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PREFACE

I developed an interest in the chemistry of niobium and tantalum
while employed és Chemist in the Geological Survey Department, Entebbe,
Uganda. Niobium and Tantalum, the "earth acid" elements, occur
naturally in Uganda; especially in the.Columbite—Téntalite mineral
series. |

The research described in this thesis was carried out during
the years 1960 to 1966, mostly in Entebbe. It has been during these
years that most of the réliablé work, upon which ouf present day
knowledge of niobate and tantalate chemistry is based, has appeared
in tﬁe literature.

The work reported herein is original and has not been submitted
to any other University. The charge determinations described in
chapter III and the chromatographic separation reported in chapter V
‘have already been pﬁblished in the chemical literature. (References
95, 96),

I wish to express my‘gratitude to three successive heads of the
Geological Survey Department, Uganda, Mr. J. Cawley, Dr. C. F. Williams,
and Mr. C. E. Tamale-Ssali, for permission to carry out this research.

I would like to thank Professor E. C. Leisegang, my supervisor,
for.his help and encouragement over the years and Dr. S. C. Churms

for her help in writing this thesis.

Department of Chemistry

University of Cape Town
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CHAPTER I

INTRODUCTION AND LITERATURE SURVEY

It has long been known that fusion of niobium and tantalum
péntoxides with alkali hydroxide or carbonate, followed by aqueous
extraction of the melts, results in the formation of soluble
niobate and tantalate ions. The ion-exchange behaviour of these |
ions has not been studied before, and it seemed to the author‘
that such an investigdtion would be of considerable interest,
with a view to (1) developing a means of separating the ions, and
(2) obtaining some information on the nature_bf the icns
themseives.

The results reported in the chemical literature by various
workers present a cohfuéed picture of the nature of the'products
 formed in alkaline fusions of niobium or tantalum pentoxides;
there are apparent contradictions. Since no review of the field
has appeared in the literature, this thesis is prefaced by a com-
prehensive survey of allipublished work relating to the formation
and structure of niobaté‘and tantalate ions, in order to present
a coherent picture of our present’knowledge of the subject.

The distribution coefficients of niobate and tantalate on a
strongly basic ion exchange resin have been determined under

various conditions, with a view to finding the optimum conditions



for a chromatographic separation. During this investigation,
“which is reported in Chapter III of this thesis, unusual
kinetic effects were observed, which at first appeared to be
related to a change in the structure of the ions. This effect
was further investigated and the results are reported in
Chapfer IV. The development of a chromatographic separation
is described in Chapter V.

Very little is known about the behaviour of the peroxy
complexes of niobium and tantalum in alkaline solution. The
ion-exchange behaviour of these complexes has therefore been
briefly investigated as a possible basié for a method of
separating the two elements. This is discussed in Chapter VI.

A new absorptiometric procedure for analysis of trace
concentpations of tantalum was developed by the author, to
facilitate this investigation; the method is descfibed inv

Chapter II.



LITERATURE SURVEY

This survey covers first niobate and then tantalate; where
results for both are included in the same paper, the information

relating to each has been reported separately below.

Niobate.
In a series of papers (1 - u4) P. Sue reported on his studies of
the reaction of niobium pentoxide and sodium carbonate: with the

Nb,05
‘Na2C03

molar ratio = %_, and temperatures . abcve 700°C, he

obtained thé orthoniobate NasNbOy, and the metaniobate NaNbOg; _the
orthoniobate was sliéhtly soluble in water. He explained his results
in terms of a slow irreversible reaction:

NbyOg + NapCOz + 2NaNbO3 + COy
and a rapid irreversible reaction:

2NaNbOg + 2NayCOg + 2NaghbOy + 2COy
Quiter (5) and Carriere (15) studied the fusions of sodium, potassium
and lithium carbonates with niobium pentoxide and reported that com~
pounds corresponding to 5Me20;Nb205 (where Me = alkali metal) were
formed; all were soluble in water.

Britten-& Robinson (9) prepared potassium niobates by crystal-

lization of the aqueous extract of niobium pentoxide - potassium
hydroxide melts (1:3 weight ratio). The Ky0:Nby0g ratio of the

products varied from 1.33 to 1l.41; they assumed that the "correct”




salt was also obtained by reaction of calcined niobiuﬁ pentoxide with
sodium hydroxide solution (12).

‘Windmaisser (14) postulated the hydrolysis scheme:

7/5 salt + 4/3 salt + 7/6 saif + 1/1 salt -+ acid nicbate

+ niobic acid.
The same paper contained information on theicompounds which were
isolafed from solutions of the 7/6 and 4/3 éalts by addition of alcohol.
From 3-6% solutions two hydrated ninates were cbtained,

Ko0.NbyOs.2Hy0 and Ky0.Nby0s . 4He0
from more dilute solutions acid salts were formed, while in more con-
centrated solutions the 7/6 salt and metaniobates were formed.

Spitsyn and Lapifski (16) observed the loss of carbon dioxide
from melts of sodium carbonate and niocbium pentoxide with molar ratio
Na:Nb = 3:1, 5:1. They postulated the formation of the compounds
NagNbOg and NayNb,Og ("pyroniobate"), as well as the orﬁho— and
meta-niobates. The corresponding potassium pyroniocbate was reported
by Guerchais (34),‘together with other acid salts detected by thermal
analysis of the system KyCOg3-~ NbyOg. - By simiiar thermal analysis
studies of this system Reisman and Holtzberg (19) detected five
1

2 3
A R
3 an

definite compounds with %£ = > 3 55

In the systenm Na2O/Na2CO3 + Nb,Og four definite compounds were

detected with Na =

1 11 3 :
= X fanal .
- a1 T (29

The reaction of K,0 + Nb205 in equimolar proportions was studied

by Reisman, Holtzberg and Berkenblit (28). Reaction of the product



with water gave an insoluble fraction - 6K20.7Nb205, but no formation
of the meta-niobate. The soluble fractions werelcrystalliZed to give
K;Nbe0,4.27H,0.

Lapitski (29) formuléted the aqueous extraction of alkaline
melts of nicbium and tantalum pentoxides as follows:~

(Me = Na or K, Nb can be replaced by Ta);

MeghbOs + H,0 + MegNbO, + 2 MeOH
3 QNbGOlQ + 10MeOH
2MegNbgOyg + HyO0 + MeqyNbg,037 + 2MeOH

6Me NbO, + SH,0 + Me

Details of the solubility, pH and conductivify of various
nichates have been published (21, 27).

It has been reported that the reactions of KyyNbj,037.27Hy0
and KNb03.2H20 with various reagents are identical (23).

The existence of the hexameric niobate ion in the crysfal was
indicated by an XQfay study of the compound NajpNbj,037.32H,0
by Lindquist (13).

Jander  and Ertel (54) prepared potassium and sodium niobates by
fusion of niobium pentoxide with from 7 to 60 times its weight of
potassium hydroxide, extraction with water and crystallization from
potassium hydroxide solution.

Sodium nicbates were also obtained by addition of sodium hydrox-
ide to sclutions of the ﬁotassium compounds. In all cases the
anglyses correspended to the 4/3 or 7/6 salts. By fusion of equimolar

quantities of niobium pentoxide and alkali hydroxide these authors
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obtained the meta-nicbate. The melt obtained.by'fu$ion of nicbium
pentoxide with excess sodium hydroxide was extracted with absolute
~ ethanol to give the ortho-niobate.

On the basis ofvthese results Jander and Ertel postulated that
when niocbium pentoxide is fused with excess alkali hydroxide, the
'following reaction occurs:-

18MeOH + 3Nb,O.. + 6Me

2,0¢. 41b0, + 9H,0

2
while leaching the melt with water gives the reaction:-

6[Nb04]3' + 108t » [Nbsolgaqjg" + 5H,0  (irreversible reaction).

Rohmer and Guerchais (47) proved the existence of ten different
cryétalliné phases ‘in the system Ky0 - NbyOg - HyO.

The various compounds were characterized by X-ray powder diagrams
due to the inadequacy of chemical anaiyses. On the basis of thermo-
gravimetry and differential thermal analysis these authérs identified
tﬁe following compounds:

(a) MKQO.SNbQQS.QHQO.

(b)  7K,0.6Nb,0,.25H,0.

(c)  7K50.5Nby0x.32H,0.

(d)  13Ky0.10Nb,0s.40H,0.

(e)  Ky0.NbyOg.xHy0.
as well as undefined acid potéssium niobates and niobium pentoxide

hydrates. All these compounds could be formulated as variations of

the fundamental hexaniobate structure, as follows:-



(@) Kg[Mbg01g(OH), ].8H,0.

) Xy ENbGOl.S(OH)QH] -11H,0.

() K7[Nb6018(0H)2(1_X)H2Xj.15H20.

(d)  Kg_y[Nbg0;g(0H),H, J.11H,0.

(e)  Kg [Mbg0;7(0H), ] xH,0.

or
Kg [NbgOp g . (x+1)Hy0.

As an alternative structure for the 7/5 cmeOUnd (¢ - previous page),

they gave
K, [¥b(¥b0,, ), } 16H,0.

This latter structure was possibly suggested as a result of -
cfyoscopic studies by Lehne, Goetz and Rohmer (31,59) in the same
laboratories at this time, which indicated the existence of the peﬁ—
taniobate ion. These authors studied the system Nb,Og - KOH ~ 1,0
by cryoscopy. For -QN-g- > 2.5 they reported the ions (Nb04)3—,

(H?Nb207)2-, and (HNb207)3" and at lower alkali concentrations the

pentanuclear and hexanuclear species.



Later, however, these authors reported (61) that their analysis
for potassium in the earlier paper had been in error, due to adsorp-
tion of excess acid by the precipitéted niobic acid. Repetition of
the experiments with a better analytical technique gave the degree of
condensation as 6 at the lower'alkali conceﬁtrafions. Attempts to
precipitate the 7/5 barium salt were unsuccessful and it was concluded
thét, unless this salt has a much higher soiubility than the corres-
ponding hexamer, the pentameric ion does not,'in faét, exist.

~ These authors studied the variation of pH and conductivity caused
by addition of a solution of barium chloride to solutions of the 4/3,
7/6 and 1/1 salts; their results are explained by assuming that all
three are salts of one acid, HgNbgO1g9. and that the following ions
exist in solution:
8- 7~ 6~ 2~

[Nbg01g] » [NbgO1gH] , [MbgO1gH,] [Nblzoasﬂu]l ,

[1b103gHs T

The protonation and condensation reactions occur in weakly
alkaline solutions.

Bouillard (62) heated Nb,04 + Na2C03(l:l) or Nb,0g + NaNOs(l:Q)
to obtain inspluble sodium metaniobate. With more alkali further
reactions occurred but in éach case the metaniobate was formed first.
At 600-900° two water-soluble modifications of sodium orthoniocbate
were formed. Above 1000° the water-soluble pyroniobate (NayNb,07)
was obtained. A more alkaline salt was also reported.

/
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It has been reported by Lapitski (29) that niobium pentoxide
dissolves in cold N sodium hydroxide to form the orthoniobate and
NagNbOg, and in boiling N sodium hydroxide to form the hexaniobate.

Mambetov (30) reported the formation of the definite compound:

NaNbO5.5.35H,0. He also identified (33) a gel which was precipitated

2
at pH 8.5 from nicbate solutions, as Nb205.7H20. This was de-
hydrated over calcium chloride to Nby0g.5H50, which was represented as
HgNbOg, or HgNbOy.Hy0; boiled under water, it became HNbOg.xH,0.

It has been suggested (41) that in the alkaline range, up to

pH12, the following equilibrium exists:

Nb(OH)5 + OH™ NbOs’ + 3H20

On the basis of thermal dehydration studies and Debye diffraction
patterns, the crystalline salts of the 7/6 and 4/3 series have been
represented by Lapitski et al (32) as follows:-

M, [(HNDgO H20]mH2o.

19790

14, 16 (16 possible if H not present in anion)

]

where x
n = i—5
m varies
Jander and Ertel (54) studied the ultraviolet absorption spectra
of solutions of the 4/3 and 7/6 salts over the range pH 5 - 14; Beer's
Law was obeyed at niobate concentrations below 10"2M. Pure aqueous
niobate gives an alkaline reaction .due to hydrolysis; the pH was varied

by addition of potassium hydroxide or by passing carben dioxide through
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the solutions. Stable reproducible spectra werelobtained and three
distinct patterns were observed. Ideptical results were obtained

for sodium and potassium niocbates. Over the range of pH from 9.9

to 14, a series of isosbestic curves were obtained; this is character-
istic of a binary equilibrium. These authors therefore interpret

this as representing the following equilibrium:-

[NbgOy9aql®™ + Hy0 pHL3, [HNbsolgaq]7’ + OH

Below pH 9 the absorption spectrum changes and over the range
of pH 4,7 - 5.4 the shape.of the spectrum is constant. This they
interpret as reflecting thé'equilibrium:f

[bg0ygaq '~ + H' == [MbgO15aq]°” + Hy0

In a third paper (54) Jander and Ertel published the results of
conductometric titrations of the salts, the analyses of which corres-
ponded to the formulae:-~

NagibOy, Nag[NbgOjql, Nay[HNbgO;9] and Kg[NbgOig].

Breakpoints in the titration curves indicated the occurrence of
the following reactions:-

3 + ' 8-
6NbO,~~ + 1O0H' ~ [NbgOjgqaq]” + 5H,0
4 PH13 _ . _
[Nb6olgaq_]8— + H+ g [HNbGOlgaq]7

- + H9 6~
[HNbgOygaq)l/~ + H' E=2 [Nbg0;gaql° + HyO0

[NbgOjgaq J6~ + 6H' + Hg[Nbg0;gaq] + 3Nb,y05.aq + 3H,O.
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In the same study Jander and Ertel attempted to estimate the
anionic weight by determining the rate of diffusion of niobate ions
I these solutions over the same range, pH 5 - 14, The concentrations
of the solutions used in the diffusion experiments are not'given.
Molecular weights were estimated from a graph showing the experimentally
determined diffusion coefficients of various tungstate and molybdate
ions as a function of their calculated molecular weights. According
to this graph the diffusion coefficient of niobate at high pH corres-
ponds to a molecular weight of approximately 1000. This is in
agreement with the structures suggested on the basis of the optical
measurements. Over the pH range 11 - 9 the diffusion coefficient
drops to a value which corresponds to a molecular weight of about
* 3000. This indicates the formation of a polymeric species,

[(g0,)°]
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Various early authors (1, 8,»9) studied conductometric and po-
tentiometric titrations of alkali niobates; the results indicated
" the following hydrolysis séheme:—

N0y 2™ + Nbg0y®™ » HNbgO1g ™ > NbO3™ + Nb,Og

' This hydrolysis scheme has been confirmed in a recent reinvesti-
gatién of the conductoftetric titrations of alkali niobates (67);
vhereas the conclusions of Jander and Ertel were not confirmed. The
new results for potassiuﬁ niobate solufions could be explained in
terms of equilibria between the ions:-

[¥bg0191%7, [HNbgO19]7", [HpNbgO19]°™ and [H,Nbg0;91%-*
All these are derived from the hypothetical acid HgNbg04g-

- Neumann (55) studied solutions of the compound KgNbg04g.16H0
and also the 7/6 compound, prepared by addition of alcohol to a
solution of thg 4/3 compoﬁnd in 0.1 M potassium hydroxide. E.M.F.
titrations were performed at Nb concentrations of 50 x 10~3M. At
this concentration he observed some unexplained precipitation above pH
12.5. The experimental results were subject to some uncertainty
but were considered to confirm the general conclusions of Jander and
Ertel, and to support.the existence of a hexameric niobate ion in
solution.

‘The importance of the concentration of niobium in solution was
first shown by Gridchina (65). Solutions were prepared by fusion of

niobium pentoxide with potassium hydroxide, (1:1.5 weight ratio),
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extraction.with water and dilution to give a Nb concentration of 0.36M

in N potassium hydroxide. This author studied the dialysis of niobate

ions in alkaline solution through a cellophane membrane and determined

the dialysis coefficients relative to the reference ion, which in this

case was chromate. " In his paper the relative dialysis coefficient,

© Dy, of.niobafe is presented as a function of the niobate concentration

and the concentration of potassium hydroxide. The following is a

summary of the main findings:-

(1) At a constant potassium hydroxidé concentration of 0.3 N, Dy de-
creases as the Nb concentration in the solution is increased from

0 - 0.0025 M. At Nb concentrations from 0.0025 - 0.025 M D,

is apprcximately constant.

(2) At a constant niobate concentration of 2.5 x 1073 M; D, increaées
as the potassium hydroxide concentration is increased from 0,007 -

1 N (the graph is a straight line from 0.1 N to 1.0 N and in-

dicates that in more alkaline solutions D, would continue to ~

increase).

The varying values of D, presumably reflect varying degrees of
polymerisation of the "niobate" ion. Interpreting these results,
Gridchina assumes arbitrarily that at the maximum dilution
(2.5 % lO_SM Nb), the "monomer" is formed, i.e. that the polymerisation
factor is 1. On this basis the polymerisation factor, p, at higher

concentration is calculated from the relation,

2
p = (Dmax>
DX



AnValue of 6 is obtained for p at niobate concentrations higher
than 2.5 x 1073 M (in 0.3 N KOH).

In the same paper Gridchina reports a véry interesting study of
the ultraviolét absorption spectra of potassium niobate solutions
(from 220 - 300 mu) as a function of the potassium-hydroxide concen-
tration and the total ninbate concentration. His main findings
were:-

(1) At a constant potassium hydroxide concentration of 0.3 M, the
extinction coefficient (at 245 mu) decreases as the niobate
concentration in the solutions is decreased from 2.5 x 1072 M
to 2.5 x 1075 M.#

(2) The shape of the absorption curves changes with changing pH
(12.5-14) at constant Nb concentration; this was observed at
the different niobate concentrations 2.5 x 1044 M and 2.5 % 10'3
The data suggest that at definite concentrations of alkali and

niobate a componnd with én absorption maximum ét 240 mu is formed;

Gridchina identifies this compound as the hexaniobate. This author

attributes ‘the decrease in light absorption with dilution to decom-

.position of the large niobate anion tec form simpler ions.

It is of intereSt to note that the absorption peak at 240 mu has

15

MI

been suggested as the basis of a possible spectrophotometric procedure

-for analysis of niobium solutions (74).

% It can be seen that Gridchina's results contradict those of Jander

and Ertel, who claimed that Beer's Law is obeyed at niocktate concen-

trations below 10-2 M.
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Nelson and Tobias studied the structure of the nicbate ion by
light scattering and ultra-centrifugation (56). They prepared
potassium niobate by recrystallising from potassium hydroxide solution;
precipitation with ethahol gave crystals of KluNb12037.27H20; Their
light scattering data covered the range.0s03 - 0,3 M Nb in 1M KC1
(the concentration of potassium hydroxide was not given, but was very
small.) The ultracentrifugation data were obtained for the range
0.01 - 0.35 M Nb in 1M KCl, without added alkali. These authors con-
cluded that the sclutions were monodisperse, therdegree of polymeri-:
sation‘ was 5 - 6, aﬁd that the effective charge in‘solutior; was no

greater than -2. The light scattering results were indicative of

the existence of a species with high symmetry.
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Tantalate.
Marignac (6) prepared potassium tantalate by fusion of potassium
hydroxide and tantalum pentoxide. Chemical analysis of the products

obtained by crystallization from solutions gave EZE_ ratios equal to
. Ta205

1 and 1.33. The latter corresponds to the hexatantalate - ngraeolgj.

In 1925 Jander and Schulz (7) prepared potassium tantalate with

K50
Tay0sg

equal to 1,40, corresponding to the pentatantalate. They used
measurements of diffusion to calculate the molecular weight of the ion
in solution, which they considered tc confirm the formulation as a
pentatantalate.

Windmaisser (10) prepared potassium tantalate by fusion of tan-
talum pentoxide with excess potassium hydroxide; the melt was extract-
ed with water, filtered and concentrated. Analysis of the product
showed that the ratio 529_ varied between 1.30 - 1.44, corresponding

Tas0s5 _
approximately to variation between the compounds 4K,0 . 3Tay0¢ .
16H,0 and 7K20.5Ta205.H20. He could detect no differences in
chemical properties or crystal structure among the various compqunds,
and concluded that they represent one compound in which exchange
between K-0-H and H-0-H could occur.

Halla, Neth and Windmaisser (11) later examined the various
tantalates (4/3 and 7/5) by X-ray powder photographs and suggested the
structure KlGETalQOSGJKOH)u'SOHQO’ in which there could be variation

by loss of water, addition of K' and replacement of OH™ by 02'-
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Lindquist and Aronsson (18) considered that their X-ray powder
photographs of KETa6019]16H20 proved the existence of thg [Tasolg]a—
ion in the crystal. They doubted the results of Jander and Schulz
supporting the pentameric structure.

Lapitski and Simanov (2) studied the dehydration of tantalic
acid and suggested that it could be represented by the reéction

HlsTa(TaOu)6.7.5H 0 ~» H7Ta(TaO

2 e

N\

The structure on the right corresponds to the pentanucléar acid
suggested by Jander and Schulz. However, later studies (32) of
thermal dehydration led to the formulation of alkali niobates and
tantalates as

M, [ (H(Nb)(Ta)g0q g)p «nHAO0 JmH,0

where x = 14, 16; n = 1-5 ("anionic water") and m ("cationic water")
varies.- (See comment on page 10).
Lapitski (29) investigated the solubility of tantalum pentoxide
in sodium hydroxide solution. Solubility is very iow in concentrated
sodium hydroxide solution; with low alkali éoncentration the compounds
NagTagOjg.16H,0 and NajTag0;g.11H,0 are obtained. He claimed
that boiling freshly precipitated tantalum pentoxide with 1.8 N sodium
hydroxide produced only the pentatantalate; "in 3.1 N sodium hydroxide
the pentatantalate and orthotantalatelwgre obtained. Aqueous ex-~
traction of alkali-tantalum pentoxide melts gave only the hexatantalate.
Jander and Ertel (53) prepared potassium tantalate by fusion of

tantalum pentoxide with excess potassium hydroxide (mole ratio 1:25),
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extraction with either hot or ice-cold water, and crystallization

from solution. The crystals were filtered off, washed with water,
ethanol and acetone and finally dried over calcium oxide. Other
alkali tantalates were prepared by addition of excess sodium, lithium,
rubidium or caesium salts to solutions of the potassium compound.
Three crystalline forms of potassium tantalate, two forms of sodium

tantalate and one form of lithium tantalate were obtained. - In all

cases the analyses of the compounds gave'gigg = 1.39 - 1.u40.
Tay05
Analysis of the rubidium and caesium compounds gave fﬁgﬂ, = 1.37, 1.36.
Ta,0 .
275

The low values were attributed to adsorption of rubidium and caesium
ions by the tantalic acid precipitated in the analyses so that low
values for alkali metal were obtained. The analyses may therefore
be regarded as qorresponding to the structure Me7Ta5016.H20 in all
cases. The amount of water of crystallization varied. Jander and
Ertel doubted Windmaisser's results.

These authors measured the ultraviolet absorption spectra of
their compounds, varying pH by addition of potassium hydrqxide or
perchloric acid, and published a spectrum which they reported to be
constant and independent of the pH or the particular alkali metalv
present. They do not gi?e the concentrations or actual pH-values of
their solutions.

Jander and Ertel attempted to determine the molecular weight of
the tantalate ion by measurements of diffusion coefficients. Solutions

0.1 "equivalent normal® were prepared, and allowed to equilibrate for
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a few days after adjustment of the pH.  The diffusion coefficient
was found to be constant in potassium hydroxide solution up to 3Nj
the molecular weight of the ion was then calcu;ated by comparisgn
with similar diffusion measurements in acid solution on the ion
[I(MoOu)G]s” the structure of which is considered to be well est-
ablished. The value obtained was 1172; the theoretical value for
the ion [Ta5016]7' is 1160.

Jander and Ertel also studied the system potassium tantalate-
ice-potassium nitrate by salt cryoscopy, from which a value of 4.88
was obtained for the polymerization factor iﬂ tantalate.

On the basis of these results the tantalate ion was pictured by

these authors as a derivative of orthotantalic acid, HzTaOy:

. -
0-Ta-0-Ta-0-Ta-0 [TaSOlGJ

0-Ta~-0
About the same time Spitsyn and Shavrova (98) showed conclusively
that the reaction of socium hydroxide with tantalum pentoxide gives
two definite crystalline compounds. Tantalum pentoxide was fused

with sodium hydroxide (1:5 weight ratio), and the cold melt was ground
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in a mortar and treated with a little cold water to remove excess
alkali. The crude product was then dissolved in warm water.
(1) Evaporation at 500 gave hexagonal plates; the analysis
| corresponded closely to 8Naj0.6Ta,0g.33H,0.
(2) Addition of 0.1N sodium h&droxide solution in the cold gave
needle-like crystals, the analysis of which corresponded
to:~ 7Nay0.5Taq0g.22H50.
(3) Evaporation of the solution at a temperature above 85° also
gave prismatic crystals of the pentatantalate.
All three compounds dissolved in water to give a solution of pH
8.5 (the concentration is not given). |

In a second paper (99) the same authors considered the mechanism
of the reaction of tantalum pentoxide with sodium hydrokide. They
prepared sodium metatantalate by ignition of the 4/3 and 7/5 hydrates,
followed by treatment with distilled water to remove completely any
free alkali. The analysis of the dried product corresponded to
NaTaOg. vSolubility of this compound in water and in sodium hy-
droxide solution was very slight, from which it was concluded that
some compound other than the metatantalate is present in the melts of
tantalum pentoxide with caustic alkalis. _

In order to try to establish the identity of the initial fusion

product, these authors leached the tantalum pentokide - sodium hy-
droxide melt (1:5 weight ratio) with hot anhydrous alcohol till

alkali-free. Analyses of the product for tantalum corresponded °

\



fairly well to NagTaOg, but not tb‘Na3TaOu or NaTéO3. The
fusion reaction is therefore represented:- |
10NaOH + Ta205 > 2Na5TaO5 + 5H20.

Crystals of the pentatantalate separate from solutions of this
compound in water; éhis could be represented as:-

5NagTaOg + 20H,0 + NaqTag0pg.11H,0 + 18NaOH.

Nishanbv and Lapitski (27) have published some details of the pH
and conductivity of solutions of sodium pentatantalate and sodium
hexatantalate. Because of hydrolysis however no conclusion about
the nature of the ions in solution can be drawn from such data.

Lapitski (29) extracted alkaline melts of tantalum pentoxide
with water; the solutions were in equilibrium with

NagTag0jg.12.5H,0 and KgTagOjg.l1BH,0.

More recently, the existence of eight crystalline forms of pot-
assium tantalate was shown by Dehand (49) as a result of a study of

ratio varied from 1.26 to

- ™2
the system Taj0g - Ky0 ~ HyO. The 20
25

1.40. The analyses of the various phases corresponded to the
compounds : ~

(1)  2Ky0.1Tay05.8 or 9H,0.

(2)  u4K,0.3Tay0g.16H,0.

(3) 4K20.3Ta205.14H20.

(4)  UK,0.3Ta,0g.12H,0.

(5)  4K,0.3Ta,

(6)  Kg_yH,Tag0yq.13H,0.

05.9H20.
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(7)  Kg_4H,Tag0;q.12H,0.

(8) Ky0.Ta,0g (meta-tantalate)

(3)  2K,0.3Ta 0.

X-ray diffraction, thermal and spectral data conclusively identi-
fied'eight differéntvcrystalline compounds. The same series of salts
could be obtained (50) from the product of the fusion of tantalum
pentoxide with excess potassium hydroxide. Evaporation of the
aqueous extract of the melt to various levels gave the above compounds.
In this same paper the vafious compounds which can be precipitated by
. alcohol from solutions of potassium tantalate have been described.

Nelson and Tobias (45) prepared potassium tantalate by fusion of
tantalum pentoxide with excess potassium hydroxide, extraction Qith a
minimum of hot water, precipitation with ethanol and recrystallizatiog
of the-crude product from p@tassium hydroxidé solution. Analysis
of the crystals gave KgTag0;g.16H,0. Solutions of the compound
were analysed b} infra-red and ultra-violet spectrophotometry, measure-
ments of e.m.f. and light-scattering. ‘

The UV spectrum remained constant over the range 1.2 - 60 x 1074 ¥ Ta
and 6 - 380 x 10-% M hydroxide. The spectrum published by the author ‘
is in general agreement with that of Jander and Ertel; the absorption
peak is below 2000 Angstroms and cannot be measured. From the constancy
of the spectrum Nelson and Tobias inferred that the structure of the
Spevcies is unchanged by changes in concentration. E.M.F.
measurements showed that the number of protons bound per tantalum atom

was constant at 0.12 over the range pH 10-13, and at Ta concentrations
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between 0.60 M and 0.24 M.

A light-scattering study was carried outmin order to estimate the
size of the tantalate species; it was concluded that the degree of
polymerisation appeared to be in the range 6.0-6.5. The effective
charge of the anions in the potassium chloride solution used was reduced
to a value of about three as a.result‘of binding of potaésion ions.

In a later paper (46) the same authors described the results of
.equilibrium ultracentrifugetion studies of the same solutions. Results
indicated that in M potassium chloride only a single polyanion is
rresent. The.calculated degree of polymerisation, and effective
charge, agreed with the results reported in.the earlier paper. it
- was concluded that the tantalate ion in solution has the same structure
as in the crystal, viz., Tasolge‘, but that.the effective chargg in
solution is reduced to‘a value no greater than -2 by protonation and
binding of potassium ions. The pH of the solutions used by these
authors is not given, butAwould be the equilibrium.values resulting
from hydrolysis of the potassium tantalate in solution.

Aveston and Johnson (57) recrystallized potassium tantalate from
water under a nitrogen atmosphers. The analyses of two samples
prepared by them corresponded to

4.1K50.3Tay05.16H,0 and  3.9Ky0.3Tay05.16H,0.

Ultracentrifugation data obtained by these authors could best be
explained by assuming that the degree of polymerisation was about 6

or a little less. From the results obtained in potassium chloride
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'
and potassium hydroxide solution it was concluded that the effective
charge'in solution appeared fo be reduced to about 0.5. These results
refer to Ta concentrations of 0.008-0.1 M in M KC1 and 1 M potassium
hydroiide solution. At a fa concentration of 0.008 M with 1 M poé-
assium chloride as supporting electrolyte, anomalous results were
obtained; these were interpretéd as indicating that the tantalate ion
is unstable at the low pH of this dilution. -

In a very original experiment Aveston and Johnsén compared the
Raman spectrum of the crystalline potassium tantalate with that of
its saturated solution. The spectra are very similar, adding further
evidence that the tantalate ion existing in the crystal is the same as
that which exists in solution. The simplicity of the spectra was
: considered to provide qualitative evidence for the very symmetrical

octahedral arrangement of Ta atoms proposed by Lindquist (13).
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Peroxy Compounds.

The peroxy compounds of niobium aﬁd tantalum in neutral and acid
solution have béen studied by many workers. The peroxy complexes
of both elements in Sulphufic acid have been used in spectrophotometric
analysis (81; 82), but very little is.known about the nature and
behaviour of these complexes in alkaline socluticn.

Recently (87-90) studies have been made of the compound cbtained
by addition of ethanol to an alkaline solution of niobium or tantalum
pentoxides in the presence of hydrogen peroxide. It has been shown
that the white crystalline solids obfained éontain the anion:

MOBS— vhere M = Nb or Ta.
‘These salts dissolve in water without decomposition.
There is evidence that cationic peroxy complexes exist below

pH 3, whereas above pH 5 anionic peroxide complexes exist (91).

Discussion of Dialysis and Diffusion Methods.

It is worth considering the dialysis method used by Gridchina.
The use of reference ioné avoids experihental errors due to vibration,
variation in pore size due to membrane'swelling; etc. However there
remains the problem of differing degrees of hydration of the ions and
therefore absolute dialysis coefficients cannot be measured. The
method should be valid, however, for determination of relative .dialysis
coefficienfs of different fbrms of the same ions, if the degree of
hydration can be ccnsidered constant. The variation of the relative

dialysis coefficient should therefore reflect, qualitatively at
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least, the degree of polymerisation of the ioms.

. o |
The equation:polymerisation factor, p, = <Dmax'> , was checked
' X
in an earlier paper by Babko and Gridchina (42) by determining the

depehdence of the relative dialysis coefficients of aluminium and
thorium on the concentraticn of the ions and on acidity. These ele-
ments do not form polyions in an acid medium, and these authors found
that the relative dialysis coefficient was almost censtant for aluminium
and thorium concentratibns between 0.001 - 0.1 M in N hydrochloric
acid, and 0.C1 M in 1-0.001 N hydrochloric acid. These results
justified the application of the abcve equation to tﬁe interpretation
of diélysis data for zirconium ions in acid sclution. In the later
paper (4) Gridchina appliéd'this equation to dialysis coefficient
results for acid solutions of niobium; and alsc for alkali niobate
solutions,

The éssumption that the maximum dialysis coefficient corfésponds
to the unpolymerised ionic form is a reasonahle one; further the data
on aluminium show that a variation of dialysis coefficient in acid
soluticn does imply polymerisation or depolymerisation of the ions.
However there is no experimental evidence to support the suggested
quantitative relation betweeﬁ dialysis coefficient and degree of poly-
merisation.. Any variation in retardation due to varying. particle
size is, of course, completely unknown. Further the variationrin
the degree of hydraticn of the various ions is unknown; in the case

of polymerisation to form chains such as occur with zirconium ions,
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Y
the degree of hydration is probably roughly proportional to the degree
of polymerisation. However,\in the case of decomposition of the compact,
octahedrally constructed niobate ion to form monomeric units this factor
would be considerable. (The number of water molecules attached to 6
monomeric nicbate ions would probably be much more than 6 times the
number attached to one hexaniobate ion).

Despite its drawbacks, dialysis is a useful technique for in-
vestigations such as this in that it is less likely to affect any
equilibrium which may exist in solution between various ion forms than
are ion-exchange techniques or methods involving precipitation of
ions from solution.

The diffusion method employed in the studies of Jander.and Ertel
has been much criticised. There is no theoretical basis for the
assumed relation between molecnlar_weiéht and diffusion. Further
these authors have included in their graph of molecular weight as a
function of diffusion ccefficient a point for the tantalate ion, wﬁich
they considered to be fTa5015]7~. However, ésbhas been shown, the
evidence is now very strongly in favour of the formula [Tasolg]B' for
the tantaléte ion. Further, tantalate probably exists in solution as
an ion corresponding approﬁimately to the formula.

[KgTagd; g2~ (M.W. = 1590).

If the water sheath is allowed for, therefore. the effective

anionic weight is probably greater than 1600, whereas the point for

the tantalate ion, which falls exactly on the graph published by
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- Jander and Ertel, corresponds to an assumed ionic weight of 1160.

This casts serious doubt on the whole method. Baker and Pope (48)

have concluded that the diffusion method is worthless for determination

of molecular weights.

Summary,

It is evident from the above literature survey that the results

of the various investigations which have been carried out do not yet

present a complete picture of the various niobate-tantalate compcunds

which can be prepared by alkaline fusions of niobium and tantalum

pentoxides. There are a number of reasons for this:-

(1)

(2)

(3)

The chemical composition of compounds such as 4K,0.3Ta,0g.16H,0

~and 7K,0.5Tay0g.28H,0 is very similar; precise analyses are

required to distinguish between them.

Apparent discrepancies in the formulae of various compounds may
be due to incomplete washing of the crystals. An interesting
example of this effect is given by Kennedy (Ref. 93 page 4b).

Alkali niobates were prepared and washed with cold water, to give

- a K:Nb ratio of 1.5; further washing with boiling alcchol however

decreased the ratio to 1.21. It is, of course, possible that
some.chemical change took place during the washing.

Recent studies have indicated the egistence of a number of differ-.
ent alkali niobate-tantalate compounds, wifh only slightly differ-
ent stoichiometry, as well as some non-stoichiometric compounds.

As regards the tantalates, the controversy between the 7/5 and
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4/3 formulae, based on chemical analyses, was definitely resolved by

' Spitsyn and Shavrova (98), who described conditions for the preparation
of both compounds from the same solution. This emphasises the fact
that chemical data cannot provide conclusive proof regarding the
nature of the ions present in solution.

The early results of Windmaisser (10) still hold great interest,
indicating as they do that the 7/5 and 4/3 series may be variations
of the same basic crystalline structure. This early interpretation
has been supported and enlarged by the more recent work of Rohmer .
and Guerchais (47)‘who have formulated ali the niobate compounds,

. including the metaniobate, as variations of the basic Hexanuclear
structure.

An interesting project for the future would be a physical study of
the 7/5 series, with a view to establishing the structure of the ions
in the crystal.

As regards the nature of niobate and tantalafe ions in solution,
the picture is somewhat clearer. Unambiguous data rggarding the
structure of the ions in solution are not easy to obtain. Normal
methods for the determination of molecular weight cannot be used in
this case; the anions hydrolyse to varying degrees and the exact
amount of free acid or base present is not known. It has been shown that
cryosopic methods teﬁd to be unreliable when the degree of condensation
is as high as six (52).

Comparison of the conductometric titrationsiof solutions of the 7/5

niobate compound, by Britton and Robinson (9) with those of solutions
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of the u/3-compound by Dartiguenave et al (67) indicateé very strongly
that these solutions do in‘fact contain the same ions. Further, the
similarity betweeﬁ the UV absorption sPectia published by-Jander and
Ertel (53) and Nelson and Tobias (45) f§r the 7/5 and 4/3 tantalate
compounds respectively‘indicates that the same tantalate ion is preseﬁt
in both solutions.

If the diffusion and cryoscopic results of Jander énd Ertel are
discounted, therefore, the combined evidence from light-scattering,
ultracentrifugation, e.m.f. titrations and Raman spectra all indicates
that the hexameric structure which exists in the crystal persists in
solution, as EHbeGOlg]B_x where Nb can be replaced‘by Ta.

It.is likely that protonation-condensation reactions lead to the
formation of larger polyanions in solutions of lower pH. The effect-
ive charge of the ions in solution is reduced by binding of cationms.,

A new dimension has been introduced into the picture by the
 dialysis experiments of Gridchina (40), showing the effect of concen-
tration on the strﬁcture of the niobate ion. He obtained evidence for
decomposition of the niobate ion at concentrations below 2.5 x 10~34 Nb
in 0.3 ﬁ potassium hydroxide. Other workers have not always given
sufficient details about the concentrations of niobat; and hydroxide.
in their solutions; however it appears that in all cases the concen-
tration of niobate was greater than this value. |

The extreme similarity of the niobate and tantalate anions is not
surprisipg in view of the fact that the outer electrédic configuration

of Nb(V) and Ta(V) is identical. The most obvious difference in



chemical properties)between alkali niobate and tantalate solutions is
the greafer tendency of tantalate to hydrolyse. Tantalate ﬁndérgoes
hydrolytic precipitation at about pH 10, whereas niobate ions may re-
main in solution down to about pH §; Jander and Ertel (54) recorded
stable reproducible absorption spectra for nicbate solutions in this
pH range. This probably reflects a difference in the stabilify of
the protonated forms of niobate and tantalate, rather than in the

degree of protonation, of the two ions..

32
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CHAPTER II

MATERIALS AND ANALYTICAL METHODS

The resin used in this work was Deacidite FF, produced by the
Permutit Co. This is a polystyrene-divinyl benzene resin contain-

ing quatérnary ammonium groups. Resin of cross-linking 7-9% DVB
(divinyl benzene) was chosen for this work, this being the highest
cross-linking available. High cross-linking was considered desirable
because high selectivity was required; selectivity is enhanced by in-
creased cross-linking.

Resin of 14-52 mesh was used for the experiments on niobate/tantalate
distribution. The larger particle size material was chosen for ease
of filtration and handling after the equilibration experiments. This
mesh size was also used for‘the kinetic investigafions; with smaller
'particle size the reaction proceeded too rapidly to be followed by
the experimental technique used. In this case the resin, prepared
as described below, was further sieved through a 30 mesh sieve to
decrease the particle size range. The prepared resin was therefore
14-30 mesh, corresponding approximately to bead diameters of 0.6 mm
to 0.3 mm.

' Resin of 100-200 mesh was used for the column investigations as
rapid exchange is necessary in this case. This finer material was
also used for one kinetic experiment in order to illustrate the effect

of bead diameter on the reaction rate.
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The resins were conditioned before use by cycling with hydro-
chloric acid and sodium hydroxide and finally washing with'wéter till
chloride-free, The fines were removed by stirfing in water, allowing
to settle and.decanting. The slurry was filtered, sucked dry and
allowed to dry in air. After coming to equilibrium with the atmos--
phere the resin beads were free flowing.

Preparation of Hydroxide Form of the Resin.

The hydroxide ion is very weakly adscrbed by strongly basic ion-
‘exchangers; a large excess of hydroxide solution is therefore re-
quired to convert the resin to the hydroxide form. Column operation
and a'low flow rate are essentiél in order to remove the last traces
of the preferred chloride ion.

The conversion of the resin to the hydroxide form was carried out
in a small column, diameter 11 mm. The conversion of two grams of
resin by means of 1.5 N sodium hydroxide solution is shown in figure
2.1, After zué ml of the alkali solution had ﬁeen §assed, the chloride
remaiﬁing on the resin was determined by passing 50 ml of 0.25 M sodium
sulphate solution through the cclumn and analysing the effluent for.
chloride. The effluent contained 0.021 mequiv. of chlcride. From
the knoﬁn re;in capacity (3.1 mequiv. per g of air-dried resin) the %

cenversion is

(6.2 -~ 0.021) = 100

= 9
6.2 - 99050.

On the basis of this result the conditicns chosen for conversion
of the resin from the chloride form to the hydroxide form were: 200 ml

of 2N sodium or pbtassium hydroxide solution for twc grams of resin.
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FIGURE 2;1 Conversion of 2 g of Deacidite FF resin (1;=52 mesgh)

to hydroxide form by 1.5 N KM solution,



Chemicals.

Niobium pentoxide: Hopkin and Williams reagent 6097. "Typiqal
Analysis" (75)3 99.8% NbyOg, maﬁ 0.05% Ta, Si 800 p.p.m., Sn 400
p;p.m., Fe 300 P.D.M., Tibé2d p.p.m. '

Tantalum bentoxide: Hopkin and Williams reagent 8405. "Typical
Analysi;" (75): 99.7% Tay0g; Nb.60 p.p.m., Si 0.2%, X 500 p.p.m.,
Fe 500 p.p.m. |

Carbonate-free potassium hydroxide was prepared by passing pot-
assium chloride solution over a strongly basic anion exchange resin
in the hydroxide form.

Zerolit N-IP strongly basic resin was ﬁsedvto prepare a column
42 cm long and 3.3 cm diameter. The resin was converted to the
hydroxide form by passing 4 litres of 10% sodium hydroxide solution
from which carbonate had been removed by addition of excess barium
hydroxide solution and decanting. After this solution had been passed
through the column the effluent was found to be chloride-free when
tested with silver nitrate-nitric acid solution. Deionized water
was then passed through the column to remove the alkali and potassium
chloride solution passed through to prepare carbonate-free potassium
hydroxide.. When chloride began to appear in the effluent the column
was regenerated as described above. |

Carbonate-free Ammonia.

To 200 ml of concentrated (s.g.0.910) ammonia solution was added

50 ml of a saturated solution of barium hydroxide. The mixture was
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~heated at atmospheric pressure, the ammonia being absorbed by deion-
ized water.

Liquid Ion-Exchangers.

Preliminary experiments were carried out with cetyl trimethyl
ammonium bromide, since this was the only quaternary ammonium compound
available. Tests with a Y/10 solution of this compouhd in.iso—amyl
alcohol showed that‘the ion-exchange of niobate/tantalate in alkaline
solution proceeded in a manner analogous to the reactions with solid
ion~-exchange resin. However, with this liquid exchanger difficulty
.was experienced with formation of emulsions at the liquid interface.
Later a sample of General Mills' Aliquat.336 was obtained and this
was used for the experiments with hydrogen peroxide reportéd in Chapter VI.
Aliquat 336 is methyl tricapriiyl ammonium chloride. - This exchanger |
showed little tendency to emulsion formation in a variety of solvents.
This_difference in behavioﬁr is presumably attributablelto the higher
proportioﬁ of long aliphatic chains present.

A solvent denser than water was required for the simple experi~
mental procedure adopted Chloroform and carbon tetrachloride,
having low solubilities in water, were investigated. Chloroform
was rejected because of a slow decomposition which occurred
on contact with the alkaline‘solutiéns. For the final determinations
a M/10 solution of Aliquat in carbon tetracﬁloride'was used. The
solution was standardised gy titration for chloride as follows:-

5 ml of the approximately M/10 exchanger solution was added to

5 ml of saturated sodium nitrate solution. The mixture was titrated
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- with N/10 silver nitrate solutiodn using potassium chromate as indicator;
a rapid and sharp end-point was obtained. In the absence of the high
'concentration of nitrate ions attainment of equilibrium was slow as

the end-point was approachéd,‘aﬁd the titre was not reproducible.

Preparation of Niobate/Tantalate Solutions.

Approximately ten grams of potassium hydroxide pellets were fused
over a bunsen'burner.at a low heat until the meltvwas quiet. Approx-
imately 1 g of niobium pentoxide (or 2 g of tantalum pentoxide) was then
added, a little at a time. After each addition the fusion was con-
tinued until the melt becaﬁe clear before further additions were made.-
After all. the pentoxide had been added the temperature was faised to a
dull red heat for a few minutes. The crucible was then set aside
to cool. The cooled melt was then extracted with 50 - 100 ml of:
water, with efficient stirring. The solution was filtered through
Whatman 542 psper and diluted toleOO ml.

These solutions were stable for years, apart from a slight deposit
which appeafed on long standing. The solutions were filtered and

standardised by the PAR method (see page 43) before use.

Determination of exchange capacity of resin.

A common procedure for determining anion-exchange capacities in-
volves leaching fhe resin sample in the chloride form first with
ammonia and then with sodium sulphate solution, to displace chloride.
, betermination of chloride in the effluents provides a measure of the
weak base groups in the  first case, and strong base groups in the second.

However, the fbllowing'points should be noted in this method:
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(1) The ammonia must be carbonate-free. (2) Even carbogateofree ammonia
" does have some effect on qﬁaternary ammonium groups, and the amount of
Strcngly basic groups that are regenerated by ammonia varies with the
total volume and concentration of ammonia used-(78).

Therefore, a modified method of anaiysis was used in this work,
. basea on information from Permutit Co., London. This procedure in-
volves passing sodium sulphate solution through the resin sample and
: détermihihg chloride in the effluent as a measure of the total ion
exchange groups. Carbonate-free ammonia is then passed through the
resin in order to comvert all tﬁe weak base groups to the unionized
fbrm. (Some of the strongly basic groups arevalso affected). A 10%
sodium chloride solution is then passed through the resin in order to
convert strong base groups to the chloride form. Finally, the sample V
is leached with 4% sodiﬁm sulphate§ determination of chloride in the

effluent then provides a measure of the strengly basic groups only.

Method: 5.00 g of air-dried resin was placed in a short-stemmed 60°
filter funnel containing Whatmanvsuo paper. The resin was treated
with N hydrochloric acid ané then washed with alcohol till acid-free.
1 litre of 4% sodium sulphate solution was then passed through the
resin and collected in a 1 litre volumetric flask. -After 1 litre of
ammonia and 1 litre of 10% sodiﬁm chloride solution had been passed
the resin and paper were washed with water till chloride-free. The
resin was again leached 'with u%lsodium sulphate solution, which was

collected in a 1 litre volumetric flask. The sodium sulphate
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leachates were analysed for chloridé by titration with silver nitrate
iy order to determine the tctal ion-exchange capacity and the strong
base éapacity, respectively. #

At the same time the moisture content of the resip was determined
by drying 5 g samples of resin overnight at 115°, cooling in a
'dessicator and weighing to determine the loss in weight.

Results obtained for the 14-52 mesh resin used in this work:

Strong base capacity 3.06 mequivalents per g of air-dried resin

1]

Weak base capacity 0.11 " monon "
The moisture content of the resin was found to be 18% in this
case. (The moisture content of the air-dried resin varies, depending

on atmospheric conditions.)

Direct determination of Niobate/Tantalate adsorbed on the resin.

The following method was used for the determination of the dis-
‘tribution coefficients of niobate and tantalate on the resin. The
various resin-solutiocn mixtufes9 after equilibration overnight as
described in Chapter III,Vwere filtered through a coarse sintered glass

filter funnel under suction.®+

% Potassium chromate was used as the indicator. Due to the coagu-
lating effect of the high concentration of sodium sulphate present,
2% dextrin solution was added in crder to facilitate detection of
the ‘endpoint of the titrationm.

*+ This gives a rapid and complete separation of the two phases with
their equilibrium concentraticns of niobate/tantalate. With
filtration through paper an appreciable volume of solution remains
in the paper; this remaining solution is diluted by the wash
liquid and there is a possibility of redistribution of niobate/
tantalate during the slower process of filtration through filter-
paper. :
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The resin beads on the sintered glass were washed with water;
there is no possibility of niobate/tantalate loss at this stage as the
ions are very strongly adsorbed from dilute solutions. The resin and
filter ﬁere then washed once with alcohel and conce with ether and
finélly sucked dry. The beads were no longer sticky and could be
easily transferred to silica crucibles for ashing. The crucibles were
ignited to constant weight at 800°. Blank aeterminations were carried
out by equilibrating resin and solution in the absence of niobate/
tantalate, filtering, washing and igniting as before. The blank
values were subtracted from thé residue of niobate/tantalate plus resin,

in order to determine the NbQOS, Ta205.

Absorptiometric Analysis for Niobium andATantalum.

For the column work reported in Chapter V, the positions of the
peaks in the elﬁates were determined by means of-establisﬁed colori-
metric procedures based on the yellow niobium-thiocyanate complex (79)
and the yellow pyrogallel tantalum complex in acid solut%on (80).
Sensitivity of the pyrogallol method forvtantalum is poor and it was
therefore decided to seek a mcre sensitive method for tantalum for the
later investigation of resin kinetics and the experiments with liquid
ion-exchangers.

In recent years many new analytical procedures for both niobium
end tantalum have appeared in the literature; these have been well
sumnarized in two good reviews (72, 73). All methodsvhave been de-
veloped for acid solutions; no published method is directly applicable

to alkaline tantalate/niobate solutions. Further, one aspect of the
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present work was the iﬁvestigation of the behaviour of niobate and
tantalate in the presence of hydrogen peroxide in alkaline solutions,
and the extent to which peroxide Qould interfere in any of the pub-
lished spectrophotometric procedures was unknown.®

For these reasons it séemed fhat an analytical method based on
the peroxy complexes of niobium and tantalum in concentrated sulphuric
acid would be suitable for the purpose of this research. Analysis of
niobium by means of the yellow complex formed with peroxide in concen-
trated sulphuric acid is a well—established method (8l1). More recently
a method involving measurement of the absorption at 285 mu of the per-
tantalic complex in concentrated sulphuric acid was outlined (82).
Freshly fumed sulphuric acid is required, as absorption by the complex
is affected by the presence of water in the acid. Further, the con-
centration of hydrogen peroxide must be precisely controlled as this
‘reagent itself in sulphuric acid absorbs strongly below 300 mu.
Further, in the author's experience, pure tantalic acid tends to pre-
cipitate from concentrated sulphuric acid (see below). The method for
tantalum is insentitive. Eor these reasons, as well as the inconven-
ience of working in concentrated sulphuric acid, this method was

abandoned in favour of the procedure outlined below.

%  Babko and Shtokalo list peroxide as forming niobium complexes
stronger than tartaric acid and second only to oxalic acid (44).
The peroxide complexes of tantalum are known to be even more

stable than those with niobium.
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The formation of coloured niobium and tantalum complexes with
‘4‘(2 pyridyl - azo -) resorcinél (?AR) was reported in 1962 (83). At
about -the same time this reagent was used for semi-quantitati&e deter-
- mination of niobium and tantalum by means of the mixed hydrogen
peroxide - PAR complexes (84).. A quéntitative method for determin-
ation of niobium in acid solutions, by means of the mixed peroxide-PAR
complex was reported in 1963 (85). Applicability of the method to
alkaline niobate solutions was not discussed. I la later paper a
méthod for determination of tantalum in écid solutions by means of the
PAR-oxalate complex was described (86). In the same paper some data
for the perokide-PAR complex of tantalum were reported. On the basis
of this preliminary information, the author haé developed the follow-
ing simple, rapid analytical method for analysis of alkaline tantalate
solutions.

The fed.colour of the‘tantalum—peroxy-PAR complex was developed
in the presence of sodium acetate-acetic acid buffer solutions of
various pH values. In this way it was established that the optical
density of the solutions was a maximum at pH 5,'using the Hilger and
Watts Spekker photometer and the Kodak green fiiters (No.5). It was
further established that at this pH the maximum optical density of
solutions containing up to 200 ug of tantalum pentoxide in 100 ml is
achieved in the presénce of 0.15% hydrogen peroxide and 0.002%PAR.

| PAR solutions: The PAR used was prepared by R. Light & Co., Colnbrook,

U.K. A 0.04% solution in ethanol was prepared and filtered.
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Peroxide solution: An approximately 3% solution was prepared by

dilution of AR M"100 volumes" hydrogen peroxide; the concentration
was checked by titration with permanganate.

Buffer solution: The pH of an approximately 2M solution of sodium

acetate was adjusted to 5 by addition of glacial acetic acid;
the solution was diluted until the sodium acetate was approxi-
mately 1M.

Preparation of standard Ta solution.

Attempts to prepare solutions of tantalum pentoxide in sulphuric
acid - HF mixturés shdwed that there is-é tendency for tantalum to
precipitate from solutions on evaporation of the HF. Prolonged
heating does not redissoclve the precipitate, However it was acci-
dentally discovered that the presence of niobium has a remarkable
catalytic effect on the solubility of tantalum. Only traces are re-
) quired. In one test, treatment of 100 mg of Ta205 with 2 ml HF and
10 ml sulphuric acid in a platinum crucible did not produce a clear
solﬁtion, even after strong fuming for four hours. A speck of'Nb205
was added and within minﬁtes the solution became'completely élear.
This is undoubtedly the reason for the incorrect statements in the
‘older literature that tantalum pentoxide dissolves in concenfréted
sulphuric acid. | |

Method for preparation of standard tantalum solution.

50 mg of Tas0g (an d a speck of Nb205) were warmed in a platinum

crucible with 10 ml of 40% hydrogen fluoride solution and 10 ml of 1:1
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sulphuric acid on a saud bath. The heat was slowly increased and the
mixture was finally taken to strong white fumes to remove the last
_traces of fluoride. Aftef coéliné the mixture was poured into about
70 ml of solution containing 10 ml of 30% hydrogen peroxide in a 250
ml beaker. The contents of the crucible were washed into the peroxide
solution and diluted to 100 ml in a standard flésk, to obtain a-
solufion containing 500 ug of tantalum pentoxide per ml. This solu-
tion was diluted ten times to obtain a 50 ug per ml sfandard solution,
suitable for preparatibn of the calibration curve.

Method of analysis of tantalate solutions.

An aliquot of tantalate solution, containing up to 200 pug of
tantalum pentoxide, was pipetted into a 100 ml flask. To this was
added

5 ml of 3% hydrogen peroxidersolufion
50 ml of pH 5 buffer solution
5 ml of 0.04% PAR solution.

The flask was well shaken after each addition. The mixture was
diluted to'loo‘mlvand well mixed. After 30 minutes the optical
. denéity was measured in a Hilger and Watts Spekker pﬁotometer, using
the Kodak green filter (No.5), and 2 cm cells, against a blank solutioﬁ
containing all the reagents except the tantalum solution. The con-
centration of the solution wés then read from the calibratiop curve,

a typical example of which is shown in figure 2.2.
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Analysis of niocbate solutions.

Niobate solutions were analysed by measurement of the analogous
violet-coloured, niobium-peroxy-PAR complex. The instructions given by
.Elinson and Pobedino (85) were modified so as to give a method similar
to that described above for tantalaté. See Appendix II.

Both photometric methods are characterized by a mean square

error of 2-5%, over the range 20-200 ug pentoxide.

Some erratic results in the specfrophotoﬁetric work were traced
. to contamination by tantalum adhering to the surface of the glassware.
‘The tantalum complex tenés to precipitate from the solutions on
standing and it was necessary to wash all flasks and cells immediately
after use. Flasks suspected of contamination can be cleaned Sy
filling with the "plank" reagents and allowing to stand ovefnight.

In the rest of this research work glassware stained by niobium.
or tantalum'was cleaned by allowing to stand for about a half-hour

filled with dilute 1% hydrofluoric acid.
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CHAPTER III

DISTRIBUTION COEFFICIENTS

The distribution of a solute species between an ion-exchange resin’
and the solution with which it is in contact may be defined in terms of
the distribution coefficient, Ky, as follows:

mg of solute on resin X ml of solution ..sesss. 3.1

- K : :
d mg of solute in solution X g of resin

The distribution coefficieﬂt is determined by equilibrafing a
known mass of resin in a suitable icnic form with a solution containing
the ionic species under investigation, and analysing the . solution or the
resin phase to determine the concentration of the solute.

The distribution of trace amounts of niobate and tantalate between
resin and solution was deterﬁined in potassium chloride solution and
in potassium hydroxide solution. The.solution concentrations were
varied 8o as to cover thé range from 100% adsorption to 100% desorption
of niobate/tantalate. In addition the distribution coefficients were
determined at a single potassium chloride concentration, at 55°C, in
order to observe the effect of temperature on the separation factor.
(The sépabation factor is defined in chapter V). The distribution
coefficients were also determined in 0.2 M solutions of potassium
chloride in mixed‘aqueous-organic solvents, and at eievated temperature,
in order to observe the effect of these variables on the separation

factor.
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EXPERIMENTAL

Distribution coefficients in potassium chloride solutions.

One-gram portions of resin in the chloride form were weighed into
200 ml glass bottles with well-fitting screw-tép lids. At the same
time two one-gram portiéns.were weighed into glass weighing bottles for
the moisture determination. To each bottle was added 100 ml of a
potassium nicbate solution* (0,75 x 10~3 M Nb) or potassium tantalate
solution (0.45 x 10~3 M Ta) containing potassium hydroxide (pH 12.2)
and varying amounts of solid potassium chloride (0.15-0.275M). Chloride
ion is much more strongly adsorbed by Deacidite FF resin than hydroxide
ion, so that under the experimental conditions used the resin remains in
the chloride form.. The ion-exchange process stu&ied is thus simple
exchange between chloride ions and niobate/tantalate-ions.,

The well—closed bottles were shaken gently overnight at a temper- .
ature varying between 24° and 26°C. Rate determinations (see Chapter
iv) showed that this time was sufficient to allow equilibrigm to be

H

reached.

The mixtures were filtered through sintered glass and analysed as

described iﬁ Chapter II.

% . In all the experiments described in this chapter the concentration

3

of the potassium niobate solutions was 0.75 x 10 ° M Nb, and the con-

centration of potassium tantalate was 0.45 x 103 ¥ Ta.
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Effect of Temperature: Distribution Coefficients in 0.25M Potassium
Chloride Solution at 55°C.

One-gram pértions of résin (100-200 mésh) in the chloride form were
weighed into the reaction bottles. 100 ml aliquots of the slightly
alkaline niobate or tantalate solutions, which were 0.25 M with reé&ect
to potassium chloridé; were warmed to 55° and then added. The bottles
were immersed in a water bath at 55° t 1° and shaken every ten minutes
for four hours. It is shown in the chapter on kinetics that this is
sufficient time for equilibrium to be reached with 100-200 mesh resin.
The mixtures were then filtered and analysed as described above.

Effect of Solvent: . Distribution Ccefficients in 0.2M POtdSSlum Chloride
Solution containing 10% of Acetone or Alcohol.

One-gram portions cf resin (100-200 mesh, chloride form) were
equilibrated overnight with 100 ml of nicbate/tantalate sclution which
was b.ZM with'respect to potassium chloride and contained 10% ethanol
or acetone. The mixtures were separated and analysed as described

above.

Distribution Coefficientsvin Potassium‘ﬂydroxide Sclution.
One-gram»pbrtions of resin (lu—SZ.mesh, chloride férm) were weighed
out as described above. To each bottle was added 100 ml of.potassium
niobate solﬁtion or potassium tantalate solution containing varying
amounts of pdtassiﬁm hydroxide (0.3-1N). The mixtures were shaken

overnight at a temperature varying between 24° and 26°C, filtered and

analysed as before.
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RESULTS

From the equilibrium distribution data the distribution coeffic-
ients were calculated accordiﬁg to equation 3.1.

The distribution coefficients in 0.15 - 0.3M potassium chloride
are shown as a function of the concentration of chloride in.solution
in figure 3.1. (96).

The distribution coefficients in 0.25 M potassium chloride at 55°
are shown in table 3.1 and the results obtained in 0.2 M potassium
chloride in the presence of ethanol or acetone are shown in table 3.2.
The data in potassium hydroxide sclution are shown in figure 3.2. Thes
results are discussed in Chapter.V.

DISCUSSION

Distribution Coefficients in Potassium Chloride Solution:

The resin coverage in these experiments can be calculated as
follows:

The average charge on. the niobate and tantalate species under the
experimental éonditions is shown below to be 7. This corresponds to
the structures EHNb6019]7' and [HTa6019]7_. The equivalent weight of
niobium and tantélum in these ion-exchange reactions is therefore
ESE and E%E. Each bottle contained 100 ml of either 0.75 x 1073 M Nk

solution, or 0.45 x 10-3 M Ta solution.

This corresponds to 0.75 x 10~3 x 100 millimoles Nb

6 x 0.75 x 1071

5 milli-equivs Nb

t

0,064 milli-equivs Nb
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Kq Niobate Kg Tantalate |Separation
' . Factor

306 b yg 7.2

Table 3.1 Distribution coefficients in 0.25 M potassium chloride

solution at 55°C.

K4q Niobate |Ky Tantalate | Separation
Factor
10% Ethanol 167 17.5 9.5
10% Acetone 212 30.3 7.0

Table 3.2 Distribution coefficients in 0.2M potassium chloride
solution containing 10% ethanol or acetone.

Temperature 29-32°C.
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and for tantalum, 0.45 x 103 x 100 millimoles Ta

M Lo
R Y 75 x 10 milli-equivs Ta

1}

= 0.039 milli-equivs Ta

Further, each jar contained one gram of air-dried resin, which
corresponds te 3.1 milli-equivs of exchangeable sites (see Chapter II).
.Therefore, complete adsorption of nicbate corresponds to

0,064 x 100 _
3.1

and complete adsorption of tantalate corresponds to

2.1% resin coverage,

0.039 x 100

5T = 1.3% resin coverage.

Under these trace conditions the theory of ion-exchange can be
greatly éimplified. The resin is largely in the same ionic form
throughout. Further, the concentration of pctassium chloride in
solution is low, and varies only slightly over the range of the deter-
minations, from 0.15 - 0.25 M in the tantalate determinations, and
“from 0.2 - 0.275 for the determinations of niobate distribution.

The amount of eléctrolyte penetration into the resin over this
range can be calculated as follows:-

On the basis of the simple Donnan theory,

Kt x [C17] = [x¥] =x[c1"] ..oiiieivniiiin32
Qhere [R*], [EE-], represent the concentrations inside the ion-exchang
resin, and [K+], [c17], represent the concentrations in the solution.

The concentration of chloride ions associated with the exchange
sites inside the resin beads c¢an be calculated approximately as follows

The capacity of Deacidite FF resin is given as 1.6 milli-equivalents of
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ionogenic groups per ml of packed resin bed. In a packed bed the
spherical resin beads would occupy about 60% of the total'volume, s0
that the above figure corresponds to

1.6 x l%% = 2,7 milli-equivalents per ml.

The chloride form of the exchanger is therefpre 2.7 M with res-
pect to chloride, internally.

Suppose penetration of potassium chloride into the resin from
the solution corresponds‘to b4 milli—equivalehté of potassium chloride
per ml of the bead volume. The chloride concentration inéide the
resin is therefore (2.7 + x) g equiv. per litre; the potassium con-
centration would be x g equiv; per litre.

If the equilibrium solution concentration is 0.2 M potassium

chloride, equation 3.2 becomes

X X 2.7+ x Q.2 x 0.2

whence Xx = 0.01

This means that as the external solution concentration increases
from O to 0.2 M, the chloride concentration inside the resin changes
only from 2.70 to 2.71 M.

Therefore over the limited concentration range of the experiments,
‘electrolyte penetration into the resin can be ignored, and the chloride
concentration inside the ion-exchanger can be considered constant.

For these reasons swelling of the resin can be considered constant
over the range of the results showﬁ in figure 3.1. On the basis of

the same considerations, the activity coefficients in the resin phase

can alsc be considered constant.



St

Simple niobate-chloride exchange can be represented as follows:
Nickatey™ + y c1” = NiobateV™ + yCclm ...... 3.3
If non-ionic adsofption, for example by van der Waals forces, is
ignered, the Law of Mass Action can be applied. The thermodynamic

equilibrium constant would then be written:

Niobate) ] x c1” ¥
xnﬁf ]» YCl[ ]

K = Ceeess 3.4

be[NiobateY'] xﬁrfCI“]y

where Y, etc., refer to the activity coefficients.

VCoverage of the resin with chloride ion varied from 98-100%.
Therefore, to a first approximation, [EI;]Y can be considered constant

The maximum eoncentration of niobate in solution in the distribu-
tion experiments was 0.75 x lOf3 M Nb, that of tantalate was 0.45 x
10-3 M Ta, In these circumstaﬁces the ionic strength of the solution
is determined mainly by the much higherbconcentrations of potaesium
chloride. Data for the activity coefficients of potassium chloride
solutions ere shown in the figure 3.3. The relevant concentration
range for tantalate is 0,15 - 0.25 M potassium chloride, and for
niobate, 0.2 ~ 0.275 M potassium chloride. From figure 3.3 the approx-
imate acfivity coefficients are 0.86 - 0.83, and 0.85 - 0.83. As a
further approximation, therefore, it can be assumed that the activity
coefficients in the solution phase are also constant over the range
covered by the detérminations for each species.

Equation :3.4 now reduces to

[ Niobate }
[Nicbate ]

K x [c1’) .......3.5
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. . .. [Niobate]
Using suitable units [Nicbate ] becomes the distribution coeffi-

cient Ky defined in equation 3.1,
therefore,

K* = 1<dx Ecl-']y ® & 8 4 58 00 sE PSS OSE et 3.6

log K* = log Kgt+y log [C17] ....o.... 3.7

it

log Ky = Constant - y log [c1"] «.evve.. 3.8
This means that the plot of log Kd versus log [Cl—]should be
linear. The results of the présent work have been plotted in figure

3.4 and it can be seen that the graphs are linear.

Charge on Niobate and Tantalate Ions.

The slope of the graphs in figure 3.4 is 7.1 for both niobate and
tantalate. According to equation 3.8 this figure represents the charge
carried by both the niobate and tantalate ions uﬁder the experimental
conditions. The data in figure 3.4 refer to a solution pH of 12.2.

. Since the exchanger is in the chloride form the pH inéide the ex-~
changer would be approximately the saﬁe as that of the extermal
solution.

Neumann (55) used e.m.f, titrations to study niobate solutions
which were acidified by addition of ammonium chloride; the ammonia
fdrmed.was removed by passing nitrogen gas through the solutions. He

represented the acidification process as follows:-

pH 13.8
6 19]8 + —= [HNbsolg]

. pH 10.9 _
[ b0 lg] + H B H2Nb6019]6
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From the e.m.f. meaéﬁrements Neumann determined the average nega-
tive charge per niobium as a function of log [OH™] up to about pH 13.
Froﬁ his published results the charge per niobium atom is found to be
approximately 1.16 at pH 12.2.

Nelson and Tobiés (56) determined the charge per niobium in pot-
assium niobate solutions from ion-exchange measurements. Niobate
was adsorbed on a column of Dowex 2-X-4 resin in the hydroxide form #
and the hydroxide displaced was determined»by titration with acid.

They calculated the charge per niobium étom, and obtained the average
value of 1.12. They do not report the pH of their solutions.

Thus it can be seen that the species charge of 7;1 galculated from
the slope of the graphs in figure 3.4 is in good agreement with the
findings of Neumann. His value of 1.16 per niobium atom would corres-
pond to a charge of 7.0 for the protonated hexanuclear niobate ion at

pH 12.2.

* Nelson and Tobias (Ref. 56.page 734) report that they failed to

adsorb niobate on Dowex 2-X-8 (8% DVB) whereas they succeeded with the

same resin containing 4% DVB. They attribute this to steric¢ hindrance

of the large niobate anion in the more highly cross—linked résin.

However Dowex 2 has the same resin structure as Deacidite FF, the resin

used in the presént work; this resin, cross-linked with 7-9% DVB has

been fouﬁd to adsorb niobate very strongly. Nelson and Tdbias used the
resin in the hydroxide form, under which conditions niobate is most strongly
adsorbed by the resin. Therefore, whatever the reason may be for their
failure to adsorb nicbate, it is unlikely to be due to the physical size

of the niobate ion.
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As far as the tantalate ion is concerned, Nelson and Tobias (46)
determined the average charge per tantalum atom as 1.12; using an ion-
exchange method similar to that described above for niobate. They
also used e.m.f. measurements (45) to calculate n, the number of pro-
tons bound per'tantalum atom, as a function of the hydroxide concentra-
tion over the pH range 13 - 11.7. Solution concentrations were 24
and 60 x 10°% M Ta. They found a constant value of n of 0.12 over the
PH range studied, and suggest that this value may have been due to traces
of potassium hydroxide in the crystals of tantalate. However, if the
value of 0.12 is correct, it would correspond to an average of 0.6
protons per hexatantalate ion, so that their published data would pres-
umably reflect the equilibrium:

[Tag0yq ]8- +H o [H Tag0,q ]7-
. In the pH range of their data the average structure is therefore
[, Tag01 I
This is in fair agreement with the charge of 7.1 for this pH range
which is reported in the present work.

The value of 7.1 for the charge of the niobate ‘ion is also in
égreement with the conclusions of Gridchina. - In his study of the
dialysis of niobate solutions, Gridchina found evidence for the decbm—
position of the hexameric niobate ion in solutions which were more
dilute than 2.5.x 10-3 M Nb, and which wére 0.3 M with respect to pot-
assium hydroxide. His results also indicated that in more dilute

potassium hydroxide solutions, the hexaniobate ion was stable at con-
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centrations below 2.5 x 107° M Nb.

In the present work the concentration of niocbate in the distri-
bution experiments was 0.75 x 1073 M Nb and the concentration of
potassium hydroxide was 0.016N. The stability of the hexaniobate
ion under the experimental conditions is therefore in harmony with
the general trend of Gridchina's dialysis data, assuming his inter-
pretation of these data to be correct.

It should be noted that in the resﬁlts reported by other workers
the ioﬁic charge of the niobate and tantalate ions has been calculated
on the baéis of an assumed hexanuclegar structure. The results pre-
sented here are particularly interesting as they represent a direct
measurement of specles charge without any assumption as to the structure
of the ion.

This method of determining icnic charge has been applied success-
fully before. Lederer and Jakovac (94) determined the distribution
coefficients of the protoactinate ion in potassium hyéroxide solutions
of various concentration. The log-log plots were linear with a slope
"of -3.1, indicating that a trivalent protoactinate ion exists in al-

kaline solution.
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CHAPTER IV

KINETICS

The rates of adsorption and desorption of the niobate ion by
Deacidite FF resin in the hydroxide form have been studied as a func-

tion of the concentration of hydroxide in solutionm.

EXPERIMENTAL

‘The resin used in most of the experiments was 14-30 mesh (particle
diameters of 0.6 to 0.3 mm). 100-200 mesh resin (particle diameters
from 0.075 to 0.037 mm) was used in one run, in order to determine the
effect of particle siée on the exchange rate. Two gram samples of
resin (chleride form) were weighed out and converted to' the hydroxide
form befofe usé, as described in Chapter III.

The reaction vessel was a 500 ml two-necked flask. Owing to the
tendency of alkaline solutions to absorb carbon dioxide it was necess-
ary to exclude air. The vessel was theréfore closed and a magnetic
stirrer wasvemployed. Initial tests with the simple magnetic stirrer
were‘unsuccessful, as a cénsiderable amount of grinding of the résin
beads occurred. This was overcome by supporting the stirrer in a
special holder, as illustrated in figure 4.1. The stirrer could not
pass through the neck and had to be assembled inside the flask. The
polythene pointed base was drilled to provide a press fit for the '
stirring magnet. This magnet, gripped in tweeiers, was inserted

through the side arm of the reaction flask and fitted into the hole in
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Figure 4.1s Illusiration of rea.étion vessel
- used for kinetic investigations.
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the base of the stirring arm. This technique worked very successfully.

The reaction vessel was immeréea in a thermostatically controlled
water bath, maintained at 24-26°C.

For determination of adsorptionvrates the resin in the required
form was placed in the flask, and 200 ml of the appropriate niobate
solution (0.75 x 107° M NB)* was added and the stirrer started. The
exact time of the start of the reaction was noted, and at known infer—
vals of time aliquots of solution were withdrawn for analysis.

For the experiments on rates of desorption, the niobate was ad-
sorbed on to the resin first. The resin, in the hydroxide form, was -
.stirred with a dilute nicbate solution containing the required amount
of niobate. Under these conditions tﬁe niobate is fapidly and com-
pletely adsorbed from solution by the resin. The mixture was then
filtered through a porous sintered glass filter and sucked dry;
in this way a rapid separation was obtained. The resin was then trans-
ferred to a funnel placed in the neck of the reaction flask and washed
into the flask with 100 ml of water. 100 ml_bf the appropriate
solution (twice the required concentration of hydroxide) was theh
‘added to start the desorption reacticn,_the exact time being noted.

The technique used for sampling was as follows:-

* By comparison with the calculations on page 52, it can be seen
that the maximum resin coverage in these tests was approximately

2%.



63

One minute before sampling the stirrer was stopped to allow the
resin to settle. A pipette was inserted through the side-arm of the
vessel to take the sample from the upper layer of clear solution.

‘The pipette contained a small wad of cotton wool in the tip, in order
to exclude the resin particles. Immediately after sampling, the |
stirrer was started again. Sampling was carried cut as quickly as
possibie in oraer to minimize exposure of the solution to-the atmog-
rhere and interruption of stirring. The samples were analysed colori-
metrically by the PAR method.

In most of the experiments five or six 1.0 ml saméles were taken
during the course of the reaction. In one experiment (adsorption in
0.53N KOH) four 2.0 ml samples were taken. The original vclume in
each case was 200 ml, therefore the decrease in solution Qolume was
2-3% in most experiménts and in no case more than u%.' The data have
been used for qualitative interpretation only and therefore in calcu-
lat%ng the "% approach to equilibrium" the volqme of solution has
been considered constant and equal to thé final volume.

In the early stages of this work the exchange rates wefe observed
at potassium hydroxide concentrations up to 2N. The generally slow
rates of desorption observed suggested that the resin might be changing
its nature somehow in concentrated alkali solution, making fast
recactions impossible. This was checked by observing the.desorption of
dichromate ions from Deacidite FF resin in 4N potassium hydorxide
solution, as follows:-

A sample (0.8 g) of air dried resin, 1l4-30 mesh, was converted
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to the hydroxide form. The resin was then transferred to a beaker
containing 4N potassium hydroxide solution in order to allow swelling to
proceed to equilibrium in fhis scluticn. The swollen resin was thén fil-
tered off, washed twice with distilled water and stirred for 15 minutes
-with 200 ml of 5% potassium éichromate solution. The resin was
filtered off, washed with distilled water and then transferred to a
4 cm absorption cell used in the Spekker photcelectric colorimeter.

The absorption cell was placed in position in the colorimeter with
another cell containing a blank solution of 4N KOH, and the green
filters were inserted in the light'pafh.v

At time zero 20 ml of 4N KOH was addéd tc the reaction cell and
the mixture gently stirred with a glass rod. At intervals stirring
was stopped, ané as soon as the resin had settled the optical densify
of the solution was determined against the blank sclution. In this
way the increasing concentration of dichromate ih solution could be
followed directly ih the reaction cell.

The reaction was 98% complete within three minutes. This con-
firmed the fact that fast ion-exchange reactions are possible with

this resin . in alkaline sclutions as concentrated as 4N KOH.

RESULTS AND DISCUSSION

The results of the rate experiments have been calculated in terms
of the percentage approach to equilibrium, i.e. 100% corresponds to
the equilibrium sclution concentration attained for each run. The

actual concentration of niobate in solution at equilibrium, of course,
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is different for each run. These results are shown in figures (4.2,
4.3). Further, 211 the kinetic data are summarized in figure u.4
which shows the times for "80% approach to equilibrium" as a function
of the potassium hydroxide concentration.

The rate of an ion-exchange reaction betwéen a sclution and an
ionogenic group attached to the resin chaiﬁ is generally transport-
controlled and governed by the rate at which the exchanging ions can
diffuse through the Nernst film® and throﬁgh the pores of the resin.
The rate may be "particle;diffusion contrclled” or "film diffusion
controlled" depending on which of the two processes is the slower.

The reason fop the pattern of variation of reaction rates in the
present work is not immediately obvicus. A possible exﬁlanation may
be sought in terms of changes in ionic size. If the size of the
niobate ion varies with solution pH, for example by polymerization,
then the rates of transport of the ions inside the solid exchanger
framework may be expected to vary.

As shown in Chapter II, there is apparently scme éxperimental
evidence for a change of ionic size with changing éoncentration’of
potassium hydroxide. éridchina (see page 14) interprets his experi-
mental data on rates of dialysis of nicbate ions through cellophane

membranes by suggesting that the polymeric size of the niobate ion

%  Mixing of the solution does not take placé right up to the surface
of the resin beads. The beads are therefore surrounded by a thin
film of unmixed solution, through which the exchanging ions must

diffuse.
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decreases with increasing potassium hydroxide.concentrations. His
published results refer to potassium hydroxide concentrations in the
range 0-1 N, and extrapolatibn of the graph shown in his paper would
suggest that the effect'continges at concentrations above 1 N. How-
ever it can be seen from figure 4.4 that the adsorption rate of
niobate is constant at potassium hydroxide concentrations ranging from
0.02-0.53 N over which range the ionic size is supposed to be decreas-
ing. At potassium hydroxide conéentrations above 0.6 N the adsorption
rate decreases; depolymerization should lead to a; increase in rate.
In the case of desorption, the rate does increase with increasing
concentration of potassium hydroxide; however the exchange rates
observed are slower than the rates of adsorption at low potassium
hydroxide concentration. It is clear, therefore, that the suggested
changes in ionic structure do not explain the observed kinetic effects.

The situation is further complicated by the fact that the pH
inside the exchangef does not follow the pH of the solution.

From the argument presented in Chapter III (page.53) it is
evident that the hydroxide form of the resin, even when in contact
with water, has an internai hydroxide concentration of about 2.7 N.

It can be éhown from equation 3.2 that as the external potassium hy-
droxide concentration increases from O to 1 N, the internal concentra-
tion changes ohly from 2.7 N to 3.0 N hydroxide.

Even when the situation inside the exchanger is considered,
therefore, it is evident that the depolymerization effects éuggested

by Gridchina cannot explain the observed changes in rate.
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A possihlé explanation for the kihetic results 1s as follows.
The equilibrium data. for the various rate experiments have been calcu-
lated and are shown in figure 4.5, the abscissae have been drawn to
the same scale in figures u.uvand 4.5. Comparison of the two sets
of results indicates very strongly that there is a relationship
between the kinetic and equilibrium data.

The system invelves exchange between a stronély adsorbed trace
component (niobate) and a weakly adsorbed component (hydroxide) always
present in eﬁcess, in both resin and solution. Under these conditions
it is the transport of the trace component which determines the over-
all exchange rate (See F. ﬁelfferich, "Ion-exchange" page 283). This
‘would:be.espeCially true in this case; from the point of view of
ionic size and electrostatic drag, the diffusion of the niobate ion
would obviously be rate-controlling.

In these strongly alkaline solutions the niobate ion would not
exist in the protonated structure - [HNb6019]7_, but as the most basic
octavalent form - [Nbsdlg]gfu .The overall charge carried by this ion
would beidecreased by attachment of potassium ions. Nelson and Tobias
(56) report that in potassium niobate solutions in water the effective
charge of the anion appears to be reduced.to a value of no greater
than -2. For the sake of argument therefore the mobile ion may be
represented as [KGNbGOlg]Q—. The charge determinations in Chapter III
éhow that the potaséium ions attached to the niobate ion are all dis-
placed by the ionogenic groups of the resin.

The exchange reaction therefore is -
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[Ksmasolg-jz' + §OA- = [_NB—G—EI;]B— + 80H" + 6K ........ 8.1
The overall exchange process can therefore be summarized as
 follows in the case of adsorption:-

1. Diffusion of [KBNbBOlg]Q- from the bulk solution through the
Nernst film to the surface of the exchanger bead.

2.  Diffusion of [KglbgOyq]? imside the bead.

3. Exchange of [K6Nb6019]2”, replacement of the six potassium ions
By six exchange groups, and liberation of eight hydroxide ions
from the resin.

4. Diffusion'of‘the eight hydroxide ions to.the surface of the bead.

5. Diffusion of the eight hydroxide ions across the Nernst film.
The bulk solution was stirred sufficiently to keep the beads in
suspension, and transport tbrough the bulk solution can therefore
be ignored. | |
There are as yet few ion-exchange reactions in which chemical

exchange 1is known to be the slow, rate-controlling step. However

this is theoretically quite possible, especially in the case of
 reactions involving ions with a charge as high as that of the niocbate
ion.‘ The reaction at the eight different exchange sites presumably
proceeds in stages as the sheath of potassium ions surrounding the
niobate ion is progressively displaced by quaternary ammonium groups.

Therefore step 3 above cannot be ruled out, a priori, as the rate-

determining step. For this reason the effect of resin particle size:

was determined in the case of 2N potassium hydroxide solution. The
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~ results are shown in figure %#.3. The great increase in reaction rate
with decreased particle size of the resin proves that the over-all
exchange rate is transport-controlled (92).
The explanation given below is based on the assumption that film
diffuéionvof the niobate ions is the rate-controlling step. ' While
this has not beeﬁ proved experimentélly, it seems to be the e%pected
mechanism, for the following reasons:-
(1) It is well-known that very dilute solutions favour film diffusion
control. The maximum concentration of niobate in these experi-

3 ¥ .

ments was 0.75 x 10~
(2) Under the experimental conditions 100% adsorption of niobate

cbrresponds to 1-2% resin coverage. It is known that in the

older grades of polystyrene-divinyl-benzene resins, sﬁch as

that used in this work#*, the croéslinks are not homogeneously

distributed; sites of low cross-linking would be favoured under

these trace conditions, so that diffusion of niobate inside the

particles would not be hindered and therefore would not be ex-

pectéd to be rate-controlling.

The following picture of the transport process is based on a

consideration of the changing concentration of niobate ions at the

resin-film interface.

* Permutit Company have now replaced Deacidite FF with a new pro-
duct, Zerolit FF - IP ("Isoporous™) in which it is claimed that

the cross-links are more or less homogeneously distributed.
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Adsorption of niﬁbate will be considered first.

At low-potassium hydroxide coﬁcentration thevtrace concentrations
of niobate are 100% adsorbed, as shown in figure 4.5, Therefore the
niobate ions are adsorbed by the resin as fast as they diffuse through
the Nernst film, and the concentrafion of nicbate on the resin side of
the film is therefore virtually zero; so that the concentration
gradient across the film ié relativelyxsteep.* Thug the rate of ex~
change is fast and is independent of the potassium hydroxide concen-
tration in the solutioﬁ. This would explain the fact that the re-
action rate is independent of the potassium hydroxide concentration at
concentrationsrbélow about 1N (Poiﬁts 1 and 2 in figure 4;#).

As the concentratiop of potassium hydroxide is increased;'the
equilibrium in equation u.i shifts to the left. WNiobate ions diffus-
ing from the solution through tﬂe film are then incompletely adsorbed
by the exchanger so that there is a finite concentration of nicbate
ions at the resin side of the film.

The concentration gradient across the film thus decreases as the
KOH concentration increases; The overall adscrption rate therefore

decreases with increasing potassium hydroxide concentration at

#  This refers of course to the initial concentration gradient.
“There is no quasi-staticnary state under trace conditions such as -
this; the solution concentration falls rapidly from the initial

concentration (0.005 mg/ml in this case) to zero.
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concentrations above 0.5 N (points 2 and 3 in figure 4.4). As the pot-
assium hydroxide concentration approaches 2 N the increasing ccmpetition
by hydroxide ions inhibits adsorption of nicbate t§ an increasing
extent until finally the stage is reached where no adsorption of nio-
bate takes place at all (points 5 and 6 in figure 4.5).

Let us now consider the desorption of niobate where the equilibrium
is approached from the other side.

The concentration of niobate ions on the solution side of the filﬁ
is always low, since these ions»are mixed in the bulk solution as they
diffuse through the film. As the concentration of potassium hydroxide
is increased, the equilibrium in equation 4.1 shifts tc the left. A
gréater pfoportion of niobate ions are desorbed and make their way to
the surface of the resin beads, increasing the concentration gradient
across the film. The flux across the film, and therefore the overall
exchange rate, thus increases with increasing concentration of potassium
hydroxide (points 4, 5 and 6 in figure U4.4).

This theory seems to present a satisfactory explanation for the

observed trends.



CHAPTER V

COLUMN SEPARATION OF NIOBATE AND TANTALATE

The imbortaht parameter in chromatography of twc chemical specie

is the "separation factcr" which is defined as a function of the
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)

difference in adsorption potentials of the two species on the scrbent.

In the case of ion-exchange chromatography involving development by

elution, the practical separation factor a may be defined as follows:

a = Kl € % 8 88 0 500 058 E 0PN N eEseBLEseosL oINS 5.1

K,
where X; and K, are the equilibrium distribution coefficjents, which

have been defined in Chapter III. In the present case, -

K _ mg Nb,Og on resin « volume of solution 5.2
Nb mg Nb,Os in solution mass of resin DR
KTa = mg Tas0g on resin % volume of sol?tion

mg Tay0s5 in solution mass of resin eee 5.3

Equation 5.1 may therefore be written
log o = log KNb - log KTa teeessesetretactrarenstcensasse DU
It is evident from figure 3.4 that log o is a constant and in-

‘dependent of the concentration of the eluting ion, in this case

chloride. This is tc be expected since in the absence of special com-

plexing agents it is evident that the ionic structures remain constant;

therefore the separation factor in this system is a function only of
the relative selectivities of the resin for the two ions.
The separaticn factors in the range 0.2 -~ 0.75 M KC1 and 0.75 N

KOH for the various conditions investigated are summarized below:-
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Sepapation Factor

0.25 M KCL  +evennereeseassnnneesseennnss 6.0

0.20 M KCL (55°C)  veevveenensnnvncnsnnnenes 742

0.25 M KC1 (10% acetone) sesesesecscesneses 7.0

0.25 M XC1 (10% ethanol) .e...e.sessssensss 9.5

0.75 M KOH  vveuseensessesocnsoennssassss 111

The main difference in chemical properties between the niobate and
tantalate ions is the greater tendency of tanta;ate to hydrolyze. Tor
this reason the effect of temperature and of added organic solvents was
tried. Concentratidns of 10% ethanol and acetone were used because at
higher concentrations precipitation of niobate and tantalate tends to
occur,

These separation factors are quite adequate for chromatographic
separation. Even smaller separation factors have been successfully
exploited for this purpose (68).

It is clear that nc great improvement in separation factor is
effected in all conditions examined. Therefore it was decided to
atfempt the column separétion under the simplest conditions, viz., in
potassium chloride solution at room témperature. Use of potassium hy-
droxide solution required special precautions to exclqde carbon dioxide
of the atmosphere and special preparation of carbonate-free KOH.

Choice of Column.

The minimum requirements for column size and operating conditions
to separate niobate and tantalate can be calculated on the basis of the

distrivution coefficients.
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A mathematical treatment.of ion~exchange chromatography has been
worked out, based on the '"plate'" theory. The basic parameter involved
in the theoretical application is thé Effective Height of a Theoretical
Plate (EHTP), i.e., the length of the coiumn in which equilibrium
exists between the effluent solution and the resin at the entrance.
Glueckauf has published theoretical curves describing the purity of
two separated peaks as a function of the number of theoretical plates
in the column, and the equilibrium distribution cocefficients of the two
solutes between resin and eluant (69).

In the present case, sﬁppose that a 99.9% separation of.equal
quantities of niobate'hnd tantalate was required. The distribution
coefficients_with chloride resin and M/u potaséium chloride solution
are:-

68

Kq Niobate

Kg Tantalate 11

From the curves published in Glueckauf's paper the number of
theoretical plates required is about 10.

The EHTP is a function of the size of the ion-exchange beads and
the flow-rate through the_column. Decreasing the bead size and de-~
creasing the flow rate results in closer approach to equilibrium and
therefore a shorter effective plate height. The theoretical relation-
ship betwéen the height equivalent to a theoretical plate and the
various operating parameters in an ion-exchange column has been calcu-

lated (71). A very useful empirical graph showing the approximate

relationship between the EHTP and resin particle size at various flow
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rates has been published by Cornish (70).

In the present case 100-200 mesh resin was used, and the chosen
flow rate was approximately 1 ml ﬁer minute, which is equivalent to
0.32 ml per cm? per minute, for the column used.

Substituting in Cornish's published graph, the EHTP under these
conditions is 0.3 - 0.5 mm. The minimum column length. required is,
therefore 0;6 x 10 = 6 mm,

Calculations such as this are used as a guide only, and it is
normal to overdesign the column by a factor of say 10-20 to ensu?e
easy operation in a laboratory application. Fufther, in the present
application there was some doubt about the chloride—hydroxide.exchange
which might occur on the column at various hydréxide concentration.
Therefore it was decided to prepare a column longer than that required
by these calculations. The column actually ﬁsed was 28 cm long.

EXPERIMENTAL

Preparation of Column.

Deacidite FF resin, 7-9% cross-linking, 100-200 mesh, was used.
About 60 g of damp resin was prepared by stirring in a large beaker of
water, allowing to settle and decanting to remove the fines. This was
repeated and the slurry then poured slowly into a glass column (in-
ternal diameter 2 cm), caré being exercised to remove air bubbles énd
to obtain a uniform packing. The final length of the packed resin
bed was 28 cm. . The "aspect ratio" of the column is therefore des-

cribed as

[00]

length - _2_— - 14
diameter 2
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The resin column was conditioned by cycling with potéssium hydrox-
ide solution and hydrochloric acid, being finally left in the chloride
form and washed to remove the acid. The column and feed mechanism are
shown diagrammatically in figure 5.1.

Notes on the appératus:

1. The soda lime guard tube ﬁas used to prevent. absorption of carbon
dioxide by the alkaline solutions.

2. A plastic ball was floated on top of the solution in the column
to brevent disturbance of the column by the incoming solution.

3. The fractioﬁ cutter was controlled by an automatic timing mechan-
ism.

4, After use the column was always converted completely to the
chloride form by passing strong potassium chleride solution and
stored in contact with potassium chleride solution.

Determination of initial volume V,

The following procedure was employed to determine the "initial
volume" of the column, i.e. the volume of eluate collected between the
introduction of a neutral solute at fhe top of the cclumn and the first
appearance of that solute in the eluate.

An ammoniacal sclution of copper chloride (2% CuO) was prepared.
This contains the bright blue cuprammonium cation, which is not ad-
sérbed by the basic Deacidite FF resin. Using this solution it was
easy to follow the passage of solution through the column visually.

The volume of eluate collected between the introduction of the copper
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solution at the top of the column and the first appearance of the blue
colour in the eluate was 35 ml.

Separation of Nicbate and Tantalate (95)

A series of trial runs were made in order to establish the approx-
imate positions cof the eluted nicbate and tantalate peaks. The
separation of a niobate~tantalate mixture was then demonstrated by the
following experiment.

The column, described above, was conditioned by passing 300 ml
of a solution of 0.7 M'potassium chloride which was also 0.035 M'wifh'
raspect to KOH; The adsorption was performed by passing 50 ml of
alsoiution'containing 5 mg of niobitm pentoxide and 4.9 mg of
tantalum pentoxide in 0.035 M KOH, tc which had been added 6.6 ml of
0.1 M'pctaésium chlcride solution. The KCl.was added in crder to
ﬁaintain‘the resin largely in the chloride form throughout.

The tantalate was eluted by passing.through the column 920 ml of
0.25 M potassium chloride soluticn, which was 0.01 M with respect to
potaésium hydroxide,_at a flow rate of one ml per minute. The auto-
matic fraction cutter was used to cbtain fractions of approximately
40 ml each. A 0.5 M solution cf potassium chloride, which Was 0.01 M
with respect to potassium hydroxide, was then passed through the
column to elute the nidbate. The fractions collected were analysed
by the methéds described on page Ql, and the results cbtained are

as shown in figure 5.2.
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DISCUSSION

The column performance demonstrated experimentally in figure

5.3 could be predicted from the equilibrium distribution coefficients,

. as follows.

‘Theoretically, the volume of eluant required to elute an adsorbed
species across a given mass of resin in a column is given in the foll-
owing equation, where V,V0 have the significance shown.

Figure 5.3

v, = "initial volume"

V=V, + K,y x Mass of resin ~ee5.5

- - -
- e e

- \( N
7

7

For this relation tq be Qalid, in practice, two important con-
ditions must be met;.

(15 The species must be adsorbed on a very small amount of resin at
the top of the column. ;If this is not so the "mass of resin”
factor in equation 5.5. is not a cénstapt, as the ions to be eiu—
ted do not all start from the same pcint. For this requirement
tp be fulfilled, the species must be sorbed, prior to development,‘
from a samble of vefy small size, or else if the volume is large
the distribution coefficient must have a very high value'so that
no movement down the column occurs during the adsorption step.

| In the ﬁresent case, adsorption was performed from approx-

imately 0.013 M potassium chloride solution; it can be seen in
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page 53).

The kinetics of ion-exchange are quife different in the two systems;
In both cases the actual chemical_exchénge reactions are virtually in-
stantaneous; however, as shown in the chapter oh kinetics, the reaction
time for solid exchanéers is relatively slow, governed by the rate of
transport of the ions, across the unmixed‘liquid film surrounding the
exchanger beads, and through the pores of the resin itself. Uith
liquid exchangers the transport process is extremely rapid, governed
only by the kinetic energy of the solutes and the size of'the liquid-

liquid interface.

EXPERIMENTAL

The ion—exchanger‘used»has been described in Chapter II. The
'following simple experimental technique was used.

The exchange reactions were performed in corked 20 ml test tubes.
7 ml each of the aquecus and crganic layerswere pipettgd into the
tubes and shaken. It was established that gentle rocking of the tubesv
in a horizontal position for one minute was sufficient for equilibrium
to be attained. With this procedure any tendency to emulsification is
completely eliminated. After the equilibration complete separation of
the aqueous and corganic phases occurred after only a few minutes. A
pipette was then inserted directly into the upper aqueous layer to re-
move a sample for analysis.

Hydrogen peroxide concentration in the tests reported below was

0.13%. The adequacy of this concentration was established as follows.
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To each of three tubes ﬁas added 7 ml of an alkaline (1.16 N po-
tassium hydroxide) tantalate solution (0.32 x 1073 M Ta); the concen-
tration of hydrogen peroxide in the three solutions were 0.13%, 0.21%
and 0.43% respectively. 7 ml of the Aliquat solﬁtioﬂ was added to
éaéh, and the tubes were gently rocked for one minute. A 1 ml éample
was then withdrawn from the aqueous layer in each tube and analysed.

The amount of tantalate extracted was found to be cdnsfant, irrespective
of the concentration of peroxiae. A concentration of 0.13% wasrthus
deemed sufficient. |

The hydrogen peroxide was addea to the diluted sélutions of nio-
bate/taﬂfalate at least one hour befere the ion—exchange>reactions
were carried out. Initial tests showed that allowance of a longer
time for equilibration of peroxide-tantalate in 1.16 N KOH had no effect
§n the distribution results. |

Determination of distribution ratios.

5 ml of a solution of niobate (0.75 x 10”3 M Nb) or tantalate
(0.15 x 10~3 M Ta) was pipettéd into each of the reaction tubes. 2 ml-
ofvpotassium hydroxide solution of Qarying concentration, and containing
enough hydrogen percxide to give é final concentration of 0.13%, was
added to each tube and fhe solutions mixed. After one hour, 7 ml of
the Aliquat solution was added to each tube. The tubes were corked
and rocked gently for one minute in a horizontal position. After the
phases had separated the aqueous solution was analysed by the PAR method,
and the concentration of niobate-tantalate in the organic phase was de-

termined by difference. From these data the distribution ratio D was
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calculated:

Concentration of niobate/tantalate in exchanger phase.
1" - " " _ aqueous phase.

D

The results are shown in Figure 6.1.

DISCUSSION
In these experiments. tﬁe coverage of fhe ionogenic groups in the
exchanger phase at complete adsorption was approximately 0.5% for nio-
_bate and 0.3% for tantalate.

- The general pattern of behaviour evident in Figure 6.1 resembles
that observed for the reaction of niohate and tantalate alone with ion-
exchahge resins (see Figure 3.2). .At low hydroxide'conééntrations in
the aqueous phase the niobate,and.tantélate ions are ;ompletely adsorb-
ed into the ion-exchanger phase. Increasing the concentration of hy-
drogide causes these ions to be fransferred to the aqueous phase.

' rFigure 5.1 shows thatJthe distribution pattern followed by the two
ions under these conditions is very similar. It is unlikely, therefore,
that the procédurevused in these experiments could be used as a means

of separating these ions.
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CHAPTER VII

SUMMARY AND CONCLUSIONS

Both niobate and tantalate ions are very strongly adsorbed.from
aqueous solution by Deacidite FF resin (7-9% cross-linking) and
Aliquat 336 liquid ion—exchanger; By suitable adjustment of the
concentrationvof hydroxide or chloride ions in solution, the niobate/
‘tantalate can be transferred quantitatively to either the exchanger
phase or the agueous phase.

The separation factor for niobate and tantalate in alkaline
solution varies from 6 to 12 when the eluting agent is hydroxide ion
or chloride ion in agueous and in mixed aqueous-organic solvenfs.

The well-separated elution peaks which were obtained in the column
separation déscribed in Chapter V are in accord with the expected per-
formance based on the theory of ion-exchange chromatography.

The similarity of behaviour of nicbate and tantalate ions is to
be expected in view of the fact that both ions probabiy have the éame
structure. The value of about 7 obtained for the charge of niobate
and tantalate indicates that both ions are protonated at pH 12, and
~ that condensation reactions are unimportant at this pH. Under these
experimental conditions there was no evidence of depolymerisation'of
niobate ions. This is in agreement with the general trend of the
results of Gridchina (40); the hexameric niobate structure is main-

tained with increasing dilution of nioba*e, provided the concentration
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of potassium hydroxide also decreases.

Only two peaks were obtained when niobate and tantalate were
separated on the resin‘column, indicating that both ions were present
on the column in only one form. It should be noted, howevef, fhat
this result does not entirely rule out the possibility that a mobile
equilibrium of, say, tﬁo forms of niobate ion existed in the original
solution, which equilibrium was displaéed by preferential adsorption
of one ionic form by the resin.

An interesting field for further application of the ion-~exchange
reactions discussed in this thesis would be an investigation of nicbate
exchange under conditioné of high pH and decreasing concentration of
-niobafe; in this way it may--be possible to confirm the- changing ibn
structure suggested by Gridchina. Disturbance of possible eduilibria
between different ions in solution could be minimised ly use of a.liquid
exchanger, with which the exchange process is completed in less than
a minute, rather than the slower-reacting resin,

‘The unusual variations observed in the rate of ion-exchange of
niobate seem to be éatisfactorily explained by the theory suggested
in Chapter IV, based on the assumption that film diffusion is the
rate-controlling step. It‘is certainly most unlikely that the rate
variations are in any way due to chéngés in the structure of the
niobate ion. |

An interesting project for the future woﬁld'be a careful ihvest—

igation of the kinetics of niobate exchange in potéssium hydroxide
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solutions containing small amounts of chloride ion. In this way fhe

pH could be varied while the concentration of competing anions was still
‘maintained within the range over which niobate is only partially ad-
scrbed. It could then be observed whether the.reaction réte ié always
slow in the region of partial exchange, irrespective of the pH of the
solution. This would demonstrate unequivocally that fhe observed
variations in rate are not due to any éhanges in the resin or the
niobate ion occurring over the parficular range of pH covered in the
experiments described in this,thesis, and would be strong evidence in

favour of the theory suggested ih Chapter IV.
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APPENDIX I

‘During the course of this research it was observed that completé
solution of the melt obtained by fusion of tantalum pentoxide with
potassium hydroxide depends on.the concentration of hydrogen peroxide.
Conditions for obtaining a clear solution are as follows.

Heat 1 g of potassium hydroxide pellets in a nickel crucible over
a gas flame until fhe'melt becomes gquiet. Add 100 mg of tantalum
pento#ide, a'little at a time, waiting for the melt to become clear
before making further additions. After all the pentoxide'has been
added, raise the temperature tc a dull red heat for five minutes, and
set the crucible aside to cool. Extract the melt with 5 ml 6f 1.5%
solution of hydrogen peroxide, and dilute to 100 ml. A clear solution
is obtained.

Clear solutions of niobium pentoxide can be cbtained in the same

way.
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APPENDIZX II

METHOD FOR ANALYSIS OF NIOBATE SOLUTIONS

To an aiiquOt of niobate soluticn, (containing up to 100 ug

of Nby0g) in a 50 ml volumetric flask, add
5 ml of 3% hydrogen peroxide solution
50 ml of sodium acetate-acetic acid buffer solution (éH 5)
5 ml of 0.04% PAR solution in ethanol. |

Mix well after each addition. Dilute to the mark and mix well.

Meésure the optical density. against a reagent blank after 30 minutes

using 2 cm cells and thé Kodak No. 5 filter. A standard grapﬁ is

" constructed at the same time using a standard niobium solution.



11.

12,

13.
1y,
15,

le.
17.
18.

19.

20.

91

REFERENCES

P. Sue, Compt. Rend. 198 1696-8 (1934)

P. Sue, Compt. Rend. 203 90-92 (1936)

P. Sue, Ann. Chim. 7 1493-592 (1937)

P. Sue, Compt. Rend. 203 1001-4 (1936)

H. Guiter, Compt. Rend. 202 561-2 (1939)

C. Marignac, Ann. Chim. phys. 49 249 (1866)

G. Jander and H. Schulz, Z. Anorg. Chem. 144 225 (1925)

D. D. Peirce and L. F. Yutema, J. Phys. Chem. 34 1822-5 (1930)

H. T. S. Britten and R. A. Robinson, J. Chem. Soc., 2265-70 (1932)
F. Windmaisser, Z. Anorg. Allgem. Chem. 248 283-8 (1941)

F. Halla, A. Neth and F. Windmaisser, Z. Krist ;9& 161-6 (1942)

V. I. Spitsyn and A. V. Lapitski, J. Applied Chem. U.S.S.R. ‘15

194-203 (1942).

I. Lindquist, Arkiv. Kemi. 4 247 (1952) |

F. Windmaisser, Osterr. Chem. Ztg. 45 201-216 (1942)

E. Carriere and H. Guiter, Compt. Rend. 216 268-9 (1943)

V. I, Spitsyn and A. V. Lapitski, Akad. Nauk. U.5.S.R. 1 37-43

21953)

~ V. I. Spitsyn and A. V. Lapitski, Zhur. Priklad. Khim. 26

117-123 (1953)

I. Lindquist and B. Aronsson, Arkiv. Kemi. 7 u49-52 (1954)

A. Reisman and F. Holtzberg, J.A.C.5. 77 2115-2119 (1955)

A. V., Lapitski, Y. P. Simanov, K. N, Semememko and E. I.
Yarembash, Vestnik. Moskov. Univ. 9 No. 3, Ser. Fiz. Mat.
i Estestven. Nauk. No. 2, 85-89 (1954)



21.

22.

23' .

24,

25.

26.
27.
28.
29.
30.

31.

32.
33.

4.

35.
36,
37.

38.

92

A, V. Lapitski, L. N. Shiskina, M. A. Pchelkina, B. A. Stepanov,
Zhur. Obshchei. Khim. 25 1862-6 (1955)

A. V. Lapitski, B. A. Stepanov, M. A. Pchelkina, ibid 1866-70

V. A. Pchelkin, A. V. Lapitski, V. I. Spitsyn, Zhur. Neorg. Khim.
1 8ul1-51 (1956)

V. I. Spitsyn, A. V, Lapitski, Zhur. Neorg. Khim. 1 1771-5 (1956)
A. Reisman, F. Holtzberg, E. Banks, J. A. C. S. 80 37-42 (1958)

J. van Muylder and M. Pourbaix, Centre Belge Etude Corrosion,
Rappt. No. 52, 1-11 (1957) :

D. Nishanov and A. V. Lapitski, Nauch. Doklady. Vysshei. Shkoly.
}him. i Khim. Tekhnol. No. 1, 46-50 (1958)

A. Reisman, F. Holtzberg and M. Berkenblit, J. A. C. S. 81

1292-5 (1959)

A. V. Lapitski, Vestnik. Moskov. ‘Univ. Ser. Mat, Mekh, Astron,
Fiz, Khim, 13 No. 6, 121-6 (1958) ' '

A. A. Mambetov, Trudy Azerbaidzhan. Sel'skokhoz. Inst. 4 269-82
(1957) .

M. Lehne and H. Goetz, Bull. Soc. Chim. France, 334-40 (1961)

A, V. Lapitski, D. Nishanov, V. A. Pchelkin, Vestnik. Moskov.
Univ. Ser II, Khim, 15 No. 6, 18-23 (1960)

A. A. Mambetov and N. P. Potatskaya, Azerb. khim. Zh. No. 3,
77-87 (1959)

J. Emile Guerchais, Bull. Soc. Chim. France, 103-7 (1962)

Yu Zyulkovski, L. G. Vlasov, and A. V. Lapitski, Vestn. Mosk.
Univ., Ser II, Khim. 17 No. 2, 42-6 (1962)

A. K. Babkc and A. I. Volkova, Zh. Neorgan. Khim. 7 2345-51 (1962)

A. K. Babko and V. V. Lukachina, Ukr. ¥him. Zh. 28 779-85 (1962)

J. G. Vlasov and A. V. Lapitski, M. A. Salimo and B. V. Strizhov,
Zh. Neorgan. Khim., 7 2534-6 (1962)

F. Fairbrother, N. Ahmed, K. Edgar, A. Thompson, J. Less Common
Metals, 4 u466-75 (1962)



40,

ul'

h2.

43,

uy,

Ls.
46.

u7.

I‘"8.

49,

50.

Sll

52.
53.
54,
55.
56.
57.
58.

59.
60.

61.

93

G, I. Gridchina, Zh. Neorgan. Khim. -8 634 (1963)

A, K, Babko, V. V. Lukachina and B. I. Nabinavets, Zh. Neorg.
Khim. 8 (8) 1839-45 (1963)

A. X. Babko and G. I. Grigchina, Zhur. Neorg. Khim. 6 1326 (1961)
V. V. Lukachina, Ukr. Khim. Zh. 29 (7) 689-98 (1963)

A, X. Babko and M. I. Shtokalo, Ukr. Khim. Zh. 29 (10) 1079-82
(1963) .

W. H. Nelson and R. S. Tobias, Inorganic Chem., 2 985 (1963)
W. H. Nelson and R. S. Tobias, Ibid, 3 653 (1964)

R, Rohmer and J. E. Guerchals, Bull.'Soc. Chim, France, 317, 324

(1961).

Baker and Pope, J.A.C.S.,82 4176 (1960)
J. Dehand, Bull. Soc. Chim. France, (6) 1775 - 80 (1965)

J. Dehand and E. Wendling, Bull. Soc. Chim. France, (6) 1780-83
(1965)

J. Dehand, Rev. Chim. Minerale, 2 259-93 (1965)

R. S. Tobias, J. Inorg. & Nﬁcl. Chem., 19 3u8 (1961)

G. Jander and D. Ertel, J. Inorg. Nucl. Chem., 3 139-152 (1956)

G, Jandér and D. Ertel, J. Inorg. Nucl. Chem., 14 71, 77, 85 (1960)
G. Neumann, Act. Chem. Scand., 18 No. 1 278-280 (1964)

W. H. Nelson and R. S. Tobias, Can. J. Chem., 42 731-743. (1964)

J. Aveston and J. S. Johnson, Inorg. Chem., 3 1051-1053 (1964)

A. A. Mambetov, Kolloidn Zh. 26 (2) 224-9 (1964)

J. Leicht, M. Lehne and R. Rohmer, Bull. Soc. Chim. France,
213-216 (1963)

K. I. Selezneva, Izv. Akad. Nauk. U.S5.S.R., Ser. Khim., 2084-6
(196u4)

Y. Dartiguenave, M. Lehne and R. Rohmer ‘Bull. Soc. Chim. France,
(1) 62-6 (1965)



62.

63.
b4,

65.

6.

67.-

68.
69.
. 70.

71.

- 72,

!73I.

4.

75.

76,
77.
78.
79.
80.
81
82.

83.

9l
Y. Bouillard, Bull. Soc. Chim. France, (2) 519-25 (1965)

K. I. Selezneva, Izv. Akad. Nauk. 8.S.S8.R., Ser. khim. (7)
1281-3 (1966) '

A, K. Babko, B. I. Nabivanets and I. G. Lukianets, Zh. Neorgan.
Khim. 11 (6) 1257-61 (1966) '

G. I. Gridchina, Zh. Neorgan. khim 11 (2) 299-304 (1966)

S. T. Aliev and A. A. Mambetov, Uch. Zap. Azerb. Gos. Univ. Ser.
Khim. Nauk., (1) 47-54 (1965) : .

Y. Dartiguenave, M. Dartiguenave, M. Lehne and R. Rohmer, 3Bull.
Soc. Chim. France, (5) 1679-83 (1966).

Spedding, Powell and Svec, J. A. C. S, 77 6125 (1955)

E. Glueckauf, Trans. Far. Soc., 51 34 (1955)

F. W. Cornish, The Analyst, 83 636-638 (1958)

F. Helfferich, "Ion—Excﬁange" pagg‘usu (1962 edition)

H. M. Cockbill, Analyst 87 611-629 (1962) |

W. T. Elwell and D. F. Wood, Anal. Chim. Acta 26 1-31 (1962)

I. P. Kharlamov, P. Ya. Yakovlev and M. I, Lykova, Zavodskaya Lab.,

24 928 (1958)

Technical Service Dept., liopkin & Williams, Essex. Personal
Communication. v

iR. Kunin, "Ion-Exchange Resins" 2nd edition. Page 345

F. Helfferich, "Ion-Exchange" page 92 (1962)

Chief Chemist, Permutit Co., London. Personal Communication.

Marzys, Analyst 79 327 (1954)

Marzys, Analyst 80 194 (1955)

Sandell "Colorimetric Metal Analysis" page 212 (1944 edition)
falilla, Adler, Hiskey, Anal. Chem. 25 926 (1953)

I. P, Alimarin and Han Hsi-yi, Zh. Anal. Khim. 18 182-188 (1963)



95

84, Ef Lassner and R. Puschel, Mikrochim. Acta, 950-861 (1963)

85.  S. V. Elinson and L. I. Pobedina, Zh. Anal. lhim. 18 189-195 (1963)
86.  S. V. Elinson and A. Y. Rezova, Zh. Anal. Khim. ;gllo7s-1oau (1964)
87.  J. E. Fergusson, C. J. Wilkins and D. F. Young, J.C.S. 2136 (1962)
88. W. P. Griffith, J. C. S. p. 5345 (1963)

89. K. I. Selezeva. Izv. Akad. Nauk. S.S$.S.R. Ser. khim. 2084-6
(1964)

30. K. I. Selezeva, Izv. Akad. Nauk. S.S.S.R. Ser. Khim. (7) 1281-3
(1966)

9l. A. K. Babko, B. I. Nabivanets and I. G. Lukianets,.Zh. Neorgan.,
Khim. 11 (6) 1257-61 (1966) , ‘

92. G. E. Boyd; A. W. Adamson and L. S. Myers, J. A. C. 8. 63 2836
(19u47) : A _

93. J. H. Kennedy, J. Inorg.and Nucl. Chem., 20 53-57 (1961)
94, M. Lederer and Jakovac, J. Chromatog., 2 413.(1959)

95. F. W. Smith, J. Chromatog.,‘gg_ 500 (1966)

96. F. W. Smith, J. Inorg. and Nucl. Chem. 29 1161-1162 (1967)

97. "Textbook of Physical Chemistry", S. Glasstone, 2nd Edition
page 965 '

98. V. I. Spitsyn and N. N. Shavrova, J. Gen. Chem. 26 1258 (1956) |

99, V. I, Spitsyn and N. N. Shavrova, ibid. 1262





