 Computer Program 

A computer program called " Program Test " has been constructed 

to generate the data of fractional equilibrium attainment values and 

corresponding values for finite solution volume condition according to 

equation (3o20). The corresponding experimental w values has to fit in 

for each execution. The main program is listed in Appendix A. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

5.1 General Properties 

5.1.1 Chemical Composition and Structural Formula 

The results of chemical analyses on the cyanoferrate samples 

(KCuFC H) supplied "by Harwell are summarized in Table 5-1 • The 

structural formula derived from the chemical composition was found to be 

KgCu^Fe^N^lg^HgO. This implies that the sample is potassium copper 

ferrocyanide. It is rather difficult to conclude whether the cyano-

ferrate is a single phase compound or a heterogeneous compound, i.e., a 

mixture of K2Cu[Fe(CN)6] and Cu2[Fe(CN)6]. 

Table 5.1 Analysis of KCuFC H. 

Component % by weight 

K 1 1 . 2 6 1 1 . 0 6 1 1 . 0 4 1 1 . 2 2 

Na 0 . 1 0 0 . 1 4 0 . 1 3 0 . 1 2 

Cu 25.00 2 4 . 8 0 2 4 . 3 5 2 4 . 2 5 

Fe 1 4 . 6 5 1 4 . 5 5 1 4 . 4 7 1 4 . 3 9 

as Fe(CN)g 5 5 . 6 0 5 5 . 2 2 5 4 . 9 2 5 4 . 6 2 

B G O . 8 . 0 4 8 * 7 8 9 . 5 3 9 . 7 9 

Component Molar ratio normalized on Fe(CN)^ 

K 1 . 0 9 8 0 1 . 0 8 5 6 1 . 0 8 8 5 1 . 1 1 2 9 

Na 0 . 0 1 6 4 0 . 0 2 3 4 0 . 0 2 2 0 0 . 0 2 0 2 

Cu 1 . 5 0 0 2 1 . 4 9 8 3 1 . 4 7 9 0 1 . 4 8 1 2 

Fe(CN)6 1 . 0 0 0 0 1 . 0 0 0 0 1 . 0 0 0 0 1 . 0 0 0 0 

1 ^ 0 1 . 7 0 1 5 1 . 8 7 1 0 2 . 0 4 1 7 2 . 1 0 8 7 

Analysis of this cyanoferrate was also carried out by 

Harwell.rpj^g water content was measured by Karl Fischer method and 

the chemical composition determined by spectroscopic, colorimetric and 
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volumetric titration methods. There was a 10.6% by weight discrepancy in 

the analysis. Nevertheless, analytical results indicate a potassium 

copper ferrocyanide complex with structural formula K2Cu3[Fe(CN)6]2-34H20 

which is consistent with our experimental result. 

A cyanoferrate of the same structural formula has been prepared 
(152) (153) by Bellomov ' and, Bhattacharya and Gaur, 7 as well as its analogue 

Tl2Cu^[Fe(CN)6]2.^^^ It is thought to be a solid solution of 

K2Cu[Fe(CN)^] and Cu2[Fe(CN)^].^^ According to the data of Rigamonti, 

structures analogous to Cu2[Fe(CN)^] are shown by KgM^fFe^Njg], where 

M 1 1 = Cu, Ni, Co or Zn^ 6' 6 7^ and (MI)2Cu[Fe(CN)6J, where M 1 = Li, Na, K 

or NH^.^'^ The differences in the structures of these compounds and 

the solid solutions lie in the occupancy of the eight-fold position 8c in 

the centres of the small cubes. In the structure of Cu2[Fe(CN)g], only 

four of the 8c positions are occupied randomly by copper atoms, while 

potassium atoms fill the centre of each small cube in K2Cu[Fe(CN)6]. In 

the solid solution K2Cu^[Fe(CN)^]2, it is likely that only six of the 8c 

positions are occupied randomly by four copper atoms and two potassium 

atoms. Kuznetsov et al^ 4^ confirmed tha.t another similar cyanoferrate, 

K2Cu^[Fe(CN)^]^, is isostructural with Cu2[Fe(CN)^] and characterised as 

a defect solid solution of the components K2Cu[Fe(CN)^] and C^tFe^N)^] 

with heterovalent substitution. 

5.1.2 Density, Surface Area and Pore Size i 

The density of KCuFC H measured by the density bottle method 
—1 was found to be 2.27 ± 0.02 gm ml • This is in good agreement with the 

—1 (67) value of 2.28 gm ml"" reported by Rigamonti. ' 

The specific surface area determination and pore size 

distribution of the cyanoferrate were performed at the Particle 
(155) Characterization Laboratory, University of Surrey. ' Four samples of 
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clifferent particle sizes were investigated to observe the variation in 

surface area. Results are shown in Table 5-2 below. 

Table 5.2 Specific surface area of KCuFC H. 

Particle size mm # 2 -1 Specific surface area m gm 

0.108-0.125 19.63 
0.180-0.212 17.30 
0.250-0.300 18.36 
0.355-0.420 18.45 

# Samples degassed at 120 °C for 30 minutes. 

The specific surface area does not appear to depend on particle 

size. It is known that the surface area of solids is characterised by 

the external and the internal surface area of the solid. The surface of 

any solid, is hardly ever truly planar on an atomic scale but there are 

nearly always some cracks present. Some of the fissures may penetrate 

very deeply and these will contribute towards the internal surface. The 

superficial cracks and indentations on the other hand will contribute 

towards the external surface. From a superficial consideration of the 

measured areas, it is likely that KCuFC H has a much greater internal 

than external surface area. Therefore, the total surface area of the 

cyanoferrate is dominated by the internal surface area. This would 

explain the independence of the specific surface area on particle size. 
2 -1 The average value is 18.44 m gm . 

The pore size distribution of the cyanoferrate was estimated by 

mercury porosimetry. The porosimeter result for particle size 0.355-

0.420 mm is reproduced in Figure 5.1« it shows that there is a 

significant volume of large pores (>1000 A radius), little intermediate 

porosity (150-1000 X radius) and a significant volume of fine pores 

(<150 A radius). The actual proportions of these pores are difficult to 

evaluate since the porosimeter has reached its upper pressure limit at 
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Figure 5.1 Pore size distribution of KCuFC H. 

Cumulative pore volume ml 

75000 750 375 250 187.5 150 125 107.1 (?) 
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about 800 atm. It appears that the curve is still rising. Nevertheless, 

the pore size distribution can be estimated on the basis of the very last 

measured value. This gives 67.98% macro pores comprising 56.67% of 

>1000 A radius and 11.31% of 150-1000 A radius, with 32.02% intermediate 
o 

pores of 100-150 A radius. The pore volume is estimated to be 8,80% on 

the same assumption. The physical and surface properties are summarised 

in Table 5»3 for reference. 
Table 5*3 Physical and surface properties of KCuFC H. 

Property Value 

Density 
Density ^ ^ 

Specific surface area 
Porosity 
Pore size 

Solubility^152^ 

2.27 ± 0.02 gm ml""1 
-1 2.28 gm ml 

2 -1 18.44 m 

8.80 % 
32.02% (100-150 A radius) 
11.31% (150-1000 A radius) 
56.67% ( >1000 A radius) 
5.22x10~6 mole 1~1 

5,1,3 Ion Exchange Behaviour 

The caesium sorption by KCuFC H was investigated with respect 

to particle size. Table 5.4 demonstrates that the sorption of 

caesium from aqueous solution is an ion exchange process. Caesium 

exchanged with potassium and a minute amount of copper also participated 

in the exchange reaction. It is obvious that caesium-potassium together 

with caesium-copper ion exchange do not quantitatively balance. A blank 

run also does not explain this discrepancy. 

The analytical results of the cyanoferrate reported earlier 

give an excess of potassium amounting to 0.0125 mmole per 0.05 gm 

cyanoferrate on average, (see Table 5.1) This excess potassium is 

probably an impurity in the complex and it is likely to leach out of the 
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exchanger during the sorption test. It is clearly illustrated in the 

blank experiment though the amount of potassium released here is greater. 

If therefore, a deduction of 0.0125 mmole potassium per 0.05 gm cyano-

ferrate is made from the ion exchange results quoted in Table 5»4> the 

material balance is excellent. The discrepancy in quantitative caesium-

potassium ion exchange is about 0.5%. This confirms that the primary 

reaction is the counter exchange of caesium and potassium ions. The fact 

that the exchange reaction is independent of particle size is a further 

indication that physical adsorption is not involved. 

The presence of traces of iron as well as copper in the blank 

run suggests that the cyanoferrate degrades very slightly in distilled 

water. It has been noted that the amount of copper released in the ion 

exchange experiment and in the blank run are very close to each other. 

This probably negates the caesium-copper ion exchange reaction. However, 

this is not well supported by experimental evidence since only minute 

amounts of iron (about 0.0001 mmole on average) were found in the ion 

exchange experiment solutions. The extent of caesium-copper ion exchange 

is negligible (<4%) in the caesium sorption process and the reaction is 

dominated by caesium-potassium ion exchange. 

The ion exchange behaviour of an analogous compound, i.e., 

sodium zinc ferrocyanide (Na2Zn^[Pe(CN)^]2)> has been investigated by 

Kawamura et al. ̂  They reported that caesium ions were exchanged with 

sodium ions stoichiometrically. No caesium-zinc exchange was observed in 

their experiments. This suggests the sodium ions are the only 

exchangeable species in the compound. Another analogue, potassium zinc 

ferrocyanide of structural formula K^Zn^Fe^N)^] 2*^9^0 was prepared and 

studied r e c e n t l y .Q T J ^ S compound also demonstrated ion exchange 

behaviour both in batch and column experiments. Similarly, zinc was not 

involved in the ion exchange reaction. It was therefore concluded that 
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only potassium can be exchanged for caesium ion. With all this evidence 

it may be concluded that KCuFC H possesses conventional ion exchange 

behaviour with the two potassium ions as the only exchangeable species. 

Table 5*4 Results of ion exchnage experiment on KCuFC H. 

Size mm Cs mmole 
sorbed 

K mmole 
released 

Cu mmole 
released 

Fe mmole 
released 

Contact time 48 hours 

0 . 0 9 0 - 0 . 1 0 6 0 . 1 0 8 3 0 . 1 1 7 3 0 . 0 0 0 8 0 . 0 0 0 1 

0 . 1 0 6 - 0 . 1 2 5 0 . 1 1 1 0 0 . 1 2 0 5 0 . 0 0 0 5 < 0 . 0 0 0 1 

0 . 1 2 5 - 0 . 1 5 0 0 . 1 0 6 2 0 . 1 1 8 9 0 . 0 0 0 9 0 . 0 0 0 1 

0 . 1 5 0 - 0 . 1 8 0 0 . 1 0 9 4 0 . 1 1 7 3 0 . 0 0 1 4 

0 . 1 8 0 - 0 . 2 1 2 0 . 1 0 5 7 0 . 1 2 1 9 0 . 0 0 1 2 < 0 . 0 0 0 1 

0 . 2 1 2 - 0 . 2 5 0 0 . 1 0 4 6 0 . 1 1 7 3 0 . 0 0 0 9 

0 . 2 5 0 - 0 . 3 0 0 0 . 1 0 6 5 0 . 1 2 1 9 0 . 0 0 1 4 

0 . 3 0 0 - 0 . 3 5 5 0 . 1 0 6 5 0 . 1 2 0 5 0 . 0 0 1 6 

0 . 3 5 5 - 0 . 4 2 0 0 . 1 0 3 3 0 . 1 1 7 3 0 . 0 0 0 9 

0 . 4 2 0 - 0 . 5 0 0 

Blank^ 
0 . 1 0 0 6 0 . 1 1 7 3 

0.0383 

0 . 0 0 1 1 

0 . 0 0 1 5 

< 0 . 0 0 0 1 

0 . 0 0 1 2 

Contact time 96 hours 

0 . 0 9 0 - 0 . 1 0 6 0 . 1 1 5 9 0 . 1 2 9 0 0 . 0 0 1 9 < 0 . 0 0 0 1 

0 . 1 0 6 - 0 . 1 2 5 0 . 1 1 3 1 0 . 1 2 4 8 0 . 0 0 1 8 < 0 . 0 0 0 1 

0 . 1 2 5 - 0 . 1 5 0 0 . 1 1 3 1 0 . 1 2 7 7 0 . 0 0 2 1 < 0 . 0 0 0 1 

0 . 1 5 0 - 0 . 1 8 0 0 . 1 1 2 4 0 . 1 2 4 8 0 . 0 0 2 3 < 0 . 0 0 0 1 

0 . 1 8 0 - 0 . 2 1 2 0 . 1 1 2 8 0 . 1 3 0 7 0 . 0 0 2 9 

0 . 2 1 2 - 0 . 2 5 0 0 . 1 1 1 0 0 . 1 2 7 7 0 . 0 0 2 0 

0 . 2 5 0 - 0 . 3 0 0 0 . 1 0 6 9 0 . 1 2 3 3 0 . 0 0 1 3 

0 . 3 0 0 - 0 . 3 5 5 0 . 1 1 2 4 0 . 1 2 4 8 0 . 0 0 2 2 < 0 . 0 0 0 1 

0 . 3 5 5 - 0 . 4 2 0 0 . 1 1 5 7 0 . 1 2 4 8 0 . 0 0 3 2 

0 . 4 2 0 - 0 . 5 0 0 

Blanl/ 
0 . 1 0 7 0 O . I 2 3 3 

0 . 0 4 4 4 

0 . 0 0 1 1 

0 . 0 0 2 7 0.0013 

# Size 0.250-0.300 mm. 

The caesium sorbed form of KCuFC H has been analysed and 

results are shown in Table 5 « 5 * The structural formula derived from such 

chemical compositions was found to be Kn ^Cs1 c,Cu? p,[Fe(CN)£]p'4Hp0 
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which is almost identical to the original KCuFC H. Some of the potassium 

and a very Email amount of copper were replaced by the caesium. Even the 

water content is in good agreement. This provides further proof that the 

sorption of caesium by KCuFC H is a conventional ion exchange process. 

The ion exchange reaction is proposed as follows; 

(A) KgCu^fFeC C N)g]2' + 2CsN°5 — + 21010̂  

( B ) K 2CU ^ IFe(CN J^J ^ L H ^ O + 2CsN0^ — K^CSGCU^[Fe(CN)^Jg• 4 ^ 0 + C U ( N 0 3 ) 2 

with or without reaction (B) taking place to a slight extent. The 

species with an overbar represent solid phase. 

Table 5.5 Analysis of caesium sorbed form of KCuFC H. 

Component % by weight Molar 
# 

ratio7' 

K 2.74 2.62 0.3262 0.3065 
Cs 21.95 21.95 0.7627 0.7627 
Cu 20.20 20.38 1.4649 1.4651 
Fe 12.10 12.23 1.0000 1.0000 

as Fe(CN) 6 45.92 46.40 1.0000 1.0000 
HgO 9.19 8.65 2.3536 2.1914 

# Molar ratio normalized on Fe(CN)g. 

5.1.4 Capacity 

The theoretical capacity is defined as the number of ionogenic 

groups per specified amount of ion exchanger. The theoretical capacity 

of the cyanoferrate in this work is regarded as the theoretical 

exchangeable counter ions per specified amount of dry cyanoferrate. In 

KCuFC H, it is evaluated from the structural formula assuming all of the 

potassium ions are available for counter ion exchange. The calculated 
—1 theoretical capacity is 2.63 meq gnf (as caesium). 

The effective capacity is defined as the number of exchangeable 

counter ions per specified amount of ion exchanger. It is usually lower 
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than the theoretical capacity and depends on experimental conditions. 

The effective capacity was studied in the test solution containing 

1.5x10"" M inactive caesium (caesium nitrate) labelled with caesium-134 

only. Preliminary investigations suggest that the ion exchange reaction 

will be complete in about 48 hours. Experimental results show an average 
—1 - 1 value of 2,12 ± 0.06 meq gm and 2,25 ± 0.06 meq gm for contact times 

of 48 and 96 hours respectively for particle sizes ranging from 0.090 to 

0,500 mm. Results are given in Table 5*6. The measured capacity is 

close to the theoretical value of 2.63 meq gm . Experimental results 

also indicate the independence of effective capacity on particle size. 

This phenomenon has also been noticed by Vlasselaer et al^^2^ who 

reported on an isostructural analogue, potassium zinc ferrocyanide. They 
- 1 

determined the caesium exchange capacity to be 2.29 ± 0.01 meq gm 

whilst the theoretical capacity is 2.35 meq gm based on the formula 

K2Zn [Pe(CN)6] 
•9Ho0. In contrast, a rather low caesium capacity of 

- 1 

0.3-Oo5 meq gm was measured for the cobalt analogue with an expected 

theoretical capacity of 2.95 meq gm""̂  evaluated from KgCo^Fe^NjgJg*^^ 

This was explained experimentally by the fact that a large fraction of 

the caesium was absorbed near the surface of the particle. The effective capacity was also measured by an alternative experimental method. The test solution now contained 0.82 M magnesium 
-2 

nitrate in addition to the original 1.5x10 M caesium solution labelled 

with tracer caesium-134* Under such condition, the effective capacity 

was reduced slightly to 2.04 ± 0.06 meq gm . This may be due to the 

competition between magnesium and caesium ions in the ion exchange 

process. Ionic competition is frequently encountered in multicomponent 

systems. This can effect the exchange capacity of a trace ion or 

suppress the selectivity. Nevertheless, KCuFC H is still highly 

selective for caesium under these conditions. 
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Table 5.6 Effective capacity of KCuFC II. 

Size mm 
Effective capacity —1 ± 0.06 meq gm 

Size mm 
48 hours 96 hours 

0.090-0.106 2.16 2.18 2.33 2.31 
0.106-0.125 2.21 2.22 2,27 2.25 
0.125-0.150 2.14 2.11 2,26 2.26 
0.150-0.180 2.19 2.19 2,24 2.25 
0.180-0.212 2.11 2.12 2.25 2.26 
0.212-0.250 2.10 2.09 2.21 2.23 
0,250-0.300 2.13 2.13 2.23 2.14 
0.300-0.355 2.13 2.13 2.25 2.24 
0.355-0.420 2.07 2.06 2.32 2.31 
0.420-0.500 2.01 2.01 2.15 2.14 

5.1.5 Desorption 

The application of nitric acid as an eluant to desorb caesium 

is of particular interest in the nuclear industry. Desorption of 

absorbed caesium from KCuFC H was studied with various concentrations of 

nitric acid. (1-10 M) This was performed in a single batch contact 

involving two different time intervals. Experimental results are shown 

in Table 5.7. It appears that 8 M nitric acid is the optimum 

concentration for the elution of caesium. Absorbed caesium can be eluted 

up to 75% in one hour and 79% in 16 hours. With dilute nitric acid 

(1 M), 15% caesium was desorbed in one hour and this increased to 26% in 

16 hours. It appears that about 80% caesium elution is the upper limit. 

Kourim et al^ 8^ reported that both ammonium nitrate and nitric acid 

solution were effective eluants for the desorption of caesium from the 

corresponding copper and zinc ferrocyanides. They concluded that about 

60% of caesium desorption can be achieved from copper ferrocyanide after 

elution with 6 M nitric acid and this increased markedly to about 90% if 

10 M acid was used. 
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Table 5.7 Caesium desorption from KCuFC H by nitric acid. 

Nitric acid M 
Caesium desorption % 

Nitric acid M 
1 hour 16 hours 

1 12.81 12.04 25.75 ' 
2 38.51 39.44 43.67 
4 68.01 67.01 71.09 
6 71.82 72.90 77.36 
8 75.58 74.59 79.12 
10 73.37 73.91 77.31 

Experimental observations show that the desorption of absorbed 

caesium from KCuFC H by nitric acid solution is a destructive process. 

It has been observed that the cyanoferrate particles are degraded into 

smaller sizes during elution. In 1 M nitric acid, the caesium sorbed 

cyanoferrate fragments, but remains a reddish brown colour. As 

the concentration of the nitric acid is increased, the cyanoferrate 

disintegrates and the colour of the resultant solution is greenish light 

brown. However, all the filtrates are clear and colourless. Qualitative 

tests on these filtrates detected the presence of a very small amount of 

iron. This confirms dissolution of the cyanoferrate. The observed 

colour change of the fragmented particles in stronger nitric acid 

solution (>4 M) can be attributed to oxidation of the cyanoferrate, 

i.e., the ferrocyanide group is oxidised to the corresponding 

ferricyanide. Kourim et al^®^ reported a slight oxidation of 

ferrocyanide to ferricyanide in the desorption step using ammonium 

nitrate or nitric acid even at moderate concentrations. This oxidation 

phenomenon was also found by Valentini et a l . ^ 2 ^ They observed the 

oxidation of caesium zinc ferrocyanide to the corresponding ferricyanide 

together with partial destruction of the latter cyanoferrate in 6 M 

nitric acid. This was checked by chemical analysis of the two nitric 

acid (2 M and 5 M) treated zinc ferrocyanides. Confirmation was achieved 
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by the identical X-ray patternv ' of the oxidised product and the 

prepared zinc ferricyanide. They both have the same monoclinic crystal 

form. 

According to published information and the experimental results 

on caesium desorption, the following elution mechanism is proposed. The 

desorption of caesium from KCuFC H by nitric acid is likely to be a 

consequence of an oxidation process. By treating the caesium from 

KCuFC H with nitric acid solution, oxidation proceeds. The ferrocyanide 

group is therefore gradually oxidised to ferricyanide. As the cyano-

ferrate(ll) is oxidised to cyanoferrate(ill), the electroneutrality is 

disturbed. In order to balance the charge of the final product, either 

two caesium ions or a copper ion have to be removed per formula cyano-

ferrate. It is unlikely that the copper ion which is bonded firmly in 

the cyanoferrate, will be expelled during the oxidation process. The 

preferential choice is the caesium ion. Therefore, the elution mechanism 

may be considered as a nitric acid oxidation process and represented by 

the following reaction: 

Cs2Cvu[FeII(CN)6]2.4H20 C u ^ F e 1 1 1 ^ ) ^ ^ ^ + 2Cs+ 
3 

Ion exchangers are reversible in conventional ion exchange 

theory. The regeneration of exhausted cyanoferrates after caesium 

sorption is seldom reported. It is believed that caesium will form the 

most stable cyanoferrate compounds which explains the highly selective 

property of cyanoferrates towards caesium. As a result, the elution 

process appears to be very difficult. Vlasselaer et a l ^ ' ^ studied the 

caesium ion exchange equilibrium on potassium zinc ferrocyanide 

(K2Zn^[Fe(CN)^]2) and reported that the ion exchange reaction was 

reversible. Since KCuFC H is analogous to their compound, the caesium 

formed KCuFC H was regenerated by potassium nitrate solution. 



-95 — 

Experimental results show that only < 5% of absorbed caesium was released 

in saturated potassium nitrate solution after 48 hours contact time. It 

is concluded that elution is not possible and therefore caesium 

absorption by KCuFC H is an irreversible ion exchange reaction. 

5.1,6 Stability 

KCuFC H is a dark reddish brown, granular solid, rather hard 

and of irregular shape. Mechanical stability has been studied by varying 

the stirring speed. It has been found that the cyanoferrate will break 

down slightly at stirring speeds less than 35° rpm or even without 

agitation. About 20% of the cyanoferrate breaks into smaller sizes at 

stirring speeds of 4°0 rpm to 1000 rpm and 30% for stirring speeds 

between 1200 rpm and 1400 rpm. Only half of the particles retain their 

original size at greater than 2000 rpm stirring speed. 

Preliminary investigations show that KCuFC H will dissolve in 

hot concentrated sulphuric acid. Dissolution was also observed in 

alkaline solution even at moderate concentration. In fact, all cyano-

ferrates are dissolved in strong alkaline solution. Nitric acid solution 

tends to oxidise the cyanoferrate causing disintegration and partial 

dissolution of the particles. It has also been observed that the cyano-

ferrate degrades in low pH solutions. The cyanoferrate tends to break 

down to a greater extent in the simulated test solutions. This may be 

attributed to stronger acidic solution. In addition, a slight weight 

loss of the cyanoferrate has been observed in solution of pH value less 

than unity. Therefore, the cyanoferrate is not very stable in strongly 

acidic medium. 
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5.2 Kinetic Aspects 

5.2.1 The Rate Determining Step 

The interruption test is a general technique used to 

distinguish "between the two modes of diffusion. A number of runs have 
-3 -5 

been carried out in caesium nitrate solutions of 7*5x10 M, 7*5x10 ^ M 

and 3*8x10"^ M (Figures 5*2 (a), (b) and (c)), to observe whether the 

sorption of caesium by KCuFC H is external liquid film diffusion or 

internal particle diffusion controlled. The interruption test profiles 

are plotted in terms of raw count rate which is directly proportional to 

the liquid phase caesium concentration. In each case, a marked decrease 

of raw count rate is noticed immediately after the interruption. This 

reflects an increase in caesium sorption rate prior to each interruption. 

This is consistent with an internal particle diffusion controlled 

process. It is a surprising result since external liquid film diffusion —6 is expected at 3*8x10~ M caesium concentration. 

The ambiguity leads to further investigation at low caesium 

concentrations. A modified technique called " Speed Interruption " was 

adopted to replace the elaborate interruption test. Experiments Were 
-6 -5 conducted at caesium concentrations of 2.3x10 M to 3*8x10 . M. 

Preliminary investigations suggest that liquid film diffusion is 
-5 

dominating in caesium concentrations at about 1.5x10 M. Figure 5*3 

gives a clear indication that the rate determining step is film diffusion 

at a caesium concentration of 3*8x10""^ M. There is a change in sorption 

rate at each interruption which fits the model quite well. 

Another simple method of identifying a liquid film diffusion 

controlled process is to compare the caesium sorption profiles obtained 

at different stirring speeds. Several caesium sorption runs have been 
—6 performed at two extreme caesium concentrations of 3*8x10"" M and 
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5.2 (a) Interruption test in 7.5x10 - 3 M Cs solution. 

Count rate c sec 

Count rate c sec 
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-6 
Figure 5.2 (c) Interruption test in 3.8x10~ M Cs solution. 

Count rate c sec 

- 6 
Figure 5.3 Speed interruption test in 3.8x10~ M Cs solution. 

Count rate c sec 



-99-

-6 3-8x10 M to determine the diffusion mechanism since the bulk of our 

kinetic work was conducted under these conditions. The variation of 

stirring speed does not effect the sorption rate at a caesium 

concentration of 3*8x10 M. It is quite obvious that external liquid 

diffusion is not controlling the process in such high caesium solution. 

On the contrary, the caesium sorption rate has been enhanced with 

increasing stirring speed in the very dilute caesium solution. (Appendix 

B) This provides firm evidence that external liquid film diffusion is 

the rate deteimining step at low caesium concentration, i.e., 3»8x10"" M. 

5.2.2 Mechanism of Exchange at Low Caesium Concentration 

It has been established from the " Speed Interruption " test 

that the ion exchange mechanism at low caesium concentration of 3.8x10 ^ 

M is a liquid film diffusion process. Further investigations were 

conducted to verify the validity of the film diffusion model. 

(A) Particle Size 

Kinetic experiments were carried out to observe the particle 

size dependence at 20 °C. It is expected that the rate of caesium 

sorption will increase with decreasing particle size. Experimental 

results indicate that particle size does give a positive effect on 

caesium sorption. Figures 5.4 (A) and (b) demonstrate the size effect on 

the sorption rate. Experimental data were then processed and plotted 

according to equation (3.11) to test the model. The straight lines as 

shown in Figures 5.5 (a) and (b) confirm the validity of the liquid film 

diffusion model. Hence, the film diffusion coefficients can be evaluated 

from the slopes of these straight lines by substituting the known values. 

A value of 10 J m for the liquid film thickness in a well stirred 

solution was assumed. Table 5.8 gives the measured film diffusion 

coefficient and slope for each particle size. 



-100 — 

—6 Figure 5«4 (a) Particle size effect in 3-8x10~ M Cs solution. 

Figure 5.4 (b) Particle size effect in 3»8x10""̂  M Cs solution. 
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Figure 5.5 (a) Plot of processed data in 3.8x10 M Cs solution. 
ln[l - F(t)] 

- 6 Figure 5.5 (b) Plot of processed data in 3.8x10 M Cs solution. 

ln[l - F(t)] 
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Tablo Effect of particle size on film diffusion. 

Particle size mm Slope 

x104 sec-1 
D 

9 2 x10 m -1 sec Initial Final 

Slope 

x104 sec-1 
D 

9 2 x10 m -1 sec 

0.420-0.500 0.434 -3.825 1.666 1.571) 
0.355-0.420 0.367 -4.010 1.472 1.392) 
0.300-0.355 0.317 -4.958 1.538 1.488) 
0.250-0.300 0.271 -5.555 1.447 1.425) 
0.212-0.250 0.227 -6.385 1.391 1.371) 
0.180-0.212 0.193 -7.908 1.460 1.447) 
0.150-0.180 0.164 -9.065 1.416 1.410) 
O.I25-O.I5O 0.135 -11.537 1.502 1.479) 
0.106-0.125 0.115 -14.278 1.575 1.556) 
0.090-0.106 0.099 -16.138 1.513 1.512) 

# Based on final particle size. 

The film diffusion coefficient results are reasonably constant 

within experimental error for various particle sizes ( ± 7% based on final 

particle size). The slight deviation is expected since the cyanoferrate 

particle has an irregular shape. The average film diffusion coefficient 

(I/ value) is found to be 1.465x10~9 m2 sec"1 at 20 °C and 3.8x10~6 M 
-9 2 -1 caesium nitrate solution. A value of 1.907x10 v m sec has been 

measured for the diffusion coefficient of caesium nitrate at 25 °C and a 
-3 (156) concentration of 7• 70x10 M by Hamed and Shropshire. J 

(B) Temperature 

The rate of caesium sorption has been studied at different 

temperatures ranging from 20 °C to 80 °C. Experimental results 

illustrate that the rate of caesium sorption was enhanced as the 

temperature increased. (Figures 5*6 (a) and (b)) This is expected for a 

liquid film diffusion controlled process. It has been observed that a 

small amount of the cyanoferrate dissolved at 60 °C (^ 6%) but this 

increased to a greater extent at 70 °C (~12%) and 80 °C ("32%). This 
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Figure 5 .6 (a) Temperature effect in 3.8x10 M Cs solution, 

0 20 + 0.25 °C 

• 40 + 0.25 °c 

V 60 + 0.25 °c 

• 80 + 0.25 °c 

J I L_ L 
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- 6 
Figure 5 .6 (b) Temperature effect in 3.8x10 M Cs . solution. 
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phenomenon in due to the slight dissolution of the cyanoferrate in high 

pH solution rather than instability at high temperature. 

The effcct of varying the temperature has been the most 

important clue to the theory of rate processes. The Arrhenius plot can 

be used to account for temperature dependence on the film diffusion 

coefficient. In this case, the Arrhenius equation becomes; 

D = j>q exp(- *§) 5.1 

and • In D = (- + In DQ 5.2 

The film diffusion coefficients corresponding to various temperatures are 

given in Table 5*9 below. 

Table 5.9 Temperature effect on film diffusion coefficient. 

T 

°c 

1 
f 

X10
5 V 1 ArS 2 -1 x10 m sec 

In 1/ + 9 

20 3.413 1.392 0.3307 
30 3.300 1.711 0,5371 
40 3.195 1.996 0.6911 
50 3.096 2.517 0.9231 
60 3.003 3.092 1.1288 
70 2.915 4.617 1.5297 
80 2.833 5.211 1.6508 

The Arrhenius plot is shown in Figure 5*7• It is obvious that 

a straight line is obtained over the temperature range 20 °C to 60 °C. 

The deviation observed at higher temperatures (>60 °C) may be attributed 

to the dissolution of cyanoferrate as explained earlier. This will cause 

incorrect measurement of the film diffusion coefficient. The activation 

energy for the film diffusion process was found to be 15,14 kj mole 
1 (3.617 kcal mole"') which is within the limits of the activation energy 

—1 of diffusion in solutions, i.e., 3 to 6 kcal mole , reported by other 
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Figure 5.7 The Arrhenius plot for liquid film diffusion. 
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Boyd and Soldano^^0^ have measured the activation 

energies for the self diffusion of alkali ions in aqueous solutions at 

infinite dilution. They gave the value for caesium ion as 3.060 kcal 

mole" , which is in good agreement with the measured value (3»617 kcal 

mole ) obtained in this work. It may be safely concluded that liquid 

film diffusion is the controlling mechanism at 3-0x10"^ M caesium 

concentration. 

The ion exchange kinetics in such low caesium concentration 

have been studied to a greater extent in the following conditions :-

(1) pH Value (Appendix C) 

No significant effect was observed at various pH values, i.e., 

6.16, 0.00 and 9*50. A slightly enhanced sorption rate was noticed at 

pH value 3-95 because of fragmentation of the cyanoferrate particle. At 

higher pH value of 11.40, a very poor caesium sorption rate resulted. 

This is influenced by the dissolution of the cyanoferrate as soon as it 

contacts the test solution. A mass balance on the recovered cyanoferrate 

confirms the dissolution; about 90% of the cyanoferrate has dissolved. 

(2) Simulated Test Solutions (Appendix D) 

The presence of 5 M sodium nitrate, 0.02 M magnesium nitrate or 
- 2 

1.0x10 M ferric nitrate alone lowers the rate of caesium sorption. The 

rate is slowest in 5 M sodium nitrate solution. As film diffusion is the 

rate determining step, the slower diffusion rate at higher ionic -3 

concentration is expected. Hence, 1.0x10 M ferric nitrate solution 

possesses the fastest rate of the three solutions. This is also seen in 

another set of experiments with 0.2 M nitric acid. Note that the mixed 
-3 ^ solution of 1.8x10 ^ M ferric nitrate, 0.2 M nitric acid and 5 M sodium 

nitrate has the slowest rate of sorption,. 

Apparently, the presence of 0.2 M nitric a,cid enhances the 
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diffusion rate. However, the cyanoferrate breaks down into smaller sizes 

in such condition and therefore the faster rate is due to a particle 

size effect. In fact, the rate decreases slightly with the addition of 

0.2 M nitric acid. This is confirmed by comparing the sorption profiles 

of the appropriate particle size in aqueous solution and 0.2 M nitric 

acid solution, A weight loss of the cyanoferrate has been observed in 

solutions A, D, E, F and G. This may be due to the instability of the 

cyanoferrate in low pH solution. 

5.2.3 An Isotopic Redistribution Experiment 

An isotopic redistribution experiment has been performed at 
-3 

7,5x10 ^ M caesium concentration. The isotopic exchange profile is 

plotted in Figure 5*8 (&)• In order to evaluate the rate coefficient, 

experimental results were fitted to three kinetic models. Neither the 

liquid film diffusion mechanism nor the chemical reaction model were 

applicable. A typical ^-t plot is shown in Figure 5-8 (b) and an 

expected linear relationship is found to hold over an extensive 

experimental period. Therefore, internal particle diffusion is assumed 

and the corresponding self diffusion coefficient of caesium ion in -14 2 -1 

caesium form-.KCuFC H evaluated. An average value of 3.03x10 m sec 

is obtained at 20 °C. 
5.2.4 Ion Exchange Kinetics at High Caesium Concentration 

-3 
The sorption of caesium by KCuFC H at 3.8x10 ^ M caesium 

concentration has been studied with respect to the following parameters: 
(A) pH value (Appendix E) 

Experimental results show that there is only a small effect on 

caesium sorption rate for pH values from 3.95 to 11.56. It has been 

observed that the sorption rate is slightly enhanced at pH 11.56, This 
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Figure 5.8 (a) Isotopic exchange profile in 7.5x10~5 M Cs solution, 
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ie quite surprising since dissolution of the cyanoferrate occured at 

3.8x10~^ M caesium concentration of pH value 11.40. This suggests that 

the cyanoferrate (or probably the caesium form cyanoferrate) is stable in 

high pH solution containing high caesium concentration. The sorption 

rate does not vary much in the pH range 6.18 to 9*55* However, it 

reduces slightly at the lower end of the pH value 3.95* A possible 

explanation is the competition between caesium and hydrogen ions in the 

exchange reaction which decelerates the caesium sorption rate. 

(B) Particle Size 

Figure 5-9 shows the sorption rates at four different particle 

sizes. The kinetic results are only slightly affected although the 

particle size is reduced from 0.355-0.420 mm to 0.090-0.108 mm. Should 

either solid phase diffusion or a shell progressive chemical reaction 

mechanism be rate controlling, then the rate of ion exchange is expected 

to be size dependent, or proportional to the total surface area of the 

particle. Internal surface area now plays an important role. Although 

the measured specific surface areas are independent of particle size 

(Table 5«2), it could be size dependent but only to a minute extent. In 

fact, a slight increase in specific surface area has shown up for the 

smallest particle. This seems adequate to explain the small effect on 

sorption rate. 

(C) Temperature 

A larger temperature effect was observed than in the case of 

very dilute caesium solution. (Figures 5*10 (a) and (b)) This may be 

attributed to a different diffusion mechanism. The rate of a particle 

diffusion controlled process is believed to have a greater temperature 

dependence than a liquid film diffusion controlled mechanism. However, 

the rate of a chemical reaction process is also very temperature 

dependent. In this investigation, the amount of caesium absorbed by the 
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-5 Figure 5.9 Particle size effect in 5.8x10 M Cs solution. 
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Figure 5.10 (a) Temperature effect in 3.8x10"5 M Cs solution. 
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Figure 5.10 (b) Temperature effect in 3.8x10 y M Cs solution. 
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cyanoferrate was found to increase slightly at elevated temperatures. 

(About 9% for 40 °0 - 60 °C and 14% for 70 °0 - 80 °c) It has been 

reported earlier that the effective capacity achieved at 20 °C did not 

reach the theoretical value. Therefore, more caesium is expected to be 

absorbed by the cyanoferrate with increasing temperature. It has also 

been observed that the cyanoferrate degraded slightly during the 

experiment. The effect was slight and therefore unlikely to affect the 

result of the temperature dependence. 

(D) Simulated test solutions (Appendix F) 

-2 

The presence of 1.8x10 M ferric nitrate or 0.82 M magnesium 

nitrate also slows the rate of caesium sorption. This is probably due to 

the interaction of the ferric and magnesium ions with the cyanoferrate. 

It is quite surprising to note that the rate was enhanced in the 

presence of 5 M sodium nitrate. The highly selective property of the 

cyanoferrate towards caesium appears to be an explanation for the faster 

rate observed in 5 M sodium nitrate than that in 1.8x10 ferric nitrate 

and 0.82 M magnesium nitrate. However, it is not possible to suggest any 

argument for a slower rate obtained in aqueous solution only compared to 

5 M sodium nitrate. 

The caesium sorption was enhanced with the addition of 0.2 M 

nitric acid. It is thought to be a particle size effect owing to 

fragmentation of the cyanoferrate particles. A comparison of the rate in 

0.2 M nitric acid (final particle size 0.145 mm) with others obtained in 

aqueous solution (particle sizes 0.090-0.106 mm and 0.150-0.180 mm) 

clearly contradicts this argument. It is possible that the rate 

determining step in high caesium concentration is not a simple particle 

diffusion controlled mechanism. The overall ion exchange process may be 

governed by a chemical reaction between caesium and potassium in the 

cyanoferrate structure. The presence of 0.2 M nitric acid is likely to 
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catalyse the caesium-potassium chemical reaction and therefore enhances 

the rate. 

It has been observed that the amount of caesium absorbed by the 
—1 —1 cyanoferrate dropped from 1.93 nieq gm to 1.6-1.7 meq gm in the 

majority of these simulated test solutions. The mixed solution 
- 2 containing 1.8x10 M ferric nitrate, 0.2 M nitric acid and 5 M sodium 

- 1 

nitrate is the worst medium and only 1.2 meq gm caesium has been 

absorbed by the cyanoferrate. A weight loss of the cyanoferrate was 

again observed and attributed to instability in acidic solution. 

5.3 Mechanism of Exchange at High Caesium Concentration 

From the results of the interruption test, it appears that 

particle diffusion is likely to control the overall process in caesium 
-5 solutions of concentration greater than about 7*5x10 M. The speed 

interruption also predicts the same diffusion mechanism at caesium 
-5 

concentrations greater than 1.5x10 M. The uncertainty arises from the 

deviation of the processed experimental data with the theoretical 

mathematical solutions. A linear relationship is expected for a typical 

f-t plot. The anomaly is illustrated in Figures 5 ( a ) and (b) for 

two particle sizes. Similar plots were obtained at elevated 

temperatures. The decisive influence of temperature effect (Figures 5*10 

(a) and (b)) on the ion exchange process is a clear indication that the 

mechanism is not exclusively diffusion controlled. 

By examining the results carefully, it is thought that a 

chemical reaction effect could be controlling all or part of the overall 

ion exchange process. A new model may be able to explain the! enhanced 

sorption rate obtained in 0.2 M nitric acid solution. A particle 

diffusion mechanism is unlikely to be affected by the coion mobility and 

the concentration of solution. The homogeneous chemical reaction model 
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Figure 5.11 (a) Test of mathematical model - Particle diffusion. 

X 

Figure 5.11 (h) Test of mathematical model - Particle diffusion. 

r 
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(Section 3«2.2 (A)) in rejected since it doe3 not predict a significant 

size effect on sorption rate. Furthermore, the experimental data cannot 

be satisfactory predicted by the theoretical quantitative treatment. The 

expected linear relationship given in equation (3*29) does not correlate 

the data points as shown in Figures 5«12 (a) and (b). An alternative 

postulation is the ash layer diffusion model. Figures 5-13 (a) and (b) 

illustrate the failure of this model also. This is not surprising since 

the deviation resembles the plot in Figures 5-11 (a) and (b), and 

illustrates that both models are based on solid phase diffusion. 

The shell progressive chemical reaction mechanism seems to be 

the most promising model. It gives a better fit to the experimental 

data than the alternative models. Figures 5-14 (a), (b), (c) and (d) 

| show the validity of the mathematical model at 20 °C. In order to 

fulfil the shell progressive criterion, a straight line through the 

origin is necessary. The lines obtained for the four particle sizes are 

straight but fail to pass through the origin. This may indicate the 

inadequacy of the chosen kinetic model, or more likely that the initial 

period of the process is dominated by another mechanism. Two phenomena 

may be used to explain this observation. 

(i) Surface property 

KCuFC H has been found to be porous material of irregular shape 

with a rather high surface area. The total surface area is believed to 

be dominated by the internal surface area. As the shell progressive 

model was derived from spherical geometry, deviation from the 

mathematical model is expected when applied to non-uniform porous 

particles. It is likely that the much greater surface area of the 

irregular shaped and porous cyanoferrate partially enhances the initial 

sorption rate when compared with a spherical bead of similar median size. 
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Figure 5.12 (a) Test of mathematical model - Homogeneous chemical reaction. 

Y 

Figure 5.12 (b) Test of mathematical model - Homogeneous chemical reaction. 

Y 



-117 — 

Figure 5,13 (a) Test of mathematical model - Ash layer diffusion. 
2 

Figure 5.13 (b) Test of mathematical model - Ash layer diffusion. 

2 
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Figure 5.14 (a) Test of mathematical model - Shell progressive reaction. 
1 
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Figure 5.14 (o) Test of mathematical model - Shell progressive reaction. 

1 

Figure 5.14 (d) Test of mathematical model - Shell progressive reaction. 

1 
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(ii) Adsorption Effect 

It is proposed that the sorption of caesium by the cyanoferrate 

is chemical reaction rate controlled. It is reasonable to assume caesium 

is first adsorbed onto the surface of the cyanoferrate prior to the 

caesium-potassium ion exchange reaction. In fact, an adsorption 

mechanism has been found for caesium sorption by an isostructural 

compound, copper ferrocyanide. Therefore, caesium is first adsorbed and 

then exchanged by a chemical reaction effect. Adsorption is a surface 

process which is surface area dependent. The high measured specific 

surface area indicates that a larger quantity of caesium can be adsorbed 

than involved in the ion exchange reaction. This may explain the 

enhanced rate observed at the beginning of the sorption process. 

Allowing qualitatively for the enhanced sorption in the early 

stages, the shell progressive chemical reaction mechanism appears to 

account for the remaining ion exchange process. The corresponding 

reaction rate constant (based on surface) can then be evaluated from the 

slope of the straight line predicted by equation (3*41)• The reaction 

rate constants resulted from four different particle sizes (Figures 5*14 

(a), (b), (c) and (d)) do not correlate with the particle size. However, 

the relative rate (slope) varies slightly as shown in Appendix G. This 

has been explained earlier in Section 5-2.4 (s). 

The validity of the mathematical model has been tested at 

higher temperatures with particles in the size range 0.355-0.420 mm. 

The straight lines illustrated in Figures 5*15 (a) and (b) appear to 

validate the shell progressive chemical reaction model. The initial 

deviation is again observed but decreases with increasing temperature. 

This is probably due to the influence of temperature on the chemical 

reaction and the minimal effect of adsorption. The proposed model has 

been checked with the Arrhenius relationship which accounts for the 
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Figure 5.15 (a) Test of mathematical model - Shell progressive reaction. 

1 

Figure 5.15 (b) Test of mathematical model - Shell progressive reaction. 

1 
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temporature dependence of a chemical reaction rate process. The 

Arrhenius equation is given below; 

kg = kQ exp (- 5.3 

which is usually rearranged to the following fozm: 

In kg = (- + ln kQ 5.4 

As the reaction rate constant (k ) is calculated from the slope s 
of the straight line predicted by equation (3«41)> the variation of k is 

directly proportional to the slope. Therefore, the value of the slope 

can be substituted into equation (5*4) to correlate the Arrhenius 

relationship. The effect of varying temperature on the relative rate 

(slope) is summarized in Table 5.10 below. 

Table 5*10 Temperature effect on relative sorption rate. 

T °C £ *10? °K-1 Slope sec""1 ln (Slope) + 6 

20 3.413 3.323x10"^ 1.2008 
30 3.300 1.019x10""5 2.3214 
40 3.195 2.454x1 o"*5 3.2003 
50 3.096 5.729X10~5 4.0481 
60 3.003 1.417X1O"4 4.9537 
70 2.915 3.041x10"4 5.7174 
80 2.833 6.389x1O"4 6.4597 

A linear relationship is found in the entire temperature range 

20 °C to 80 °C. (Figure 5.16) The activation energy, AE, for the 

caesium-potassium ion exchange process was evaluated to be 74.85 kJ 
—1 —1 mole"" (17.88 kcal mole"" ) which is a typical chemical reaction. 

(135) Helfferichv ^ ' suggests that the activation energy of intrar-particle 
- 1 

diffusion is about 3 to 10 kcal mole and is usually lower than that of 

the equivalent chemical reaction. The identical shell progressive model 

has been used by Schmuckler and G o l d s t e i n ^ t o study the chloro-
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Figure 5.16 The Arrhenius plot for chemical reaction. 
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acetylation of crosslinked polystyrene and the activation energy was 
- 1 

found to be 12.4 kcal mole • From the evidence of the typical Arrhenius 

plot and the calculated activation energy, it may be concluded that 

caesium removal by KCuFC H in high caesium concentration solution is 

correlated by the shell progressive chemical reaction model. 

Finally, a computed theoretical sorption rate curve is compared 

with the experimental one obtained for particle size 0.355-0.420 mm. 

This is shown in Figures 5*17 (a) and (b). The agreement is fair at 

20 °C due to a enhanced experimental sorption rate encountered in the 

initial period. A better correlation is obtained at higher temperature 

50 °C in which the effect of adsorption has been reduced considerably. 
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Figure 5.17 (a) A comparison of predicted and experimental sorption profile. 
X 

Figure 5.17 (b) A comparison of predicted and experimental sorption profile. 
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C H A P T E R 6 

A COMPARISON OP SCME SELECTED CYANOFERRATES | 

6.1 General Properties 

6.1.1 Chemical Composition and Structural Formula 

The following selected cyanoferrates have been investigated for 

comparison: 

prepared at Imperial College 

prepared at Imperial College 

prepared at Imperial College 

prepared at Imperial College 

supplied by Harwell 

supplied by Harwell 

Pota-ssium copper ferrocyanide 1 (KCuFC P1) 

Potassium copper ferrocyanide 2 (KCuFC P2) 

Copper ferrocyanide (CuFC P) 

Potassium cobalt ferrocyanide (KCoFC P) 

Potassium cobalt ferrocyanide (KCoFC H) 

Potassium copper ferrocyanide (KCuFC H) 

KCuFC H is a solid solution of K^u^FetCN^J-xHgO and 

Cu2[Fe(CN)6].yH20 with a structural formula of K2Cu3[Fe(CN)6]2»4H20. 

Analytical results of the other copper cyanoferrates indicate that all 

have different chemical compositions. KCuFC P1 appears to be a mixture 

of K2Cu[Fe(CN)6]-xH20 and Cu2[Fe(CN)6]-yH20 with the former cyanoferrate 

amounting to-about 7-5% by weight. The general structural formula is 
K 0 15Cu1 ^^t ] F eC C N] * 2 H 2 ° * KCt IFC P2 has the highest potassium content 

amongst the potassium copper cyanoferrates and gives a different 

structural formula of K^Cu^[Fe(CN)^]^«3H20. According to the analytical 

results, CuFC P has a structural formula of Cu2[Fe(CN)^]-2jH20 which is 

a unique cyanoferrate. The determined sodium content is too low to be 

accounted for and hence can be regarded as an impurity in the complex. 

The chemical compositions of the two potassium cobalt ferrocyanides 

indicate the heterogeneous nature of the cyanoferrate. They are probably 

mixtures of K2Co[Fe(CN)g]-xH20 and Co2[Fe(CN)^]-yHgO as suggested by 
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Prout, Russell and G r o h . ^ 0 ^ KCoFC P was found to contain about 7QP/q 

K 2Co[Fe(CN)^]-xHgO by weight whilst KCoFC H has a higher value of about 

90%. The determined structural formulae for these cyanoferrates are 

given in Table 6.1. 

Table 6.1 Structural formulae of cyanoferrates. 

Cyanoferrate Structural formula 

KCuFC H K2Cu3[Fe(CN)6]2-4H20 

KCuFC P1 K0.15Cul.93[Fe(CN)6l'2H20 

KCuFC P2 K6Cu5[Fe(CN)6]4-3H20 

CuFC P Cu2[Fe(CN)6]-2iH20 

KCoFC P K3.0Co2.2tPe(CN)6]2'2H20 

KCoFC H K3#7Co2#2[Fe(CN)6]2.H20 

6.1.2 Stability 

All the cyanoferrates are irregular shaped granules. They are 

readily dissolved in hot concentrated sulphuric acid and strong alkaline 

solution. KCuFC P1 and CuFC P appear to be the most resilient in 

agitated test solutions. KCoFC H has poor mechanical stability with 

about half of the complex breaking into smaller sizes on stirring. 

Fragmentation of these cyanoferrates has been observed in acidic media. 

6.1.3 Density 

The densities of the various cyanoferrates are shown in 

Table 602. It can be seen that the values form a predictable series. 

The upward trend is consistent with the increasing molecular weight per 

unit ferrocyanide group. Since all these cyanoferrates have similar cell 

dimensions (between 9.97 ± 0.50 A and 10.12 ± 0.05 A^56'6^), the 

variation in molecular weight should reflect the difference in density. 
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The slight decrease in density obtained for potassium copper ferrocyanide 

to potassium cobalt ferrocyanide is in good agreement with the above 

explanation. The latter cyanoferrate has a slightly higher a value of 

10.08 ± 0.05 which suggests a lower density when compared to the cell 
o 

constant of 9.99 ± 0.05 A for the former cyanoferrate. 

Table 6.2 Densities of cyanoferrates. 

Cyanoferrate Density ± 0.02 g m ml""1 # Molecular weight gm 

KCoFC P 2.12 353.5 
KCoFC H 2.20 358.2 
KCuFC H 2.27 362.9 

KCuFC P2 2.27 363.6 

KCuFC P1 2.40 3 7 6 . 5 

CuFC P 2.44 384.1 

# Molecular weight per unit ferrocyanide group. 

6.1.4 Exchange Mechanism 

The sorption of caesium by KCuFC H has been confirmed 

experimentally as a caesium-potassium ion exchange reaction. The same 

exchange mechanism was again observed for KCuFC P2. Table 6.3 gives an 

account of the ion exchange experimental results. It can be seen that 

caesium-cobalt ion exchange also took part with the caesium-potassium ion 

exchange process. This agrees with Ceranicfs structural model^ ' of 

potassium cobalt ferrocyanide, which postulates that one of the two 

cobalt ions located in two different positions is mobile and available 

for ion exchange. The ion exchange mechanism was not observed in caesium 

sorption by CuFC P. The amount of copper ion released did not balance 

with the caesium ion sorbed by the cyanoferrate. It is believed that 

caesium was physically adsorbed rather than chemically absorbed by 

CuFC P. In the case of KCuFC P1, the sorption of caesium is likely to 

involve both adsorption and absorption. However, adsorption is the major 
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mode of sorption since the cyanoferrate contains only a limited amount of 

exchangeable potassium. 

Table 6.3 Ion exchange experimental results of cyanoferrates. 

Cyanoferrate Cs mmole 
sorbed 

K mmole 
released 

Cu^ mmole 
released 

Fe mmole 
released 

Blank 0.0107 0.0071 0.0004 
KCuFC P1 0.0663 0.0179 0.0036 
KCuFC P1 0.0669 0.0184 0.0037 

. Blank 0.0105 0.0076 0.0004 
KCuFC P1 0.0748 0.0184 O.OO33 

KCuFC P1 0.0742 0.0184 0.0033 0.0001 

Blank 0.0255 0.0024 0.0009 

KCuFC P2 0.1053 0.1291 0.0016 < 0.0001 
KCuFC P2 0.1060 0.1304 0.0016 <0.0001 

Blank 0.0268 0.0036 0.0012 
KCuFC P2 0.1064 0.1321 0.0022 < 0.0001 
KCuFC P2 0.1078 0.1338 0.0020 <0.0001 

Blank . 0.0307 <0.0001 
CuFC P 0.0786 0.0096 
CuFC P 0.0775 — ; — 0.0098 

Blank 0.0332 <0.0001 
CuFC P 0.0810 0.0099 
CuFC P 0.0819 0.0098 <0.0001 

KCoFC P 0.0149 0.0137 (0.0002) 
KCoFC P 0.0150 0.0137 (0.0002) 
KCoFC P 0.0522 0.0384 (0.0055) — — 

KCoFC P 0.0512 0.0388 (0.0061) 

KCoFC H 0.0143 0.0127 (0.0007) 
KCoFC H 0.0138 0.0140 (0.0009) 
KCoFC H 0.0320 0.0217 (0.0045) 
KCoFC H 0.0312 0.0217 (0.0044) 

# Values in brackets refer to Co. 
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6.1,5 Capacity 

The effective capacities of these cyanoferrates have been 

measured under the same conditions for comparison. Results are shown in 

Table 6.4 below. 

Table 6.4 Effective capacities of cyanoferrates. 

Cyanoferrate 
Effective capacity 

—1 ± 0.C6 meq gm 
Effective capacity 
± 0.06 meq gm 

. . KCuFC H 2.10 2.15 
KCuFC H 2.09 2.14 
KCuFC P1 1.33 1.50 
KCuFC P1 1.34 1.48 
KCuFC P2 2.11 2.13 
KCuFC P2 2.12 2.16 
CuFC P 1.57 1.62 
CuFC P 1.55 1.64 
KCoFC P 0.71 0.79 
KCoFC P 0.72 0.80 
KCoFC H 0.55 0.57 
KCoFC H 0.53 0.58 

The copper cyanoferrates have comparably higher effective 

capacity than the cobalt cyanoferrates. It is not surprising to note 

that similar compounds possess similar effective capacities. KCuFC H and 
- 1 KCuFC P2 have the highest effective capacity of about 2.15 meq. gm 

-1 

whilst KCuFC P1 and CuFC P have a value of about 1.5 meq gm . The | 

difference between these two similar classes of cyanoferreates may be 

attributed to different caesium sorption processes. The sorption of 

caesium by KCuFC H and KCuFC P2 have been found to be caesium-potassium \ 

ion exchange whereas KCuFC P1 and CuFC P exchange by physical adsorption. 

Although the cobalt cyanoferrates demonstrate ion exchange behaviour with - 1 

caesium, the effective capacity was found to be about 0.6-0.8 meq gm . 

Caesium is only absorbed near the particle surface as reported by 
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Prout.^1^ The slight variation "between the two potassium cobalt ferro-

cyanides can be explained by different surface properties since surface 

absorption is involved. Nevertheless, the effective capacity is close to 

the value determined by Prout.^10^ 

6.2 Kinetics 

/ -6 x 6.2.1 Low Caesium Concentration (3-8x10 M) 

The caesium sorption profiles of these cyanoferrates in low 

caesium concentration are shown in Figures 6,1 (a) and (b). Potassium 

cobalt ferrocyanides tend to have faster relative rates than the copper 

cyanoferrates, A possible reason is that the former complexes have 

slightly higher surface area than the latter. Of the copper cyano-

ferrates, CuFC P possesses the fastest caesium sorption rate. In this 

case, only caesium and nitrate ions diffuse to the surface of the 

particle whereas counter-diffusion of caesium and potassium ions occurs 

for all the other copper based materials. In the latter case, the 

mobility of the trace potassium ions will be rate determining, Harned 

and coworkers reported that the diffusion coefficient of potassium 

nitrate (1.856x10""^ cm2 sec""1 in 7*28 mmole)^1-^ in dilute aqueous 

solution at 25 °C is slightly lower than that of caesium nitrate 
— 2 —1 (1^6) (1.907x10""^ cm sec"" in 7*70 mmole).^ 5 ' The three potassium copper 

ferrocyanides have similar sorption rates since they all follow the same 

inter-diffusion process. 

—3 6.2.2 High Caesium Concentration (3.8x10 M) 

Figures 6,2 (a) and (b) are the sorption profiles recorded in a 

higher caesium concentration. It is obvious that KCoFC P and KCoFC H 

also have a faster sorption rate than the copper cyanoferrates. The 

surface absorption of caesium by potassium cobalt ferrocyanide is likely 
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-6 Figure 6.1 (a) Sorption profiles of cyanoferrates in 3.8x10" M Cs solution. 

—6 
Figure 6.1 (b) Sorption profiles of cyanoferrates in 3.8x10" M Cs solution. 
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-3 
Figure 6.2 (a) Sorption profiles of cyanoferrates in 3.8x10 M Cs solution. 
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to "be the dominant factor. Both KCul'XS P1 and CuFC P have similar caesium 

sorption rate which is comparably faster than the other two potassium 

copper ferrocyanides. This is probably due to the two different caesium 

sorption mechanisms encountered in the solid phase. It is likely that 

physical adsorption of caesium by KCuFC P1 and CuFC P, is faster than the 

chemical reaction between the caesium ion and the potassium copper ferro-

cyanide. Comparing the relative rates, KCuFC H has the slowest sorption 

kinetics of all. 

6.3 Conclusion 

All six cyanoferrates are capable of removing caesium from 

aqueous solutions, either by absorption or adsorption. KCoFC P and 

KCoFC H have an advantage of faster sorption kinetics but considerably 

lower effective capacity. The two similar cyanoferrates, KCuFC P2 and 

KCuFC H, possess the highest effective capacity but the caesium 

absorption rates are the slowest. CuFC P and KCuFC P1 have better 

mechanical stability and moderate sorption kinetics and caesium uptake. 

This is believed to be the effect of a different caesium sorption 

mechanism. Caesium was adsorbed by CuFC P and KCuFC P1 rather than 

absorbed by the other cyanoferrates. 
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CHAPTER 7 

CONCLUSIONS 

The results of this study indicate that caesium can be removed 

by cyanoferrates. It has been observed that caesium was physically 

adsorbed by copper ferrocyanide, whilst a combination of adsorption and 

absorption was found for KCuFC P1 which contains a limited amount of 

exchangeable potassium. Caesium-potassium ion exchange behaviour was 

found with the other complex cyanoferrates though some caesium-cobalt ion 

exchange occurred in parallel in the case of potassium cobalt ferro— 

cyanide. All these cyanoferrates possess different sorption kinetics and 

effective capacity. The copper cyanoferrates tend to have higher caesium 

uptake but slower sorption rate whilst the opposite is found for the 

cobalt compounds. 

The ion exchange mechanism of caesium absorption by potassium 

copper ferrocyanide, KCuFC H, is governed by either film diffusion 

controlled or chemical kinetics depending upon the solution phase caesium 

concentration. Liquid film diffusion dominates the overall ion exchange 

-5 

process at caesium concentrations below 1.5x10 M , It was originally 

thought that solid phase diffusion was the rate determining step at 

higher caesium concentrations. However, further investigation suggests 

that more likely the ion exchange mechanism is chemical reaction control. 

The shell progressive chemical reaction model gives an adequate 

interpretation of the experimental results. Furthermore, the rate 

constants evaluated over a wide range of temperatures are in good 

agreement with the Arrhenius relationship. 

Despite the fact that this work confirms the selective sorption 

of caesium by complex cyanoferrates, regeneration of exhausted samples 

using conventional reagents, e0g.» nitric acid, was unsuccessful. It is 
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desirable for the exhausted ion exchanger to be regenerated in an 

industrial application. Because of the different sorption mechanism 

observed in copper ferrocyanide, it may be worthwhile to study caesium 

desorption from this cyanoferrate in future work. 
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Appendix A : List of computer program " Program Test ". 

< • 'I- 5 

1. : i • w - o £, PkGCr'/^ TLST ( IMHUT,UUTP!IT ,TAPF^ = IN(-UT,TAHE6=0UTPUT) 
n.!?i5ln *Lf\L SlnAfc.F 

3 . n I F A l L = i« 

4 . i do -js-9 , 2 
5 . (ir ̂ id^b ?<LAi) (b i a '. 
b . 0'121411. 1 FORMAT (Fit-.. 5) 
7. n ^ i ^ l B \i-5 + ': 
t<. n ' ^.142Q A=v t . n*v 
9. & A = S-..HT (A) 

10. .,». i » 47b (-«..'+A)/2.0 
11. OJ?lt>lo (.=;(- ./ - A ) / ̂ . (5 
12. ='-.:-. v' 0 
1 3 . 0021 Mb- UO 1 = 1,3.45 
14. n lb7b s = s + o .01 
I'D . oc2 L6ub T = 10**S. | 
lo. o:: 2 lbSfc: l) = ( . +1 .0 ) / . 
17. n E.=SORT<T > on 
lb. n C 2 17 0 L ' X = E * L 
19. OuP 171b CRFX = SlbAF_T ( X , TFAiL) 
2 U . 'V.'? i74b ' Y =C - f-
2 1 . n-?,M75h t k F Y = S15 A L F ( Y » T F A1 (_ ) 
22. 
2 /S . H 2 2 U 2 £ Y Y = <L * * 2) * T 
2 4 . -0 3R l-=l . 1 / ( r, -C ) 
2 5 . OO^dObB x Y = E x P.( X K ) 
2 b . rvO 2210b YX=E*P(YY) " 
2 7 . P 0 2 2 i 21> U = O M 1 . 0 - F M R * y Y * U . U + ERFX)-C*YX*(1.0 + ERFY) ) } 
2 b . nJ2.<24B /JKITL(ntiO) T ,! > * 
2^ • p:2234B i:« FORMAT l 3F2b . 7 > 
3 U . 0!'!2>34[; 99 CONTINUE 
3 1 . 0 rJ2 > 3 6 9 • > 9 C O N T I N U E 

3 2 . p. 122*4 lb STOP 
3 3 . 0'32242b EDO 
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Appendix B s Stirring speed effect in 3 . 8 x 1 0 M Cs solution. 
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Appendix C : pH effect in 3.8x10*"^ M Cs solution 
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Appendix D s Simulated test solutions effect in 3 # 8 x 1 M Cs solution. 

Simulated test solutions : (same for Appendix F) 

- 2 
Solution A 

Solution B 

Solution C 

Solution B 

Solution E 

Solution F 

Solution G 

1.8x10 M ferric nitrate. 

5 M sodium nitrate. 

0.82 M magnesium nitrate. 

0.2 M nitric acid. 

_2 
1.8x10 M ferric nitrate and 0.2 M nitric acid. 

5 H sodium nitrate and 0.2 M nitric acid. 

_2 

1.8x10 M ferric nitrate, 5 M sodium nitrate and 0,2 M 

nitric acid. 
Solution H : Aqueous. 

0 

o o 

o Solution A 

• Solution B 

• Solution C 

0 40 80 120 160 200 240 280 ?20 3^0 min 
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Appendix D : Simulated test solutions effect in 3.8x10"6 M Cs solution. 

F(t) 
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Appendix E : pH effect in 3.8x10 M Cs solution. 
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Appendix P : Simulated test solutions effect in 3.8x10"3 M Cs solution. 

P(t) 
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-3 
Appendix F : Simulated test solutions effect in 3.8x10 ^ M Cs solution. 



-154-

Appendix G s Particle size effect on kinetics in 3*8x10 M Cs solution. 

Particle size mm 
Slope x10^ sec""1 

Initial Final 
Slope x10^ sec""1 

0,090-0.106 0.099 3.770 

0.150-0.180 O.I64 3.702 

0.212-0.250 0.227 3.532 

0.355-0.420 0.362 3.323 


