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CHAPTER 1
GENERAL ASPECTS OF ION EXCHANGE

1. INTRODUCTION
1-1 Jon-exchange and exchangers

Ion-exchange is a stoichiometric process in which reversible exchange of ions takes
place between a solid phase and solution without affecting the solid structure. Ion
exchangers are usually insoluble solid materials which contain exchangable cations or
anions. However liquid ion exchangers immiscible with water are also known.

The exchangable cations or anions on an ion exchanger (insoluble solid materials)
can be exchanged stoichiometrically with an equivalent amount of other ions of same
charge when the exchanger is in contact with an electrolyte solution. The cation exchange

reaction on a cation exchanger can be represent as,

nX, A" + mB" = mX B" + nA™

and a typical anion exchange on anion exchanger is,

nX, C"™ + mD" = m X, D"+ pC™

where bar denotes the solid exchanger phase; A, B represent cations and C, D as anions
with their valency number m or n. Certain materials are capable of exchanging both
cations and anions. These are called amphoteric ion exchangers.

The charactairstic properties of ion exchangers owe to the peculiarity of their
structure. They are composed of a framework (skeleton) formed by chemical bonds or
lattice energy. The framework possess positive or negative charges which are compensated
by ionsof opposite charge called counter ions. The counter ions responsible for
ion-exchange and can be replaced by other ions of the same charge preserving the
electroneutrality of the exchanger framework. The counter ion content of an exchanger
(i.e. ion-exchange capacity) is constant and corresponding to the magnitude of the

framework charge and is independent of the nature of the counter ions. The
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electroneutrality condition renders the ion-exchange a stoichiometric process and hence,
is independent of the nature of counter ions. The interstices in the framework are known
as pores which may make channels or capillaries in the framework depending on their
inter-connections.

The concentration ratio of the competing ions in exchanger and in solution are not
same in an ion-exchange equilibrium for the reason that a particular exchanger prefers
one species over the other. This property of an exchanger is called the ion-exchange
selectivity and is dependent on
a) Nature and type of exchanger.

b) The size and valence of the competing ions.

¢) Interactions other than the electrostatic influencing the uptake of an ion.

d) Steric hindrance by the large ions or for the larger ions due to pore size of the
exchanger.

The ion-Exchange phenomenon have been discussed in more details by Helfferich.D

1-2 Types of exchangers
Ion Exchangers are of different types,
1) Liquid exchangers
2) Solid exchangers
(i) Organic exchangers
a) organic tesines or macroreticular exchangers
b) Gels or microreticular exchangers
(i) Membranes and Papers
(ii1) Inorganic exchangers

The discussion on these exchangers are as follows,

1-2-1 Liquid exchangers

The ion-exchange phenomenon between two immiscible liquid phases is performed on
liquids with ion-exchange properties. This type of exchanger is prepared usually by
dissolving an ionogenic compound (with hydrophobic groups) in organic solvent e.g.
chloroform xylene etc. which are immiscible with H,0. The ionogenic compounds
(containing functional or exchangeable groups) are commonly fatty acids® and
dialkalyphosphates used for the preparation of cation exchange13'5) whereas long chain
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aliphatic amines for making anion exchangers.é'g) These types of exchangers are used for
ion-exchange in aqueous electrolytes and for liquid-liquid extraction of electrolytes from

aqueous solution.

1-2-2 Organic exchangers

The framework is formed of organic polymers e.g. cellulose, dextran etc.. Crosslinking
bonds (methylene or divinylbenzene bridges, ionic bonds etc.) between the polymer chains
form a three dimentional framework. Swelling of the framework occur when in contact
with the inorganic solvent and extent of swelling depends on the content of crosslinking
bonds. The ionogenic (functional or exchangeable) groups are commonly -SO;H, -COOH,
-PO(OH),, -NH,, -N'R, etc. Acidic ionogenic groups in the H* form dissociate with the

release of the HY,
-SO;H = -SO;” + H'
-COOH = -COO" + Hf
similarly the basic groups in the OH form release OH’,
-NR;OH = -N'R; + OH"
-NH, + HOH = -N*H,; + OH
More comprehensive discussion has been reported by Marhol.!?

1-2-3 Resins or macroreticular exchangers

The  macroreticular ~ (macroporous)  organic  resins are  composed  of
styrene-divinylbenzene (DVB) framework of sufficiently large pores which are statistically
distributed throughout the whole framework volume. These types of exchangérs are
commonly obtained by the addition of an appropriate solvent (to dissolve the organic
monomer completely) during the polymeﬁzation of monomers. This type of resin is a
solid aggregate with large macropores and inner surface. These are more resistant to

osmotic pressures and accomodate large number of ionogenic groups.



1-2-4 Gels or microreticular exchangers

The gel-like or microporous resins are usually composed of DVB in a gel-like
framework. This type of framework is composed of mutually penetrating networks formed
by the individual chains. The sieve size is considerably heterogeneous and porosity is
very low. From many soluble ionogenic compounds, insoluble ion exchanger gels can be

obtained simply by crosslinking with formaldehyde or epichlorohydrine.”)

1-2-5 Exchanger membranes and papers

The membranes are solid (or liquid) ion exchanger films or layers with a greater
surface area than their thickness. It include any ion-exchange material which can be used
as a separation/partition wall between two solutions irrespective of its geometrical forms.
The membranes are permeable for counter ions, co-ions and neutral molecules and their
electric conductivity. When membranes are in contact with electrolyte solutions, uptake
the counter ions which in turn can pass through from one solution to another. The
inselectivity of a particular exchanger for co-ions make it difficult to pass through.

The first exchanger membrane was synthesized in 1950.'% The membranes can be
homogeneous. These may be cylindrical plugs,7’13) single beads in a frame or ribbons of

11415 in contact with solutions at an end.

ion-exchange materia
The permselective (permselectivity = characteristic difference in permeability for
counter ions and co-ions) inorganic membranes have considerable advantage over those

16) e.g. in fuel cells employing these for the transport

based on organic exchange resins
of hydrogen ions. Such membranes are also employed for the selectivity exchange of Na
ions in the production of NaOH and NaCl. The widely used zirconium phosphate
membranes have been developed by different workers.!”!®

The ion-exchange reaction or paper chromatography can be performed on the papers

impregnated with the dissolved poly electrolytes or liquid ion exchangers.?

1-2-6 Inorganic exchangers

The framework of the exchanger is of inorganic origin e.g. complex cyanide of some
elements and compounds of phosphate type,'® arsenate, tungstate and molybdate of
quadrivalent elements (Zr, Ti, Sn etc.), insoluble heteropoly acids and their salts'® and
aluminosilicates etc, The inorganic groups attached to the framework are also of inorganic
nature and the exchanging ions or counter ions are commonly HY, NH,* alkali or
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alkaline earth metal ions. Inorganic exchangers possess rigid structure and undergo less
or no swelling in constract to the organic exchangers. These can withstand higher
temperatures and ionizing radiation.

The inorganic ion exchangers as a main subject of this dissertation is discussed in

more details under section 3 of this chapter.



2. HISTORICAL

Ion-exchange and exchangers have an interesting historical background. In 1850 H.
S. Thomson and J. T. Way two English chemists discovered the cation exchange
phenomenon in soils. The materials responsible for such an exchange phenomenon were
identified*"*? as clays, glauconites, zeolites and humic acids. It was found that when
soils were treated with solution of NH,¥, it is taken up by the soil and an equivalent
quantity of Ca?* released. This property was observed to be reversible and was held for
number of other cations besided NH,".

Even though the first synthetic industrial ion exchanger was prepared in 1903 by

Harm and Rumpler,23>

the pioneer study of ion-exchange phenomenon was carried out
on synthetic inorganic ion exchanger by Guns.?® The first inorganic exchanger prepared
by Gans were sodium alumino-silicates' containing exchangeable sodium ions. The
sodium ions of the exchanger could reversibly be exchanged with calcium and
magnesium ions in hard water. The exhausted exchanger could also be regenerated with
sodium chloride solution. These were mainly used for water softening and in sugar
industry. Other types of exchangers known atn that time were the permutites. Two types
of permutites were known i.e. fusion permutites and gel permutites. The former was
prepared by fusion of soda, potash, feldspar and kaolin mixture, while the latter by
adding alkali solution to an acidic solution of aluminum sulfate and sodium sulfate
mixture. The crystalline zeolites were also prepared by the hydrothermal crystallization
from alkalie solutions of silica and alumina at elevated temperature.

The relationship between ion-exchange and crystal structure was first understood by
work of Pauling25’26) and Bragg27) on crystalline structure of mica and clay. During the
period 1925-45, the field of development of ion-exchange materials showed decline
compare to the synthetic organic resins. Adams and Holmes discovered synthetic
ion-exchange resins in 1935.2® They prepared sulfonic acid resins with high
cation-exchange capacity and polyamine type resin having anion-exchange properties.

Even though the organic resins were considered to have better applications due to fast
exchange rate, exchange capacity and physical and chemical stability in contact with the
aqueous electolyte solutions at certain temperature range (more efficient at room
temperature), could not withstand higher temperatures and ionizing radiation, Whereas the

research and development of ion exchangers has been increased with the need for



separation of ionic components in wastes at high temperatures. The organic resins proved
to be inefficient due to their degradation at high temperature and change in selectivity

and capacity on exposure to radiations.



3. INORGANIC EXCHANGERS

Inorganic ion exchangers have attracted the attention of researchers owing to their
remarkably high selectivity for certain ions or groups of ions as well as their profound
thermal and radiation stability. The specific characteristics of inorganic ion exchangers
arise partly from their rigid structure which undergo little swelling or shrinking in the
aqueous phase. This brings about a strong steric effect or an ion sieve effect for various
ions depending on the effective or hydrated ionic radii of the adsorbing ions. Inorganic
exchangers (natural or synthetic) can be classified as shown in Table 1-1. The adsorption
properties of these materials have been studied extensively with regard to their adsorption
mechanism as well as their different applications. Several reviews on inorganic exchangers
have been published in the last decades.'%?-3? Various types of inorganic exchangers
have been synthesized and their ion-exchange properties have been studied since the
pioneering work by Kraus.>>* However the contributions of Amphlett,16) Abe,3”
Clearfield,®® Rees,>”>® Fuller,”® Vesely and Pekdrek’*>” and De and Sen® are worth
mentioned. The details of type and nature of different exchangers of the main groups

indicated in Table 1-1 are discussed hereafter.

3-1 Clays and clay minerals

Clays are the complex aluminosilicates. Some of the groups of clay minerals are
listed in Table 1-2. The aluminosilicate clay is composed of alternating two dimentional
layers formed from aluminate octahedra and silicate tetrahedra.*’ The formula of
Kaolinite, a simplest type of clay can be represented as Si,Al,O,,(OH)g. The basic unit
is a double layer consisting of a silicate and an aluminate layer. The units (of layers)
are pilled up along the c-axis of the crystal perpendicular to the layer planes. At the
edges and corners of which are free hydroxl groups capable of ion-exchange. More
complex type of clay mineralsare composed of repeated units of one aluminate layer
sandwiched between two silicate layers, the basic formula of the type being
SiyAl,O0,4(OH), nH,O.

The ion-exchange in clay minerals is non-stoichiometric and amphoteric, exchanging
both OH™ and H* (as are weak acids). The exchange capacity depends on the nature and
composition of a particular clay. For cations the decreasing order of capacity is
montmorillonite > Illite > Kaolinite. The selectivity sequence for alkali metal ions Li <
Na < K < Rb < Cs was observed to increase with the decrease in hydrated ionic radii
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Table 1-1  Classification of Inorganic Ion-exchange Materials.

i) Clays and clay minerals
Kaolinite, Montmorillonite, etc.
i) Natural and synthetic zeolites
Sodalite [NagAlsSiO,, 2NaCl],
Type-A [(Na;,Al;,Si1,0,5'27H,0),],
Faujasite [(Na,CaMg),qAlseSi 340444 240H,0], etc.
iii) ~ Oxides and hydrous oxides of multivalent metals
AlL,O,, ZrO,'nH,0, TiO, ' nH,0, Sb,05'nH,0,
MoO;'nH,0, WO; nH,0, etc.
iv) Acid salts of multivalent metals
Zr(HPOy), ' nH,0, Ti(HPO,),'nH,0, Tin antimonate,
Titanium antimonate, Stannic tungstate, etc.
v) Salts of Herteropolyacids
(NH4);PMo,,0,4'2H,0, ammonium molybdoarsenate,
ammonium tungstophosphate, etc.
vi) Insoluble hexacyanoferrate
KCu[Fe(CN)gl, Sn[Fe(CN)q] nH,0, etc.
vii) Other Exchangers
Tobermorites [CasSicO,4'4H,0], Hydroxyapatite,

Hydrotalcite, Metal sulfide, etc.




Table 1-2 Main Groups of some Clay Minerals.!®
GROUPS MINERALS

1) Kaolinites Kaolinite

2) Illites Hlite
Muscovite

3) Fibrous clays Attapulgite

4) Montmorillonites Montmorillonite
Saponite
Nontronite

5) Mica derivatives Vermiculite
Biotite
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of the ions on some clays.!®

3-2 Natural and synthetic zeolites

Zeolites are a well defined class of highly cross-linked crystalline porous aluminosil-
icates. Their three dimentional framework is made of [Si04]4‘ and [AIO4]5' polyhedra.
The basic unit of polymeric macromolecules are Si(O/2), and Al(O/2), tetrahedra, where
O/2 stands for the bridging oxygen atoms. Their geometric arrangement is such that to
avoid Al-O-Al bonds as much as possible.*? Their frameworks are generally very open
and contain channels and cavities in which cations and water molecules are located. The
negative charge on each tetrahedron is compensated by a monovalent or multivalent
cations present in the interstices of the aluminosilicate framework. These cations are
usually mobile and exhibits the ion-exchange properties of zeolites. The rest of the space
in interstices is occupied by H,O or solvent molecules.!® The general formula of zeolite
is presented by,

MDDy [AL 15,51 (x42y)OonMH,0
where M stands for a monovalent cation e.g. HY, Na*, K* and D for divalent cation e.g.
Ba%t, Ca’*, Mg*, etc., M,D, represent exchangeable cations located at so called
exchange sites. Al ,, Si; ,,1O,, corresponds to zeolitic framework which include well
defined pores, channels and cages, whereas mH,O are the zeolitic water molecules. These
zeolitic water molecules are easily removed, sometimes reversibly.

The word "Zeolite" has Greek origin which means Boiling Stones, an allusion to the
visible loss of water noted when the natural zeolites were heated.*” When the water
molecules are removed, the voids created can take other molecules. The zeolites are
usually synthesized hydrothermally from alkaline solution. The type and concentration of
the alkali are important structure directing matters, At present, 39 naturally occuring
zeolites have been recorded and their structures are determined.*® In addition, over 150
zeolites have been synthesized hydrothermally,45) Some of these resemble naturally
occuring zeolites whereas others have no natural analog.

The zeolitic framework show profound ion-sieve character for the uptake of metal
ions and are named as molecular sieves giving rise to very selective adsorption.*® The
synthetic zeolites due to their molecular- and ion-sieve properties, gas adsorption and
catalytic capabilities, have attracted the attention of scientists in recent developments of
inorganic ion-exchange materials. The ion-exchange and ion-sieve characteristics of both
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natural and synthetic zeolites have been reported by Barrer and Sherry. 4>V

3-3 Metal oxides and hydrous oxides
The most commonly used metals for the preparation of respective oxides or hydrous
oxides (extensively studied for their ion-exchange behavior) are listed below,
Divalent Mg, Be etc.
Trivalent Al, Fe etc.
Quadrivalent  Si, Ti, Mn, Zr, Sn, Hf etc.
Pentavalent Sb, Nb, Ta, V etc.
Hexavalent Mo, W, Te etc.

The hydrous oxides of multivalent metals are generally synthesized by adding excess
alkali to solution of their salts at room or moderately higher temperature or at higher
temperature under reflux or by simple hydrolysis of their salts in large quantity of water
or acid solutions at high temperature. They are either amorphous or crystalline materials
with high surface area. Their ion-exchange behavior is strongly dependent on their
physicochemical properties i.e. crystal structure and pore size. In addition to the
conventional oxides, new types of hydrous oxides with layer or tunnel structures,’>>>) or
with an ion memory effect®*>> have recently been developed. These oxides show
superiority over the conventional oxides due to their peculiar ion-selectivities.

The hydrous oxides of multivalent metals behave as either cation exchangers or anion
exchangers depending on the basicity of central metal atom and the strength of the
metal-oxygen bond relative to that of the hydrogen-oxygen bond in the hydroxyl group.16)
The strength of an acid increase with the electronegativity of the central metal atom and
with the number of oxygen atoms per replaceable hydrogen.56)

Abe’” has classified various oxides and hydrous oxides of different metals in view
of the polarizing power of the metals as, cation, amphoteric and anion exchangers. The
presence of additional oxygen attached to M (central metal atom) increases the acid
strength of the exchanger. The series MO < M,0; < MO, < M,05 < MO, represents
the probable order of increasing acidity and cation exchange character for insoluble
hydrous oxides.”’”®) The higher oxides e.g. Sb(V) and Mo(VI) exhibit no anion exchange
properties whereas Mg(II) and La(IIl) are practically anion exchangers even at high pH.59)
The acidities of the hydrous oxides of quadrivalent metals depend on the electronegativity
of M and decrease in the order MnO, > SiO, > SnO, > TiO, > ZrO, > CeO, >

12



ThO,.%®

If the central metal atom M of an oxide has a small radius and is highly
electronegative element, will exhibit acidic properties. The increase in the size of M or
decrease in its electronegativity results in amphoteric character followed by basic
behavior.

The ion-exchange behavior of hydrous oxides such as alumina and silica are known
since long time. Most of these behave as amphoteric exchangers and their exchange
reaction can be described as fol
lows,

a cation exchange reaction in basic medium,
ROH = RO + Hf

an anion exchange in acidic medium,
ROH = R* + OH

or

ROH + H' = R-OH,"

Abe and Ito®® have reported the uptake of K* and ClI” on various hydrous oxides as a
function of pH. The pH value at which both cations and anions are exchanged, is known
as equiadsorption point (EAP) and varies with the type and composition of a particular
exchanger. The EAP and relative ion-exchange behavior of an exchanger depend on the
acidities of the oxides. Different values of EAP ranging from 4~11 are available in the
literature.” This large difference may result from preparation methods and impurities
present in the exchanger. The details of some of the oxides and hydrous oxides of

multivalent metals are given below.

3-3-1  Oxides of divalent metals ‘ ,
The amorphous hydrous beryllium oxide BeO'1.7H,0 and magnesium hydroxide

(prepared by the reaction of aqueous ammonia and beryllium or magnesium chloride)

behave as amphoteric and anion exchangers respectively.”® The adsorption of Zn** on

Mg(OH), has also been reported in an adsorption co-precipitation experimental
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observations.® However that can be more a co-precipitation than an ion-exchange

reaction.

3-3-2 Oxides of trivalent metals

The hydrous oxides of Fe*>* and AI* as ion-exchangers have been extensively studied.
Hydrous oxides of Fe** exist as amorphous, o-FeOOH (goethite), B-FeOOH and
v-FeOOH (lepidocrocite). The amorphous materials behave as amphoteric ion exchangers
whereas y-FeOOH shows only anion exchange properties.sg) The adsorption of VO,
wo,%, Cr2072' and MnO,> anions have been studied on ferric oxides.®” The Aluminum
oxide hydroxide (AIOOH) is known to exist in diaspore and boehmite {(Al,04H,0)
anion exchanger}. Other common modifications are gibbsite, bayerite {(Al,04'3H,0)
amphoteric exchanger} and norstrandite. Amorphous aluminum oxide is observed to be

very selective for Cs ion.9

3-3-3 Oxides of quadrivalent metals

Generally the hydrous oxides of quadrivalent metals are obtained by the addition of
excess alkali to solutions of their salts. Amorphous as well as crystalline materials could
be obtained by the use of same procedure. A few examples of these oxides are discussed

below,

(a) Hydrous Silicates: Silica gel has been used as ion exchanger for many years. It
behaves as cation exchanger.ss) However the isoelectric point has also been determined
at pH below 3.%0

(b) Manganese Dioxide: The characteristic feature of hydrous manganese(IV) oxide
compared to other hydrous metal oxides is their precipitation in many polymorphic forms
(@, B, v, e or A -MnO,, etc.) depending on the preparation methods. A recent study of
these oxides showed that the [MnQOg] octahedra share edges and vertices to form the
framework of different complexities which can accommodate a variety of cations and/or
ligands.®® Their structure can be either chain and tunnel or layer and sheet like.%” The
chain structure is characterized by the size of tunnels in the [MnOg] octahedral chains.
The tunnel sizes in pyrolusite (B-MnOz), ramsdellite, hollandite (a-MnO,) and

cryptomelane are reported to be, 1 X 1, 1 x 2, 2 x 2 and 2 X 3, respectively. The layer
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structure contain infinite two dimentional sheets of edge shared octahedra with a usual
separation of 0.7 nm (chalcophanite, birnessite, etc.) or 1.0 nm (lithiophorite or buserite,
etc.).

Recently ion-sieve or so called ion-memory type manganese oxides are also reported
with their peculiar adsorption behavior.5%® The selectivity order of different metal ions
on various types of hydrous manganese oxides is reviewed by 001.5% Cryptomelane
(a-type) MnO, has been reported70> with high selectivities for metal ions having crystal
radii of about 1.4. Recently A-MnO, with spinal structure was prepared by topotactic
extraction of Li* from Li,MnO, with an acid by Hunter.”" The product was observed

to be selective for Lit.”?

(c) Stannic Oxide: o-type hydrous stannic oxide could be prepared by acidification of
sodium stannate solution and B-type by dissolving tin metal in HNO3.58’73) The difference
in two types is the distinct particle size. Both exchangers are amphoteric in nature.
However the selectivity series,’” Mn?* < Ni** < Fe?* < Co** < Zn?* < Cu** was

closely related with the order of the equilibrium constants of the hydrolytic reaction,
M* + H,0 = MOH' + H' (where M = metal)

The exchangers were also selective for AP and Cr’* with a selectivity sequence Cr*
> AP,

(d) Titanium Oxide: Four different types of hydrous titanium oxides such as amorphous,
anatase, rutile and brookite have been reported so far. Amorphous titanium dioxide
hydrate could be obtained by the addition of NaOH solution to titanyl oxalate or TiCl,
solution.’®7>76) The acidity order from pH titration curves was found to be rutile <
anatase < amorphous.ss) These exchangers showed low capacities for cations at high pH.
Recently amorphous and layered structure titanium oxides with high exchange capacity
have been obtained.”’8® Am-HTDO was observed to be useful for the radiochemical
separation of '’Br from As(V) compounds used as target material bombarded by an

oc-particle.gl)

(¢) Zirconium oxide: The gelatinous white precipitate (hydrous zirconia) is formed by
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adding an excess of alkali to a solution of Zr(IV) salt. When freshly prepared precipitate
of zirconium oxide was boiled with alkali, the exchange of anion from the solid phase
with hydroxyl group of aqueous phase took place leading to formation of crystalline
zirconium oxide.3? Transformation from cubic to monoclinic phase was obtained from

mild to extensive boiling. These oxides behave as amphoteric exchangers.

3-3-4 Oxides of pentavalent metals

Different types of hydrous oxides of pentavalent metals are discussed below,

(a) Niobium Oxide: Amorphous material could be obtained by the hydrolysis of niobium
pentachloride solution with water.”®% The material showed only cation exchange
properties with K* uptake of 3.3 meq g' at pH 12.5. Recently crystalline niobic acid
HNbO, with pervoskite structure has been prepared by topotactic extraction of Li* from
LiNbO,.3¥

(b) Tantalum Oxide: Hydrolysis of tantalum pentachloride solution with an excess of
water or by addition of ammonia gives amorphous product. The exchanger is most stable
as compared to niobium oxide towards most chemical reagents.ss) It proved to be cation
exchanger with K¥ uptake of 2 meq g at pH 12. Recently crystalline tantalum oxide
HTaO; with perovskite structure has been prepared in a similar manner to that adopted
for HNbO,.3¥

(c) Antimony Oxide: Three types of antimony oxide (antimonic acid), amorphous
(A-SbA), glassy (G-SbA) and crystalline (C-SbA) materials have been reported so far.3>
Amorphous antimonic acid is prepared by the hydrolysis of antimony pentachloride
solution with excess water and aging at low temperature. Glassy type is obtained when
freshly prepared antimonic acid is dispersed in hot water and then evaporated. Whereas
crystalline material is obtained by the prolonged aging of amorphous antimonic acid in
acid solution. Crystalline material has been reported to be cubic ( a = 1.034 nm ) with
zeolitic water.>® The selectivity sequence of micro amount of alkali metal ions was Li
< Na < K < Rb < Cs on A-SbA and G-SbA whereas Li << K < Cs < Rb < Na on
C-SbA.3%8") The C-SbA was found to be very selective for the ions having crystal radii

of about 0.1nm.
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3-3-5 Ocxides of hexavalent metals

The hydrous molybdenum (VI) oxides, e.g. MoO;H,0 and MoO;*2H,0 are obtained
by the slow acidification of a molybdenum(VI) solution at optimum temperatures. The
NMR spectra of these compounds indicated that all of the hydrogen present are
water-molecule-type.gs)

Two types of hydrous tungsten(VI) oxides, WO;'2H,0 (white tungstic acid) and
WO;'H,O (yellow tungstic acid) are known.? The white tungstic acid is obtained by
the acidification of ammonium tungstate solution with HCI at lower than room
temperature (0-10°C). Both MoO,*2H,0 and WO,2H,0 have dibasic acid properties,sg)

however soluble at pH > 4 and > 7, respectively.

3-4 Acid salts of multivalent metals
Various types of acid salts such as phosphates, arsenates, molybdates or tungstates
of multivalent metals e.g. Zr, Ti, Ce, Th, Sn etc. are well known. A few examples of

these materials are described below.

3-4-1 Zirconium phosphate, arsenate and antimonates:

The earlier studies on zirconium phosphates were carried out mostly on amorphous
materials.”” These materials are prepared from a suitable salt of Zr(IV) and phosphoric
acid. Recently the interest has been focused on the crystalline forms.3®*1% Refluxing
the amorphous materials with > 2.5 mol dm™ phosphoric acid give rise to semicrystalline
or crystalline phase. These material have been extensively studied for their ion-exchange
properties with special interest to alkali metal ions.>®

Amorphous zirconium arsenate was prepared with arsenic acid (H;AsO,) and then
converted to the crystalline material by prolonged reﬂuxing.gs’%)

Zirconium antimonate was prepared as an amorphous material from ZrOCl, solution

and excess Sb,Os dissolved in HCl or aqueous solution of K[Sb(OH)é].97)

3-4-2 Titanium phosphate, arsenate and antimonates:

The preparation methods for amorphous or crystalline phosphates of titanium have
been reported by Clearfield.*® Crystalline titanium phosphate has been used for separation
of radioactive Cs from strongly acidic nuclear fuel-processing solutions.’®

Amorphous titanium arsenate could be obtained from sodium arsenate and TiCl,
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solutions,”” Whereas crystalline form was obtained!®” by refluxing (for 45 h) the
solution of freshly prepared amorphous material in 8 mol dm™,

The titanium antimonate could be prepared by mixing TiCl, and SbCly and subse-
quent hydrolysis with water or neutralization with ammonia.%%19% This material proved
to be unselective for Li* as compared to other alkali metal ions. The Li* selective,
semicrystalline titanium antimonate (with almost rutile structure) could be prepared by
the hydrolysis of Ti and Sb chlorides.!®® The selectivity sequence was observed to be
Na < K < Rb < Li < Cs in acid medium.

3-4-3 Stannic phosphate, arsenate and antimonate:

These materials have been prepared from solutions of SnCl, and NaH2P04.104’105)
Crystalline Sn(HPO,),'H,O was obtained by refluxing mixture of SnCl,, HNO; and
H,PO,.!%)

Details of preparation procedure for both amorphous and crystalline stannic arsenate
are well reported in the literature.' 9719 The pioneer study on the preparation and
ion-exchange properties of tin antimonate was reported by Abe and Ito.110-112) The
exchanger was semi-crystalline/amorphous material with extremely high selectivity for
micro amount of Li*, The selectivity sequence for alkali metal ions was in the order Na
< K < Rb < Cs << Li.

3-4-4 Thorium arsenate:

This type of exchanger was synthesized!'® by refluxing thorium nitrate solution in
arsenic acid at 110°C. The crystalline material Th(HAsO,),'H,0O was selective for Li*
only with no adsorption of other alkali metal ions which proved to be a better

ionic-sieve inorganic ion exchanger.

3-5 Heteropoly acid salts

The general formula of heteropoly acid salt can be represented as H; <XY,,0,,'nH,0
where X may be phosphorous, arsenic silicon etc., and Y as molybdenum or tungsten
etc.. The first systematic study of ion-exchange was carried out on ammonium phos-
phomolybdate.®” Several reviews on the molybdo- and tungsto-heteropoly complexes are
available in the literature.''*"11%) The synthetic chemistry of heteropoly complexes had

been extensively studied and methods for the preparation of a wide variety of these
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compounds are reported.llé'”g) Generaly these insoluble acid salts are prepared by mixing
water soluble ammonium molybdate or tungstate, ammonium nitrate and nitric acid.
Keggin and many other workers had determined the essential features of the crystal
structure of these acids.!!%120-123)

The ion-exchange, thermodynamics and kinetics of ion-exchange reactions on
ammonium 12-molybdophosphate has been reported by Smit et al.'* These acid salts

are well known for their selective adsorption of Cs*.

3-6 Insoluble Hexacyanoferrate
Quite a large number of insoluble ferrocyanides have been prepared by mixing metal
(Zn, Cd, Cu, Ni, Co, Pb, etc.) salt solutions with H,Fe(CN), or Na,Fe(CN), solution.3®

These exchangers were found to be selective for Cs ion.
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4, INCENTIVE FOR THE PRESENT WORK

The synthetic inorganic ion-exchangers have attached the interest of chemists in the
field of inorganic, analytical, environmental and radiochemistry, especially separation
science and technology for the last two dxecades. These exchangers are quite stable
towards high temperature and ionizing radiation, therefore, possess a significant superiority
over the natual inorganic or commercially available organic exchangers. Owing to high
stability and ion-exchange capacity, these exchangers are suitable for use in nuclear
industry, hydrometallurgy, water softening, preparation of analytical grade (extra pure)
reagents and recovery of valuable materials from industrial wastes and sea water, etc.
These exchangers can fulfill the recent demands of world research community for the
disposal and treatment of nuclear wastes. The work done in the field of inorganic
ion-exchangers has been reviewed by a number of authors, 16:37:38:40,125,126)

Most investigations with insoluble acid salts of quadrivalent metals have been carried
out on zirconium and titanium phosphates of various types. It is known that the acid
salts of multivalent metals as ion-exchange matelials classified according to the valency
of multivalent metals. Quadrivalent metal antimonate ion exchangers were studied first
by Abe and Ito.!!" The titanium antimonate showed a high selsctivity for lithium ion
was prepared by Abe et al.'%®, and was achieved removal of lithium ion from sea water
and hydrothermal water successfully.

The TiSbA behaves cation exchanger with relatively high capacity, and has been
several investigators.wl’loz’103) However, the systematic study on the ion exchange
property of trivalent metal ions on TiSbA has not been reported. TiSbA are prepared at
differrent Sb/Ti ratios, and the unusual selectivity were observed on rutile-type TiSbA.
TiSbA show different ion exchange property according to different Sb/Ti ratios. But their
structual study has not been reported on TiSbA with different Sb/Ti ratios.

This study, therefore, describes the systematic ion-exchange property of trivalent metal
ions on TiSbA and their structure. In order to study the structure of TiSbA several
methods were used, e.g. X-ray diffraction, thermogravimetric-differencial thermo analysis
(TG-DTA), infrared spectra (IR), nuclear magnetic resonance (NMR) and extended X-ray
absorption fine structure (EXAFS). In addition a developement of TiSbA on nuclear

waste solution is described.
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CHAPTER 2
SYNTHESIS AND CHARACTALIZATION OF TITANIUM ANTIMONATE

1 INTRODUCTION

It is known that the inorganic ion exchangers have the selectivity for particular ions,
and the ion exchange property of an inorganic ion exchanger varies with conditions of
preparations. The preparation of inorganic ion exchangers are classiffied into solid state

method or wet method.

(a) solid state method

Two or more starting substances weighed to equal to the chemical composition of
product are mixed, heated for the reaction of decomposition, and then the product is
done conditioning. In this reaction, usually, metal oxide is mixed with alkali metal
carbonate, hydroxide or acetate. The reaction can be performed at relatively low

temperature for some combination of metal oxide and alkali metal salt.

(b) wet method

In this method the exchanger is obtained by hydrolysis of the aqueous solution of
metal salt or the alchol solution of metal alchoxide. The one metal salt (alchoxide) or
some metal salts (alchoxides) are used as starting substance, and they are chloride sulfate
or nitrate. The exchanger prepared by hydrolysis at low temperature is ussually low

crystallized material.

(c) sol-gel method
The product prepared from metal alchoxide is mixed with alkali metal salt and treated

hydrothermally at 100-300°C. The clay mineral and zeolite are obtained in this method.

Three type of antimonic acids such as amorphous (A-SbA), glassy (G-SbA) and
crystalline (C-SbA), have been prepared by the different wet methods. C-SbA belongs
to cubic phase and its selectivity is Li* < K* < Cs* < Rb* < Na*, while A-SbA and
G-SbA are amorphous materials and their selectivity is Li* < Na* < K* < Rb* < Cst.D
On the oter hand, the antimonic acid prepared by the solid state method belongs to

monoclinic crystal system, and its selectivity is K < Rb* < Cs* < Na* < Li*2 In these
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way, the ion exchange property depends on the condition in preparation of ion exchanger.

Also, the inorganic ion exchangers can be classified in the crystal structure as shown
in Table 2-1. And the typical compounds are given in Table 2-1, the ion exchange
property depends on the crystal structure of ion exchanger.

The fiber and membrane compounds are obtained by the preparation with different
physical and chemical conditions.

The ion in the exchanger is generally hydrated state, so interlayer distance of layer
structure compound can be enlarged with the size of the ions in interlayer. Using this
property, the high qualitative catalyst can be prepared by introduction of host molecule
(e.g. complex) in interlayer space. On the other hand, because the crystal lattice can not
be changed in tunnel or cage structure compound, these exchangers might show the steric
effect and have high selectivity.

In recently, the new preparation is attempted as follows; the precursor prepared by
the above methods is performed some treatments to Substitute exchangeable metal ions
from hydrogen ions without changing the structure, and that compound is utilized the H*-
form ion exchanger.¥

Titanium or titanic antimonate (they have been referred as different names ) cation
exchangers were prepsred by the several investigators with the different starting materials
etc. Titanic antimonate was prepared by metathesis of Ti*" and [Sb(OH)¢]” with using
TiCl, and K[Sb(OH)s] by J. S. Gill and S. N. Tandon> And, titanium antimonate was
prepared by precipitation reaction of TiCl, and SbCls with NH, solution by M. Qureshi
and V. Kumar.?

The titanium antimonate (TiSbA) were prepared by the wet method of hydrolysis TiCl,
and SbCly; without other reagent under different mole ratios of antimony and titanium
(Sb/Ti), and charactarized by chemical analysis, X-ray diffraction and thermal analysis
by M. Abe et al.” It is known the TiSbA with Sb/Ti ratios of 0.27~0.86 show the X-
ray diffraction pattern similar to rutile type T102.7) But the detailed structure of TiSbA
has not been reported because of its low crystallinity.

The oscillations in the Extended X-ray Absorption Fine Structure (EXAFS) region
result from scattering of photoelectron on the surrounding coordination sphere. They
contain information about the type and number of nearest hneighbors, their distance to

to the absorbing atom. EXAFS has some advantages, e.g. EXAFS is independent of the
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Table 2-1 Inorganic Ion-exchangers Classified in the Structure.

(a) amorphous compounds

hydrous oxides of multivalent metals (hydrous aluminate, hydrous zirconate etc.)

(b) tunnel structure compounds
aluminate (3-Al,0; etc.), titanate, silicate, manganate (cryptomelane etc.),

tungstate (K,W,0,5 etc.), B-FeOOH, hydroxyapatite

(c) layer structure compounds

clay mineral (alumino silicate etc.), calsium silicate,

acid salt of tetravalent metal (phosphate, arsenate etc.),

tungstate (Na,W,0,5 etc.), titanate (Na,Ti;0,, K,Ti,054 etc.),

silicate (tobermorite etc.), manganate (birnessite etc.), molibdate (Mg,Mo,0; etc.),

niobate (KNbO,), hydrotalcite

(d) cage structure compounds
zeolite (Zeolite A, ZSM-5, chabazite, mordenite etc.), antimonate (Sb,0O'4H,0 etc.),

transition metal cyanoferrate
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condition of a target materials, EXAFS can select the absorption atoms in multi
composition and determine the neighbouring local structure around the absorbing atoms.
Thus, EXAFS are widely applied for solutions and amorphous compounds which could
not be determined their structure by X-ray structure analysis. It seems the interatomic
distance in TiSbA can be determined by EXAFS.

Recently, FT-NMR techniques have been applied with good results in solid-state
chemistry and are also expected to become a powerful means to understand the state of
coordination water in inorganic ion exchangers. In view of this point FT-NMR is
expected to approach the behavior of water in the ion-exchange matelials.

In the present work, TiSbA was prepared at different chemical composition and
subjected to the chemical analysis, X-ray diffractometry, thermal analysis, and the
measurement of IR, EXAFS and NMR spectra. And the crystal structure of TiSbA was

described about the configuration of Sb and Ti atoms.
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2 EXPERIMENTAL

2-1 Chemicals |
Chemical grade of Antimony pentachloride supplied by Yotsuhata Co. Ltd. (>99% as
metal), and titanium tetrachloride supplied by Wako Chemical Co. Ltd. (>99% as metal),

were used without further purification.

2-2 Preparation of TiSbA.

The TiSbA was prepared as described previously7); A 4M (IM = 1 mol dm?)
antimony pentachloride solution was obtained by hydrolysis of antimony pentachloride
with H,O (1+1), a 4M titanium tetrachloride solution was obtained by hydrolysis of
titanium tetrachloride with H,O (1+1.2). A 4M antimony pentachloride solution was
mixed with a 4M titanium tetrachloride solution at different molar ratios of:

A) 0.1, 03, 05, 0.7, 1, 1.5, 3

(B) 0.3, 0.5, 0.7, 0.9

at 60°C. The mixed solutions were immediately hydrolyzed in demineralized water (1+25)
at the same temperature. The total volume of (A) is 1dm3 and that of (B) is 5dm>. The
white precipitate obtained was allowed to stand in the mother solution overnight at 60°C,
filtered and then washed with demineralized water with the aid of centrifuge operated
about 10,000 rpm until the pH of the supernatant solution was higher than 1.5. The
white product obtaied was dried at 60°C for 2 days, ground and sieved 100~200 mesh
size.

The samples prepared were rewashed with demineralized water in order to remove
adherent fine particles. A demineralized water was percolated through the samples until
free from chloride ions, and then 1M HNO; solution was percolated until free from
sodium ions. Finally, the samples were rewashed with demineralized water and air dried

at room temperature.

2-3 Determination of Antimony and Titanium

A (0.1g) sample of TiSbA was dissolved in hot concentrated sulfuric acid (50cm?)
and diluted to 0.4M in sulfuric acid solution with water. The contents of antimony and
titanium were determined using a Seiko Instruments Inc. SPS 7000 inductively coupled

plasma atomic emission spectrometer (ICP-AES).
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2-4 X-ray diffraction and thermal analysis

For X-ray studies, a JEOL X-ray diffractmeter model JDX-7E and Rigaku Denki
RINT 1100 X-ray diffractmeter were used with Ni-filtered Cu-K radiation.
A Rigaku Denki Thermoflex Model 8001 was used for the study of the thermal analysis

at a heating rate of 10°C/min. by using o-Al,O; as the reference material.

2-5 IR spectra
IR spectra were measured by the KBr disc (1cm id., Imm thick) method with a

Japan Spectroscopic Co., LTD. infrared spectrometer model FT/IR-8900.

2-6 EXAFS Study

For EXAFS study, the samples were mixed with polyethelene powder and pressed at
500 kg/cm2 for the measuremeants (lcm i.d., 2mm thick). The X-ray absorption around
Sb K-edge was measured with BL-10B beam line at Photon Factory of National
Laboratory for High Energy Physics. The spectra were recorded at room temperature with
a channel-cut Si(311) monochromator. The EXAFS data were analyzed by using a
program EXAFS4 (N. Kosugi and H. Kuroda, Research Center for Spectrochemistry, the
University of Tokyo).

2-7 NMR Study

The NMR spectra were obtained by employing JEOL FT-NMR spectrometer model
GSX-270 and «-500. The observed frequency were 270MHz and S00MHz for 'H,
respectively. The NMR spectra were obtained by using nonedecouplig single-pulse mode.
The spin-lattice relaxation time, T, was measured by means of inversion recovery
method and the spin-spin relaxation time, T,, by Carr-Purcell-Meiboom-Gill (CPMG)

method.
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3 THEORITICAL

3-1 EXAFS Spectroscopyg'lo)

EXAFS ascribes to oscillations of the X-ray absorption coefficient on the high
energy side of an absorption edge. Such oscillations can extend up to 1000eV above the
edge and may have a magnitude of 1~20% of the edge jump. EXAFS spectroscopy refers
to the measurement of the X-ray absorption coefficient p as a function of photon energy
E above the threshold of an absorption edge. Fig.2-1(a) shows schematically one edge
of an absorber. In a transmission experiment, p or px (x is the sample thickness) is
calculated by

px = In I/I
where I, and I are the intensities of the incident and transmitted beams, respectively.
EXAFS spectra generally refer to the region 40~1000 eV above the absorption edge.
Near or below the edge, there generally appear absorption peaks due to excitation of core
electrons to some bond states (1s to nd, (n+1)s, or (n+1)p orbitals for K edge, and 2s
for L; edge, 2p for Ly, Ly edges to the same set of vacant orbitals, etc.). This pre-edge
region contains valuable bonding information such as the energetics of virtual orbitals,
the electoronic configuration, and the site symmetry. The edge position also contains
information about the charge on the absorber. In fact, a shift of various edga features
to higher energy of with increasing absorber valence has been observed. 1L12)

EXAFS is a final state interference effect involving scattering of the outgoing
photoelectron from the neighboring atoms. Fig.2-1(b) attempts to convey the current view
of EXAFS. In the presence of neighboring atoms, the outgoing photoelectron can be
backscattered from the neighboring atoms thereby producing an incoming wave which can
interfere either constractively or destructively with the outgoing wave near the origin,
resulting oscillatory behavior of the absorption rate. The amplitude and frequency of this
sinusoidal modulation of p vs E depend on the type of neighboring atoms and their
distances away from the absorbor, respectively.

This simple picture of EXAFS has been formulated the generally accepted short-range
single-electron single-scattering theory. The modulation of the absorption rate in EXAFS,

normalized to the "background" absorption (nj) is given by
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w(E)- “'o(E)

X(E) = i)

In order to relate to structural parameters, it is necessary to convert the energy E into

the photoelectron wavevector k via

2
k = ‘%l"; (E-Ep = /02626 (E-Ey

This transformation of ¥(E) in E space gives use to y(k) in space where

=2r; A8 sin (2kr § + (D](k))
kr?

J

2
x(® = YN, Fie e
J

Here Fi(k) is the backscattering amplitude from each of the N; neighboring atoms of
the jth type with a Debye-Waller factor G; to account for thermal vibration and static

disorder and at a distance I, away. ¢;(k) is the total phase shift experimental by the
photoelectron. The term exp(—2rj/7»j) is due to inelastic loses in the scattering process with
A; being the electron mean free path.

Fj(k) and (I)j(k) are specific values which are dependent on the atom and pair of
atoms, so they are evaluated from the theoretical calculation or the analysis for spectrum
of the material with well known structure. N;, 1, o; and A are structural constant
deviated from EXAFS experimental.

3-2 NMR Spectroscopy

When we put a sample in a magnetic field, the induced field which we expect to
arise does not spring instantaneously into exitence, but will appear over some interval.
Calculating how long this should take, and what form the approach to equilibrium adopts,
is a whole area of physics, and cannot be achieved without extensive approximation. In
the Bloch theory of NMR, the problem vastly simplified by assuming that the equilibrium
will be approached exponentially, and treating the time constant of this exponential as
a parameter which one might set out to measure. That exponential relaxation is a
hypothesis, not a universal fact. Putting this idea formally, the hypothesis is that the

induced field will biulding up according to the equation:
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where M, is the magnetisation at thermal equlibrium, so that if the magnetisation is

initially O:

M, = M, -¢e"

z

The time constant T, is known as the longitudinal or spin-lattice relaxation time. The
latter term arose because much of the original theory of relaxation was worked out for
solid samples, where the interaction of the magnetic moments with the rigid lattice was
of interest. One popular method is illustsrated in Fig.2-2. The idea is to invert the z
magnetisation with a w pulse, then wait a while for it to relax back towards the +z axis,
and finally apply a m/2 pulse and measure the signal. Note that when the interval T is
less than T,/In2 the sampled signal arrives along -y axis; we already know that this
corresponds to an apparent negative peak if we phase-correct so that +y is positive. The
result of such an experiment with varying T can be extracted the T, graphically from
the varying peak heights.

Think of the sample being subdivided down into small regions, small enough that the
field is perfectly uniform within each region. The total magnetisation is the sum of the
contributions from these regions; each region contributes a vector precessing in the static
frame with perfectly well defined frequency, but the frequency may vary from one region
to another. In the rotating frame, this corresponds with the vector initially aligned along
the y axis gradually becoming blurred as some of the contributing isochromats precess
a little faster than the frame, some a little slower. Thus the total magnetisation does
decay, even without longitudinal relaxation. The process is not changing the energy of
the sample, as no transitions between levels are occurring, but the amount of order
present is decreasing. In other words, the enthalpy remains constant but the entropy
increases. This too is a form of relaxation, referred to as transverse or spin-spin; again
the second term is sometimes a little misleading, however we will see how it arises
momentarily. Transverse reminds us that the process occurs in the x-y plane and does
not necessarily involve the z magnetisation. We assume once more that the process takes

place exponentially, and call the time constant T,. (7/2),-1T-T,-2T-T,-2T-T,-...... (the carr-
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purcell experiment) where we might try to measure the amplitude of the signal at the
center of the 27 intervals, or more practically perform the experiment repetitively with
an increasing the last echo each time. As a good exercise in working with the rotating
frame vector model compare the Carr-Purcell experiment with the Carr-Purcell-Meiboom-
Gill (CPMQG) variation which is (n/2)x-t-1ty-21:-1ty-21-7ty- ..... (Fig.2-3) and for the latter
convince yourself that using T, pulses instead of m, still generates echoes (but along the

+y axis only).
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4 RESULTS AND DISCUSSION

4-1 Preparation of TiSbA

Titanium antimonates were prepared at different Sb/Ti molar ratios of 0.1~3.0 and at
60°C. All the samples of (A) and (B) prepared were hard white granules suitable for
column operation. The formation of precipitation was very slow and the yield of TiSbA
is low on the sample with Sb/Ti ratio of 0.1. The molar ratio of Sb/Ti in the product
was nearly the same as the ratio of Sb/Ti in the initial mixed solution (Tables 2-2 and
2-3).

4-2-A X-ray diffraction pattern (A)

As can be seen from the X-ray diffraction patterns a~e in Fig.2-4, the TiSbA with
Sb/Ti ratio of 0.11~1.1 showed weak rutile patterns. And as can be seen from patterns
f and g in Fig.2-4, the TiSbA with Sb/Ti ratio of 1.4 showed nealy amorphous and that
of 2.9 showed cubic antimonic acid (C-SbA),!> respectively. In the samples with heating
at 720°C, the X-ray diffraction patterns of the TiSbA with Sb/Ti ratios of 0.1~1.4
showed rutile pattern and increased their intensity of diffraction lines with decreasing
Sb/Ti ratios (Fig.2-5 a-f). The TiSbA with Sb/Ti ratio of 2.9 with heating at 720°C
showed a X-ray diffraction pattern indicating a mixture of Sb,O,5 and TiO, (rutile). Both
amorphous antimonic acid (A-SbA) and C-SbA were decomposed to Sb,O; by heating
at 700°C for 2 hours,!® so this sample was found to be a mixture of hydrous titanium
dioxide and A-SbA or C-SbA. On the other hand we could conclude that possibillity of
a mixture with C-SbA or A-SbA is quite less in the TiSbA with Sb/Ti ratios of
0.11~1.4.

Considering these results, the formation region of the TiSbA with rutile structure is
determined under 1.1 for Sb/Ti ratio (Fig.2-6).

4-2-B X-ray diffraction pattern (B) and lattice constant

The X-ray diffraction patterns for TiSbA with Sb/Ti ratios of 0.28~0.87 is shown in
Fig.2-7. All the samples showed weak rutile petterns, and their intensities of the
diffraction line ascribed to (110) plane increased with increasing of Sb/Ti ratio (Fig.2-8).
patterns for TiSbA with Sb/Ti ratios of 0.28~0.87. As summarizing in Table 2-4, all the
TiSbA with Sb/Ti ratios of 0.28~0.87 showed the similar lattice constants, ag=
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Fig.2-4 X-ray Diffraction Patterns for Various Samples of
TiSbA (A) Dried at 60°C
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Fig.2-5 X-ray Diffraction Patterns for Various Samples of
TISbA (A) Heated at 720°C
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0.4657~0.4690 nm, cy= 0.2952~0.2996 nm. It was found that a; value is larger than the
ay value of the rutile type of titanium dioxide (a,=0.45933 nm, ¢;=0.29592 nm) and ¢,
value is the nearly same as that. The diffraction lines ascribed to (101), (200), (110),
(211) and (200) planes shifted to a little lower 20 values with increasing of Sb/Ti ratios
(Figs.2-9 and 2-10). The plot of a, and ¢, vs. Sb/Ti ratio shows in Fig.2-11. In view

of the formula of tetragonal system

2sin@ _ K +E P
d - 2 2
) o

the shifting of the diffraction lines ascribed to (200), (111), (211) and (220) planes can
be due to the increase of a,. The reason of shifting in the diffract line of (101) plane
why the increasing of a, is larger than the decreasing of ¢, in Sb/Ti<0.6 and c is
increasing in Sb/Ti>0.6.

The tentative structure for TiSbA could be postulated as follows: the fixed charge
from -OSbOH was distributed homogeneously onto the TiO, matrix by the dehydrated

condensation as previously postulated for SnSbA.!>

4-3-A Thermal analysis (A)

Thermogravimetric (TG) and differential thermal analysis (DTA) curves of the TiSbA
with different Sb/Ti ratios were shown in Fig.2-12. The endothermic peak at 100°C was
assigned to the loss of the water for the TiSbA with Sb/Ti ratios of 0.11~0.77, at 105°C
and 165°C for TiSbA (Sb/Ti=1.1), at 110°C and 175°C for TiSbA (Sb/Ti=1.4) and 115°C
and 280°C TiSbA (Sb/Ti=2.9). The endothermic peak continued up to 580°C for TiSbA
(Sb/Ti=0.11), 630°C for TiSbA (Sb/Ti=0.34), 670°C for TiSbA (Sb/Ti=0.58), 680°C for
TiSbA (Sb/Ti=0.77). The weight loss continued up to the same temperatureas the end of
endothermic peak for the TiSbA with Sb/Ti ratios of 0.11~0.77 due to the loss of water.
The endothermic peak continued up to 600°C due to the loss of water and small
exothermic peak was observed at 635°C due to the crystallization to TiO, (rutile) for
TiSbA (Sb/Ti=1.1). For TiSbA (Sb/Ti=1.4) the feature of the loss of water is same as
that for TiSbA (Sb/Ti=1.1), the large exothermic peak was observed at 655°C due to the
same reason. The weight loss up to nearly 550°C due to the loss of water and up to
720°C because of deoxygenation with changed to SbgO,4 for the TiSbA (Sb/Ti=2.9).

An experimental formula for the TiSbA prepared was estimated by assuming that the
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Fig.2-11 The Relationship between the Sb/Ti Ratio of TiSbA
and Lattice Constants
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heated sample at 700°C for the TiSbA with Sb/Ti ratios of 0.11~1.4 and at 550°C for
the TiSbA (Sb/Ti=2.9), showed the ignition product to be composed of TiO,'mSb,Os
(Table 2-2). The water content decreased with the decreasing Sb/Ti ratio in the TiSbA
until Sb/Ti ratiio of 0.58. The water content of sample with Sb/Ti ratio of 0.34 is more
than those of the samples with Sb/Ti ratio of 0.58 and 0.77.

4-3-B Thermal analysis (B)

TG-DTA curves for TiSbA with Sb/Ti ratios of 0.28~0.87 are shown in Fig.2-13. The
main endothermic peak was observed at 100°C for all samples, and the small peak was
containig up to 640°C for TiSbA (Sb/Ti=0.28 and 0.32), 660°C for TiSbA (Sb/Ti=0.48),
680°C for TiSbA (Sb/Ti=0.62 and 0.69), and 700°C for TiSbA (Sb/Ti=0.87). Their peaks
could be due to the loss of the water. An experimental formula was estimated by the
above method (Table 2-3).

4-4 Chemical Composition

The experimental formulas for the TiSbA prepared were represented by assuming that
the heated samples (at 720°C for the TiSbA with Sb/Ti ratios of 0.28~1.4 and at 520°C
for the TiSbA with Sb/Ti ratios of 2.9) are composed of TiO,'mSb,Os.

The theoretical capacity was calculated from the experimental formula on the
assumption that one antimony gives one hydrogen ion available for ion exchange. The
experimental formula and theoretical capacity for TiSbA at different Sb/Ti ratios were

summarized in Table 2-2 and 3.

4-5-A IR spectra (A)

Fig.2-14 shows the IR spectra of TiSbA with Sb/Ti ratios of 0.11~2.9. The absorption
bands at 3800-2200 cm™' and 1800-1500 cm™ can be assingned to the stretching Vo)
and the deformation () vibrations of interstitial water with strong hydrogen bondings.
The absorption bandsd observed between 1000-1200 cm™ can be assigned to the SbOH
deformation vibration (8gpyp), and a band around 600cm™ is assigned to the stretching
vibration of SbO and TiO (Vgyo,Vri).'® The absorption bands ascribed vy and 8oy of
Sb-rich TiSbA (Sb/Ti=1.1~2.9) are wider absorption band than those of Sb-poor TiSbA
(Sb/Ti=0.11~0.77). This could be due to increasing the strong hydrogen bond with

increase in amount of Sb in TiSbA. The absorption band ascribed to 8g,qy at 1200cm™
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Fig.2-14 IR Spectra for Various Samples of TiSbA (A)
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was increasing with the increase in Sb/Ti ratios, on the other hand the band at 1000cm™

was decreasing with the increase in Sb/Ti ratios..

4-5-B IR spectra (B)

Fig.2-15 show the IR spectra of TiSbA with Sb/Ti ratios of 0.28~0.87. The absorption
bands ascribed Vg at 3800~2600cm™ and 8oy at 1800~1500cm™ were for similar all
samples. The absorption band ascribed to Ogyoy at 1000cm™ was decreasing with the
increase in Sb/Ti ratios. The absorption bands ascribed to Vg, and vy at 950~600cm™

were similar and those at 600~400cm™ were decreasing with the increase in Sb/Ti ratio.

4-6 EXAFS Study

Fig.2-16 and 17 show the raw data of Sb-K edge EXAFS and their Fourier
transforms with the transformation region of k=2.2~13 A for TiSbA with Sb/Ti ratios of
0.28~0.87. Fig.2-18 show the curve-fitting analysis data of above FT data for r=0.11~0.18
nm and summerized the results of their analyses in Table 2-5, using LiSbO,; (N=6,
r=0.1996nm) as reference materials, the results of data analyses for Sb,0;, C-SbA and
monoclinic antimonic acid (M-SbA) are summerizing in Table 2-6 as comparision
substances.

The bond distances Sb-O and coordination number of O atoms around Sb atom were
found to be similar value of 0.1989~0.1996nm and 5.6~6.6, respectively, in TiSbA with
Sb/Ti ratios of 0.28~0.87. It is known that C-SbA and M-SbA have octahedral
coordinated Sb, so it could be found that TiSbA has octahedral coordinated Sb. The bond
distance Sb-O is similar to that of Ti-O, so it is supposed that the fixed charge from
-OSbOH was distributed homogeneously onto the TiO, matrix by the dehydrated
condensation, considering the X-ray diffraction patterns show the same as TiO, (rutile).

Fig.2-19 show the raw data and the Fourier transforms of Sb-K edge EXAFS for
heated sample up to 700°C of TiSbA with Sb/Ti ratios of 0.28~0.87. Fig.2-20 show the
curve-fitting analysis data of above FT data for r=0.1-0.2 nm and summerized the results
of their analyses in Table 2-6. The parameter were similar to those of the non-heated

sample.

4-7 NMR Study

Fig.2-21 and 22 show the NMR spectra measured the relaxation time by inversion
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recovery method and CPMG method for T, and T,, respectivery. Fig.2-23 shows the
relaxation time T, and T, of 'H for TiSbA with Sb/Ti = 0.28~0.87. T, and T, are
increasing with increase in Sb/Ti ratio, so TiSbA with high Sb/Ti ratio has more
motional free water like liquuid phase water in accordance with BPP theory.”) Fig.2-24
shows the NMR spectra of 'H in TiSbA for 500MHz, they could be concluded that
TiSbA have 2 kinds of protons. The large peak is H of free water and small peak is
H of OH for relation to ion exchange. This result is good agreement with two
dehydration peak around 100°C and 200~600°C in TG-DTA curves. The low temperature
and large peak could be due to the free water and the high temperature, long and small

small peak could be due to exchangeable OH.

4-8 Structural model of TiSbA

It has been discussed that TiSbA has a tetragonal structure with a lattice parameter
of a;= 0.466nm and c,= 0.295nm. TiSbA has a rutile type structure with partially
substitution TiO4 octahedron with SbO, octahedron. This structure is given in Fig.2-25.
The framework of TiSbA is not variable with Sb/Ti ratio, so that the ion exchange
selectivity of various TiSbA could be due to the H,O or OH in TiSbA. To keep electric

b5+

neutral S substitute from Ti*" and accompany with OH". The exchangeable H could

be due to released from OH.
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| Fig.2-25 Schematic Representation of the Conceptual View for
TiO, (Rutile) and TiSbA
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CHAPTER 3
ION-EXCHANGE SELECTIVITIES OF TRIVALENT METAL IONS ON
TITANIUM ANTIMONATE

1. INTRODUCTION

Abe et al.'"? have studied on the ion exchange properties of the titanium antimonate
(TiSbA) for alkali metal ions, alkali earth metal ions and divalent transition metal and
lead ions. The selectivity of microamounts is; Na* <K* <Rb™ <Li* <Cs* for alkali
metals, 3> Mg?* <Ca®* <Sr** <Ba®* for alkaline earth metals®) and Mn** <Ni%* <Cd%*
<Zn** <Co®* <Cu®* <Fe?* <Pb®* for divalent metal fons on TiSbA.®) Qureshi and
Kumar have studied on the ion exchange property of titanium antimonate prepared by
the hydrolysis of TiCl, and SbCls with NH, solution.”) The selectivity at pH 2 is APRY
< Ga3* < PP < Y3 < In®* < sm?t < ScP* = Ce* < La®* for the sample of Sb/Ti=l,
AP* < 83 < Y3 < Ga¥* < SmPt < Pt < It < La¥* < Ce?* for the sample of
Sb/Ti=0.43, AP* < Y3* < Pr?* < 8¢3* < Sm?* < La®* < Ce3* < Ga™* < In®* for the
sample of Sb/Ti=0.28. But the systematic study on the ion exchange property of trivalent
metal ions on titanjum antimonate free from NH; has not been reported. It is expected
that a titanium antimonate prepared without using NH; solutionwill show the different
selectivity for trivalent metal ions.

The separation of gallium from alminium is important in analytical chemistry and
removal of gallium from the waste solution with Bayer process. The chromatographic
separation of Ga3* and In®* from AP is difficult on organic cation exchangers because
of low separation factor for this pair.

The present study was carried out to describe the ion exchange property for
microamout of some trivalent metal ions (ALY, Ga**, In®*, Cr°* and Fe3*) on TiSbA
prepared with different antimony and titanium ratios (Sb/Ti) without using NH; solution,
and the chromatographic separations were carried out for group 13 (3B) elements (A’
Ga3* and In3+). And the ion exchange property for microamout of some rare earth metal
ions (Y3*, La*, Pr*¥, Nd**, Eu’*, Gd®* and Yb3*) was studied on TiSbA prepared with

different antimony and titanium ratios (Sb/Ti).
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2. THEORY
2-1 Ion-exchange ideality

When an exchanger (solid phase) is equilibrated with an electrolyte solution, the ion
exchange reaction of trivalent metal ions / H' exchange system on an exchanger in

H*-form can be represented by the following expression,

3HY + MY e MM 4+ 3HY e (1)

where bar refers to exchanger phase and M3* is the trivalent metal ions.

The thermodynamic equilibrium constant K of the above reaction can be defined as,

K = [HJT]3 YM 'Y}? fM
M*1 X3 v, fa

where [HY] and [M3+] are the molalities of HNO; and metal nitrate in solution, and
Yy and 1y, are the jonic activity coefficients of H™ and M** in solution. _)EH and iM
are the equivalent fractions of the exchanging HY and M3* in the exchanger phase
respectively. Whereas fy and fy, are the activity coefficients of H" and M>*, respectively,
in the exchanger phase. The standard states chosen are such that f;; and fy; are unity
when the exchanger is in its pure H* and pure M>* forms, respectively, and Y and Yy
are unity when the [H*] and V3] approach zero.

In the following treatment molalities [H*] and [M3+] are replaced by the equivalent ion

fractions:
_ 3[M31] [H+]
X, = X, = — s e 3
Yooape e T T 3MR + [H ®
23+ T+
)_( 3[M ] 'X - [H] _____ (4)

oo BT 3 + [H
Xyt Xy=1, X, +X,=1 --—-- )

The total normality (TN) and the theoretical or total capacity (TC) are kept constant

throughout the ion-exchange process:

3[M*] + [H] = TN, 3[M°7] +[H] = TC ----- ©6)
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By using these definitions, Eq.(2) becomes

K=Ky f—"; ————— @
fu
where KHM is the corrected selectivity coefficient an refers to
¥ 3.3
Xy X
Kyt = SMTHTH 3 qpt ®)
Xy XuYu

The distribution coefficient Kd, of M>* is defined by,

k- D01 TCX ©)
M°]  IN Xy

The KHM value at the infinitesimal exchange is important for basically interpreting
and predicting the ion-exchange behavior. It can be expressed using Kd as follows.3”)

Egs. (5) and (8) are combined to give the corrected selectivity coefficient:

M - X, (1-X,)°

- I - (10
(1-x,p)" X,
where 1 = 3(TN)*Y, T = v’y
Therefore:
y _ Xy
Ky )xM, X0 (X_)XM, X0 (Pn)xM, X0 T (11)
M
On inserting Eq.(9) in Eq.(11),
M. Ic
Ky )y, 2,0 = (ﬁKd)xM, %0 Ty, x,0 ~777° (12)

Thus, the corrected selectivity coefficient at infinitesimal exchange can be determined by
measuring Kd at infinitesimal exchange. In this chapter, discussions will be given using
Kd value which parallels the corrected selectivity coefficient in infinitesimal exchange.
Taking the logarithm of Eq.(12) and using Eq.(6),
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c
log(Kd)y, 7,0 = 0§ + 108(5KyYy, 1,0 - 3 loglHNO,]  —---- a3

The former two terms on the right hand can be approximated as a constant, and
therefore Kd determination at the very small S(-M in the ion-exchange process will show
that the slope of plot of log (Kd)y, xy—o Vs- log [HNO;] is -3.

As the best approximation, the distribution coefficients of various metal ions are

compared at a constant initial concentrations of 1x10* mol dm™.

2-2 Ion-exchange chromatography

Chemical separations commonly occur as a result of the distribution of the chemical
components between two phases of matter. Chromatography is also a method of
continuous chemical separation. Types of different chromatographiesw) are characterized
by the nature of the stationary and mobile phases. In ion-exchange chromatography, a
small amount of sample is introduced as a thin band at the top of ion-exchange column.
The adsorbed ions are then eluted down the column by a suitable eluent in a series of
sorption-desorption steps. Each ion then travels down the column at different rates
depending on the selectivity coefficient and separation factor of the respective ion and
emerge as distinct band. If the selectivity coefficients of the sample ions differs
sufficiently the elution bands are more clear (i.e. with no overlaping). From the plate
theory, the following correlation holds between the Kd values and the peak elution
volume V...

Viax = I + MKd  ---oomee- (14)
where 1 and M are interstitial volume and weight of the exchanger in the column,
respectively. In an extension of the plate theory of Martin and Synge“) and Beukenkamp
et al,'? the Vmax in equation 14 can also be represented in terms of the distribution
ratio (C) in a solution as follows,
Viax =10 + 06 —ormmee (15)

If the elution curves show gaussian distribution, the total number of theoretical plates p

in the column are evaluated!® by the equation,

2¢_ V ax
1+C V -V

a max

p:
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where V, is the volume eluted when the concentration of solute in the eluate times e
(base of the natural system of logarithms) is equal to the value of the maximum
concentration of the solute in eluate (i.e. concentration of solute X e = max.
concentration). The importance of the sorption isotherms in chromatography lies in their
shapes and in magnitudes of slopes of lines drawn through points corresponding to the
amounts of solute introduced into the system. The shape of elution curve depends on the
ion-exchange isotherm.! In linear isotherm (Fig.3-1a) the isotherm is a straight line with
a constant slope of unity. Under this condition the concentration of the solute in the
stationary phase is directly proportional to the concentration of the solute in the mobile
phase. Chromatographic elution band will therefore be nearly symmetrical and the
retention time will be independent of the concentration as shown by the dotted lines.
In the Langmuir type isotherm, ') (Fig.3-1b) the band will show nearly sharp front
and rear tailing. In such a case the Kd of metal ion is inversely dependent on the initial
metal ion concentration. Moreover depending on the amount injected, the band maximum
will vary. For example the slope of line 1 (Fig.3-1b) is greater than that of line 2 and
so on. The retention time of the solute peak maximum in the former case will be longer
than the latter. That is, the retention time of the peak maximum decreases as the amount
injected is increased. Solutes giving to anti-LangmuirlS) type isotherm (Fig.3-1c) will
show tailing front and sharp rear and the retention time will increase as the amount
injected is increased. In this case, the Kd value is directly proportional (dependent) to

initial metal ion concentration.
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3. EXPERIMENTAL
3-1 Reagents

The reagents used were all of analytical grade reagents supplied by Wako Chemical
Co. Ltd. (Japan).

3-2 Sample solutions

Standard solutions containing 0.1M (1M = 1mol dm'3) metal ion in 0.1M nitric acid
media solution were prepared by dissolving weighed amount of each high purity
(>99.9%) metal, aluminium, gallium énd indium in about 2M HNO; solution, and
iron(Ill) nitrate nona-hydrate and chromium(Ill) nitrate hexa-hydrate in 0.1M HNO;
solution,

Standard solutions containing 0.1M metal ion in 0.1M nitric acid media solution were
prepared by dissolving weighed amount of each high purity metal oxide, La,0O3, Nd,O;,
Eu,05 and Yb,05 in about 1M HNO; solution, and Y(NO3);'6H,0, Pr(NO;),* 6H,O and
Gd(NO3);'6H,0 in 0.1IM HNO; solution.

3-3 Distribution coefficients (Kd)

The values of distribution coefficient (Kd) of trivalent metal ions were determined as
follows; 0.10g of TiSbA in the hydrogen ion form was equlibrated with 10.0cm? of the
solution containing 1x10*M metal ions in nitric acid solutions of different concentrations
at 30+1°C with intermittent shaking. The concentration of the metal ions in the solid and
liquid phases were deduced from the concentration relative to the initial concentration in
the solution. The Kd values were calculated after attainment of the equilibrium from the

following equation (that is same as Eq.(9)):

KJ - 4mount of metal ions in exchanger y cm?® of solution
amount of metal ions in solution g of exchanger

The concentration of Fe’* and In3* were determined by Varian Techtron 1100 atomic
absorption spectrometer, and that of Al3+, Ga3+, Cr3* and all rare earth metal ions were
determined by ICP-AES.

3-4 Ion exchange separation

Mutual separations of AP*, Ga3* and In®* were carried out on a relatively small
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column (3cm x 0.5cm i.d.) of TiSbA (Sb/Ti=0.77) and TiSbA (Sb/Ti=0.34). A mixed
solution containing 20pmol of AI** and 2umol of Ga®>* and In** was loaded on the top
of the column and the eluted with HNO; solution at different concentrations.

The effluents were collected to determined the metal concentrations by using a
drop-counting type fraction collector (Ohtake Works, Model UM-160). The effluents were
charged continuously by a high pressure pump (Nihon Seimitsu Kagaku, Model
NSP-800-50DX).

80



4, RESULTS AND DISCUSSION
4-1 Time dependence for adsorption

The time dependence of adsorption of the trivalent metal ions on TiSbA in the nitric
acid media was measured qualitatively in order to determine the equilibrium distribution
coefficients. The ion exchange reaction of trivalent metal ions were relatively slow,
therefore the time required to attain equilibrium for A* and Cr3* was 20 days, and that
for Ga’*, In** and Fe*, approximately 1 month (Fig.3-2). For lithium, cesium and
divalent transition metal ions studied on TiSbA,3'6) slow rates of adsorption were also
reported. The ion exchange reaction of rare earth metal ions were relatively slow too,
therefore the time required to attain equilibrium for Y>*, La3*, Eu®* and YB3+ was 20
days (Fig.3-3).

4-2 Ion-exchange selectivity

The Kd values of A**, Ga®* and In** obtained in a nitric acid media (0.2M HNO,)
were plotted against the Sb/Ti ratio of TiSbA (Fig.3-4). The maximum Kd values were
observed for both AP**, Ga3* and In3* at Sb/Ti ratio of 0.77, and the Kd values
increased with an increase in the Sb/Ti ratio from 0.34 to 0.77 and a decrease in the
Sb/Ti ratio from 1.4 to 0.77. For alkali metal ions except for Na* studied on TiSbA, the
maximum Kd values at Sb/Ti ratio of 0.64 were also reported.3) A small Kd value of
APP* was obtained at Sb/Ti=0.34. The AB*-Ga®* separation factor was estimated to be
4.8x10% on TiSbA at Sb/Ti=0.34. The AP*-In3* and AP*-Ga>* separation factors (o)
were plotted against the Sb/Ti ratio of TiSbA in Fig.3-5 (a) and (b).

Figures 3-6 and 3-7 show the plots of log Kd vs. log [HNO;] at Sb/Ti=0.77 and
0.34, respectively. As can be seen from both Figs.3-6 and 3-7, a linear relationship with
a tangent of about -3 was obtained for all trivalent metal ions on the TiSbA at different
ratios of Sb/Ti (0.77 and 0.34). The tangent value of -3 indicates that the TiSbA samples
give an ideal 3:1 ion exchange reaction at Sb/Ti=0.77 and 0.34. Also Figs.3-6 and 3-7
show that the selectivity sequence is AP* < Cr* < Ga* < In* < Fe3* at 10%mol
dm?, In the region of high concentration of HNO, on In** and Fe**, the ion exchange
reaction deviated from the ideal line. Diamond and Whitney '© have pointed out that
as a result of decreased water activity at high concentration of inorganic acid, the
hydrated cations lose a part of the water molecules from their hydration shell, forming
a direct bond with cation exchange site and yielding high Kd value.
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The Kd values and separation factors (o) for trivalent metal ions, which were
evaluated from Figs.3-6 and 3-7 are summarized in Table 3-1 (Some were estimated by
extrapolation to 0.5M HNO,). The Kd values and separation factors (o) on commercially
strong-acid type cation exchange resin, BIO-RAD AGSOW-XS,”) are also included in
Table 3-1 for comparison. As can be seen here, the s.'electivity sequence of AB* < ot
< Ga** < In* for TiSbA is the same as reported for BIO-RAD AGS50W-X8. The Kd
value of Fe3* for TiSbA is extremely high, compared BIO-RAD AGSOW-X8. The
separation factors between neighbouring pairs of metal ions on TiSbA are larger than
those observed on BIO-RAD AGS50W-X8 having similar Kd values. The AI**-Ga3* and
AP*-In®* separation factors on TiSbA with Sb/Ti ratios of 0.34 were larger than those
on BIO-RAD AGS0W-XS8. Improved separation factors were observed between AP*-Ga3*
and AP*In** on BIO-RAD AGS50W-X4 by complex formation with HCI or HBr,'®
which makes the method less suitable for the separation of small amounts of Ga** and
In3* from large amounts of AI**, because its selectivity sequence is AP*>>Ga3*>>In3".
The selectivity sequence on TiSbA (Sb/Ti=0.34) is Al**<<Ga3*<In®*, so that the TiSbA
is suitable for separation of small amounts Ga>* and In** from large amounts of AI**,

The log Kd of Eu* obtained on TiSbA with differet Sb/Ti ratio were plotted against
log [HNO;] (Fig.3-8). The Kd values increased with an increase in the Sb/Ti ratio from
0.28 to 0.87. For divalent transition metal ions on TiSbA, the increasing Kd values with
an increase Sb/Ti ratio were also reported.G) Fig.3-9 shows the plot of log Kd vs. log
[HNO;] for the rare earth metal ions on TiSbA at Sb/Ti=0.69. In this ion-exchange
reaction, a linear relationship with tangent of about -3 was obtained for all rare earth
metal ions on TiSbA. And Fig.3-9 shows that the selectivity sequence Y>* < Yb’* <
Gd>* < Eu¥" < Nd&** = Pr** < La3* at 10*mol dm™. The Kd values and separation
factors for the rare earth metal ions are summarized in Table 3-2. In the similar to other
trivalent metal ions, the Kd values and separation factors on BIO-RAD AG 50W-X8 are
also included in Table 3-2 for comparison. The selectivity sequence is the same as
reported for BIO-RAD AG 50W-X8. The separation factors between neighbouring pairs
of metal ions on TiSbA are larger than those observed on BIO-RAD AGS50W-X8. Also,
Fig.3-9 shows the plot of log Kd vs. log [HNO;] for the group 13 element ions on
TiSbA at Sb/Ti=0.69, the selectivity sequence of trivalent metal ions AP* < Y3* < Yb3*
< G&* = G < Bt < Nd®>* = P* < La®t < 3™,
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Fig.3-8 Log-Log Plot of [HNO3] vs. Kd Values of Eu3+ on

[HNO3] /mol dm™

TiSbA with Different Sb/Ti ratio

Initial Concen. of Metal Tons, 10-4 M; TiSbA, 0.10g;

Total Vol.,, 10cm3; Temp., 30+1 °C
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Fig.3-9 Log-Log Plots of [HNO3] vs. Kd Values of
Metal Ions on TiSbA (Sb/Ti=0.69)

Initial Concn. of Metal Tons, 104 mol dm-3;
TiSbA, 0.10 g; Total Vol., 10 cms3; Temp., 30+1°C
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Fig.3-10 The Kd of Various Trivalent Metal Ions on
TiSbA (Sb/Ti=0.77) as a Function of
Effective Ionic Radii of Metal lons
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Some inorganic exchangers such as C-SbA' or Mn0220)

show size preference
selectivity for ions having effective ionic radii (EIR). The log Kd values of trivalent
metal ions on TiSbA at Sb/Ti=0.77 were plotted against the EIR of metal ions (Fig.3-
10). The result shows that there is a good correlation except for Fe3*. The EIR values
used were those reported by Shannon.”? This selectivity order of trivalent metal ions
might be explained as follows; for the trivalent metal ions, the observed order of
selectivity was the same as that of their increasing EIR, i. e., their decreasing hydrated
ionic radii. This suggests that the energy required for the dehydration of metal ions so
that they can occupy a site in the exchanger plays an important role in determining the
selectivity series. However, these considerations would not be adapted to the Fe?*. The
log Kd values of the group 13 and rare earth metal ions on TiSbA at Sb/Ti=0.69 were
plotted against the EIR of metal ions in Fig.3-11. Two different selectivity series were
found the group 13 metal ions and the rare earth metal ions. The difference in the
electron cofiguration of the ion-exchange cations may be responsible for the result; the

latter takes szp6fn configuration and the former takes a different configuration.

4-3 Ton-exchange isotherm

The ion-exchange behaviors of A13+, Ga3* and In3* can be well understood based on
the ion exchange isotherm (Fig.3-12). The theoretical capacity (TC) in Table 2-2 was
used for the isotherm. The diagonal line corresponds to the corrected selectivity
coefficient KHM = NI. When X, is very small, iM of Ga** or In®* is much larger than
that of AP*. Ga’* and In** are selectively retained in the ion exchanger at the low

concentration of the metal ions in the solution, while AR

is less selective. Thus, the
Ga®* and In** will be slowly eluted with long tailings, which is characteristic of the
Langmuir type isotherm. These features are to be studied in more detail on a basis of
the Kielland plot, i.e., plot of log KHM VS. iM The Kielland plot is conjugate
expression of ion-exchange isotherm.”) The Kielland plots of trivalent metal ions are

discussed in the chapter 4.

4-4 Chromatographic separation
It is evident from the studies on Kd values that some interesting separations may be
possible for a pair of trivalent metal ions on a TiSbA column without the use of a

complexing agent. Especially separation of small amount of Ga>* and In** from large
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Fig.3-11 The Kd of Various Trivalent Metal Ions on
TiSbA (Sb/Ti=0.69) as a Function of
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Fig.3-12 JTon Exchange Isotherms of Al3+, Ga3+ and In3+ on

TiSbA (Sb/Ti=0.34)
TiSbA, 0.10 g; Total Vol., 10 em3; TN, 0.008 N for AI3+,
0.15 N for Ga3+, 0.4 N for In3+; Temp., 30+1 °C
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amount of APt

is one of the important and difficult problem for field of analytical and
separation chemistry. Some attempts including complex formation and solvent extraction
have been carried out for the separation of this combination.?2%3 Chromatographic
separation is very useful for the separation of low selectivity for large amount of
undesirable element and high selectivity for desirable element.

Relatively small columns (3cm x 0.5cm i.d.) containing 0.4g and 0.35g of TiSbA
with Sb/Ti ratio of 0.77 and 0.34, respectively, were used throughout. In order to prevent
strong adsorption of A13+, the column was initially felt with a 0.15M HNO; and 0.025M
HNO; for TiSbA with Sb/Ti= 0.77 and 0.34, respectively. Then, a solution containing
20pmol of AI**, 2pmol of Ga*, and 2pmol of In>* was added to the top of the column
and the elution was carried out using nitric acid with different concentrations. The order
of elution of metal ions coincided with the equilibrium distribution coefficients; the
successful separation of APP*-Ga>*-In** was performed with 0.15M HNO, for A, 0.3M
HNO; for Ga** and 2.0M HNO; for In3* on the column of TiSbA with Sb/Ti ratio of
0.77 (Fig.3-13). And the successful separation of AI’*-Ga>*-In** was performed with
0.025M HNO; for AI**, 0.15M HNO, for Ga>* and 2.0M HNO, for In** on the column
of TiSbA with Sb/Ti ratio of 0.34 (Fig.3-14). The elution peak of AP was sharp,
however, long tails were observed for Ga3* and In3*. The recoveries of AIP*, Ga3* and

In3+

were 100%, 75% and 93%, respectively, as the effluent up to 330cm® on the
column of TiSbA with Sb/Ti ratio of 0.34. Although Ga>* and In** were separated from
AR, tailing during elution and elution yields were encountered.

The reason of the long tails of Ga3* and In* was discussed in the section 4-3 of
this chapter. The low yields are considered to be due to the strong retention of cations
to the exchanger particle during the time between feeding and elution periods. After the
separation, TiSbA in the column was dissolved in sulfuric acid, and the concentration of
Ga’* and In®* were determined. It was found that Ga®* and In®* were remained in the
exchanger.

The quantitative separation of AI**-Ga®* was achieved with 0.025M HNO, for AP*
and 1.0M HNO; for Ga>* in the similar conditions (Fig.3-15). The elution peak of Ga®*

cluted by 1.0M HNO; was more sharp and recovery of Ga’* was improved to 89%.
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Fig.3-13 Chromatographic Separation of Trivalent Metal
Ions with TiSbA (Sb/Ti=0.77) Column

Column, 3 em X 0.5 cm i.d.; Loadings, 20 pmol for AI3+,
2 pmol for Ga3+ and In3+; Flow Rate, 0.08 cm3/min.
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CHAPTER 4
HYPOTHETICAL THERMODYNAMIC ANALYSIS ON
TITANIUM ANTIMONATE
1. INTRODUCTION
The unusual selectivity on TiSbA was observed for alkali metals, alkali earth metals,l)

2) and trivalent metals.>™ It has been known that the selectivity -

divalent transition metals
on inorganic ion exchangers depends much on the equivalent fraction of metal ions in
the exchangers. If the window of ion-exchange site is small compared with the dimension
of entering cation, an ion-sieve effect occurs. Typical examples are given by high
selectivities toward Cs* on AL*-substituted tobermorite,>® K* on a cryptomelane-type

10) and rancieite

hydrous manganese dioxide,”” and Li* on A-type manganese dioxide
type manganic acid.1V

The ion-exchange isotherm has the importance for the thermodynamic interpretation
of the ion-exchange phenomena and designs of the chromatographic separation. In the
former, the isotherm is rewritten to the so-called Kielland plot (plot of the corrected
selectivity coefficient KHM vs. fractional exchange —)ZM) which plays a central part. In
the latter, the distribution coefficients (Kd) are used for the conventional location of the
elution peak. Recently, Tsuji et al. has combined these two ways of expressions for the
ion exchange selectivity to develop an analytical calculation method of the distribution
coefficient (Kd) using the Kielland plot as a continuous function of the initial
concentration of the exchanging ion and temperature.12’13) The procedure allows a unified
treatment of the ion exchange through the Kielland plot. An ion exchange study over
various exchange composition may be needed for understanding of their selectivities.
However, it is very difficult to study full range of the ion exchange composition because
of incomplete exchange for the steric effect.

The present work has been concerned with the interpretation of the selectivity of M3*
/ H" exchange system over various exchange composition on TiSbA. And the hypo-
thetical thermodynamic parameters for the ideal exchange with no steric effect were
evaluated from the selectivity coefficient at infinitesimal exchange. Also, the objectives
are (1) to derive the Langmuir equation often used in the adsorption and/or ion exchange
fields, and (2) to better understand the ion exchange behavior for trivalent metal ions on

the titanium antimonate cation exchanger through the Langmuir equation and the Kielland
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2. THEORETICAL
2-1 Thermodynamic expressions for "ideal exchange"

The equilibrium ion-exchange reaction on a particular exchanger can be characterized
by the exchange isotherm. The ion-exchange isotherm indicates the ionic composition and
the types of exchange sites on the exchanger as a function of experimental conditions.
The isotherm is a graphical representation of ion-exchange behavior of an exchanger
based on the experimental observations which covers all possible experimental conditions
at a given temperature. Such a graphical representation is shown in Fig.4-1. The ordinate
of these plots i.e. -)ZM is the equivalent fraction of the M™ ion in the exchanger phase

and can be defined as,

meq of M™ | g of exchager

X. =
meq of (M™ +H™) | g of exchanger

and the abscissa X,, is the equivalent fraction of M™ in the solution phase and is
M q Y

defined as,

meq of M™ | g of solution

X =
total meq of (M™ +H™) in solution

Based on the experimental conditions and types of exchangers the exchange isotherm
can be of five different typesl4) i.e. curves in Fig.4-1 a~e. Each curve can be defined
as follows,

a) Higher selectivity for the entering cation over the entire range of exchanger
composition.

b) Entering cations show a selectivity reversal with increasing equivalent fraction in
the exchanger.

c) Selectivity for the leaving cations over the entire range of exchanger composition.

d) Exchange of ions does not go to completion although entering cation is initially
preferred and the degree of exchange gives a value lower than unity.

e) Hysterisis effects may result from the formation of two exchange phases.

The cation-exchange reactions between H™ and M™ are represented by

nH" + MY = M 4+ qH' (1)

The thermodynamic equilibrium constant, K, is defined in the reversible system by
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Fig.4-1 Different Types of Ion-Exchange Isotherms
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M1 X Yy Sfor

)

In these equations, the overbar on the character denotes the exchanger phase, iH and
EM are the equivalent ion fractions in the exchanger, and fy and fy; are the activity
coefficients for the ions in the exchanger. [H*] and [M™] are the molalities of the above
two exchanging ions in solution, where they have activity coefficients ¥ and ¥y The
standard states chosen are such that f;; and fy; are unity when the exchanger is in its
pure H' and pure M™" forms, respectively, and Yg and vy, are unity when the [H*] and
[M™] approach zero.

In the following treatment, molalities [H*] and [M™] are replaced by the equivalent

ion fractions:

nM™] [H']

X, = X, = 3
MO M + [HY T aM™ + [HY ®
X, - M1 __ g, . _IH]_ @
n[M™] + [B'] n[M™] + [H']
and
Xy+X,=1 , X,+X,=1 5)

By using the total normality (TN) and the theoretical or total capacity (TC), which are

kept constant in the ion-exchange process:

nM™) + [H] = TN , n[M™] + [H"] = TC ©6)
Equation (2) becomes

K = K}}’f—” 0

Ju"
where KHM refers to the selectivity coefficient:

_ XM Xy"

M
Xu Xy

nl )

106



n and I" are given by

N = n@N'  and T = -Yy-’i ©)
M

The application of Gibbs-Duhem equation to the ion-exchange system gives for K:1%)
1nK=(1—n)+f011nK;,”d'XM+A (10)

The third term on the right of Eq.(10), A, is negligible when compared with the
experimental accuracy in measuring the equilibrium.16) A plot of log KHM vs. Xy

(Kielland plot) is generally represented by the polynomial function:'”)

n
logKy' = log(Ky)y, 3,0 * Y (m+1) C,X}; (1n
m=1

where C,, may be called the generalized Kielland coefficient.

Equations (10) and (11) are combined to give the thermodynamic constant K:

InK = (1-n) + 2303 3 C, + In(Ky)y % o (12)

That is, the thermodynamic equilibrium constant is determined by the valence of the
exchanging cation (n), the generalized Kielland coefficients (C_), and the intercept of the

Kielland plot, (KHM)XMXM _so- The Gibbs standard free energy change is given by:
M
AG® = -RT ((1—n) +2303 )y C, + In(Ky )y 7(u~0) (13)

This equation is combined with the van’t Hoff equation to determine the standard

enthalpy change AHC.

[/
9CAGY) _ _ppe (14)
d0(YT)
Finally the standard entropy change is given by the relation:
AG? = AH° - TAS°® (15)

On the other hand, the selectivity coefficient at infinitesimal exchange (KHM)XM X0

can be evaluated by measuring the distribution coefficient Kd at the tracer experiment,
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as has been derived by Tsuji and Komarneni'?)

Ky’ Kd)y %0 (16)

_ n(IN Ym
)XM 40 T T oo

Yu

The ratio of the activity coefficient yy"/yy; can be calculated by using the Y,y and

Yemy, Where Y denotes the common anion, according to the Glueckauf’s relation.!®)

The selectivity coefficient of when the C, values are zero may be used as an index

of the ion-exchange selectivity for the "ideal" exchange (C_=0) with no steric hindrance.
InK,,,,, = (1-n) + ln(K,lf)XM, 2,00 (17)

Using Eq.(16), we get:

K, = (1-n) + TN (m) YE g Dy % o (18)
M M M
and
AGL, = -RTh K, (19)

The formality of the above relations, Egs.(14) and (15), is also valid for the "ideal
exchange".

The Kd value at infinitesimal exchange (very small iM) is very important for
interpreting the chromatographic behavior of metal ions. It will be often constant at the
tracer concentration also in the inorganic ion exchanger, which in turn means that the
selectivity coefficient is constant or that the generalized coefficient C_, is null. The Kd
value at any iM (O<§M<1) can be calculated according to the method reported

previously.m The evaluation process is briefly described as follows. It is defined by

kd - M1
[M™]
Using Egs. (3), (4) and (6), we can get
C X,
Kd = (20)
IN X,,

Equation (8) provides an X, for a specified X, once the Kielland plot was empirically
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given. The Kd value can be calculated as a function of the concentration of the
exchanging ion (TN)X,, in one total normality TN;. The same set of (X, iM) can be
used to calculate the Kd value in other total normality TN, as a function of the
(TN,)Xys- Thus, the Kd value can be calculated in various total normalities as long as
the ion exchange is involved in. Moreover, if the van’t Hoff plot is given, we can
evaluate the Kd values at other temperatures by reasonable extrapolation or interpolation
of the Kielland plot.

2-2 Derivation of the Langmuir equation
The Langmuir equation has been extensively used for expression of adsorption

phenomena of molecules and ions. It is given in the familiar form of

KQ,C
Q, - CraCu . 1 _ 1 L1
1 + KC,, Qv KQuly Cuu

@D

where Qy; and C,; is the equilibrium concentrations of adsorbate M in solid and in

solution, respectively, Q

nax 1S the maximum value of Qy, and K is called the Langmuir

constant which is a fitting parameter. The chemical meaning of K is ambiguous in the
ion-exchange process of inorganic ion exchangers, because the process can occur not only
on the surface but in the crystal lattice. This expression of adsorption can be derived in
the ion-exchange process as follows,
(1) case of n=1
Equation (8) is reduced to;

X, X Ky X, X
Kf="M"H2p o H -"M7TH (22)
Xy Xy r Xu Xy
By using Eq.(5) and rearranging, we can get:
Ky-T
_:L . 1 2u — (23)
Xu KII;I Xu Ky

On multiplying by (Xy,TN)/TC, this equation is changed to
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(TN)XM_ r TN+ (TN)XMK;[—I‘

7 MTC M
(TC) XM Ky TC C Kyg

24

where (TN)X,, is the équilibrium concentration of M¥ in solution and (TO)X,; is the
equilibrium concentration of M* in exchanger phase. They are expressed in terms of Cum
and Qy,, respectively, and Eq.(24) is represented by:

Ky-T
M LﬂJr_H___cM (25)

Qr k7 TC (10 Ky

At infinitesimal exchange, KHM is approximately constant. Therefore, plot of C,;/Qy,
vs. Cyy will give a straight line with a constant slope of (KHM—F) / {(TC)KHM}. This

was the Langmuir isotherm to be derived, which was used in the form:!%2
K c c C
Qu = X Qo or X = L, (26)
1 + KC,, Qy KQu: Qux

In the above treatment, the chemical meanings of the Langmuir constant K and other
quantity have been clearly given:
Ky

KM
K = and Q. =TC or (TC)_H
I'(TN) Kg’ -T

@7

The I' value is nearly equal to unity in case of mono-monovalent exchange. Hence, Q..
in the third equation in Eq.(27) is equal to TC when KHM is very large and T is
negligible.

(2) case of n=2

The selectivity coefficient is given by

X, X2 k) X, x?
Ky =222 1 or H -ZM'H _py (28)
XX, ' X,7x,
Equation (5) can be used to give
)_(M (I—XMZ = m(l-EZXM or (1-X,) (XL - 1) = m(1_)_{M) (_L - 1) (29)
M XM
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In the infinitesimal loading and low concentration of exchanging ion,

IR T
Xy =X,
Equation (29) can be simplified to:
1-X 1-X
Moo~ M o ML ey (30)
By multiplying by 1/{(TN}(TC)}, we get:
m 1 , _m-1 31)

INTOX,, (TNTOX,,  (INXTC)
Because (TC)-)ZMzQM and (TN)X,,=C,;, finally the following equation results.

m 1o 1

m 1 1, _ml (32)
INQ, 1ICC,

(INXTC)

The m value is nearly constant, because the selectivity constant KHM and I" are constant
in small X,; and 5(-M values. Thus, the Langmuir equation has been derived. The similar
procedure for the case of n=3 provides the Langmuir-type equation.

Thus, the Langmuir-type equation at infinitesimal exchange has been demonstrated to
be an expression of the selectivity coefficient of Eq.(8). The Kielland plot should be
based on for the basic and entire expression of the ion exchange on inorganic ion
exchangers.

It is known that TiSbA can be prepared at different antimony and titanium ratios
(Sb/Ti) of 0.3~1. The normalization for TiSbA is based on the assumption that one
antimony gives one hydrogen ion available for ion exchange. Thus, the theoretical

capacity of 3.02 meq/g is calculated from the experimental formula of
0.3435b,05 TiO, ' 2.00H,0.
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3. EXPERIMENTAL

The TiSbA in H* form was immersed in a mixed solution of varying ratio of the
metal nitrate / nitric acid in a sealed glass tube with intermittent shaking at 30%0.5,
45+0.5 and 6010.5°C. The ratio, (volume of mixed solution) / (g of TiSbA), was kept
in 100 (cm3/g). The total normality in mixed solution was adjusted to 0.2N (IN =1
normal). The equilibrium concentrations in the solid phase and in solution phase were
deduced from the change of M3* and H* concentration relative to the initial con-
centration of the solution. The concentration of metal ions in the solutions was
determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES). The
H* concentration was determined by titration with 0.Imol dm™ standard sodium

hydroxide solution.
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4. RESULTS AND DISCUSSION
4-1 Kielland plot

It has been known that the selectivity on inorganic ion exchangers is much dependent
on the concentration of metal ions in the exchanger phase because of their rigid structure
mentioned above. It is known that large steric effect may arise in a rigid exchanger
which undergoes little swelling or shrinkage, if there is a large difference in the ionic
crystal radii of the two exchanging cations.

Among the ion exchange system of trivalent metal ions / hydrogen ions, ie. AP,
Ga’*, In®*, Y3*, La3*, N&®*, Eu®* and YV** / H*, were selected in order to
interpretation of the selectivity for trivalent metal ions. The Kielland plot appear
composed of two straight lines with a break point at §M=O.005-0.01 for metal ions / H*
exchange systems studied (Figs.4-2 a,b,c). It suggests two sort of exchange sites available
for the trivalent metal ions. The log KHM values decreased gradually with increasing iM,
indicating the steric effect depends on the exchanging metal ion. The kielland plot of
different trivalent metal ions / H* exchange systems at 30°C are summarized in Fig.4-3.
Moving the axis of abscissa from left to right up to _)ZM=0.16 in Fig.4-3, the different
selectivity can be found in the different range of iM The selectivity was AP < Y3
< YB3 < Ga®* < Eudt < Nd®* < La®*< In3* for range of -)ZM: 0 to 0.02 and A* <
Y3* < Y63 < Bu®* < La®* < Nd* < Ga®*< In3* for range of Xp> 0.02.

In general, when small cations in inorganic ion exchangers are exchanged with large
cations in solution, the ingoing ions are initially preferred and become progressively less
preferred with increasing loading, because the large space are occupied by cations and
cations repel each other. This extent can be evaluated by the comparison of numerical
values of Kielland coefficient ICm |, i.e. a large negative value of Kielland coefficient
indicates large steric effect. 2D

The |Cm |, which is referred to Kielland coefficient are listed in Table 4-1. This
shows that group 13 metal ions with a small effective ionic radius®® enter the exchanger
with small steric hindrance in comparison with rare earth metal ions. This difference of
the steric effect brings two different selectivity series against EIR for group 13 metal
ions and rare earth metal ions. The region with the large |Cm| value is limited to a
small extent of exchange compared with that of Li* which showed a break point at

XM=O.025.23) This is due to that the trivalent metal ions are much strongly hydrated in
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Fig.4-3 The Summarized Kielland Plots of M3+/H+ Exchange
on TiSbA at 30°C
Total Normality, 0.2N
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comparison with Li* and retain the large dimension.

4-2 Hypothetical thermodynamic data

The thermodynamic equilibrium constant, K, can be evaluated from eq.(10) by
integrating the continuous function between In KHM V8. iM over the entire range of iM
from 0 to 1. However, EM could not reach to unity for trivalent metal ions on TiSbA
because of the steric effect. In this study, the hypothetical thermodynamic constant K.
for the ideal exchange was calculated by using Eq.(17) assuming that C, equals to zero.
The AG®., is defined by Eq.(19).

The AHC%,.; values can be regarded as constant, because van’t Hoff’s plots,
(KHM)XM’QM _so Vs. 1/T, showed good linearity over the entire range of temperature studied
(Fig.4-4). The AG®4q,, Values at 298 K were calculated by extrapolating the determined
(logKHl\/I)XM:}ZM 0 values to 25°C. The selectivity for infinitesimal concentration was
increased as follows: AP* < Y3* < Yb** < Eu?* = Na**< La** < In** = Ga®* at 60°C.
The AGoidcal
(logKy ™) xy xums0 Values to 25°C. The calculated AG®

25°C were summarized in Table 4-2. The rare earth metal ions except for La’* have the

values at 25°C were calculated by extrapolating the determined
ideal> AH'jgear a0d AS%gey values at
similar values of AHOideal and ASOideal. It can be considered that rare earth metal ions
take similar behavior each other on TiSbA.

The ion exchange reaction (1) can be separated into the hydration (—AYhyd) and ion-

exchange processes (AY. ) as follows;

1 + + 1 + +
-AY, 3 M** (aq.) + H* (gas) = 3 M?** (gas) + H* (aq.)

AY,, : %Mf‘* (gas) +H+a-;;1F+H+ (gas)
where the Y represents thermodynamic functions such as G, H and S. The values of AY®
n and AY® ;.

AYohyd is based on the AYohyd=O of the reaction; H*(gas) — H'(aq). The calculated

contribute to the difference in the thermodynamic functions of AY®,,
values of AY®, AY®% 4 and AY® were summarized on Table 4-2.24
Large values of AH,., and AS®,, were found on the Ga®* / H* exchange system,
as compared with those of other systems studied. The AS®,, , showed positive values
except for AI* and Y?*. An extremely high value was observed on the Ga3*, In®* and
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Table 4-2

Reaction of M3+/H+ on TiSbA at 25°C.

Hypothetical Thermodynamic Data of Ion Exchange

AG®jgeat AH®%jgcal AHpyg” AH%excn AS%deal AS°hya” AS%exch
kJ mol-1 kJ mol-1 J K-1mol-1
Al 6.31 41.8 -1406 -1364 119 -144.2 -25.2
Ga 0.904 111 -1400 -1289 370 -156.6 213
In -6.34 40.2 —818 -778 156 10.40 166
Y 0.419 23.7 -285.1 -261 78.3 -87.20 -8.9
La -2.53 51.5 -3.4 48.1 181 -55.34 126
Nd -2.48 23.0 -138 -115 85.6 -63.73 21.9
Eu -2.26 25.0 -226 24 91.4 -80.50 10.9
Yb -0.290 25.4 -43.2 -17.8 86.1 -72.78 13.3

* Ref. 24.
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La3*/ H* exchange systems.

If the AS® is zero, where the value of AS®. is equal to that of AS%,, this
suggests that the exchanging cation has the same hydration structure as that in aqueous
solution. The positive value of Asoexch may indicate that degree of freedom of metal ion
increases in the cavity of TiSbA. Such an increase of AS°,;, may occur from
dehydration of metal ions or net transfer of water molecules from solid phase to aqueous
phase. In the less hydrated cations, the degree of freedom may increase by the transfer
of some water molecules from TiSbA cage to the aqueous phase. On the other hand,
APP* and Y3* with small effective ionic radii are strongly hydrated in comparison with

other cations, and so AS®, . has a negative value.

exch
4-3 Langmuir plot

The Langmuir plot was exemplified by the Eu3*/H' exchange in Fig.4-5. It is not
a straight line, but concave upper. The KHM is not constant at the -)ZM values studied
and steeply increases even at §M<0.005. The Langmuir plot is an expression of the mass
action law, and depends on the equilibrium concentration of exchanging ions, as has been
made clear in Eq.(27). The two-step process is hidden in this plot. Extended selectivity
studies in the low iM region are required for delineating the two types of exchange in
the Kielland plot and to determine the thermodynamic constants of these exchangers.

Therefore, the thermodynamic quantities are not reported here.

4-4 Predictive evaluation

The concentration dependence of Kd values on the concentration of Eu3+ ions was
calculated from their Kielland plots (Fig.4-6). The full lines show the calculated Kd
values with a two-site model and the dotted lines show the calculated Kd values with
a single-site model. In the latter, the site is assumed to be homogeneous in all range of
EM. The empirical Kd values have fallen on the calculated line with the two site model.

The selectivity coefficient at the infinitesimal exchange (KHM)XI\&M o Wwas evaluated
from the Kielland plot. The Kd value at the infinitesimal exchange (Kd)y, %, o were
calculated, using Eq.(16). They are summarized in Table 4-3 for the rare earth metal
ions. A large separation factor for La-Yb pair is marked on the TiSbA compared with
those on AGSOW-X8.2%)
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Table 4-3 Selectivity Coefficients, Kd Values and Separation Factors (OLNM)

at Infinitesimal Exchange for Rare Earth Metal Ions on TiSbA.

TiSbA Y Yb Eu Nd La

K sz 90, 13gx10" 2.8,x10" 2.8,x10"  3.9.x10’
(K g) X Xi30 2.2,x10% 3.34x10% 6.9,x10* 6.9,x10* 9.7,x10?

ot 1.5 2.0 1.0 1.4

BIO-RAD
AG50W-X8 Y Yb La

Kgxuxuoo  563x10°  67,x10°  8.0,x10°
(K o) Xy Xoims0 3.5x101  4.1;x100  4.7;x10!

o 1.2 1.1

Total normality: 0.2N for TiSbA and 2N for AG50W-Xa8.
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CHAPTER 5
Selective Exchange Am3* and Pu** on Synthetic Inorganic Ion Exchangers

1. INTRODUCTION
Separation of long-lived radionuclides, e.g., 137Cs and “0Sr, has been studied in

neutral media using clay minerals,)) zeolites>™

and topotactically leached phlogopite
mica.>) The last material has been reported to be highly selective for Cs*. These are
naturally occurring cation exchangers that have been mostly directed toward use in
environmental decontamination and in the disposal of low-level radioactive wastes.

Much attention has recently been directed toward separation of o-emitting
transuranium (TRU) ions from high-level nuclear waste (HLW).6'10) The separation of
TRU ions from HLW involves the following aspects:

(1) moderately concentrated HNO,4

(2) intense radiation field

(3) elevated temperatures associated with the intense radiation field

(4) coexisting bulk components with different valencies.
Hence, a high selectivity towards TRU ions is required for effective separation from
HLW as well as for radiation and thermal stabilities.

Solvent extraction methods’-®11"13) have been mostly used for the chemical separation
of TRU from HLW. The extractants and solvents are deteriorated by radiolysis in the
intense radiation field. On the other hand, inorganic ion exchangers have higher radiation
and thermal stabilities. Their use for the separation of radioactive elements from HLW
1s advantageous at least with respect to these stabilities.

The above-mentioned aluminosilicate-type ion sieves are not stable in acidic media
of pH < 1-2. Synthetic inorganic ion exchangers have high selectivity for certain
elements in relatively concentrated HNO;, as well as higher radiation and thermal
stabilities in comparison with organic extractants and commercial ion-exchange resins. 1417

The objective of the present work is to study the selectivity for Am3* and Pu** on
cation exchange materials which are chemically stable in realatively concentrared HNO;.
And the ion exchange property of Am3* was compared with those of other trivalent ions
on TiSbA.
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2. EXPERIMENTAL
2-1 Preparation of ion exchangers

Ion exchangers used in this study were prepared according to references. The
procedures are described briefly as follows:

(a) Crystalline Antimonic(V) Acid (C-SbA):lg) A precipitate was allowed to form by
hydrolysis of 4mol dm?3 SbCls solution prepared by prehydrolysis (1+1 on a volume
basis), and then aged in the mother solution at 40°C with intermittent shaking for over
20 days in order to enhance crystallization. The product was washed with cold deionized
water to prevent peptization until it was free from CI. The washing solution was
separated from the solid by a centrifuge (about 10,000 rpm). The washed product was
dried at room temperature, ground and sieved to obtain 100~200 mesh-sized fraction. Any
adhering small particles were removed by rewashing with deionized water.

(b) Tin(IV) Antimonate (SnSbA):'® An aliquot of 4mol dm™ SbCls solution prepared
by prehydrolysis as described above was mixed with a requisite amount of 4mol dm™
SnCl, solution at 60°C. The mixed solution was then poured into 25-fold volume of
deionized water at 60°C to form a precipitate. The precipitate was aged in the mother
solution for 4 days followed by thorough washing with deionized water to remove a
large part of the resultant HCI until pH> 1.5 as above. The washed product was dried
at 60°C, ground and sieved to obtain 100~200 mesh-sized fraction.

(c) Titanium(IV) Antimonate (TiSbA): TiSbA used in this study were prepared
according to the manner of the preparation in chapter 2.

(d) Cryptomelane-type Hydrous Manganese Dioxide (CRYMO):20 A precipitate was

3 KMnO, containing 1mol dm? H,SO, to a

allowed to form by adding 0.5mol dm"
mixed solution of Imol dm™ MnSO, and 1mol dm™ H,SO, at 60°C. It was aged in the
mother solution overnight and washed with 6mol dm HNO, (O.Sdm3), followed by
thorough washing with water. The washing solution was separated by a centrifuge (about
10,000rpm). The washed product was dried at 65~75°C for 3 days, ground and sieved
to obtain 100~200 mesh-sized fraction. H* was exchanged for K*, which was
incorporated into the crystal structure: the dried and sieved material was packed in a
glass column (20cm X 1.0cm 1.D.) and concentrated HNO; was percolated through the
column at room temperature until the concentration of K* in the effluent was lower than

10*mol dm™. The treated material was washed thoroughly and air-dried at room
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temperature.

2-2 Selectivity Study

The above exchanger (0.200g) in the H* form was equilibrated with 20cm3 of the
mixed solution containing a TRU element and HNO; with intermittent stirring at 30°C.
237Np and 2’Am were determined by v-spectrometry and Pu by o-counting. The uptake
was estimated from the difference between the initial and the equilibrated concentrations.
The distribution coefficient (Kd) was calculated using the same equation in Chapter3.
The Kd values of Pu** and Am3* in simulated high level nuclear waste were also

determined in the similar manner.

2-3 Chemicals

241 Am3* was used as supplied from Amersham International. 23’NpO,* was prepared
by dissolving oxide and purifying with di-isodecyl phosphoric acid (DIDPA).2D Pu was
extracted with tributyl phosphate (TBP) from a high-level nuclear waste. It was
chemically converted to Pu**, followed by purification using an anion-exchange
chromatography.

DIDPA and SbCly were supplied by Daihachi Chemical Ind. Co. and Yotsuhata
Chemical Co., and used without further purification. Other chemicals were of analytical

grade from Wako Pure Chemical Co. Ltd. (Japan).
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3. RESULTS AND DISCUSSION
3-1 Ion exchanger

X-Ray diffraction patterns and TG-DTA profiles of the synthetic materials showed
good agreement with data reported previously.18-20,22,23) The chemical composition and

crystallographic data are represented in Table 5-1.

3-2 Time dependence for adsorption

The relative concentration of actinides in the solution was plotted as a function of
time (Fig.5-1). The rate of adsorption for each element showed a similar trend on
different ion exchangers investigated. A relatively low rate of adsorption was observed
on SnSbA. The equilibrium was attained within two weeks. Adsorption rate on the
commercial strong acid-type cation exchanger (Dowex S50W-X8) has been believed to be
faster than that on inorganic ion exchangers. But no clear difference between them was
observed as far as the adsorption rate of actinides studied under the present conditions
was concerned.

But large difference between them was not observed as long as the adsorption rate
of actinides studied in the present conditions was concerned.
The ion-exchange rate in the initial stage was affected by the shaking mode on both ion
exchangers (Fig.5-2). However, equilibration time was approximately the same for each

ion exchanger.

3-3 Selectivity study

The Kd value was often used for the expression of the ion exchange selectivity,
However, it is an empirical parameter and does not allow the general expression of the
selectivity. It is much better to use the corrected selectivity coefficient KHM at the
specified exchange _)-(-M on the Kielland plot for general comparison and the discussion
of ion selectivity on an ion exchanger. It varies strongly depending upon the fractional
exchange in an inorganic ion exchanger in comparison with the organic ion exchanger.

It is given by the linear relation for the single-site exchanger:
log K,y = (log K,‘y)xw %, * 2C X,

The 2C value is negative and called the Kielland coefficient. A || value is small in
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Table 5-1 Chemical composition and crystal
system of synthetic inorganic ion
exchangers.

ion exchanger chemical composition crystal system

C-SbA SbyO54H2O cubic
SnSbA 1.1Sn07'Sb205'4.9H,0 tetragonal
TiSbA 3.1T102'Sby05'4.9H,0 tetragonal

TiSbA(TS1) 1.8Ti02'Sby054.8H,0O tetragonal
TiSbA(TS2) 3.2Ti02'Sby054.1H,0 tetragonal
CRYMO MnO>0.3H,0 tetragonal
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organic ion exchange resin and very large in a synthetic inorganic ion exchanger: For
instance, -20.1 for Ce**; -18 for Sm>*; -48 for Sc3* on C-SbA.2%

The Kd values for Pu**, Am3* and NpO,* were compared as a function of HNO,
because he Kielland plot could not be determined due to limited concentration of those
nuclides available (Figs.5-3 a~e). High selectivity toward Pu** can be stressed on C-SbA,
SnSbA, TiSbA and Dowex 50W-X8, while low selectivity for Pu** was observed on
CRYMO. The selectivity on these four exchangers increased in the order of NpO,* <
Am** < Pu*, but was reversed on CRYMO, giving the order of NpO,* < Pu** < Am3*
in the region of 0.2 ~ 1mol dm™ HNO;. The plot for Putt gave a straight line in the
concentration range studied, except for the low concentration region of HNO;. This may
be due to hydrolysis and/or disproportionation of Pu** in nitric acid solutions of low
concentration: 2>

Pu**  + 2H,0 = 2Pt + P02 o+ 4HY
P+ H,0 = POH* + H
The slope of the straight line for Am>* showed -4.7 on C-SbA, -3.4 on SnSbA, -2.8 on
TiSbA and -2.5 on CRYMO, indicating that the ion-exchange process is predominant for
adsorption of these ions.

The selectivity for Np02+ is low (Kd < 10 ) on C-SbA, TiSbA and CRYMO, in
contrast with the high selectivity for Pu*™ and Am>* on these ion exchangers. This can
be ascribed to low charge and large dimension of NpO,”. This large difference in
selectivity will make it possible to separate Np02+ from Pu** and Am* using these ion
exchangers. SnSbA and Dowex 50W-X8 (Figs.5-3 b and e) showed larger Kd values for
NpO,* than other three ion exchangers. The log-log plot of Kd vs [HNO,] showed a
straight line except for 2mol dm™ HNO,. The slope of the straight line was -1, clearly
indicating the ion-exchange process.

Higher Kd values than those estimated from the slope were observed for Np02+ in
2mol dm™ HNO,, It is known to be disproportionate:

2NpO,* = Np**  +  NpO,*t.
Np4+ may be selectively exchanged by SnSbA and TiSbA, as suggested by the results
for Pu**. Hence, a formation of Np** by the above disproportionation of NpO," will
have contributed to the increase in the Kd value in 2mol dm™ HNO;.

Kd values for the TRU elements were compared in 1mol dm? HNO; (Table 5-2).
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Table 5-2 Distribution coefficients (Kd) and separation
factors (a)* for Pu4+, Am3+ and NpOz+ in 1M
HNO3 on selected inorganic ion exchangers.

exchanger parameters NpO,* Am3* put
C-SbA Kd <8 3.30x102 2.40x103
o > 41 7.3
SnSbA Kd 3.9x10 3.19x103 1.0gx104
o > 79 3.5
TiSbA Kd < 10 1.99x102 6.00x103
o > 19 31
Dowex50W-X8 Kd 9.3 3.80x103 5.9x102
o 40 1.6 :
CSbA** Kd 2.920x10 2.800x103 1.340x104
o 95.8 4.78
Zrp** Kd 1.170x10 2.710x10 2.160x102
' o 2.31 7.97
TiP** Kd <1 1.060x10 2.890x103
o > 10 272

* defined by the ratio of Kd values for neighboring ion pair
“* Ref.10  CSbA: polyanS, ZrP: zirconium phosphate,
TiP: titanium phosphate.
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Reference Kd values for other inorganic ion exchangerslo) were included for comparison.
The synthetic inorganic ion exchangers showed a larger separation factor and larger Kd
values for Pu** and Am3* than the strongly acidic cation exchanger Dowex S50W-X8.
Other reported inorganic ion exchangers, e.g., polyantimonic acid (CSbA), zirconium
phosphate (ZrP), and titanium phosphate (TiP), showed large Kd values for Pu*t and
Am3* in 1mol dm™ HNO,, while low Kd values were observed for Np02+. However,
the linearity for log-log plot of Kd vs [HNO;] has not been mentioned,'") possibly due
to its complicated adsorption mechanism.

The Kd value of Am®* on C-SbA was plotted against the effective ionic radius
(EIR)26) to compare the selectivity along with other trivalent cations (Fig.5-4). Kd values
for lanthanides and other trivalent cations were determined in the initial concentration of
10-4mol dm™>, A Kd value of Am>* has fallen on the Kd curve of the lanthanide group,
possibly due to the similarity of electronic structure (32p6fn type). Other groups of cations
showed a different dependence on the EIR. The concentration dependence of Kd value
for Am3* is to be determined for exact comparison of the selectivity.

Kd values extrapolated to 0.1mol dm™ HNO, were plotted as a function of EIR for
Am>* and some lanthanide ions to allow comparison of the selectivity on SnSbA (Fig.5-
5) and TiSbA (Fig.5-6). The log-log plots of Kd for La3* and Yb’* on SnSbA and
TiSbA vs. [HNO;] showed a straight line with a slope of -3, which indicates the
ion-exchange process (Fig.5-7). Here Am?* showed larger selectivity than lanthanide ions.
The crystal ionic radius of Am>* 0.975 is closer to that of Nd®* 0.983 (Fig.5-8).
However, they will not be exchanged as completely dehydrated ions. Then, the hydrated
radius was compared between Am>* and lanthanides. The hydrated Am>* radius has been
reported to be 4.52 which parallels its lanthanide homolog Eu3*?) Kd values as a
function of the initial concentration of the exchanging ions or the Kielland plot are
needed to allow exact comparison of ion-exchange selectivity between Am3*/H* and
Ln3*/H* exchange systems.

Other factor affecting Kd values is the concentration of exchanging ions. Both ion
exchangers showed a concentration dependence (Fig.5-9). It does not allow precise
extrapolation to such low concentration for lanthanides ions which was used for Am3*,
However, the Kd value of La’* and Nd3* seems lower than that of Am3*. This is to
be studied in higher concentration.

The extended selectivity study on the inorganic ion exchangers has been carried out
139



) Sc In La
3 Ce
g 107 I <
= Fe B4 Am
S Er /"Dy
> Ga Vb Sy
X 101 - Tm
-1 N
101 Al
1 I 1 1 | |
0.5 0.7 0.9 1.1
EIR /A

Fig.5-4 Change in Kd of Am3* and trivalent metal ions with
effective ionic radius (EIR) on C-SbA in 1M HNO,

140



10° |-
T L
9}
=
NG
~ 107~
e
g l
104+
3
10 l L ! !
| 0.5 0.7 09 1.1
EIR/A

Fig.5-5 Change in Kd of Am3* and trivalent metal ions with

effective ionic radius (EIR) on SnSbA in 0.1M
HNO,

141



- Feo
- 10°
U] e
&=
(&)
NV
o 10“H
K —
10° |-
10% -
L ! 1 |
0.5 0.7 0.9 1.1

EIR/ A

" Fig.5-6 Change in Kd of Am3+ and trivalent metal ions with

effective ionic radius (EIR) on TiSbA in 0.1M
HNO,



Kd / cm3 g-1

104
Am3+ TS
183d
La3+
102}
Yh3+
101
Am3+
14d
l l
0.1 1 10

[HNO3] / mol dm-3

105

104

Kd / cms3 g-t
2

102

Am3+
183d SS
Yh3+
— La3+
Am3+
14d
l l
0.1 1

[HNO3] / mol dm-3

Fig.5-7 Plot of Kd of Am3* and Lanthanide Ions
in log-log Scale Numerals show
Equilibration Time
Weight of exchanger, 0.10g; Total vol. of soln.,
10cm3; Initial concn.: 2.1x10°M for Am3+,
1x10-4M for La3* and Yb3+; Temp., 30°C;
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in a simulated high level waste containing 0.5mol dm™ and 1.9mol dm™ HNO; (Tables
53, 4,5 and 6). Pu** and Am** were spiked in the simulated solution A or B at
1.3x10-8 mol dm™ and 2.1x10-9 mol dm, respectively, as indicated in Table 5-3.
Kd values of Am3* on SnSbA and TiSbA decreased due to strong interfereces by other
metal ions especially Na*, Fe3*, Sr**, and Ba®*, but those of Pu** still remained large
in 0.5mol dm? HNO;. The latter values decreased in the simulated solution at 1.9mol
dm? HNO,.

In conclusion, TiSbA and SnSbA inorganic ion exchangers have been demonstrated
to show high selectivity for Pu** and Am3* and low selectivity for NpO,* in moderately
concentrated HNO,;. They indicated nearly the same adsorption rate as a commercial
strongly acidic cation exchange resin. These antimonate cation exchangers will be of

potential use for the backend chemistry in the nuclear fuel cycle.
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Table 5-3 Concentration of Constituents in
Simulated High-level Waste.

Constituent Concentration / mol dm-3
A B

H+ 0.5 1.9
Nat 0.057 0.058
Cr3+ 0.0069 0.0069
Fe3+ 0.029 0.029
Ni2+ 0.0045 0.0046
Rbt 0.0056 0.0056
Sr2+ 0.012 0.013
Cst 0.028 0.028
Ba2+ 0.016 0.016
Ru3+ 0.026 0.026
Rh3+ 0.0060 0.0061
Pd2+ 0.014 0.014
Zr(1V) 0.052
Mo(VI) - 0.052
Te(1V) - 0.0052
Nd3+ 0.096 0.097
Pu4+ 1.3x10-8 1.3x10-8
Am?3+ 2.1x10-9 2.1x10-9
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