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PART

GENERAL INTRODUCTION



lon exchange can take plac© with any electrolyte, In which the
ions of one sign are bound2 or incorporated into an insoluble
m atrix5 while those of the opposite sign are free to
dissociate into solution* The degree of dissociation of these
counter lons 9 or gsgenions9 into water is normally very small9
due to the formation of an electrical double layer at the
solid/solution interfaceO lons of the double layer may be
considered in dynamic equilibrium with those inthe exchangero
When soluble ©alts are Introduced into the aqueonsphase 9
tons of the same charge as the original counter lones mix with

and replace those of the double layver* subsequently entering

the solid phaseo This is the basis of all lon exchange
processeso
The discovery of lon exchange in 1850 is generally

attributed to Thompsogr and Way(2)§3) 9 two British
agricultural chemists a It was first observed in soil samples,,
and traced principally to the alumlnosilicate content although
evidence also exists now for ion exchange properties associated

/q)

f
with soil humuso In 18769 Lemberg* discovered that the

mineral leueit® could be transformed Into analcit®© by leaching

with sodium chloridey effectively substituting sodium for
potassium ton Sn the silicate matrix and so stressing the

stiochlometry of exchange processc Not? however0O until



the beginning of the twentieth century was ion exchange used
Industriallyo Studies by Gans(e) (?) on natural and synthetic
aluminium silicates ? or permutites 9 were probably the most
worthwhile attempts to utilise exchange for this purposeo
With, the determination of the crystal structures of micas and
clays3 by Pauling* °J** and BragJ*5*" 9 correlation between
ion exchange properties and structure became possible& giving
a much clearer understanding of the lon exchange process on

- (1) (22),

-silicates 9 which culminated m the researches ©f Mattson
Barrer (xs) 9 and, Thomas(14)’ (25), (26) =

As commercial exploitation of these siliceous exchangers
was attemptedj their limitations became ©von mor® apparent®©”
In particularjthey were found to be chemically unstable in
acidic or basic solutions 9 and because of their close-knit
chemical structure* often exhibited low capacities and rates of
exchange®© Recently9 therefore9 interest moved to synthetic
organic resin exchangers9 for theoretical as well as practical
studies ©

Organic exchangers are found to o.eeur naturally In soil5
in association with humus ? which I® an Indefinite organic colloid 9
derived from the decay of plant residues© It is generally

assumed that the exchange properties of this material are due

to the presence of decomposition products of cellulose containing



appreciable proportions of carbossylie end groups» Other
natural organic products with exchange properties Include
alglai.e acid, agar, carrageen, phospholipid®©9 and proteinso
The®©, however, have not found application, because they
have low capacities 9 and are generally of a colloidal or disperse
nature in solution«

Synthetic organic lon exchange r@el.ns were Invented by
Adams & Ho!/m®S 9 who prepared Sulphonle Acid and poly«~»
amine exchangers > This pioneering work was followed by
D Al@llofs discovery of polystyrene Sulphonic Acid and polymaths
acrylic acid exchangers'f?g* © 'Attempts to prepare a strongly
basic anion'/exchange rosin were not'successful until 1943p whvu
the Rohm & Haas Coy©3 |OnSoAe) Introduced the quaternary
ammonium resin, Amberlite IRA«40.0{ ©

i

Resins have been used with great success In almost
all standard industrial and academic studies« Their properties
include, stability to hot water, {with the exception of Amber-
lit© 2RA«400) to corrosive chemicals, and they can be obtained
moaofunetlonal In a rang®© of either strong or weak, acidic or
basic exchange groups®© Selectivity can be varied by alteration
In the cross linking of the polymer9 and In this s®as®9 they can

b© tailor mad®© for specific applicationso Performance data on

fRC3
standard commercial resins' ' shows that, is. general, polystyrene
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sulphome acid exchangers are stable up to 15$©s while quaternary
ammonium resins, in the hydroxide form, decompose at tempera-
tures from 30° upwards« Such stability considerations9together
with a demand for even more selective exchangers has led to the
development of numerous, non siliceous inorganic exchangerse It
is, nevertheless extremely unlikely that these will replace the
resinous exchangers for normal laboratory studiese

Erisctrical double layers usually develop upon the surfaces
of precipitates, suspensions, and emulsions, and play an essential
part in stabilising colloidal sols© Surface changes on these
m aterials may b© produced either by preferential absorption of
tons or? dissociation of functional groups® When charges arise
from absorption of lons from solution, electronentrality is
preserved by the formation of a diffuse double layer containing
the counter lons$ materials of this class exhibit small surface
ion exchange capacities® Verwey and Kruy{22)demonstrated this
by electrodialysing a silver lodide solato hydrolyse o ff counter
ions, replacing them with hydrogen lons, which were then
determined by titration © Insoluble acids9 bases, and ampholytes
which develop changes by dissociation, of functional groups, within
the precipitates, exchange lons in much the earn® way as

traditional ion exchangers© To exhibit the greatest number of

sites, and hence show the largest capacity such materials are



betft prepared as gels ©Or mior©crystalline solidsj which allow'”
maximum penetration, of water moleeuloso In theory, at
least9 all Insoluble hydroxides and acid salts are capable of
exchange 9 and so aroused, a great deal of Interest© It was
hoped5 that such exchangers would be capable ©f functioning
without decomposition5 In high temperature aqueous systems*
and under large dosages of ionising radiation * ©xehang®
properties ar© retained In the dried material provided the
drying temperature is Insufficient to remove bound water«

Hydrous oxides and hydroxides have been extensively
studied and the exchange properties' ©€ many hav© been

i f27), (;SB) (89)
discussed, Including* AIPO* * FegGj , Tt0g ,
(SS)A(S0),(S1},(SB) "(30)¢ ffiSj
Sr8g a« s MbgOo 8 TagOs , CrgOj , TbCSg ,
f*S ) fss| (SiX(SS) (38) (37)
L»&©3 2 Wo* 5 BIOO® ‘m2n0g * and SnOg © In these
Investigations? It has been shown that many oxides exhibit
amphoteric behaviour®* exchanging anions In acidic* and cations
In basic solutionsa To explain such -behaviour9 a number of
(89)

mechanisms have been postulated for anion exchange
at low pH, (a) MOB + H* Ib) MOHAM'1 ¢ OH~f
foj? cation exchange at Mgh pHs (¢) MGH M O° * H*, mid
id) MQH * OHw” MOH.fOHIra] where M. represents a single

metal atom of the oxide matrix* Choice of possible mechanisms

of cation or anion exchange ©n any given oxide Is dependent



eupon its acidic or basic nature© Few? if anys can be regarded
as truely amphoteric? exchanging by mechanisms (b) 9 and (c¢)
with th© possible exception of aluminium hydroxide®© An acidic
©xid©9 therefore9 might be expected to exchange cations and
aniens by (cj and (a)3 while a more basic oxide might combine
fd) and (b) respectively®© Sireonia appears to. be a special
ease? since it does not contain th©® hydroxyl group9 and must
consequently be termed a hydrous oxideO It has been
postulated /n Part Il that this structure exchanges anions and
cations by being protonated .in acid9 and co-ordinating hydroxyl
ions in alkaline solutions respectively O

A, choice of suitable hydroxides for exchange purposes
Is limited by their solubility in aqueous solutions© It is
therefor© apparent that many potentially interesting oxides would
be entirely soluble9 for example9 the strongly acidic oxides®©
These cang however9 be rendered insoluble as. the acid salts of
heavy metals 9 and 9 as such9 exhibit strong acid exchange
properties showing no tendency to absorb anions®© Bine© they
are usually obtained as g®©Is9 they will ba referred to as9 for

example 9 zirconium phosphates tungstate* and so on9 without

implying a specific or stoichiometric composition®©



An ever increasing number of papers are being

published on those materials 9 including the acid ©alts 5 zirconium

phosphate (39), (40),(41mol!ybdate (48), (45), eeiealte >
tuagstato (4s)i(4S)- aad ohromat©147* ( 5 thorium phosphat©
(88) anc) tungstate 3 titanium phosphate « A

similar series- of investigations has been conducted Into the

31)

exchange properties of ammonium —IS —heteropolyacids
(53), S (S5)o

During such, investigations materials have been found9
with high selectivitlest for example caesium lon on zirconium
phosphate®© In many cases9 however, solubility, hydrolysis and
the indefinite nature of the compounds formed proved great
obstacles to further9 and more theoretical investigations Into
the basic physical chemistry of the exchange processes®© It
has 5 thereforet been the object of the present work to prepare
stable 5 well characterised monofunctional exchangers in
crystalline or macrocrystalline forms9 by methods showing a high

degree of reproducibility o
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PREPARATION OF BXCHAMGBEB

SSirconi&s A SO !© aspirator containing 15 io of approximately
0o2 M strconyl chloride was maintained at 70© by means of a
water bath© 005 M ammonium hydroxide was added dropwise
to the w@ll«»stirr@d solution until it was neutral or faintly
alkaline o The solution was allowed to cool slowly overnight,
with stirring, after which the gelatinous produet was filtered,
washed, and air dried at 50°© The resulting glassy solid broke
down In water to give a stable material of particle sis© 30*160
British Standard Sieve® A sieved fraction of particle slae
80*460 BoSoSo was used In all experiments on hydrous sirconi&o
During the initial stages ©Of precipitation the solution
was acid and the'sirconia gel absorbed chloride lon by a process
of ion exchange while in the later stages as the pH of the
precipitant solution became higher more and more ammonium lons
were absorbed® This ha®© been observed as $alt uptake® by
Britton and other workers who have studied the
precipitation of such hydroxides quantitatively © The 23ix*conia
was therefore present In the chloride and ammonium forms to
some extent®©® Such groups may, however5 be removed by
hydrolysis when the exchanger is washed with water, and the

hydroxide form of the exchanger was prepared in this way by



lo

column, washing the ssirconia sample with distilled waterO until
no O©OhiOrid® was detectable in the effluent®© The sample was
then filtered and air dried«
Thori&s Thoris. was precipitated by the slow addition of 0G M
ammonium hydroxide to a solution of 003 M thorium nitrate
maintained at 70® on a steam bath© Precipitation occurred
in the later stages of the addition and the precipitate» although
gelatinous9 was easily filtered®© Normally** however9 the product
was digested, at 70° for several hours t© remove excess
ammonia from the mother liquor® A fter washing* to remove
chloride and drying at 50° a glassy product was obtained®

Two batchess A and Bs were prepared® Batch B

was digested for a considerably longer period and showed x«*ray

evidence of greater orystallinity®©

Arcon“mec,? Aq§>"atOt

la The method of Larsen Fernilius & Quit! §(&?)

L>ars©n Fernilius and Quill described the preparation of a well
defined crystalline phosphate* diphosph&to*»&ireonic ac!d5

3rO (HgPO*)g38

Stoichiometric quantities of dilute solutions of airconyi

chloride and phosphoric acid in 104 V/V sulphuric acid were added



I

slowly t& a well stirred bath containing Z « S05 ® of 10$
V IV sulphuric acid at 75°o0 Xn order to prevent the local
formation of pocket® of high concentration of reagents 9 the
sirconyl chloride and phosphoric acid solutions were sprayed on
to the surface5 using simple atomisers (figure l«)s The
precipitate was digested at 75° for several days* washed
thoroughly with dilute ammonium nitrate and dried In at at 50°
The particle sis© of the material obtained was las®
than 800 BO0S 0S s9 which was too small for normal column
operation and the other uses envisaged®© Since suitable clay
mineral samples for ion«-exchange have been prepared from th@
finely divided material by extrusion9 1 was decided to compress
a sample of the Zirconium phosphate in a hydraulic pill press
cat a pressure of several 'thousand pounds par square inch®
The product was an opaque disc of good mechanical properties e
which$ when tested for stability in water broke down to a
coarse powder9 exhibiting a wide rang® of particle slices5
suitable for column and other physical investigations© A fter
prolonged Immersion in a vigorously stirred bath no further
breakdown was observed® Such material was used In all
chemical Investigation© on sireonium phosphate5 and will

henceforth bo denoted by 25rFc
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S37*P® H °»feTm e

Samples of 23rP were column washed with Od M HCI until
there was no change in the composition of the solution passing
through the exchanger« The column was then washed with

a minimum of distilled water-9 until no chloride ion was

detectable in the washings, filtered, and air dried®©

Modification of the method of Larsen et ales
In this ease the phosphate to sirconium ratio in solution was
Is! rather than 2si as In, the previous preparation® Precipitate
was carried out in /Z% V /V sulphuric acid9 and the product

washed9 air dried9 and sieved as before® This material will

be) described as 23rP (1 s1) to distinguish it from the original®

BO HAdro”s|s,,of the Sirconyi

This methodg described hj Haim and Willard, involved the
mixing ©f a sirconyl solution with an excess of metaphosphorie
acido A soluble £5irconyl » metaphosphate complex was formed
in solution5 which on standing over a period of twelve hours at
room temperaturep hydrolysed to Insoluble sirconium phosphate®©

Th®© product was granular and amorphous®©



(5

Ocipitation in hydrochloric add solutions
Th©® method ©f Gal and Gal was also attemptedO
A solution of 30 go ©f sirconyl chloride In 4 M HC1
was added slowly with stirring to 500 mi® of 12$ phosphoric
acid9 in 4 M HCI®O The material obtainedv after washing

and drying th©® product was a gel®

La Precipitation by dilutions
Blument&l A* stated that freshly precipitated Zirconium
phosphate was soluble In excess of strong mineral acid®© It
was decidedp therefor©* to maintain stoichiometric quantities
of sirconyl chloride and phosphoric acid In solution in a minimum
of concentrated sulphuric acid®© W ater was then added ©lowly
with stirring and the sirconium phosphate precipitatede

No improvement in the quality of the product was
observed sine© the sirconium phosphatef which formed in local
pockets of dilution would not redlssolve easily In the bulk of

solution ©

Insoluble Chromates %
Zirconium Chromatess Such materials appeared to b®© attractive
for studies as lon exchanger©$ and Briggs described the
preparation of a stable chromate of Zirconium$ 9 SrO%g, 5 CrO0<®

12 Bal



©f sirconyi chloride la 50 ml© ©f water was

added to 10 go of potassium chromate In 80 mli© of water®
Th©®© precipitate was filtered after 2k hours 9 washed with
water and dried under reduced pressure® 25 go of th®©
powdered product was heated In a sealed tub© for four hours
with 6 g© of chromic ©add® fa 6 mi© of water® An orange«»red
crystalline powder was obtained* which was washed further9
and air dried®

A sample was treated fa a column with 50 ml of
0o5 M KfaC! and washed free from chloride lon with distilled
water© It was then O©Oluted with 006i M HCS until th© Offluent
gave a negative test for sodium lon by flam© photometry®©

Xbimgren(”) claimed that the material prepared by
Briggs did not correspond to a true chemical compound and that
©n further heating a homogeneous crystalline materialp k Z r Ogje
5 Cr0j 9 5 HgOj, was obtained® -

This material was prepared fey heating th© Briggfa
reaction mixture for 7 to 15 days$ and consisted of crystals
of up to 2 ss«fflo fa length© A fter washing with 0ol M HOE",
then with water5 and air drying9 th® ©hrom&t©* which showed

no hydrolysis fa water9 was tested for lon exchange properties®©



Batches wO@r© equilibrated In solutions of sodium and potassium
chlorides and the hydrogen lon release determined by titration

with standard sodium hydroxide®©

Basic T horium Ghromates
Th (OH)pCrOju 0 was prepared by the method of Lungren and
Slllen ®

A solution of | g® potassium diehromate to on® litre
of water was heated t© boiling and a solution of 1 g thorium
nitrate In about 10 ml of water added slowly® A flocoulent
precipitate formed* which* after a few hours became visibly
crystalline® Th© crystals of the chromat®© were filtered*
washed* air dried* and samples equilibrated to water and sodium
chloride solutions® Neither hydrolysis nor appreciable exchange

of lons was detected®

Analysjg?©j[ jjsirpontom”*phogptote]j
The method used was an adaptation ©f that employed
by IL&rsen Ot &L § to th© preparation of sireonia from SyP,
QoB *» 003 go of finely ground ZrP H-£Eorm were
treated *with 10 mi® of saturated sodium hydroxide at 0 m» 10°
and th© slurry allowed to stand for one hour* A further

10 *» 20 mlo ©f cooled water together with 2 «¢ 3 g* of ©odium



peroxide were added and th© resulting solution digested on a
©team bath at 50 *» 7©° for several hoursO During this
period th®© solubl® peroxysSrconat®© was completely decomposed
to insoluble hydrous zirconla® The precipitate was filtered
hot through a MO©®4 sintered porcelain crucible* washed
thoroughly with dilute ammonium hydroxide to convert It; to th®©
ammonium form* and Ignited to constant weight at 1000°© On
ignitiong the precipitate lost water and ammonia* and was
weighed as pur® anhydrous sirconia* A fter collecting th®
filtrate to a weighed flask* it was analysed for phosphate by
precipitation of ammonium phosphomolybdate* which was Ignited

at 500©° and weighed as th®© anhydride«

Thermobalanee Studies s

All inorganic exchangers studied contain unknown
quantities of bound or Interstitial water® There Is good reason
to believ® that th® amount ©f bound water will affect th© lon
exchange capacity and selectivity ' (&1) e

Xn order to follow the variation of equilibrium weights
of these exohangers over a wide range of temperatures a
Stanton Thermobalance (model 7835) was used® This is an

automatic instrument* with an upper limit ©f 800°* recording



temperature weight loss curves®

The apparatus* shown in figure (2)* consisted
essentially of aa automatic beam balance* th© loading beam of
which was attached to a silica-rod* (A) supporting a platinum
crucible® A sample of exchanger of about OB®5 go was weighed
accurately into this crucible and placed In the silica holder®
Balance w&® restored by placing weights on th© opposite pan*
and the electric furnace (B) then lowered to th© position shown®
The thermocouple (C), and the balance were connected to a
pen recorder so that temp eratur© and weight loss were
recorded simultaneously»

Experiments ware conducted for sireoaia* thoria* and
ZrP* To ensure that the plot obtained represented th©
equilibrium weight loss at each temperature* Individual point©® on
the curve were verified by heating similar samples In furnaces
at specified temperatures * until they attained constant weight©
By this method weight loss curves for asireonia and 23rP were
shown to be truly at equilibrium* while for thorla the norma!
heating rat®© of 8 d@.gt/mku 'was too great to allow equilibrium
conditions to fee attained at each point® In determination© on

thoria* therefore*'the equilibrium plot of weight loss/temperature



FIGURE. Z
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was obtained by heating the sample In step© of 30°9 allowing

it to reach equilibrium weight at each t®mp©ratur®© *

X«*ray powder photographs war© obtained for sample©
of ©Oxehang@rs in order to asses© the degree of crystalSMty
in each preparation*®

Crystals may b®© assumed to consist of regular three
dimensional structures or lattices 5 in which the repetitive unit
contains an Integral number of moleculese A lattice may be
considered as being mad® up of anmereus crystal plane® each of
which may be described uniquely by Miller indices* These*
crystal planes are capable of reflecting s«ray beams Incident
upon them 9 and it has been shown that the condition for
reflection isp © = sin *AJ%<h » © is the angle of Incidence
of the beam on the crystal plan©9 and A and d ar®©
respectively the wavelength of the radiation and the faiterpianar
spacing*

When a powder consisting of a mass ©f randomly
orientated eryatsJlitees Is esposed to a narrow pencil of
monochromatic arrays* it is probable that the condition for

reflection will occur S a number of cases* Provided there are
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sufficient crystallites 9 the reflected rays will form a ;30?iCs
of cones about the incident beam with vertical angles of Z0
and corresponding to reflections from all possible planes
Cfigure 3)
la the present work a Debij© Bekerror powder camera

CPhillips PoWa 102 h) was used* and the x«ray beam produced
©a a copper target§ a monochromatic beam of Cu \\0f radiation

A 3 I*5k3 ;& was obtained using a nickel filtere Samples
were ground fo a powder of about 800 B OB 0S 0 and packed into
capillary specimen tubes 003 « | m®mO to diameter of very
thin Lrindomann glass® The specimen samples were centred9
-and film loaded to the camera by standard techniques O An
Ossposur® time of approximately twenty hours was required to
each ©as®© for samples of S?P (H-foron), (Cs » form)9 and

for thoria®

SA<Arq?oto?*?rric_M®thods g
Trace phosphorus was
determined from photometric measurements on molybdovanado<»
. . . {fiS}
phosphoric acid by the method of Michelson 0 Measurements

were made using a Hllger Uvispec spectrophotometer (H*..7000307¢



30

Th® solutions required were 2

(&) 205 M HCi

(b) 00234% W /V of ammonium metavanadate0 prepared by
dissolving 2©34 go In 500 mli© of hot water, adding 28 mi®©
of ©oncentrated HG19 and diluting th© cooled solution to
©1© litre »

(c) 3a53% W/V ammonium mclybd&teg prepared by dissolving
35®@3 g« of th©® molybd&te in water at 50°, and diluting
th© cooled solution to ©On®© litre©

Th®© reagent was prepared by mixing bs a5 and c In
the ratios of 1 s E f 2 respectively9 and diluting 25 times®

25 ml© of this reagent was mixed with 25 mi® of phosphate

solution in 0*1 M HC19 m which the phosphate content varied

between 10"“ and 10" m©moles© A blank experiment was O©iso
made by mixing equal volumes of diluted reagent and © ! M HG10

A calibration plot was made of optical density at 315 mjix

against concentration of NaHgP04 solutions* using a blank a®©

reference®© Phosphate contents of the unknown solutions w®r®

than determined by interpolation®©



mad®© a study of coloured sirconium ehlor&nlS&te complexes In
solution and suggested a possible us© of the | z | complex in
quantitative analysis of trace sircentum*

c/5 ml© portions of test solutions containing not more
than I©5 sc 10 % m*moles of sirconiums were measured into a
50 ml©® standard flask®© A further 20 ml* of M perchloric
acid were added* A fter mixing thoroughly, 4 ml* of 0«!$
.V/W ehloranlllG 'acid was added and the solution made up to
the mark® Optical densities were measured at 5*50
using water as a blank and a calibration curve was constructed
from solutions of known sireonlum contents* These stock
solutions were analysed by precipitation of hydrous slrconia in
ammonia 'solutions* and Igniting th© precipitate at 1000° to
obtain the anhydrous oxide* Measurements of £ 1$ accuracy

were made in solutions of 1x10™* M or- greater in sirccnium«

Analyses were
carried out* using an B *B 0£/o0 Flam®© Photometer* Stock
solutions of sod&um and potassium chlorides were made up by

weight or analysed by chloride determination. Standard dilutions



in the range Ix 10_:"2,‘ to 10l¢b‘¥ M were prepareds and using a
suitable filter s the scale deflections for distilled water and
10.”3M solution, were adjusted to s@ro and 100 respectively 0
Calibration curves of .concentration against seal® deflection
were then constructed9 from which the sodium and potassium

contents of unknown solutions were determinedo

Hydrolysis of ISirconium Pho”*sphat®£

The Hydrogen Form; 190 samples of 3rP, 3rP (1 i 1)7?
and commercial zirconium phosphate produced by B 0D OH 0 and
Bio-Rads In the H-forms9 were equilibrated with 30 ml*
portions of distilled water at £5°» The equilibrium solutions

were analysed for trace phosphate (page I*}) by the method of

Michelson 1 and for hydrogen ion* using the electrode systems
L I
Glass electrode | solution Isatd 8&Calomel
| under KC1 Electrode.
1 study 1 1

B#ME o measurements were made with a Pye potentiometer and
a Vibron electrometer (BoLLq model 33B) as a null detector0
Th®© electrode system was standardised with 0a05 M potassium
hydrogen phthalate9 pH koQQ5 9 BOD OH 0 tabloid phosphate

buffera pH 6099% and 0005 M sodium borat© pH 9©18



23

T li© jz&Q&mm form | Samples of zirconium phosphate (2rP)
were converted to the caesium form by eluting fa) with
Ool M GsGlg and (b) with 0ol M CsGIl in Ba5 x 10 M CsOH

Th© lattes* was used to Onsur®©® complete ionisation of exchange

0o5 go samples prepared containing wor® air
dried for several days, added to 50 mlo portions of distilled
water and allowed to equilibrate at room temperature for
ten daySo Standard dilutions of the active 0J M caesium
solutions were made to 10«»3 and 1 6;) molar, 25 mio samples
were evaporated slowly to dryness with an infra-red lamp0
Soluble solid® were then transferred with washing, and
subsequent evaporation to a 2 cmO planehett©, and mounted as
solid sources a A similar mounting was prepared from the
equilibrium solution and its activity compared with those of
th©® standard sources0

In parallel experiments using inactive caesium 9 samples
of the equilibrium solution were withdrawn and analysed for

phosphate and hydrogen lons In the usual way {pages \°{*r 25K 1

The potassium jforro £ This was prepared by eluting the H»form
with ©el M KOI for two days* after which th® exchanger was

washed fr@®© of chloride ion, and air dried® QoS go samples



were then equilibrated with 50 m/Q water and the equilibrium
solution analysed for potassium ion, using an B 0B OL»0 flam®
photometer (page2 1)0© Phosphate and hydrogen ion release
were determined in this and a similar experiment where the

exchanger was equilibrated with 50 mi© of Ool M KC1

Measurement of rates of hydrolysis; The rates of hydrolysis
of both the potassium to hydrogen forms of 2i*P were studied
potentlometrically using th© cell; glass electrode/solution/
calomel electrode, and the method described on page* S3. .
Nitrogen was blown through a sample of 100 mlo water in the
cell figure (5&) until a constant ©0mO0f « was obtained0 A Sgc
©ample of exchanger 60 - 100 BoSoB 0? was then added to the
vigorously stirred solution, and the fall in eemOfo plotted
against time* Towards the end of the hydrolysis samples of

the solution were withdrawn and tested for chloride ion*

Determinations of solubility 0

An estimate of the solubility of 23rP in water, and
hydrous sireonia in acid solutions was obtained by trace zirconium
analysis«

S go samples were equilibrated at room temperature

25 mlo portions of water, and HG1 solutions of up to 1M,
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and analysed for zirconium (page SI }0

Pr,

aaaaaaaa

sodium”...A*yp**rf solutions s

A saturated solution of sodium hydroxide was prepared
by shaking excess an&lar pellets with conductivity water for
84 hourso The solution was then allowed to stand for three
to four weeks to allow insoluble sodium carbonate to settleo
Samples were withdrawn, diluted in carbonate free water
under an atmosphere of nitrogen, and stored in flasks with
automatic burette attachments, suitably protected with soda«»
IIm®© tubeso The solution was standardised against weighed
samples of dry potassium hydrogen phthalat®© using
phenoiphthaleln as indicator®© Experimental error in such
determinations was never greater than * 0®I$ for hydroxide

solutions ©f Ool Mo

pH titration curves 5-
Zircqniyunjphosphalbes 005 go samples of 23rP (H»form) were
weighed out and equilibrated at 85° with 50 mi© samples of
varying concentration of sodium hydroxide made up to a total
ionic strength of Ool M with sodium chloride6 A fter
mechanical shaking In a thermostat at Z*P th© equilibrium pH

was determined Cpage <23 )0



Thorias ! go of thorSa was Introduced into a titration flask
containing 100 ml* of water, stirred by nitrogen bubblinge
Th© acidic and basic portions of th® titration curve were
obtained by following the change In pH on addition of standard

acid os* alkalio



PART IX

RESULTS
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Thorlas Thermobalance studies on thorium hydroxide produced
a, dehydration isobar which showed four distinct regions of
weight loss9 (figure k9 curve S )0 fa) probably corresponded
to a loss of surface and interstitlally absorbed water$ while
(b) 9 and (c), may b® due t© the irreversible loss of water
molecules by elimination between hydroxide groups in th®© solid9
and (d) represented th© equilibrium weight of anhydrous material
Consequently it would be expected that material heated to above

150° would lose some or ail of its exchange capacity0

Hydrous SSirconias This curve* showed a smooth continuous*®
almost exponential9 loss in weight over the temperatures studied

{figure h curve I} ©

The dehydration Isobar5
Cfigure 45 curve li) 9 showed a steep steady fall in weight with
increasing temperature up to 300°9 probably corresponding to
a loss of interstitial water followed by a plateau of almost
constant weight between 200 and 300°0 Further slow loss
in weight was observed 9 above 300° Qand up to the temperature

limit of the thermobalance®
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Any film, after development and drying9 shrinks to
a certain extent®© By using the Straumanis technique9 the
effect® of shrinkage were eliminated» and th©® film became self
calibrating®© Th©® camera, diameter was 114©83 mem®©,, such
that 2 mOm© on the film equalled 1° Bragg® Films were Said
flat upon an illuminated screen and a aero reference point
established by taking an opposite pair of diffracted lines around -
the beam exit hole9 and bisecting the distance, 3D, between
them®© Without changing the film position, the same procedure
was followed for the back reflections around the collimator hole,
to determine th© other reference point® ThO® distance between
these two reference points, corresponding to a 180° arc,

was ISO m«m0

Zirconium phosphates Xnterplanar spacing®, or d values,
for SrP (C®© « form) and (H - form), are shown m tables
(1) and (2)© Diffraction lines measured for the Gs = form

ar© the same as those for the H ~ form, indicating the same
crystal structure, while extra lines detectable in th® H & form

pattern, merely reflect upon th® improved quality of the photograph

Thorlas Thorium hydroxide showed an extremely poor



So

diffraction pattern 9 in which th® lines were broad and diffuse0

Such broadening may be caused by diffraction from crystallites

©

of 1000 A or less* or by strain within the crystal%

which are possibles
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X-ray diffraction pattern for 3rP s Cs«form
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Tabl® (3)

XAray diffraction pattern for thoria OH - form
Radiation Cu KcC ,, X = 1Lle51;S A

B aDo Strong diffuse
similarly for WO0OD 0O etc®
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Analysis of Zirconium phosphates**

Two samples of SrP, (H & form), wer© analysed0
osmpl© CJ,| was mat:©rial9 which had b@a@an converted to th®
hydrogen form using hydrochloric acid, and had subsequently
been washed fro© from chloride using a minimum ©f distilled
wat®©i*o Sample (XI), hew@?@r5 was prepared similarly, using
an excess of washing water0 From th© results shown in tabl!®©
h, it Is seen that the phosphate to zirconium rat!© In th©
was about 3% less than for d&phosphatozirconla acid and that

further reduction in this ratio occurred with washing0

1.
B ample P04/3r

7 ! ©88

11 1.86

Hydrolysis of 2Ilrconlum bhosbhatei®*

Th© Hydrogen forms Th® results of these studies are shown
in Table 50 and it is seen that th© hydrolysis characteristics of
Syp5 and SSrP (1 s 1) are very similar§ suggesting a strong

tendency for a fixed rati© os [h although th©® ratio



Table 6

IComposition Exchanger B equilibrium eon@®ntrations
\ of solution form in solution
|for equilibrium
pH & + J feold M +3 k
MxIOf* MxICT' Macl.0 * |;

I Water Os 4.83 0 0140 2®08 2 006
1 3
| .Water Cs 5.29 0e051 Soil 2016 |

W ater K 5.01 00098 3a5 3.03, j
L 0*1 M KOI K 3.01 907 00074 J
GKSGSf%SSS)gE‘;

(a) O®5 go samples were equilibrated with 50 mIi® portions of
solution
(b) Gs*1 represents material prepared by elution with 0®1 M

-4
GsGle in E.5210 M CSOH*

Hates of hydrolysis of Sirconium phosphates

Th® rate of hydrolysis ©f SrP is shown as a plot of
pH against tins© hi figure (5b) s in which it is .seen that 90%
of hydrolysis occurred /n the first 5 ™ & minutesf indicating a
very rapid release of hydrogen ion® Final, pH*s of th©
equilibrium solutions were 4 and 5 for th© hydrogen and pot&s&i&m

forms respectively®



70

K>— G—o0—G

20 30

Tir*E., minutfcs.

(o) K - PoRA

o  H- FoRf*
F IQURE: 5

t .

50



Of the samples of sirconia equilibrated with water and
BCt solutions only in the case of | M HG1 was a trace of
Irconium detected 9 £5x10 M) o  Sirconia is therefore extremely
insoluble in the acid and alkaline solutions normally encountered
in ion 'exchange0

A similar determination with SrP in water showed that

the zirconium content of the solution was negligibly small

pH titration curvess

Zirconium phosphates Results of pH titrations on SrP

(H » form) are shown in Table {?)* The pH titration curvep
figure (6) is smooth and indicates monofunctional behaviour9
although9 since considerable hydrolysis occurred at high pH # no

definite Interpretation can be made. Amohlett

comparisons are possible®
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m©q0 MaOH pH
per 005 g 2 S?P

1 0000 Bokt
3 0 060 2082
lo21 3023

¢ 1082 3089
0OE 5063

| kv02 B2
j OoQ3 10035
8 004 11067

RO 11 085

o BN RO

Thorlaj Although little reliance can he placed on th®
preliminary pH titration curve thorl&8 figure (7) § it is similar
to that obtained by Amplett using a hydrous zirconia

exchangerO

Eon exchange properties of insoluble ehromates %
Brosier , in a paper on *Zirconium based lonites8?
discussed th© ion exchange properties of various insoluble

zirconium compounds? of these zirconium ch.romate seemed mas-

interastingo The material described was amorphous and



chemically ill«k®d©fined? corresponding to those prepared by
Montignie A and Haber '* * A mor®© suitable material
was that described by Briggs 1 which was prepared as
described on page /3 © This showed a sodium ion capacity of
0051 meg®©/g® and had an equilibrium pH of 3s in equilibrium
with water, indicating a degree of hydrolysis similar to that
of 2rPo The homogeneous crystalline solid obtained by
L»ungr@n /’f‘;g’r‘s‘ » on further heating of the reaction mixtureO
showed no hydrolysis and negligible capacity { Qo002 meq®©/g0)
for the alkali metal ions0 No further study of th® compounds
was contemplated since L,.ungren3 pur® crystalling form showed

no exchange properties, while Brigg8& material, although showing

exchange properties was chemically unsatisfactory 0






tf-o

SIRCONIAt-

Structures Hydrous girconla has been shown to have formula®
ranging from SrOg, 6HgO for the air dried material to 3rOg5
ioSHgO '_ when dried over phosphorus pentoxideo Dehydration
fEj{ ?<j showeds that the aqueous vapour pressure

over zlrconia fell continuously as the temperature was slowly
raised9 and dehydration progressed* There war®© a®
discontinuities to Indicate the presence of hydrated compoundsO
These results were verified in thermobalance experiments on
zirconia8 as seen in figure ik$ curve iii) 0

Maximum stability of the zirconium dioxide crystal skeleton
I© achieved by orbital hybridisation 9 and since aquo groups could
only b© bound to surface zirconium atoms through orbitals which
remained unoccupied in crystal bonding* their attachment is
extremely weak® Larsen and Gammill'*® have shown fch©
presence ©f ZrOOH ' in solutions of pH 2P which were on th®
point of precipitationo Since the zirconium content: of
these solutions was close to 0003 Mv th© lonic product was
therefor®© s SSrOOH' x OH — 2 x 10
Th© formation of hydrous zirconla by the addition of ammonia

to an aqueous solution of sirconyl chloride appeared therefor®©

to be mad®© up of the following steps $=



4-1

3roC% + HgQ 2pOOHt + H+ + SC!

SrOOH++ OH"-“m[srO(OH)g|— SrOg, aHgOO

Since step S was Irreversible > there could be no

possibility of digestion of th© solid to larger crystals when
ged* and the material should therefore be in an amorphous or
. N 7)) I
srocrystalline statee Freundlieh *~" in an study on
slreonia observed no erystalltnity9 and this has been confirmed
In the present work* .Recently9 however, electron diffraction
studies have shown that the particles resulting from

precipitation ar@ of th© order of 000l microns in diameter

to® small to givd zZ =*ray diffraction patterns O

M @ © x ¢ h a nges The absence of bound water in
th®© structure of sirconia leaves the problem of th©® mechanism
of the observed exchange propertieso Blumentai (GJ
suggested that during the formation of hydrous sircomas
individual molecules must coalesce to form micro»crystals,

For precipitation in mi acid environment containing th©®
species SrOOH ' it is reasonable to suppose that a number of
these ions will take the place of 23rOg as structural unitsO

Therefore9 in a ©a® dimensional crystal model we haves
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These hydrogen lons can presumably migrate from one oxygen
atom to another regardless of its position3 resulting la what
I© in effect a proton&ted oxide®

We may therefor®© regard hydrous zirconla9 precipitated
In acid solution as being a polyelectrolyt® cation© Associated
with, these positive charges will b© negative counter ionsi in
this ease chloride ions®© Provided the same basic structure is
present in the air dried materialf we can explain th© anionic
exchange ©f slrconia In acid solution as an exchange of negative
counter ions®© ThO fact that alrconia is a cation exchanger
in alkaline solutions cannot,, however, ba reconciled with th®
oxide structure shown above unless the protons of this
structure are neutralised and further hydroxyl ions become
associated by co-ordination or absorption, giving the matrix
an overall negative charges. this possibility was suggested by
Kraus (&0) 0

Both. Amphlott and Kraus hav© described the

variation in capacity of sirconia with pHO® Cation capacity



u%

falls rapidly with, decreasing pH? reaching zero at pH 9,
wnil®© anion ©xchang®©9 which is first exhibited at approx!mat
pH V rises with Increasing acidity 0 The exchange capacity
is largely suppressed at the isoelectric point5 which lies
between pH 7 and 9* while the low capacity for both anions
and cations in this region indicates a degree of heterogeneity

of the exchange sites«

jStajrtx*Jbo”agids andjoaaes: Sirconia Is completely insoluble
in alkaline solution as shown by the ionic products

jiSrOQH ‘j 4OH"d m 2 x 10™'hi% In acid solution9 however9
a tendency for the matrix to dissolve would be expected0
This has been shown to be n@gligibl.ly small from solubility
determinations (page 3k ) in acid solutions and supports th©
suggestion» that the process of precipitation involves an

irreversible step

Loss of capacity s Kraus and Phillips « in their early
investigations into the exchange properties of sirconia9
discovered that exchange capacity was lost when their materia
was fired at temperatures of 300° or greater» The
thermobalance studies of the present work show a continuous

loss of water In the temperature range up to 600°0
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Russi&n worker© (?%5) have shown that sirconia may exist In

two crystalline statesf tetragonal and monoclinice The former
as stable at low and th© latter at high temperature®© and the
temperature of transition is 890°0 The conversion of
microcrystalline hydrous sirconia for the more compact
monoclinie form at 3QQ°9 coupled with the probable growth of
crystallites at ‘die transition temperature 7 may account for

th© loss of exchange capacity observedO

Thoria:
S tructures Investigators agree that ThA”'f undergoes
extensive hydrolysis In solution* Kraus and Holmberg (??) g

and Hietman f7Q§ ? have concluded independently that In the later
stages of hydrolysis a series of polynuelear complexes are
formed containing thorium atoms bonded through oxygen or

P* ‘4 g*A
hydroxyl groupss e6g0 Th |(OH)™ Th j 0 It would
appear that such complexes are chain like although hydrolysis
data alone permit no conclusions as to their shapec Dobry8
Guln&rdj, and Mathieu « Sleaud (?9) have studied colloidal
thorium hydroxide by a number of techniques 9 including electron

microscopy} and concluded that the particles were thread-like

with a diameter of about IB A and an average length of 700°Ao



Th® structure corresponds to bundles of about 30 chains..,
each, made up of some 300 molecules of thorium hydroxide®©
Chafes of the types ThOHg.f. have been found by ihungren and
fadthen *u~v£( [/ in th© crystal structures of basic thorium
chromate, Th(OH)gCrO20HgO9 and sulphate Th|OH)gSO 0
Both chain models postulated are virtually equivalent, sine®©

a dehydration process would yields

Th f(OH)3Th | A*« Th f(O)(OH)Th | nHgO.

Basic thorium chromat©$ however* was prepared and found

t© have no exchange properties© This implies9 either that
th,® structure of this material Is fundamentally different from
that of precipitated thorium hydroxide9 or more probably that
ion exchange Is prevented by tin© compact, nature of the single
crystals formed® It le therefore assumed that th© thorla
(thorium hydroxide) exchanger is in fact the ultimate product
of th©® condensations described®© Further indication that the
exchanger crystallites correspond to the chains described by
Dobry ©t ali ™ Is shown by the broadening of th© diffraction
lines In a powder photograph of thoria©® This broadening has
been attributed to crystal strain or to crystallites of less than

1000 A @uej* |g very likely to be the’case0
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WO might therefore consider thoria as a polymeric
cationic structure $ In which eiectroneutrality is preserved
by a number of counterions® Th®© displacement of th©s®©
lons m add solution would accountO for th© observed anion
exchange, although th© possibility of cation exchange* in
alkaline solutions 9 on this mod®! Is more difficult to explain
since th©® fundamental positive charge ©f th©® matrix must
change fo a negative one® Furthermore9 Dobry ©t a! '
have obtained by dialiysls a colloidal solution of thorium
hydroxide9 which Is free from adsorbed ions, and is stable in
solution for periods of several weeks O This suggests that the
thoria matrix is uncharged» corresponding to the molecule9(i)
(figure 8)a Th® dehydration isobar obtained In thermobalance
studiese (figure k9 curve 1) 9 Is similar to those reported by
Welaer for A1g0<§@ 3H&0 and W030FJ.QS which hav®© been
characterised a®© hydrous hydroxides* containing both bound and
Interstitial waters The bound water will therefor© be present
as hydroxide groups* which may be eliminated as water on
heatingg figure S5 (2) o This elimination may also occur betwe®*
chains giving th© thoria matrix a crosslinked three dimensional

structure* possibly conferring th®© entranced chemical stability

of the dried materials figure 8
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On the basis of these hypotheses 9
the following mechanism may be postulated for ion erechange
on thorla Q In acid solution anion exchange may be explained

by protonation of the hydroxide groups

¥ H

=ThOHg*** + Of— sThOHg”CI'

In alkaline solutions the hydroxide group dissociates leaving a

negative charge on the oxide s© that cation exchange may occur

ass
™
* Hav-6> = ThoT Ha"
Amplett 9 in a study of the variation of exchange capacity

with pH has shownt that anion exchange occurs up to pH 700
while cation exchange Is still appreciable below pH 8c The
absence of a sharply defined isoelectric point indicates a
degree of heterogeneity of exchange sites s which Is probably

caused by interaction and site effects within the exchanger
m atrix o

JLgfc*0 and_ bases,s Gayer and Lelder have

studied -die solubility of freshly precipitated thorium hydroxide

in solutions of perchloric acid and sodium hydroxideg



concentration of 5 &£ /I0*aJM& In perchloric add* howeverp
th© precipitate is very soluble9 the solubility increasing linearly
from Th*‘ &0 to 00g M when the acidity increases to

Ook MO Solubility of the gel material9 which was dried at

50° I® much reduced 9 owing to deswelling and crosslinking of its
structure® It is observed 9 nevertheless 9 that on prolonged
exposure to acid solutions ©f 0ol M and aboveg breakdown of
the solid occurs 5 producing a milky solution®© Thoria exchanger

may therefore fe© regarded sis a practicable ion exchanger in



ISirconium phosphate g
AMIEM IM A NA. §2Bi>Q gLJSpjutionsg Freshly precipitated sirconium
phosphate is soluble in concentrated mineral acid 0
Hevesy and Kimura fAJhav®© shown9 however* that th©
solubility of 'the dried gel material is only 2 s 10ro’c M in
10 M HOI and -therefor®© solubility In acidic solutions may be
neglected 0

In all work with sirconium phosphates 9 equilibration with
distilled water caused a release of hydrogen ion®© into solutiono
This could b® due only to hydrolysis of phosphate groups or
solubility of zirconium phosphate Itself© Hither would release
phosphate and hydrogen ions5 but only the latter would release
detectable amounts of sirconiumO It has been shown that
sirconium Is absent9 so that hydrolysis of th© phosphate

faa)

groups must occur®© Larssa and Vissers described a

gel material9 with a low phosphate to slrconium ratio 9 and

claimed that little hydrolysis occurred in water0 Accordingly
. . (S?)

a modification of the method of L#ars©On ©t al© was

attempted 5 in which the phosphate to sirconium ratio in

solution was | s X rather than. 2 i 1 as In previous preparations®©

Th® product9 however, showed similar hydrolysis characteristics



gestures Analysis of samples ©f SrP* Table ik) 9 and
ox th© sirconium phosphates produced by Hevesy and Kimura
and Blumental ' showed a phosphate to sirconium ratio

1) 1]

of 2 t 1® Blumental * ' suggested that th© most

probable formula for such compounds would fees

HO\ o °V
\ At ZsE oA \
H o " s OH

corresponding to dlphosphatosireonie acid®© Blumental® model
however* Included a water molecule bound to the sirconyl
group which* if it existed* could not be strongly co-ordinated
since thermofeal&ne® studies on SrP indicates that the water
present is held iaterstitially©

In acid solution© the exchange properties of ZrP may
b® explained in terms of acid dissociation and replacement of
one hydrogen ion In each phosphate grouping®© In alkaline
solution* however, phosphate groups wOr®© easily hydrolysed

from the crystal matrix3

ZrO(HEPO”)s * OH"“. ZrO|OH)HaPC\ * HgPO*®

This hydrolytic reaction prevented any quantitative study of

pH titration data* sine© alkali was used In the processes of
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hydrolysis and neutralisation* as well as In lon exchangeO
N ©Ov®rth©l©80©* the smooth pseudo”monofunctional titration
ecurve obtained for SpP, figure h was in sharp contrast to
th®© results of Amphlett on gel materials 9 which showed
a number of kinks or discontinuities * indicating a variety of
exchange sites ©

X-ray diffraction patterns Indicated that £3rP was
crystalline with a maximum qgfe spacing of 7?06 ii* which was
invarient with lonic form* suggesting that exchange may only
take place on the surface of th® crystallites and would hence
cause Uttle or no distortion to th© basic crystalline structure
of th© material®© Th© postulated structure of th© 2rP
exchanger particles is further discussed In Part XV in terms

of capacity and equilibrium data for ea®slum/hydrog©n ion

©asehang®©®©
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A knowledge of th© overall reaction rates, and th®
Kinetic processes from which they ar®© derived* is of
fundamental importance In the study of lon exchangers from
both practical and theoretical considerations O

Study of th®© Kinetic© of cation exchange dates from
th® classical work of Way (%X$) who found th© rate of
exchange on soil silUeates to be quit© rapid* and only slightly
affected by temperature- Weigner*? considered th® rat®©
©f ©xehaxig® on silicates to be dependent upon the location of
exchanging sites, and so ultimately upon the physical
characteristics of the exchanger matrix® Although Nachod
and Wood v , Thomas F , and <juda and Carrgar?r'LB‘
have interpreted exchanges in terms of a bimolecular reaction9
it is now almost generally accepted that th© rates of exchange
reactions are governed only fey ion transport or diffusion
processeso It is interesting, howevers to not© that this
Is not; always true in exchangers which bind ions by other than
pure electrostatic forces® Turs© and Rieman s for
instance, have recently substantiated a chemically controlled
rate determining step in the exchange of calcium and sodium

lons on the chelating resin* Dowex A « 1G
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Boyd 9 Adamson and Myers ($2) 9 have shown 'that;
transport processes In exchange reactions could b® Interpreted
In terms ©f a Nernet film ("X (®4) at th®© surface of
th© exchanger®© According to this theory th© bulk of
solution was instantaneously mixed by stirring9 but close to
the solid surface« there was a thin film of immobile solution
in which transport could only occur by diffusion« With a
stirred suspension ©f particles th© problem Is much more
complex® Nevertheless9 sine® ft Is impossible to mix a
solution right up to the surface of a solid phase9 th®
complicated hydrodynamics may b®© represented schematically
by considering th© solution as a completely mixed volume9 and
an unstirred static layer of thickness *S« Th®© thickness of
this film Is usually deduced from Kinetics 9 and not Me© versa®
Its dependence upon viscosity 9 temperaturep and stirring
Is problematical9 and so this concept has been ©f little
theoretical importance©

In genera!9 therefores a cation exchange reaction such
as9 Y A XR 8YE + Xv may be regarded as taking place
through a number of stepsg fl) film diffusion of Y ions
through the solution up fo the surface of th©® exchanger

particle9 (2) diffusion of Y* ions to an exchange sit© XR



witnin tn® solid9 |3 } chemical ©xch&hg® bstwsea Y * and
XR. f4) «1£fusion of X ' ions in 'th© solid to th® surfae®,
and (5) tlirn diffusion of X * lons 'through th© solution away
from th© particle®

Neglecting th©® chemical step ({3)5 th© rat© of reaction
may then h© controlled by two simultaneous processes $
diffusion of ions through th© film 9 and through the exchanger
bas@0 Sine© non steady state conditions apply 9 diffusion
Is governed by Fiek% second law, la 'the form, *C-J <t
A@D (0Cx | ox)O0 city is th© rat®© of diffusion of th®
X “lons« D Is the diffusion coefficient* and i/ tho©
rat© ©f change of concentration gradient In the .medium0
Bach diffusing ion will follow this law in both film and
exchanger particle, and the problem is further simplified, by
th® fact that solid diffusions are coupled® Diffusion of X *
lons in on®© direction is conditional upon diffusion of Y'5 ion©
in th© opposite direction du®© to th© overall maintalnenc® of
©leetr©neutrality In both solution and exchanger® Not only
ar® th® fluxes of Xv and Y'’ equal and opposite, but so also
ar® th© concentration gradients, dcKy4)xand rNCy,j ebc

A given pair of exchanging ions must therefor® shar© a common
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diffusion coefficient D| for particle diffusion® Sine®©
cOnc@ntr&tion changes and movement of cottons ar© possible
within th® film 9 St Is usual to consider the film diffusion
eo©ffSclents of X * and Y ' ions to b® Independent, A’h" and
D,:m+ respectivelye

Further simplifying assumptions are necessary before
a more manageable Kinetic expression can b® derived®© it
I© assumed that equilibrium is maintained at the rosin/solution
interface5 governed by the usual mass action expression9
?(I]\./~ W]’[/ X\II*F i where Y andGXrefer to concentrations
in th© exchanger phaseo k29 Dy”* and and §
ar© assumed constant throughout the exchange9 and
conditions must b© chosen accordingly ©

Methods for studying th©® Kinetics of rate processes on
exchanger particles fall Into two categories! limited9 and
Infinite bath techniques» In a limited bath experiment samples
of exchanger ar®© reacted with volumes of solution by a
batch method 9 BO that during exchange th©® composition of th©
solution changes®© On th® other hand & In Infinite bath
experiments j shallow beds of exchanger particles ar© flushed
with reacting solution so that the exchanging particle is In

contact with a solution of constant composition throughout



th© @xchan@®%o Th© mathematics of th© latter problem are
much simpler*o

Expressions for the overall Kinetics are vary complex9
having been derived in only a few selected easesO The most
successful appear to be those of Bdeskuty and Amundson (®%)
and Adamson and Grossman 9 for shallow bed
diffusion studies®© Boyd et 9 however* pointed out
that in most practical eases either diffusion across a film*
or in th©® exchanger particle would offer negligible resistance 9
and hene®© th® overall reaction could be classified as
predominantly a particle5 or a film diffusion mechanism®
Film diffusions fX)© In shallow bed diffusion Boyd ©t al0
expressed transport of lons across th© Nernst film by a
single diffusion coefficient* D't Th® thickness of the film
around the exchanging particle® is taken as d 9 and it Is

assumed that chemical equilibrium a® maintained at th© surface

of th© particles throughout exchange® Fick's law was
applied 9 and the resultant expression was {1 »F) ®
« Ht« where F B th© amount of exchange at time t /

th© amount -I>f exchange at infinite time® R 23D§r
where K is.the distribution coefficient of Y lons In the solidv

and r0 Is the mean radius of th© particles© K is taken to



b© a constant throughout th© exeh&ng®9 and it is usual t©
maintain th© exchanging lon Y ’ as a microcomponent in
th® system ©
A further* Interpretation of film diffusion In infinite
bath experimentsj by Adamson and Grossman (96)(&?) v is
mor®© general* including th© separate diffusion coefficients
and D .M te The final expression of th© rat© equation
i©, however9 similar to that of Boyd ©t ale Both
treatments show that the rat© of an exchange$ controlled
by film diffusion9 is dependent upon the rat© of flow and
concentration.of the external solution* and varies Inversely
a®© th© radius of th© particle sis© of th© exchanger*

(98)

21 Kressman and Kitchener have developed an
©xjj©ssion for film diffusion Kinetics in limited bath experiments
A resin of capacity Q meq* of X " ion wassailOwed to react
with a solution containing an equals amount of Y ions*

Th© final expression (1 ®«F) ® CtQ0/Q00 ?is vary

similar to that derived by Boyd®©t al0 Qeo *Abe amount

of reaction at equilibrium* and G BD“K/o g it Is a
constant of proportionality *

In 7 and Il therefore9 the rat© of exchange through

film diffusion is proportional to the rat© of stirring* the



concentration of ion© In solution9 and inversely proportional
to the radius of th® resin parties!®® Th©® dependence of
rat®©® upon concentration of exchanging ion Is not immediately
obvious from the final rate expressions« In their derivation
however9 th® rate of exchange was calculated from a eon**
centration gradient across th®© fiim5 and so is dependent

upon the concentration of OxtOr;

Particle diffusions Th©® Kinetics for nartiel® diffusion In an
Infinite bath have been derived by Boyd ©t alo*O p where
th© exchanging lon Is present as a microcomponent of the
system © Th©® mathematical treatment was based on
conduction of heat Into a sphere from an Infinite sourc©§

and th© final expression, was,
P HiCTED

F =1 « 6/7C IIn expQ f«»Btn”*}/n6©
Cc~!

B - 7:®Di/r® where Di Is the mutual diffusion coefficient
of Xv and Y % ions In th©® exchanger&

Th©® corresponding theory for a limited bath experiment
was given by Carslaw and “Jaeger qu') o Their treatment
was, however9 less convenient than that of Paterson
which expressed the amount of reaction,, W in terms of

a parameter X « (D?/ra) to Th®© rates of exchange for



concentration* and are defined by parameters which vary
a® 1/r*o
Plot:© of t and Bt against t should therefore b®
linear and of slop®© provided Di is constant®© For
particle diffusion in Infinite bath studies therefore 9 th©
Bi/lBg Rrg /r]| where r3 and rg are th®©

radii of th© particles in each determinationo

Chemical Controls When the reaction rat®© is controlled by
a chemical step* th© final expression for the Kinetics
a®© the form* In (1 - F) 2 @& StO
S » Kj mv> + Kg My"5 * where and Kg are th®
specific rate constants of forward and backward exchange
and Mv+ and My * are the concentrations of these ions in
solution0 Th® form of this expression is identical with that
given by Boyd ©t a! for film diffusion Kinetics S however3
differs from th®© constant -R in that it is independent of
particle sis© and of flow (stirring)* being dependent only
on th® concentration of ions in solution* and temperatureo
It is therefore possible to distinguish each rat®©

controlling mechanism by observing th© changes in rates which



the concentration of the exchanging electrolyte O
Investigations on particle diffusion by HelffOrich
(102)(105)(W3)(204) have shown that thé flux of moving
lons In an exchanger can be expressed in terms of the
concentration and an interdiffusion coefficient which depends
upon the ratio of concentrations of th©® exchanging- tonsO
It is a problem of non linear diffusion and has to be solved
by numerical integration* Application of this advanced
treatment requires th©® exchanger in the form of solid
homogeneous rods* which is at present impossible for inorganic
exchangerso The common assumption that Dj is constant
throughout exchange must then be regarded as an approximation
in all but isotopic exchange* It is, however a useful postulate
giving a mean diffusion coefficient for exchange* Furthermore
its application provides valid criteria for distinguishing rat®©
controlling mechanisms
In the present studies upon the rates of sodium/hydrogen
exchange on thoria and 2z»P and *IK’ on SSrPg the

original theories and ©specially those of Boyd ©t al have

been tested*
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Partlale- sizosi A knowledge of the ratio of the radii of
the partial®© sizes was nocessarly for the interpretation of
reaction rates of different sieved fractions« In the first
method an optical microscope was used t© measure 100
particle diameters of ©aeh sample9 and the average taken®
Since many of the particles were of irregular shapes a
second and independent estimate of the relative surface areas
of the samples was mad®© using a dye adsorbtion method
similar to that of Kolthoff and O’Brien e o

Weighed samples of the exchanger were equilibrated
with solutions of Brilliant Cresyl Blue, having a pK value
well outside the pH range encounteredO Concentrations of
the dye were determined spectrophotometrically on a Hilger
'CJvispee at 639 m*"4 after verifying Beer’'s LawO0 The
ratio of the effective surface areas of samples in two

particle sizes was obtained from the amounts ©f dy© adsorbed®

Kxehang® Experiments
Limited baths Sodium/hydrogen ion exchange was studied on
thoria? prepared by the method described in Part IX 9 page 0
Conversion of thorla to the hydrogen form was made

difficult by Its amphoteric properties© Batches were washed

in a column with distilled water for prolonged periods 9 the

hydrogen form being produced by a hydrolytic reaction §



A and B were obtained in tills way® In addition th©
hydrogen form of Bp was made by treating samples with
Go01 M HClo solutions and washing free from chloride lon
with distilled water» A further method was attempted 9
based upon the exchange reaction between two resins in
aqueous suspension8 demonstrated by Kressmanmand Kitchener
« Samples of thoria, were therefor®©® shaken several
days with a mixed bed of the resins Amberlite TORoAO0 hGG
in th©® hydroxyl form s wad Arafoerlite X®R© 120 In the
hydrogen form®© Th®© organic rosins, subsequently removed
by flotations were shown to replace quantitatively any ion®©
orglnally held by th© thoria, and batch was obtained 0
Ool g® samples of the thoria were added to 30 or 50
portions of G®01 M NaOH solution, containing 0®01, 0©15
or loO M NaCl, and shaken mechanically in a thermostat at
25°a Th© procedure was similar to that by Conway et a!
(lots) » anc|] the amount of hydroxide used was in each ease
larger than the ion exchange capacity of the thoria samples0
A fter a given tim©5 the amount of exchange was determined
by titrating portions of th©® supernatant liquid against
standard GeGi M HCU For periods shorter than about
5 minutes 8 the technique described by Amphlett ©t al *

was used?* Reaction was carried out in a sintered « glass



-funnel which could be connected to suction for rapid removal
of solution?samples for analysis 9 or to slight air pressure tc
prevent drainage Q

Rates of exchange at 250 were also followed
potent!/© metrically using the cell

Glass Solution under- BatO Calomel
electrode study KGI electrode 0

Incorporating a stirrer as shown In figure {5a)o S 9fflofo
measurements were made with a Pye potentiametar and
viferon electrometer (BoloLo model 33 B) as a null detector
Biactrod© Bystems were standardised with 0005 M potassiun
hydrogen phthalate, pH &8 40QG5 u BoDo H tabloid buffef’
pH « 6099s and Qo005 M sodium borates Ph 9old at 35°

In thoria experiments, the cell incorporated a device
for the rapid addition of O05 g samples of exchanger, slurri&A
with 5 ml of distilled water, to 145 mlo of sodium hydroxide
chloride mixturec Nitrogen was bubbled through the solution,
during experimentsO0 Since Alki5 glass electrodes showed
small, but reproducible drifts In eOmofo at the high pH®® of
these studies, corrections were made from blank experiments

In the experiments with sireonium phosphate fSrP),
a stronger acid exchanger, 005 g samples were added to

145 mlo of. carbonate free water in the cello A fter an



(fo

initial rapid fall /n ©0mO0f « due to hydrolysis* the reading

became steady0 5 mlI* of sodium chloride solution were
then added from a fact delivery pippette, giving Initial
concentrations of QoOl and 0*1 Mo The change in Soffiofo
was followed with time* Rates of change of ©ora»f«!s for
the smaller siaed particles were* however* too rapid for
manual operations and wore recorded by rapidly photographing
both vibron and time scales0
Os'VK v exchange on SrP* A number of experiments were
made on sirconium phosphate, using a shallow bed method*
similar to that described by Boyd @t ai©

The extent of exchange was determined by counting

active solid samples containing Css' These were

transferred to a planchettef and evenly distributed over th®
counting area.5 ensuring constant solid geometry of sources0
In a trial experiment? the poorest possible distribution of
solid sources resulted in a counting loss of less than 5%o
SJrrors due to varying geometry in properly mounted sources
were therefore considered negligible0 The /& activities wer
determined by standard cetahting techniques* using an end
window “Agelger Muller tube* and an loD,Lg scaler {type 1700)Q

IOb counts were made each time* reducing counting errors to



£ /%o Further correction of counting rates for background

and coincidence errors were applied§ and hence the percentage
attainment of equilibrium was calculated0 The overall accuracy
of the determinations was estimated at *5%0

A 50 or a IOO mg0 sample of 23rP was Introduced into
the small glass cell of 6 mom* diameter shown In figure (9):
covered at each end with ZOO B©®©3 ©S© nylon gauae® The cell
was connected by a quick fit joint to three reservoirs* any one
of which could he selected by three-way taps®© A fter flushing
with distilled water to remove air bubbles* the exchanger was
conditioned by passing an inactive solution of 5 x I0”* M GsClI
in Ool M KC1 for three hourso Following this pr©“treatmentO
a solution of the same bulk concentration) but containing Cs?/
as tracer, was forced through the shallow exchanger bed for a
prOo“determined time, and Immediately washed with water0 The
sircontum phosphate was then flushed from the cell* filtered*
and dried with acetone, before placing on a counting planehette®©
No activity was removed from the exchanger during these
operations®© Amounts of GBI:?P7 in the solid were then obtained

by the standard counting techniques described above®©
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PART XXX

RESULTS



TEOg|Ao

MA2A o ffffhar#e_L Data for the two particle sisea
ms.eci In the study of sodium/hydrogen exchange on hydrated

thorla are shown In table C8} s and figures CIO) and..CM)o

Table |8)t
’ Sodium Particle sisse | B D, 510
. lorid e c4 Koan Radius Sy
imnber iﬁe diameter fma dye 4 ' shs'\SC?,
{3,0.S., w (AiMtW B X .
h- A 100 60100 250 1*8* 0,17 44
A 010 60000 250 1*84 0,1? 454
% A 0*10 60100 250 1*84 0.17 44
3r A 0*10 160200 134 100 oja 4*9
% A 1,0 160-200 134 1,00 0.51 49
up o, 0,01 60100 250 i Oai; 0*58 153
ISp BL o.io 60-100' 250 1»84 0*58 isa
Up o, 001 "60400 250 1,84 0*58 15.8
iip B3 oao 60-300 250 158& 0.12 8

gareonlmm phosphateo
Bodtum/hydrQ”en iexchanges Hates were followed by the
®0m Ofo method., and the results for two particle sizes 60*400

and 16043€)& B#B0S4 are summarised in table J9)« Plots of

F against t are given In figure (1S)0



Table (9) s
Par&iole siee*
Soditm . *

Experiment  chloride Sieve d':n:;r:ater ?f(a)::ucsiye (
nuabei (MolarJ (B.S.S.) ¢ (Arbitrary)

17 0001 60-100 360 1,9

18? ocao 60-100 360 1,9

28P 0010 160-200 119 1,0

25? 0.01 180-200 119 1,0
Caesium/potassium ; Results of exchange experiments on

both particle sisee using infinite bath techniques are given

Table (10) and figure (131.

Table QQ) §
Infinite bath experiments, 5 x 0“5 Caesium chloride
v Ool M potassium chlorideo
hxpcriisent Siev© Mem Radius B 3c 3BS
nusibsr (B»S,S.) disaster from dye )
(Fw> (Arbitrary )
2? 60-100 360 Xo9 10B

28 160-200 1X9 1,0 25

E o

2,6
206

6,7
6,7

in
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DISCUSSION



THORXA:

Within experimental* error. B» and Bo showed th®
same exchange rates for sodium/hydrogen exchange& while
B je prepared by equilibrating with organic reams* appeared to
be considerably slower0 On washing Bj with acid* however9
a rate approaching that for Bj and Bg> was obtained0 This
as not easy to explain®* but it may be due partly to absorption
of organ iC material on th© surface of the exchanger particles*
although the concentration must be very small0

Good agreement. Is shown between titration and ©0m<>fo
experiments* shown in figures (10) and (11) 0 From these it
Is observed that rates of exchange are* within experimental
error* independent of sodium lon concentration between OoQi M
and ioO M, and markedly dependent upon particle sl!se0
Furthermore * rotatory stirring In potentlometric* and
mechanical shaking In titration experiments were without
effect on the rate of exchange, pointing to particle diffusion
as th© rate determining mechanismo In analogous experiments*®
Conway, R'Mchenberg and Gr@©riib” successfully applied the
particle diffusion theory of Boyd et alof&’\j)* describing diffusion

into spherical particles of radius r* by the expression
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The main criterion of infinite bath conditions» for which

equation (lI) is strictly applicable is that the Sonic composition
of th® surface of the exchanger should remain constant during
th© Kinetic experiment In this series of Investigations*
these conditions prevail9 since the hydrogen ions emerging from
the exchanger are neutralised by excess hydroxyl Eons0
Sxehanger surface may then be considered, saturated with
sodium ion®© throughout the exchange process» The theory of
Boyd.? Adamsony and Myers was therefore applied®©

Since F was a calculable function of B ts as shown In
equation (1), it was most convenient to obtain Bt for each
value of F from Kelehenberg3®s tables p exi® to plot this
against experimental time® These curves included in figures
ClIO) and (11) are linears indicating that B is a constant for
each particle sise®© From equation (B) it follows that Di
is also independent of FO©

The mean radius of the particles measured optically*
was 13k for the smaller, and 25Q/rA* fov the larger sised
fractions© The ratio of th®© squares of the radii Is therefore
3*46, which agrees within experimental error with the Inverse
ratio of th© respective B values as required by equation (2) %
Since many of the particles were irregular, dye absorption

measurements provided an independent value of th© ratio of



surface areas® Assuming th© particles to be spherical,

the ratio of th© squares of th© radii was 302 k O 0%9 again
in good agreement® Within experimental error therefore*
the proportionality of 38 to 0 Is confirmed, and the effective
diffusion coefficient may be calculated© Values are given In
table (8) 0 It is seen that for B is greater than that for
A* reflecting the difficulty of reproducing samples of thorla
exchanger0

E ffective diffusion, coefficients of k to 15 2 IG'énAwlsec
for Nav/H v exchange on thorla may b®© compared with values
from ICfW to 10*8=* cmzlsee for sulphonlc acid resins, and
4 x SO " cm /sec for the weak acid exchanger Amberlit©o 1RC#50
It may be observed, therefores that the effective diffusion
coefficient®© of organic resin exchanger®© with comparable
crosslinking decrease with falling strength of th®© acid exchange
group® Conway, Reich©nfeerg, and Green U&Vhav® shown that
this Is due to Incomplete dissociation of the hydrogen form,
allowing fewer free hydrogen ions in th© solid phase, and BO
reducing the effective concentration gradients© In such a
classification* therefore, we may consider that thorla. In
cation exchange, behaves as a weak acid exchanger, probably

somewhat stronger than th© carboxyllc resinso



SSireontum nhosphat®s
exchanges Th®© rate of exchange, Is again

independent of stirring, and of concentration of N&* ion®
between QeOl and OolO Mo It is therefore probable that
the rate controlling mechanism is particle diffusione Time
plots of Efc in figure (12) agree very well at each ionic strength,
the good linearity implying a constant effective diffusion
coefficient over a rang® composition®©

Although this theory Is strictly for infinite bath
experiments, it® use in the present ease Is justified by th®
small change in external solution concentration (nJ /IQ$) coupled
with the high selectivity of zirconium phosphate for alkali meta!
Ionso(209) Both effects tend to maintain surface o2:change
groups saturated with sodium ions© Furthermore9 th® implied
constancy of Dj may b® due to th© similarity of the co«sphex*es
of Nav and H ‘ lons suggested by Gurney**m term®© of
viscosity measurements in electrolyte solutionsO Xn support of
this Soldano and Boyd have also shown that self diffusion
coefficients for sodium ions varied by only about 6% over &
range of hydrogen lon compositions from O to 93%o0
Cg*3p,m/pojrssinrn iexchange” In this case an infinite bath

technique was employedO Time plots of F and Bt are given
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In figure C13K The latter show good linearity and provide
further evidence that particle diffusion is the rate controlling
mechanismO Particle sizes, determined microscopically? are
given in table (/Q) 0 The ratio of the squares of th© apparent
radii? 9* differs widely from the inverse ratio of the B values?
which for Cs /K $is k and for Na’lH C:'} approximately %Qb50
H#&ch particle of exchanger produced by compression

consists of a conglomeration of fine particles? th© channels

between which provide easy access to exchange sites © It Is

to be expected therefor©? that th© rates of exchange interpreted

on th© basis of solid diffusion .will b© relatively faster In th©
larger sized particlesO0 Dye absorption measurements? therefore?
were mad® to obtain a more realistic ratio of surface areas0
Assuming spherical particles? the ratio of the squares of the
radii became 306 in very good agreement with the inverse ratio
©f B values for CsVk f exchangeO Poor agreement with the
Nav/H ' value is probably due to th® uncertainty in B for the
smaller sized fraction? in which the rate of exchange was very

fasto



PART XV



Investigations by Amphlett**, Krans”8 Gal and
f§9) _ 20&)
Gal J and Larsen and Vissers , have shown that th®©
selectivity of zirconium phosphate for the alkali metal ions !s<
Csv)' Rbv> K*>Nav>Li%® This is the same order as for
. . . fits) .

polystyrene sulphonic acid resine 0 Csv ion was chosen for
equilibration studies In the hope that a deeper understanding of
its exceptional affinity might be obtained0 Since the studies
on the hydrolysis of zirconium phosphate in aqueous solution,
described in Part Il, have shown it to be chemically stab!© in
solutions of pH 3P CsviH v exchange was chosenQ In
equilibrium studies on hydrous sirconia interest was centred
upon exchange of anions, which occurred at low pHo Systems
of monovalent and divalent ions were studied at constant ionic
strength of Oal and 003 respectively0 Amphlett*(sqgmd

(sq) showed anion capacity to be a function or pH, and

Krans
hence in all determinations a hydrogen ion concentration was
maintained, which was consistent with no cation exchangeO
For comparison of equilibrium data, thermodynamic
equilibrium constants were required0 In their derivation It is
usual to consider the exchange; Bv* AR *» BR * Av, as a

bimolecular reversible reactiono . A*% Bvg AR and BR being

exchanging lons in solution and solid phases respectively, and
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jE referring to the univalent functional group of the Jon
exchangeso The thermodynamic constant K for* this reaction
K =WB «A "A % /NA mB fa' N and m define
concentrations in the solid and solution phases$ $&9 an& if*
an© activity coefficients of the single lons in solution§ while
fp refer to AR and BR m th© exchanger0 This approach
combined with the use of the Gibbs Duhem equation was
Introduced independently by EJkedal? Hogfeldt and S illen * A
and Argersingerg Davidson and Bonner Xn the first
investigations water activity and its variations were neglectedo
This problem was later treated by Hogfeldt(225£ Gaines and
Thomas(u 6)and Davidson and ArgersingerQZZ?)HolmeS)A in an
excellent review article drew a comparison between these last
three treatments 9 which will be numbered Xs 17, and XXX

respectively and are summarised in table 01)

Table
Components Activity furkP” 1 at a
Treatment of the Coeffo solution
exchanger of AR concentration N
T AR2 BR? HpO molality of
p AR excxange
XX ARj, BR} HpO AR Infinite dilution
fill .
XIX AJ2nAHsO BRnBH20 AR molality of

’?‘ nAHgO exchange



The lon exchange equilibrium Is formulated according
to the various treatments: Bv * AE BR »Av, in 1 and
Jj., anci B v ARRA» » g * \' v “aA A
in Xllo Owing to the different definitions of reference
states, the values of f:A" are not comparableo

YYf _ g .vJ _
ARM w Is less general than either . or rAArx* since

A-six
the choice of components rests on the assumption that the
water sorption in an exchanger of given crosslinking saturated
with two univalent lone is a linear function of the equivalent
fraction of on®© of these lons0 This relation for water
contentj Ny ¢ n& t |n~B, » nA) NB lias been found experimentally
for NHif fH***/and Nav/iCS JtJ"4schang®© on polystyrene
sulphonic acid resinse The treatment Il, of Qalaes and
Thomas*,u®*was therefore considered most useful, sine®© It
resulted in activity coefficients in th© lon exchanger phases
which were independent of concentration of externa! solution®©
Pressure dependence of activity coefficient® is common to all
three methods, while both th®© pressure and composition (for
XXX also the components and a») of th© reference states
ar© changed by change In cross»linkingo The- activity coefficient®©
of lons in solution, which enter equilibrium expressions are those

of the single ionso They 'are not determinable separately,

but only in th®© ratios in which they enter lonic compoundso



8/

For an electrolyte dissociating In 9+ cations and §$ -
anion®©, w© may writ© a mean activity coefficient, $ ts
ot « ()* A~ Jo$ ,"", where )« 9-i- t 9 «,
s‘ifov * B a*™9 ¢ and s+ and s« are the valencies of the ionso
For two electrolytes AX and BX with a common ion X, th®

rati© of single ion activity coefficients reduces to 8

#SA/ #*B = ”"~exSa / XZB (t, / *.,,) *A Se/?3L
B A “ AX toJs- A x
This becomes t*f aA = CO0-.v [/
and*t1 A3 A “ -ABX | for id, and 2sf£ electrolytes

respectively o

Th© treatment of Gaines and Thomas(A4*as used to
obtain equilibrium constants In the exchange systems, and th®
derivation Is given below0 The model used, considered the
cation exchanger to have a fixed number of exchange sites per
unit mass, capable of absorbing solvent, and incapable of
absorbing anions 0 Symbols ar© given In table (H) o For the
exchange reaction <3aB* * 22 A “A 23 A“ + 23aB A

system, th© conditions of equilibrium ares

Constancy of energy, <?S}* + <fe® + B8 0,
5 5 A« on + a

B3 5n. * OW* w f

©leetroneutrallty, 3 Jm > cSm* a QF

Constancy of solvent, cm + om i*o£5



Table (18)

A 1B
Ia i
A5 3s s
N
S ) 4
a

of component®)

las®©'
external solutiono

s A B solvent(@

11 IS 13

/Wb oA

m
v7
xa b~

(of single ions,

Y

Phase c¢
solvent

MHI
SS#

Hr

vapour0

Components

Chemical
potentials

spesles

aciciTic



These Include the term of constant exchange capacity
23a Sn* + 25 E Oo Applying the Gibbs theory to the
equilibrium 9 we have

A* IA'l - ZIYAD1 “ 7.y Aa 4 ~Z<A| '
and Ar ~ Ash =

/ i
The chemical-'potentials A-a and /**¢ naay be written §

AP -/'a ~h (F A% No. (
and ~A a + iX,
In which A0a,1 and yleS are the respective chemical
potentials in the reference states, and

Na = -Za. n*. / Bana t fh-@0
The equilibrium constant for the reaction9 K9 is from
equation {1)8
k - N2 MTa X A*-fdV

es R4, ( 2a - ZbAo ’ Zyfx> ~™ AO )/ *1e
The application of the Gibbs9 Duhem equation to ‘'the
exchanger phase enables the determination of activity
coefficient© in the exchanger phase and the calculation of KO©

fla. dyAc. 4 ol/Ay, 4 ng €%/& “ O
where nsi ~ {15 (.2~ s 2M to” \f and ns is the solvent
content ©f one exchange equivalento

From equations (h) and C5)

N, fy | I**. * isf(r Al,+ ns ".e o



%3

and m& from (3) and (3) 5

H'a ot Wo./ Zft.) + Hij. d i-h -f.Jh IZfr) h ns dL, «S= 0
and sob
Ncv (N c teO b 4 (b irrj + 2 M 0fts d o *s (47)

Reference states must now be defined for the various
components In order to allow integration of (6)o The solvent:

reference states are’ chosen so that the activity of water In

n o/l )
each phase Is the sam®©5 tGe&for As « As * as’ = |9
°l oll ,
and - As ~As . Solid phase reference states are

chosen as the mono«ion solid in equilibrium with an infinitely
dilute solution of that lonP !0©« 9 for ® 19 and o * 19
C‘;’ BA etca In the solution phase normal standard states

are chosen? making a —* E }as m —-€>0

KSj the selectivity coefficient9 /s definedbyi-

JL.k = JL.Kc+ A.fLb - Cga (7)
and os differentiating9 7 ]
adU Kc v dJ, A AA.fb <o

J, and h are evaluated from |6) and (7) using the
ma'fchsmafclcai relation, d JL. Xj dsn = llas so that}
?briA d-L, Ha.= 2( °*Ho = -Ab #rt(r
= "2 HuA NG-

io@ o
Nk AJbik Ma & A (r @ tr ~ ®



The expansion of (6) sss
’ d A/lvO'I*r *AX O 1N ¢t "28, 10(*u» Fdjj-

+ Hly ~ dXv-fj t- 71 1rhS ,/d*v¥*as ~ O | 64

A fter subtraction offé6") and C9)& and rearrangement9

“NiIr6* W * “ “24~) H wH&q f

* 'ZhN N s - o a JJO) o

Substitution of CIO) into (%} gives9

d A- Ke. 4 d C/=Na/?*u ) 4 (za.- ZlIr) dh/bj NIr
4* t, ij. to /cl Aw- A b* (@] /, |
loOo of A— V sz —H|j= oA I<rc AN &s

Integration of equation 00) i@ performed from pure A resin
CNly 3 0)9 to « NAP noting that when js®09Ng =1
and N y « Oo

Bine© it is conducted on point function© ©f position on
the Isothermal surface9 figure (/lk) & th® path between
standard states may be chosen at convenienceo Usually an
Isothermal line on this surface is measured at constant total

molality In the solution9 and Is therefore conveniently taken as

the curve a. Qb- o Integration ©f (11) along a Q Ir* givess
1 r 7Z<"l f it FARn
L To Ja = | ~H.r djL. Kc - | (?0.-2l7) o

Jh*--°"beo .§~
A\ 25 1 h dyvg (X9
™ ~V. «
Jo (Q.VAVTA fa') C 2b) b “" M (p A, Cc £Q) "4
f

aijcc olH{r— 2aZy j c\U, (Ag
0 .
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and similarly 9

1 r
Af(, L o C )!~ A~ _2uihla- ~ Na
"( " i . (1.
~ J iv-Kc clHi, + -Zc.-i*. | ns cft«<;
AH(r 4 .
Hene® wo®O find, , M
K = -27) + f* R To C0) + 10 * ,<c-
— 2.4t Gliv> dg , 1? a)

The integration is made graphically from a plot of Kc
N” o
For equilibrium between the solid and vapour phases 9
dG O no that3 V*d >« s;olT f JAN 4 pA |
and v"A = s""rf'r + >8 dyUs
For pur© A at constant temperature
djiAt - Q@ f - o
RS 4 ytig cis)
and .\/!I'db c- X'S
Combining CIS) and (713)D
Isv'/v"1-hs ) *jlds ~ n«a <?Ui,

SO i

RT (f's “/\/m - fxs) dJUas= tAa £l fiiw Na f A

Bine® 3 ana - Na ,

2a (M IAY MRS ) A ANe — Ha, d Mci 4-"_

Where s/ MA t the molar volume of pure vapour*



8b

But ISla "a1so thats
Za (VfX ~hs Jdl, 0" = GL'g

On integration from aS = 1| to a&,&a we have,,

A " 2" lzir /\V'A Ll " % ) . fts
|

8 #
Sine® Vslis the molar volume of pure A resinat®, V |/ X

is negligible compared with n?, and s© equation f?a) becomes

S
— r*b- 27) 4 r kc dH
‘ A kTMU
rf [ B~ b
— Aa/Eb | j AN &MNG< o' | hs ML"O-s + | hSa asS |
L - | wu & « i as ~ G-/ *
For dilute solutions of symmetrical electrolytes Av<&§ 1O

almost independent of th©® mol® fraction of the Individual

cations and so the term In the square brackets is s@r©0

o°o A~ C2b ~ A AA(r J (fSy
where and ng” are th® number of moles of water per
equivalent of A, and B resinat©®© respectivelyo As I© the

mean solvent: activity of the ©Osternal electrolyte9 and therefore

for a univalent exchange equation (15) reduce®© tot

c f \ 7 y
f, K = i A Kc - nSak ) 4- «-6 (it)
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C&esium/hydrqgen exchange on zirconium phosDhatOo
Equilibrations were carried out9 using missed solutions
of HGI and CsCIl* traced with CO*:i’% at a total ionic

strength of OoS Mo

Anajggig of Jgaealnmg To measure the /» activity of Os
samples in solution5 it was convenient to us© a liquid Immersion
counter rather than to evaporate an aliquot and count as a
solido Xn counting with radioactive liquids th® greatest losses
occur by self absorption in the liquid itself§ a few cm®© of
water are sufficient to absorb even very energetic /&
particleso Xn consequence* the absolute efficiency with
liquid sources is small© Comparative measurements could9
however§ be mad® under similar conditions®© To this end th©®
thickness of liquid surrounding the counter should either fo©
kept constant by a rigid annular sheath attached to th®
counter or should b®© sufficiently thick to be regarded as
infiniteo Similarly th© depth of immersion should b© constant0
The activities of solution9 however9 ar®© only strictly
comparable when they are of th©® same density and hence of
th© same absorptive power for y6 particleso

In th® determination of th®© caesium content of mixed

caesium and hydrogen chloride solutions9 at an lonic strength

28



of Oo! Mg th®© zo activity of th® Os”/ was measured with
an immersion GOIg®r«Mul!©r countero Th®© liquid samp!© was
contained in a rigid sheath around the counting tube as shown
in figure (15)o In order to reproduce the geometry of th®
sources 5 ml© samples were pipetted Into the counter®© Tho
activities of stock dilutions8 when corrected for coincidence
and background errors 9 were plotted against caesium contento
Th® curve obtained9 figure {16} * deviated only slightly from
linearity probably due to th©® larg© counting losses Incurred
and t© density change®© of th© solutions0 Figure (16) gave

a direct conversion of th©® corrected J& activities Into C.C&'3
contento Activities were measured to !€P counts9 reducing
the counting error to * Qo3%$? page 9 and the ©varal!! error
In the determination of caesium to approximately * 00570

A fter each experiment9 the counting tub®© was rinsed with
distilled water and dried with acetone0 Background counts
on a 5 mlo sample of distilled water taken before and after

a series of measurements remained constant9 indicative that
no Cb*37 Was absorbed on th®© glass wall® of 'th© counting tub®0
Analysis of Hydrogen ions HC1 solutions were determined9
using sodium hydroxide solution9 which was prepared 9 and

standardised by the method described on page o
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lonic forma of sirosmium phosphate%

IThe hydrogen form. was obtained by elution with Ool M HO/

and washing with distilled water until no chloride ion was
detectable in th© effluentO Th© exchanger was removedf

air drieds and equilibrated to constant weight In an atmosphere
of 79% humidity3 over saturated ammonium chloride at 25°o
Prepared In this way. It will b© designated Z> Pf(7"S),. H- {-ofj-n,
The caesium form was obtained by elution with traced Ool MO
GsCl until the activity of the effluent and eluant were Identical.
Th®© column was then washed with water until th© washing®©
showed no activity* when th© sample was air dried and
equilibrated at 79% humidity as before 0

Cap

Q)

citiess Caesium capacity of a Oo5 go sample

*2r P {79 ).Cs»form9 was determined by elution with 6 M

nitric acid® B ffluent monitoring showed an immediate9 and

complete removal of Cs”« Th®© O©luate was diluted to 50 m!0

In a standard flask and its concentration estimated by th®

standard counting technique©

The capacity of a sample of 2r P f“H 1 B «¢ form was

determined similarly P after first converting to the caesium form
To determine possible anion capacity 9 Zr-P 9 (79) g

H-form9 was eluted with OcEMo nitric acid and the total

eluate analysed for chloride ion* which was shown to b© absento



§ I g samples of S P (79) 9 HAform
were placed In density bottles and their displacements
measured at 25°% hi water, n = heptane and carbont©tr&chlorid®© 0
Bxehange experiments, Stock solutions of Ool Mo HOI and
CsCJs containing Cs , were mixed In various proportions to
give a series of solutions of total ionic strength OdL
002 go samp!®®© of £2 P C79) in th® caesium or hydrogen
forms were equilibrated with 10 mi© portions ©f these solutions
at 25 o S fter 48 hourss when the system was In equilibrium 8
5 mi® sample® were withdrawn and counted« From tho©
activities § th© caesium concentration was determined, using
th© calibration curve shown In figure (16) 0 Th®© equilibrium
batchesg containing 0 & go ©f exchanger, In the mixed
Cs and HAforms, were filtered through ©mall solumns, Of
dimensions 2 ss 30 mMm® Th© solid was washed free from
active solution and the caesium content determined, as before,
by elution with 6 M®© nitric acido

To tost for reversibility, OoB go samples of £ P s (79)#

H*»form were equilibrated at £5° with 10 mi© portion© of
solution§ 00033 3 and 00067 M® in caesium and hydrogen

chlorides respectively 0 Saeh sample of the resultant,

mixed exchanger was filtered, washed9 dried, and equilibrated



with mixed CsCl and HOI solutions as beforeo

Hjquilibria off monovalent anions on hydrous alrconlas

Th® pair© of tons studied In this series of equilibrium
experiments were chloride/nitrate, chloride/thiocyanat©$ and
thiooyanat©/nitrate *
Analysis for Chlorides Chloride ion was analysed using Moh#fl©

method9 is which chloride In solution was titrated using silver

: (iBIaé
chromate as Isiaieator
Analysis for nitrates Since no suitable method for nitrate

analysis #was available., solutions were determined by an lon
exchange techniquee Th® polystyrene sulphonie acid cation
exchanger9 Amberlit® IRA 1209 was prepared in the hydrogen
form fry elution with Z Mo HC1 and washed free from chloride
with distilled water0 Sodium nitrate solution containing
approximately | meq0 of salt was pipetted on to a column9
and washed slowly through with distilled water, until no acid
was detectable In the affluentD ThO® total washings, which
then contained an equivalent amount of nitric acid were titrate
against standard sodium hydroxideO0

Analysis for thiocyanates ~ ThO method consisted In the

titration of thiocyanate ton, In dilute nitric acid, with a

standard solution of mercuric nitrate, using a little iron alum



solution as indicator®© Immediately the thioeyanat®© was
converted into th© mercuric salt, the solution became water
clear, giving a sharp end pljointP""

Thioeyanlc acids A solution of Qd Mo thiocyanic add was

cccccc m afifl

prepared by ©lowly washing 50 m©q0 of KONS stock solution

through a column of Amberlito IRA 18G, In the hydrogen form®
Th©® washing® were collected in a 500 nxfL standard flask until
no acid was detectable in th® effluent, and made up to the mm

Analysis with sodium hydroxide showed agreement within

102963
Analysis Th®© method
suggested by Vogel which chloride was? separated as

bismuth oxychloride, was found to be unsuitable0 A
conductimetric method was evolved based upon th© relative

solubilities of sliver chloride and silver thiocy&nates

SfigCl /| %CNS ™ "2 * G' |/ 13
SS no,

On th®© addition of A«HO09 to a neutral solution containing
mixed GMS° and CJ on®© would expect th® precipitation of
A©CMS to be complete befor®© A‘i&G1 precipitation occurreds
this xvas found to b® th© cas©o



%

titratlo ttt This was carried out: la a flask,
similar* to that shown hi figure {5a) s containing a pais* of
platinum conductivity electrode®©* (Phillips* PR 95/10) s in
th© central openings The solution was freed from carbon
cMosdde by nitrogen bubbling* and the conductivities measured®
using a transformer ratio arm bridge0 When a constant
reading was obtained* additions of standard AfeNO* were mad®*
and th© solution thoroughly mixed® Conductivities were
corrected for th© Increase In volume during the titration* and
plotted against the volume of silvernitrate added0 A typical
curve for such a 'titration is shownin figure (17)* ThO®
3¥nd points5of these curves correspond to complete precipitation
of AQBCNB’; and of Ag)CNS and ArxCl respectively® Th®
estimated accuracy of this determination was * 1%
Sonic Formsi Samples of th® hydrous sireonia ©xeh&riger
woro eluted with mixed solutions of N&A and HA of total
lonic strength Ocls and of acid concentration OcOl M* (where
A represents a monovalent anion) o When n© further exchange
occurred§ th® samples were filtered* and quickly washed under
suction* to prevent unduo removal of A6 ion by hydrolysis©
Th® exchanger was then allowed fo equilibrate to constant

weight over saturated ammonium chloride at 25°o0
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Capacities were determined, by standard column
elution techniques.® using nitrat©/nitric acid solutionso ThoO
nitrate form was estimated similarly9 after first converting
to the chlorideo
Exghange Experiment?

Oo5 go samples of th© dried exchanger in th© AT or
B** forms were equilibrated with 35 ml0 portions of solution
containing NaAs NaB, HA and HB to a total ionic strength
Ool8 and of acid concentration QcOIl Mo The solutions were

then analysed for anions0

Equilibria of divalent anionsJA*hydroujg*airQonia8

Equilibrium experiments were carried out on the
thlosuSphat©/sulphate ion exchange system 0
Thlosulphatet Sine®© distilled water contains dissolved carbon
dioxides and has a pH of 5? & solution containing thiosulphate
lon undergoes a slow decomposition to bisulphate ion and sulphur0
Moreover9 decomposition may also be caused by bacterial action or
hastened by exposure to lighta Accordingly a one molar
solution was prepared with boiled out water and maintained In
th© dark In an atmosphere of nitrogeno

Thiosulphate solutions were standardised by lodine

306 j
titration against KIO”* in acidic KX solution0



Sulphates Sine®© the sulphate solution© were used together
with thiosulphate In exchange studies« care was taken to
exclude carbon dioxide during preparation®©

Sulphate was determined by precipitation as BaSOjj,
which was ignited to constant weight, at 60 Qpjf*Ae)
lonic forms; Sxchanger in the sulphate9 and thiosulphate
forme was prepared by elution ©f hydrous sircoma with the
carbonat@ «*fre© Ool M0 solutions0 It was then washed and
dried at 79% humidity as before0 care being taken to exclude
carbo lox!de0

Capacities were determined by elution with Q<>3 Mo
sodium nitrate solutiono Since the solutions of sulphate and
thiosulphate were maintained carbonate free, their pH was
approximately 60 Under these conditions there is some
possibility of cation uptake on zireonla® To test for this
Oo5 go samples of hydrous sirconfa In the chloride form wore
equilibrated with carbonate free solutions Qo05 MO in traced
CsClo 5 mlo samples of these solutions, analysed for Csv
showed no cation uptake®

Furthermore the pH of 6 ensured that th© lonic species

HSoL° and HBg00“ were present to negligible extent®©

%



Exchange Experiments QoS So of exchanger in the sulphate
or thiosulphate form were equilibrated with 25 ml* portions

of solutions containing varying proportions of each anion, and
of total ionic strength Oo3o0 The equilibration was carried
out in IO0O mio round-bottomed flasks, which were flushed with
nitrogen and sealed before being placed in a thermostat at 25°o
The batches were equilibrated for two days with intermittent
shaking® Concentrations of the equilibrium solutions were

determined by back titration of standard iodine using O 0l Mo
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Zirconium Phosphate; The results* which were derived
from capacity determinations, are shown in table (13K
These indicate that 5305 mQ moles of water9 per meg0 of
exchange capacity, ar© lost in the conversion from hydrogen

to caesium formsc

Table (13),
Form Weight Capacity Wto matrix 0
go meq0 + water
0095G 00554 009495
Cs 00997 Oc 354 Go09234

Sine® it was shown from thermobalanc® studies (Part Il) s
that on heating to <350° interstitial water was completely
removed from the zirconium phosphate matrix9 weighed amount®©
of SP (79) in the caesium and hydrogen forms were heated to
this temperature, and th® water contents in table (14)

calculated o

Table (14) o

Exchanger Sample weights Capacity Mo moles H”*O
Form ZIP (79) 250° meq0 per mO©q(Capacity
H 0 06942 O 06119 Q«405 31
Ca OokSIS Qoh&kO O®65 &

Once again th®© water lost In conversion was about three

mQ moles per exchange equivalento



SSirconias The results of these determinations 9 table

indicate no difference in water contents with ionic form

Table (15)

EJxehanger Wto 2rOs (79) Wto 1 meq0 Wto matrix
Form o capo 1 meq0 of ion + water

(go) (go)

Cl 0o05i? 00035 Oo0 kS2
NO,J O 0545 0 0068 O 0k&3
CNS Qo342 00058 OokBk
Sgo 103 o Q 0114 lol9l
SO, L29 0 0096 10198

placement otudies
Since n -» heptane and carbont©hr may b<
regarded as inert medias th© constancy of displacementsg
table 06) 9 implies a close similarity between SrP, (79)3
H®form and material equilibrated with watero We may
therefore assume that differences in water contents between

ionic forms of an exchanger at 79% humidity are equal to those

in pure water0

Table (16)
Medium Wto 2rP (79) Pl-form
to displace | 0o a o
W ater 2.h3
n —heptane BohO

itetrachloride Bohi

too



A possible, Structure for SyPs  Assuming that the
displacement of ZpP (79)? H«£brm gives approximately the
density of 2rP (anhydrous), It Is possible to obtain a rough
estimate of the apparent distance between exchanging sites 0
The density ©f 2rP H«*form is 20h go 1 mlo and th® capacity,
00583 meqo/go, so that the number of exchange sites/mlo
is Noo 005830204/103 » Boh2I1QA* (where Mo is AvOgadr©%
number) e Assuming a cubic lattice, in which there are
n sites/erao of side, then, n* 3B 8«4 x 10 , and therefore
the distance between sites would be about SO A0

3?P has been shown in Part Il t© correspond to
diphosphatesirconic acid. £2r© (HaPOi:,J)"& * MoWfl, 3010
Sine®© only one site, per phosphate grouping, will dissociate
in acid solution, Qo30S go of the anhydrous exchanger would
have an expected capacity of 2 meq0 The observed capacity

for such a sample I© shown to be QoSO meqo/m0Omole5 from

table (14) 9 s© that only one m ten phosphate groups are



HJcpiS'iferlum Studies %

OaeBiuni/hAdso*en .©g* an,gg *on__aircpnium phoaphate§ Caesium
contents of equilibrium solutions3 and the capacity of
exchanger batches9 allowed the calculation of a series of

selectivity coefficients for both th® forward and reverse

reactionso Th® results are shown In tables (17&)as
in which K*g « Cb [HJHB*], and i* » HJCa”?J/ci £h*]
respectivelyo To investigate th© validity of this method of

calculation9 samples of equilibrated solid were analused by
elutiono Results9 table CIS) 9 show that calculated and
observed mole fractions in the exchanger phase are In
experimental agreemento Since § however, solution analysis

was subject to fewer errors 9 these values were usedo

Table fUSK
Solution Original Meq0 CsJ/ OoS go sample
Form obSo calOo
5 Os 00093 00089
9 OB 0007?! Go 061
U Cs 00043 Go 047
1 hi 00077 00078
6 H 000k? 000SS

A plot of mol© fraction m solution against

exchanger composition3 figure (18) 9 showed marked hysteresiso

The results of reversibility test© demonstrated that when a
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mixed ©sehanger was equilibrated with solutions of Increasing
caesium content, the equilibrium point was on the upper curves
it wasj therefore, the same a®© if equilibration were carried
out in one stageo WhOn5 however, the mter@% exchanger form
was equilibrated with solutions of decreasing caesium content,
th© equilibrium points lay on a tie-line AB joining th© two
curves, figure (!8)0

EDqutiibria of monovalent anions on hydrous slrconla* Tho
systems studied were Cf7"o']?w:? GICMS", and CNS"/Nox‘e
Results shown in tables (19), {20}" and {21} give a series of
selectivity coefficients Kj5 Kos and Kq respectively, where
KS- Cl&o~1/ j Ho, ta -2 *e*r >

Kg 8 GH5 LCItJ "g&Cj LCHS J bcHe~ a>nh

~ CHS Cho£2 AMc-r/ ~2 CCNS>~A A CH*
Th® compositions of solid and solution phases are represented
by bar© and brackets respectively while $ % are single ion
activities In solution as before« Plots of InK against
composition of the exchanger, shown in figure (19)? demonstrate
reversibility and allow calculation of thermodynamic equilibrium
constants by the method of Gaines and Thomas, (page 31 )o
Bine®©® th©® water-content©® of each form ©f th© exchanger was

constants the equation ( Y(p } reduced tos



Th© thermodynamic equilibrium constants 9 K \8
obtalned from graphical integration of th© InK plot©® wOr
K? = hOk tCUJK= 1,54 + Ool, aaa
K® * L94 f 0020 Since this series of exchanges
represents a system 9 in which each ion Is separately paired
with the other two, K®& ~ K,f /] K® ® 1025 ~ Oc3P while
Kjobs 8 ~ *1.04 & Ode Agreement between calculated
and observed values of Kj was within the experimental error
©f £ 10%0
Bqidljb g » A A divalsiit,.anions on hydrous gireonta? Seleetivity
coefficients for sulphate/thlosulphate exchange on hydrous

sirconia were calculated for both forward and reverse

exchanges 9 table (22) 9 In which !
ke * C%°iT j a°g L°SOg> J

Since the water contents of the sulphate, and thi©sulphate
exchangers were equal, the thermodynamic equilibrium constants
Ke was obtained graphically from figure (20) 9 from which

KAP was Solo

THc RflITtoS op TWE tfeTiVrry coeFPici& NTS IN SQL.UTiOH

W.ecg crl-cul«tbd f 2om THg. CfeBVg - HUCKBL £ QU&T,oh ,
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Hysteresis; Barren and Falconer1 discussed reversible
exchange isotherms for Interactions of similar ions bound to
adjacent sites on a crystalline exchanger matrix© The final
expression for the thermodynamic equilibrium constant for
exchange was equivalent to that of Kieliand?*"A, In which it
was shown that for the reaction9

As k % r “ryat * B+aoU>° log f a « CN*,

and log A » CNT 0 fQ and | are th®© activity
coefficients of the ions Av and B* In the exchanger* and C

is a constanto The expression derived for the equilibrium
constant was, therefore9 log Ko ~ log Na/h fl hljy.'t ¢ (i-£EH&)c
where m and N represent concentrations in the solution and
solid phases respectivelyo Barren and Falconerg however*
related C to the interaction energy w between B * lons
occupying adjacent sites on th® crystalline matrix®© When w
was positive the B v ions showed no tendency to occupy adjacent
sites and the exchange Isotherm observed was sigmoidal®©

I1f9 howevers w was negative the Bv lons showed a tendency
to aggregate on adjacent sites 9 giving an Isotherm In the shape
of an ogee curve® (The terms sigmoid and ogee both signify
S«shap@d0 In the present work these terms will be used to

describe curves of the types shown In figures (18} and (19)
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respectivelye) Barrer claimed that such aggregation might

he associated with a difficulty of nucleating a growing phase

in ok1 on the parent phase of the exchanger crystalo This

would involve extra free energy terms corresponding to surface
tension and strain 9 and so delay spontaneous growth of crystal
germs into crystallites well past the point of true thermodynamic
equilibrium o In the reverse reaction $ similar caff©at® would
occurf and sine® the work done against strain and surface
tension would be positive in ©ach case, the resultant isotherms
would be irreversible and show hysteresis®

{ 1QA]

Barrer and Hinds A'in equilibrium studies on
aluminosilicate materials have observed hysteresis in several
exchange systems, Ha’/K" exchange on analcite9 and

Na+/Agv» Li"7TAg' on basic cancriniteo In ©ach case th®©
isotherms were basically of th© ©g@® type and the existence

of two mutually insoluble solid phases was demonstrated In the
partially exchanged materialso A striking example was, however,
reported by Barren and Falconer(gzs), In which th© hysteresis
loops were sigmoidal, while no conclusive evidence of the
coexistence of two mutual solid phase could be detected by

optical or X-ray methodso This latter case was analogous

to that observed for Csv/iH ° exchange on sirconium phosphate®



Although the presence of sigmoidal rather than ©gee curves 0
in°these examples, might be explained in terms additional energy
considerations, the qualitative application of Barrer3 Ideas
must involve the concepts of nuclsation and phase separation
within th© exchangero

Capacity data on the caesium and hydrogen forms of
3j?P indicated that only on® in ten of the possible sites In the
solid matrix are capable of exchange« Only this fraction of
sites may therefore be considered to be adjacent t©
Intercryst&lline channels, along which exchange occurs0 The
picture of SpP Is- therefore one in which, we have crystallites
of diphosphatosirconic acid permeated by Intercrystalline water,
such that only surface phosphate groups may exchange cation©0
The replacement ©f hydrogen for caesium lons on surface sites
might therefor®©® cause th®© requisite surface and strain effects
required for hysteresis, while even complete conversion to th®
caesium form would leave th® X«*ray powder photographs
substantially unaltered 0

Gregor Belie and Marcus have attempted t© explain
selectivity coefficients in quaternary ammonium exchange resins
in terms of ion association between exchanger groups and

counter !Gns< In order to explain more complex ewehsMuae*



isotherms they postulated further association of the lon

pairs to form clusters0 An isotherm corresponding to

that for Gsw:./iil * exchange on S?P would then correspond to

a system, in which one of th© exchanging counter ions formed
random ion pairs throughout the exchanger matrix, while th©
other formed clusters0 The possibility of hysteresis, which
is purely a crystalline phenomenon, could not be considered In
such elastic organic resins 0

Selectivity / Th© most striking property of sireonium
phosphate Is its high affinity for caesium and the alkali metal
cations o Amphletthﬁ* and Gal and Gal" \have measured mas®©
distribution coefficients ss ( m©q0/go of exchanger meq®©/mlo
of solution at equilibrium) for alkali metal salt solutions in
contact with th®©® hydrogen form of alrsonium phosphateo The
results indicated that the affinities fell in th© series

Cs” vy K¥2ANav yijV 9 which was confirmed by Krsaxef**0)
who has also noted similar high selectivities when the exchanger
was largely in the hydrogen form 0 Selectivity coefficients
for th©® G-s':/H ? equilibrium on 23rP (79) In figure (21) indicate
that the exchanger indeed showed high selectivity for Gsv when
largely In the hydrogen form* However, as exchange proceeded
and the caesium content was appreciable, loading became

progressively more difficult and inversion of selectivity occurredo
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The features of the reverse reaction were exactly similaro
Th®© presenc®© of hysteresis and the selectivity patterns In
these exchanges I©ad9 In the absence of further data to the
following postulate for the exchange mechanismo W® may
suppose 3 from the large sis© of th® unhydrated caesium Ion
and the increased water content of the hydrogen form of the
exchangers that the extra strain and surface energy effects
of hysteresis might be associated with loading and growth of
Os"™ in a separate phase upon the surface of exchanging
crystallites of 3rP 0 It 1© therefore postulated that the
caesium form is in a high energy state due to strain9 and

that the reduction and inversion of selectivity9 which occurred
with increasing caesium content9 merely reflect®© th© difficulty
of nucleating and growing th® caesium phase against Increasing
energy effects D ThO Initial selectivity for H J_over C® 49 in
th© ravers® reaction, may then b® explained as a mechanism of
reduction of excess energy in the caesium form 0 Subsequent
removal of Os’S may then be considered as following normal
exchange patterns© That the true selectivity I© for Os’ over
H™ 15 suggested from th©O data of L*&rs@n and Viesers® °¥ which
showed that reversible exchange of IJt% Havf and K* Ions on

the hydrogen form of sircentum phosphate followed the normal
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affinity series, K* Na’r L!v0

Etaergy consld©rations for the reaction
Os' * K -A"ds + Hv3 to proceed from left to right
spontaneously, demand that there must b© an overall loss in
th© Gibbs free energy9 '0€Co~AQ must bO positive0 If the
caesium form of S?P5 {88}5 Is a high energy specie®©the
energy change for th®© reaction would b® positive* and In order
that A Cj be negative a net increase in entropy would be
required o The process of Cs * loading from solution would
reduce9 and the displacement of Hv from -the matrix would
increase the entropyo Th®© overall entropy change must
therefore depend upon the relative magnitudes of the©© effects®©
Theories of Selectivity § Th® affinity series 9
Gs*r > Rfe5 y Kv y Na‘ y Li% is assumed a®© th®©
natural order of chemical affinities on zirconium phosphate0
It. is in agreement with that for polystyrenesulphonlc aeld

(12)

exchangers cut exactly the opposite for polyc&rboxyiie acid

0,
(22% h/é’s expléir-IredSth© b?eHavi§ur of

exchangerso(226) Bragman.
the alkali metal lons on weak acid cation exchangers foyhth©®©
us© of Rob!n@on«-Harned«°Stokss hypothesis of *localised

hydrolysis B®(227?) stated that the protons of nearby

water molecules repelled by a positive lon possessed a certain
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tendency to form bonds with proton acceptors9 such as
hydroxyl or acetat®© ions present in solution0 Th®© strengths
of such bonds would then depend upon the intensity of the
electric field around th© cation and therefore increase from
Cs to Li o The affinity for a carbosylic acid exchanger

A Sr =
should therefore decrease in the series9 LI y Na' y K"J» Csh

(iio) .

Gurney % however, introduced a theory Of
electrolytes based on the conception of order producing and
order destroying ions9 which may b®© used In th© present case®
HO® postulated sOml“®mpirically that there was a certain degree
of order among molecules of water at room temperature®©

(yag)

targan and Warren have also suggested that th© average
number of nearest neighbours of a water molecule is about kKQ
arranged tetrahedrallyt In a configuration of the lowest
electrostatic energy0 An jon introduced into the water will
interfere with this structure in a way which I© dependent upon
its charge and Around ©ach ion In solution th©r®© is a
co«sphere of solvent9 containing all the molecules of solvent
giving a measurable contribution to th© property being studied0
If an ion of high, field strength§ ©go Li"* Is introduced Into
water9 St will have a strong ordering effect upon the water

dipoles in Sts co«»8phere9 resulting In a higher degree of order

.oh an Son la order producing0 If* on the other hand* th®



Is s© large as to disturb th©® water structure due to
geometrical reasonsg the result Is a breakdown of the water
structure in the e®«*8phCr@o The weaker* electrostatic field
I© incapable of ordering th© water dipoles to any appreciable
extent and ©o the ion9 e0g0 Cs*s is order destroyingo In
connection with ion exchange selectivity, the treatment of
more concentrated solutions is of special InterestO

A concentrated solution may b© regarded as on®© In
which the ©O©”spheres of th© ions ar® forced to overlapo
When this occurss short range forces develop* and are
superimposed upon existing electrostatic Interactions0 These
forces are attractive* or repulsive for ion pairs of the same,
or different order producing characteristics respectively®
The ordering characteristics of the alkali metal ions rang®©
from Liv, which is strongly order producing to Gs ’'9 which

is order destroying® Consequently th© interaction between

117?

these and any on© of the order destroying halide lone increases

from Lriv to Gsv0 Generalising., th®© activity coefficient of
a salt decreases when w© go from lons of dissimilar orders

disorder character to those ©f similar character due t© th®

presence of these short rang®© forces® Without th®© necessity

of any special hypotheses9 therefore* it follow® that the
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activity coefficients of salts of the alkali metal® with order
producing anionsO e0go OH" and F*% decrease., in agreement
with th® experimental results of Stokes and Robinson (229) 0
It is not possible to apply this theory to salts of th®
transition metals, because3 in this case* strong quantum?”
mechanical forces are superimposedo

In th® application of the theory to ion exchanger
equilibria» it Is of fundamental Interest to know whether th®©
functional exchange group is order producing or destroyingo
Th© anion of a weak acid would b@ expected to he order
producing while that of a strong acid, order destroyingo
In agreement with thia8 the perchlorate lon is strongly order
destroying due to the large size of the perchlorate ion and th®
even charge distribution-, by resonance over th® four oxygen
atomso While the order producing character of the aeetat®©
ion3 which is shown by the decrease in activity coefficients of
the alkali acetates from Csv to g js pg”bably due to
the localisation of charge on on© of the oxygens of the
carboxyl group0 On this basis we may .regard th© sulphonate
group of the strong aeid exchangers as order destroyings and
hence9 the selectivity for alkali metal ions to beg

CsMJ> K /" Na“ A~ Li', as observedP”*o The order producing
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carboxyl group of th©® methacrylic acid exchangers will

therefore favour an inversion of the above seleetivities fiSS) 0
We may now discuss the selectivity of 3rP in terms

of Gurney3 theoryo Chemical evidence* Part II* suggests

that phosphate Is present asg SIO(HPo?*)35 so that there

are3 at least in theory8 two dissociable hydrogen ions

corresponding to the first and second dissociations of

phosphoric aeido Activity datag hOtvever3 shows that

y* ICHgPok < (jt NaHgPo”, and )J* K2HBok>"+* NagHPsks

where &t represents mean activity coefficient© of the specieso

It is possible that HgPo” is order destroying8 so that if

only one hydrogen ion dissociates from 22rP th© functional

group obtained5 ZrO - HPo”* will be order destroyingo I1f9

however3 both, hydrogen ions dissociate9 ©Qgo In alkaline solution9

the resulting function group 9 corresponding to HPoj, s would be

order producing» In acidic solution©9 therefor©9 2rP would be

expected to have the affinity series described by Amph&ett(39)§

in which Csv is most strongly h®©ld¢ while in alkaline solutions

Liv would fe© preferred o

Unfortunately5 the extensive hydrolysis of 2rP |In

alkaline solution prevent®© determinations of s@leetiviti@s m

this mediumo A suitable model system 9 how ever 9 is available



in the phosphonle acid resins described by Bregmanq3P8& o
The phosphonle exchanger* Maleite x « BAOS contained an
exchange group similar to phosphate9 and may be represented
by RoPOfOHjp, where B represents the resin matrixo It
was shown to b© stable in acids and bases9 and to have two
dissociable hydrogen ionso Bregman found9 in plotting
selectivity coefficients for Ha /H 4 exchange against p H *
that at pH <V6 an inversion of selectivity occurred* a© that
at high pH Na+) and at Sow pr,K'®’ lons were selected0 This
is In agreement with Gurney%® theory* supporting th®© postulate
that* in acid solutions* the- selectivity of 2 s*P for alkali metal
lons can only be accounted in terras of monofunctionality of
the exchanger0
Hydrous Ig frcqnias It is seen from tables 09)9 (BO} $ and
(SI) 5 that th® affinity of hydrous sirconia5 for th®©® monovalent
anions* lias In the aeriess .CNS )> MOga/ Glrad Activity data
for the potassium salts showed the following trend of the mean
activity co®ffieients*

6+ KHOj y ¥ KCMS 2f ¥+ KG1S indicating® in
terms of Gurney3 theory (§io) that the order destroying

properties of the lons lie in the series 9 No" CNS”A CL

Although there was a reversal of order between
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had the greatest order destroying properties 9 was only
weakly held* Indicating an order producing exchange slIt©0

For the divalent exchange of SOf and ©gOj 9 th©
order of affinity was* SOj’ ]> SgOfo Activity data for
the sulphates of the alkali metals showed no consistent trend8
and yielded no information regarding th© ordering properties
©f the ionSo However9 sine®©® SgOcT could fee regarded as an
SO,“ lon in which on© oxygen atom was replaced by a larger
and more polarisable sulphur atom* it would be reasonable to
suppose that the order destroying nature of SpO~% would be
greater than that of SOf% The observed selectivity for
Sva,6 then suggests that th© exchange sit©® on hydrous sirconia
Is one®© again order destroyingo

The physical picture of hydrous sireonia postulated in
Part X19 suggests that sirconia acts as a protonated oxid©®
In solutions of low pHO0 Such proton&ted sites would b®
expected to be strongly order producing* and so favour th®

selectlvitles observed 0
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