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SYNOPSIS

A scries of oxine oontaining‘polymers, preparcd by
condensation techniques and by the coupling of oxine to
dingzotised poly (amino-styrenes), have beeﬁ investigated in
terms of their total capacities for Co(II), Wi(II), Cu(Iii),

Zn (I1), Al(III), and UOZ(II) as a function of pH and their
rotes of equilibration with solutions of metal ions. Other
chelating polymers containing salicylic acid, alizarin or
pyridyl azo resorcinol as the functional group have also been
cxanined to deternine their bohaviour with the same six metals.

An attempt to determine the magnitude of the stability
constants for the metol-resin complexes, uranyl and coppelr-
polystyrenc chelates, has been made. It has been shown that
the uranyl values lic somchwat lower than the stability
constants of the corresponding metal-mononer complexes, whilst
the copper values are of the same order as the corresponding

netal-nonomer complex.
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INTRODU CTIOTI

Ton exchange phenomenon was simultaneously discovered, by
Thompson” and Way” in 1850 while working with soils containing
natural =zeolites. This was followed by a period of rapid
development of organic ion exchangers. They were first introduced

as practical exchangersby Adams and Holmes”, with the polymeric
condensation of formaldehyde with suitable phenols or arylamines.
A resin of this nature was prepared by Kressman and Kitchener®
which involved the reaction of foimaldehyde with phenol and sodium

phenolsulphonate. The polymeric chains are highly crosslinked
through attachment of more than two methylene bridges to the

same aromatic ring, of the forms

SO“H
SO.H
_.CHr O -CH-

Kressman and Kitchener's resin had a value of 350 for the

total number of exchangeable hydrogen ions, belowpHS. The

monomeric weight of the resin was found to be 17149 an(® froin the

probable structure it was calculated that 97*5% of the sulphonate
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groups were free for ion exchange. Better resins were later
introduced by D'Alelio ? based on the copolymerization of styrene
with the crosslinking agent divinyl benzene (D.V.B.) The resulting
crosslinked polystyrene* usually prepared in bead form by
suspension polymerizations can be sulphonated” to produce a cation
exchanger? or chloromefeiylatcd' and treated with a tertiary amine*
to produce an anion exchanger”. These exchangers have been
produced commercially for some twenty years? and have reached

high reproducibility of properties* besides being stable and of

fairly high capacity. The skeleton of the resin is a copolymer

of styrene and p-divinyl benzene9 the crosslinked polymer (1) is

insolubles hydrophobic and does not swell with water. The

sulphonate cation exchanger (2) is prepared by sulphonation of the

beads* the reaction can be performed with concentrated sulphuric
O-CacT-

Q
acid or with chlorosulphonicAat 100 C in the presence of a suit-

able catalyst.

-CH-CH -CH-CM =

SO-.H
~CH-CH -
in 2
An ordinary cation resin has a capacity of 5*30 miHi equiva-
lents of replaceable hydrogen ions/grm of resin. This figure
depends on the degree of crosslinking i.e. the proportion of
divinyl benzene used during the preparation.
The gquatemaiy ammonium anion exchanger is prepared by
chloromethylation of the polystyrene - D.V.B, beads with chloromethyl

ether* using for example stannic chloride as eatalyst. The



—3-
intermediate (3) is then reacted with trimethylamine to produce

the exchanger (4)

"'(:Fi'*(:Pﬂ2f-

CH2C| \vHZ[:J.( CH3) 3
Ci~

(3)
(4)

Barly commercial resins showed considerable variation among

individual batches; and even among beads within a batch7?89 that
led to differing capaoitiesvand gwelling and hence seledtivitiesg.

In recent yeéfs however the manufacturers have succeeded in producing
a@equately homogeneous material. Most of the metal ion separations
carried out by ion-exchange chromatography have been based on the
stability of their complexes (when a competing chelate is added)

or on the differences in the degree of-disgociation of the substances
being separated. This is best exemplified, in the separation of

the rare ecarthe;, use is made of their complexes with citric acid

_or ethylene diamine tetra-acetic acid. This lack of selectivity

has not deterred the use of conventional jon-exchangers, in fact

using the optimum conditions (i.e. pH and/or complexing agents) and

by appropriate selection of eluting agents they can be used for a

wide variety of analytical applications. It is the necessary
"puffering" of a solution containing metal ions with similar properties,
that hes. restricted ion-exchangers to mostly analytical‘

techniques and water desalination processes.



The historical development of analytical methods involving
chelates commenced approximately a century ago, with the work of
Memer”, The present day use and the number of chelates, 1is too
vast a topic to consider here, but one chelate in particular 8 -
hydroxyquinoline will be discussed. The discovery of 8 -
hydroxyquinoline (oxine) and a few coloured metal complexes was
by Skraup in 18837 and during the early t:\eth century oxine
was used as a precii;>itant for different metal ions. It was not
until 1943 that the extractability of metal oxinates into organic
solvents was attempted by Moeller”. The procedures used by this
author, i.e. 0.0lTB reagent solution and four extractions, gave
very narrow pH ranges for complete extraction for some metal ions.
Other workers * 9 ~ have used a 1 per.cent reagent solution
and have completely extracted metal ions in one operation.

Gentiy and Sherrington15 established the pH range for complete
extraction of several metals, and found that Qupric ions in the
presence of tartrate were completely extracted in the pH range,

2.8 to 14. Ferric ions under the same conditions had a similar.

pH range, but nickel extracted in the range 4*5 to Unfortunately,
8 — hydroxyquinoline is a reagent that will form complexes with
the majority of metal..ions. Phillips” in his review article

mentions numerous oxinates with particular reference to their stab-
ility and structure.
. . . . 17
The stability of metal oxinates was investigated by Stary
using an extraction technique. The author studied 32 metal oxinates

in the presence of competing complexing agents such as oxalic acid,

nitrilotriacetic acid -and ethylene diamine tetra acetic acid,

over a range of pH’s. Knowing the stability constant of the metal
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oxinates and dissociation constants for the various complexes used,
Stary was able to determine the metal chelate (competing) stability.‘
From his results Stary indicated that ferric ions could be selectively
extracted from aluminium (III) at pH 2, the aluminium oxinate
extracts above pH 3.0. He also showed that metal oxinates with a
higher Ko value (where Ko was the equilibrium constant or extraction
constant) could be selectively separated from all other metal
oxinates with lower Ko values. It was possibiy the knowledge of
preferentidl selectivity of some metal chelates to others that
initiated the preparation of resins containing special functional
groups. These resins have been designated chelating resins or
chelating ion-exchange resins,

The precise origin of chelates used as a mecns of separating

metal ions, using chromatographic techniques was by Erlenmeyer

co

and Dahn* « These workers used a column of powdered 8 hydroxy—
quinoline and attempted the separation of various cations. During
the infancy of chelate ion exchangers only two outlooks were
proposed for the choice of chelate. Skogseid19 and other workers
éttempted to prepare resing containing groups which were analogous
to highly selective organic chelates for example dipicrylamine,
O-hydroxy azo compounds and & diketone oximes, in the‘belief that

the polymers will show a high selectivit& gimilar to the monomers.

This belief, however; is not true for all resins, for instance

Heller and co-workers2® gtudying poly—(l-hydroxy—4-vinylpyridinium)

resin suggested on the basis of the monomer the N-oxide;, that the
resin should yicld stable co-ordination compounds with uranium

or transition metals. The work proved contrary and it was concluded
that it may be due to the impossibility of forming suitably

directed covalent bonds with two adjacent planar aromatic
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N-hydroxy or R-oxide groups. The other concept of choice of
chelating agent was advocated by Mellor21 and later Gregor22
and Rale 23, They formulated the preparation of resins contain-
ing groups which are notable for the variety of ions with which
they complex (oxine or salicylic acid for example). The selectivity

of these reagents is obtained by modifying the reaction conditions

(cf Stary's work). Several workers have however discounted the
likelihood of preparing- a completely specific resin. The

criterion appears to lie in choosing a chelate which forms complexes
of a much higher order of stability with one or two ions than with
others. This appears to be the basis of Kennedy and Daviesl*”

work, who observed that Th(lV), Fe(lll) and UOgfll) formed
relatively strong complexes with organic phosphates and phosphorates

containing the group.

OH

Resins containing this type of grouping showed similar behaviour
to the parent molecule but with markedly increased stability
constants. This was attributed to a combination of the polymer
entropy effect and reduced dielectric constant in the resin phase.
A chelate resin which the authors prepared was a half-hydrolysed

diallyl allyl phosphonate which absorbed TJOg (n) from nitrate

solutions at acid strengths of 0.1 to 0.2 in the presence
of Ca(ll), Oi(II) and Co(ll). They postulateda Is2 chelate of the

form



in which the uranyl ion is bound by covalent or partially covalent

linkages to the thoghonate functional unit in the resin matrix. The
idea that chelate ion exchangers can form 1:2 metal complexes is
open to discussion. Where monomers are polymerized,; the resulting
polymer could form 1:2 chelates, since it may have a high ratio

of chelater. sites. A resin capable of forming 1l:1 complexes is

Dowex A-l, an iminodi-acetic acid (IDAA) polymer. Lowwenschuss

and Schmuckler25 studied the structure of the resin when containing

copper. The resin studied by these workers contained 2.5m mole of
iminodiacetic acid/g. of roginand had a capacity for Cult,

Pb2+, Fe3+ and Th4+ ions of 2.4 to 2.5 m moles of metal ions/g of
Dowex A-l. Because lg of resin contained 2.5m moles of IDAA it

was found that metal ions were complexed hy the resin in the
stoichiometric ratio of 1l:1, independent of valency. This is totally

different to the behaviour of IDAA in solution,; where metal ions
combine with more than 1 molecule of IDAA, in accordance with their
valency. The net result of this, is that the complexes in the
resin were more stable than those formed in solution. |

The synlesis of chelate ion exchangers is historically
parallel to that of normal conventional ion exchangers. The
preparation of both phenol-formaldehyde condensation polymers and
‘derivatives of polyétyrene were used. However, it was a
polystyrene xregin-containing an active group similar in structure

to dipicrylamine that was the first chelate ion exchanger prepared.
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The resin was synthesized by Skogseid who nitrated polystyrene,
subsequent reduction to the amine and reacted with picryl chloride.
The synthetic methods used for the preparation of chelate ion
exchangers may be divided into various classes.
(1) Polymerization of vinyl-type chelate-forming compounds
The desired polymer is prepared by polymerization of the

appropriate monomer. The chelating group may form part of the

polymer back-bone or may be attached on the back-bone of the

polymer* Chelate polymers of the first type exhibit effects due

to the constraints of being part of the backbone. Unfortunately,
it is rather difficult to synthesize chelating compounds with
vinyl groups attached. Only a few polymerizable chelating
compounds have been found, notably (ar-vinylphenylimino) diacetic
acid prepared by Morris and co-workers”~The starting product
was vinyl benzyl chloride (1) a mixture of S/ para and 20%

ortho isomers

CHXI

(n

A series of vinyl substituted amino acids were prepared as
intermediates in the synthesis of chelate polymers. Polymerization
of the amino acid monomerss producing homopolymers, was carried out
using various catalysts and reaction conditions. Copolymers with
vinyl acetate, acrylamide, sodium acrylate and sodium p-styrene
sulphonate were also prepared. A number of unsaturated 1, 3

diketones have been prepared. Teyssie and Smets synthesised a

polymerizable pdiketone, mothacroylacetone, by the usual acylation



of an ester 'y a ketone in the presence of sodium methoxide. The
reaction with acrylic and methaciylic ester yielded secondary
products in important amounts. A reaction mechanism was proposed far
formation of these secondary products which proceeded through an
intermediate Michael addition. The preparation of methacrylacetone

was also reported by Despic and Kosanovic””. These workers invest-
igated the affinity of the copolymers produced from methacrylacetone

and ethylene glycol dimethacrylate to ferric and uranyl ions? below
pH 7.0. Other workers” *31 “ave investigated the structure and
stability of polymeric chelates particularly polymethacroylacetone
chelates. G. IC. Hoeschele and co-workers32 studied the acid
dissociation constant and binding constants for metallic ions in
4/1 dioxanwater solutions for polyvinyl acetonyl ketone and its
monomeric analogue acetyl acetone!lmodified Bjerrum technique was
used to calculate chelation constants, and it was derived that the
polymer was equivalent to its monomeric analogue for Cu(ll) and
three orders of magnitude stronger than its analogue with UOgfll).
A paper published by Degeiso et al.described the preparation and
characterization of methacrylylacetyl acetone and its derivatives,
and various polymers and copolymers of methacrylylacetyl acetone.
Unfortunately, no chelation properties were discussed, but these
authors have extensively studied other chelate ion exchangers as will

bo discussed in later sections. They did prepare derivatives of

dimethylglyoxime34 in par-ticular, monomethacrylyl dimethyglyoxime,

also the dimethaciylyl .dimetbylglyoxime and a homopolymer of the

latter. '"The mono derivative was not easily polymerized with
conventional monomers such as styrene and methyl metha,crylate. 1In

general the synthesis of polymerizable substances is difficult,

especially with large scale techniques. This approach yields



=10-
resins of defined structure, but is also hindered by the production
of secondary products observed by Smets et affi The majority 6f
the polymers synthesised in the above manner were soluble in some
organic solvents, this is beneficial Tor detailed studies of the

physicochemical behaviour; but is also detrimental for some

applications.

(2) Condensation Resins

In numerous cases the chelating agents, because of their
structure are able to enter into condensation reactions as one

.of the reactants. Aromatic amines, phenol and phenol derivatives

are capable of this. In general formaldehyde (or other suitable
aldehydes) and a crosslinking agent, together with the chelate
condense to form a resin gel. Several papers have been published
concerning condensation chelate ion exchangers; although Millar35
has strongly criticised the technique. The difficulties lie in
insufficient control of crosslinking, none too stable products and
the conditions employed may destroy or alter the chelating sites
present in the monomer. Several pepers describing ¥he condensation
of phenol (or-its derivatives), formaldehyde (and/or furfuraldehyde)
and 8-hydroxyguinoline have appeared over the last twenty years.
1i11in36 prepared such a polymer, but the information concerning

i% was very brief, Parrish3 ' prepéred a resin from oxine,
resorcinel and formaldehyde which showed some chelating properties
similar to those of oxine itself, but the capacity of the resip“was
very low. This is in complete contrast to the resin prepared by
Pennington and Williams38, their resin had a capacity for Cu(II)

at pHT7 of approximately 4.0m moles/g: of resin. This resin had the

greatest selectivity of all their resins tested, and its capacity
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was equal to that of Amberlite IRC-50 (cérboxyiié acid ion~
exohqngé resi:;); These condensation oxine resins were prepared
in strong alkaline conditions, Degeiso39 and co~workers
prepared both acid and base catalysed oxine-formaldehyde polymers,
The aci® catalysed polymers had the advantage of lower molecular
weights and were soluble in some organic solvents. They attempted
to show the degree of crosslinking with capacity for metal ions,
by preparing various regorcinol cross~linked polymers
incorporating oxine. Unfortunately, only one set of results were

given for the crosslinked polymers and showed a significant

decrease in capacity, compared with the linear 8-hydroxyquinoline -

formaldehyde polymer. The rate of equilibration of these resins

was not attempted, but they did prepare a series of crosslinked
(using resorcinol), 8-hydroxyquinoline-formaldehyde, base

catalysed polymers. These resins ware not investigated, a

few properties referring to solubilities were however gubted.

A recent technique used for preparing oxine condemsation polymers
was published by Bernmhard and Grass40. They obtained the resin
by direct condensation of metal oxinates with resorcinol and
furfuraldehyde, whereby the arrangement of the planar 8-hydroxy-
quinoline groups became independent of the preparation. A
separation of Ru, Zr, U and Ce was accomplished by using the
polymer derived from Ba~oxinate. A polymer derived from

41

0 and’Y9o. In a later paper "y

Na~oxinate was used to separate Sr

they showed by means of the distribution coefficients, that the
selectivity of chelate resins depended on the addition of certain
ions e.g. Ba and Al during the preparation.

Copolymerisation of salicylic acid with phenol and
formaldehyde under acidic conditions at 100°C has been carried

out by Japanése ﬁbrkegs42§43Q44, put the capacities appear to be
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rather low. The method of their determination did not differentiate
between carboxylic and phenolic functionality. As there was some
evidence for decarboxylation of salicylic acid under strongly
acidic conditions at 100°C, Davies” et al condensed salicylic

acid under slightly alkaline conditions with formaldehyde and

using resorcinol as copolymer. Resorcinol was used in place of

phenol of the Japanese workers since the phenol copolymer was

found to leach considerably on acid-alkali recycling. The

sodium and copper capacities for the salicylic acid-formaldehyde
resorcinol copolymer were 2.4m equiv/g of resin in the hydrogen
form (at the first equivalence point) and 3»2m equiv/g respectively.
Using slightly acidic conditions, Degeiso and his co-workers

condensed salicylic acid with formaldehyde producing a water-

insoluble polymer which had an average molecular weight of
6700- !%+ The analyses and neutral equivalents compared

favourably with the structure (1).

CQ,H CCLH CO-.H

H. ruOH

(1)

The polymer was soluble in several organic solvents and in
aqueous bicarbonate, carbonate and alkali solutions. This
polymer was extensively studied by the authors, five metal—ion
complexes were prepared and identified using infra-red spectra,

thermal decomposition raea,surements and elemental analysis.
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In a later paper47, these authors using the same resin determined
rates of equilibration and capacities for several ions. They
concluded that the resin was selective for uranyl ions.over all
other metal ions they investigated. They verified this statement,
by removing uranium from uranium ores using this resin and compared
the salicylic resin with a resorcylic acid-formaldehyde resorcinol
copolymerAS. From the results they obtained they concluded that
the salicylic acid polymer was a stronger acid than the resoroylic
acid polymer, and therefore uianyl ion bound to the former should
be more stable at pH2. The purity of the uranium eluted from these
resin was gencrally > 90%.

A number of condensation polymers formed from m-phenylenediglycine
and formaldehyde, or anthranilic acid, resorcinol, o-aminophenol
and formaldehyde37’38’49 have been prepared. Such polymers form
complexes with Mg(II), Fe(II), Co(II), Ni(II), Cu(II) and zZm(II)
at pHS5. The o-aminophenol resin prepared by Gregor and co—workers49
had a capacity for Fe(II), Co(II) and Ni(II) of 0.20 %o 0.40 m moles/g
of resin. Gregor attributes this equivalent absorption to complex
Tormation between the amine groups of the resin and metallic cations.
A similar synthesis was adopted by Pennington and Hilliams38 for the
preparation of o-aminophenoif??&mever, their resin had a capacity
of 2.5 m moles of Cu(II)/1 g of resin at pH 5.0. The difference
could be due to Gregor using 0.001fl metal ion solutions and Pennington
and Williams 0.0l metal ion solutions for capacity measurcments.

This appears unlikely however, since an increase in 10 fold

concetration of metal ion, resulis in a five fold increase in
capacity. This is certainly applicable to copper and Gregors'
m-phenylene diglycine resin. A reagsonable explanation was

provided by Parrish, who suggested that the resin made by Gregor
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et al, from o-aminophenol and formaldehyde would be expected to
contain substituted amino groups. To overcome this difficulty
Parrish synthesised an o-am;nobhenol resin starting froﬁ o-nitrophenol,
resorcinol and formaldehyde, and then reducing the nitro groupe.
ThisAresin exhibited chelation propgrties, and it was possible to
separate copper from calcium on a 1l0-cm column of the resin at
pH 5.5. Pollard, Nickless and Cooke®Q algo synthesised such resins
containing o-aminophenol, m-phenylene diglycine, anthranilic acid
and resorcinol., They used them to separate such metals as

magmesium and copper.
Condensation of cyclic maleic hydrazide with formaldehyde

in the presence of resorcinol leads to an ion-exchanger (1). This

rosin 21 yag reported to be specific for Hg(II) and mercurous ions in

weak acid solutions

Chelate ion exchangers formed by condensation of formaldehyde and
its derivatives, with various crosslinking agents and the appropriate
complexing agent have certain disadvantages. In general such resins

have slow rates of metal ion uptake, due to the high density of

the polymers. 43 11ar3) exemplifies his criticism by referring to
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the preparation of pyrogallol carboxylic acid resins of Parrish37
and the B-resorcylic acid resins of the Chemical Research Laboratory,
TeddingtonSz. He suggests that much of the carboxylic function

may have been lost during condensation, in thcb the carboxyl

group, labilized by ortho-and para-hydroxyls is replaced by an
entering :me thylene gioup. Pollard, Wickless and Cookego also had
difficulty in preparing consistent polymers containing ?-resorcylic'

acid and its derivatives. Deuel and Hutschnekerd3 suggested that

in condensation resins, the chelating agent would not be chemically
bound to the polymer network, but poussibly held by molecular

entanglement,

3. Subsequent Introduction of chelating groups into

condensation resins

In a few cases it is possible to synthesize the resin
maxtrix by cqndensation and then to introduce the desired ;helate
molecule by subscquent reaction with the solid matrix. A typical
exarple of this process is o-phenylene bis (ox¥acetic acid)
rosin54’55’56. In the first step (o-Bydroxyphenoxy) acetic acid,

pyrocatechol and formaldehyde are condensed, forming an insoluble

resin. In the second step the free phenolic groups are converted
to ether groups by reaction with chloroacctic acid. This resin53
was rceported to be specific for zirconium. The influence of the
conditions of the preparation on the quality of the resin, empecially
the rate of crosslinking was investigated., The capacity of the

most favourable product was 2.1m moles of Zq/g of resin at pH 4«7

A resin which complexed copper at low pH was prepared by Parrish37,

who diazotized a resin of the o-aminophenol type and coupled it
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with 2-naphthol. This resin contained the 00’-dihydroxy-azo
grouping which is present in certain metallized dyes. This

method of preparation is only slightly "better than condensation

techniques, the resins usually have slow rates of metal ion

uptake.

/M Reactions ar~ solid vinyl polymers

Solid styrene polymers used as starting materials for the

synthesis of chelate ion exchangers offer several advantages.

The polymers are inexpensive and of uniform composition, and

the spherical shape of the beads provides mechanical strength
and ease of operation. It has been shown however that most of
the well known organic reactions when performed on high polymers,
take a disadvantageous course owing to intramolecular reactions

within the resin gel 57-61" Moreover, each subsequent reaction

will progressively clog the pores of the polymer, the yield of
the desired functional groups is often less than 20% (based on

the starting material) . The most favourable results have

been obtained with chloromethylated polystyrene. This has been

used in the preparation of Dowex A-1, manufactured by the Dow

Chemical Company.

-CH-CH

'CH-COO
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The preparation, properties and analytical applications of this

resin have been reported in numerous papers. Ideally reference

should be made to Dow's manual describing chromatographic
separations63.
A technigue used by several workers is nitration of

polystyrene, reduction to the amine, diazotisation and subsequent

coupling with the desired chelate. Parrish® yged this product

and preparcd a Tresin incorporating 8-hydroxyguinoline. The rate

of absorption of metal ions was slow, two weeks were required
for the attainment of equilibrium. It was found that copper,
nickel, énd cobalt were strongly absorbed in the pH range 2-3.
Zinc, manganese, aluminium, magnesium and calcium wvere not taken
up below the pH values 1.5; 2.0, 2.8, 4.0 and 4.8 respectively.

The uptake .of o00ppeX - ions was enhanced by the presence of cHhride
ions in the pH range 0.5-1.5. This could be attributed to the
residual amine groups left on the benzene nucleus (approximately
40% left as coupling was only 60% efficient) bechaving as anion
exchanger with the (Cu 014)2~ species. Coupling of 8-hydroxyquin-
oline to styrene in this manncr was also used by :Davies45 et aly
unfortunately only the capacity of the resin for dopper ions was
quoted (1l.4m equiv/g B fori of resin).

A possible starting material for preparation of polystyrene
chelating polymers is poly-p-lithium styrene65. This may be
prepared from poly—p-iodostyreneééwith butyllithium,; the iodine
could be exchanged almost guantitatively with lithium, no inter or

intra molecular side rcactions being detected67. A selection of

the reactions which have been carried out are given:—



CH-CH -

SH

RCN O

CH—CH, —

CO-NH-R

_18.

/H
RCN
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A paper describing the preparation of cross—linked polymers derived

from 4~hydroxystyrene was published by Packhamég, and later used
69

by Blasius™”y Normal clectrophilic substitution reactions on
poly-4-hydroxystyrene are restricted to the position ortho
to the hydroxyl group, and thus lead to polymers with potential

chelating functions. The polymers were prepared from 4-acetoxy
styrecney; D.V.B.y and<xxl—az0~bisisobutyronitrile in benzene at
6500. Hydrolysis of cross linked poly-4-acetoxystyrene proceeded
smoothly in alkaline aqueous dioxon. Subsegquent reactions were
carried out, resulting in the formation of approximatcly twenty
polymers, having functional groups ranging from —8030H to

~C(Me )=N~-OH. The highest combined capacity for nickel and copper
was for the 3, 5-(SO3H)2 resin (5.97 m equiv/g ), —C(Me)=N-OH
(1.18 m equiv/g), vhilst a methyl Ketone derivative had no
affinity at all. |

A chelate ion exchanger51 reported to be specific for copper
ions, was prepored when a styrene-divinylbenyene-maleic anhydride
copolymer was treated with hydrazine. The hydrazine-treated
copolymer was then converted to the oxalyl derivative.

The preparstion of chelating polymers using the technigues
described in this scction appear to be relatively successtul. This

is indeed so in the case of Dowex A-l, probably the most widely

studied pclymer. The procedure used by Parrish and Davies et al,

namely diazotisation of chelate molecules on 1o polystyrcenc is a

70

gomewhat precarious scheme. Bazilevskaya and co-workers reported
the conditions for azo coupling of polystyrene diazonium chloride

with oxine. Azo coupling depends on time, temperaturc, solvent

and pH. Probably the most interesting analogues of polystyrene
gsince the chloromethyl derivative are the poly-p-lithium and the

4-hydroxyl derivatives.
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Regardless of synthetic procedure adopted, Gregor49 suggested
that a chelate group suitable for use in a resin must have the
folloving properties:

(1) be capable of resin formation or substitution in a resin
matrii;
(2) be sufficiently stable to withstand the polymerization

or resinification reactions and
(3) be compact so as not to be hindered sterically by the

dense resin matrix,

An additional requirement is that both arms of the chelate
structure be present on the sane monomér in proper spatial
configuration. In addition to these criteria for the chelate,
Blasius and Brozio71 suggested that the resin itself should
have; in addition to the demanded selectivity, sufficient
mechanical and chemical stability, especially towards acids
and bases. The resin should also have an effective'eXGhange
capacity of at least 1m equiv./g of air dr}ed Tesin, and the
rate of the. complexation reaction to be relatively high.
Chelating ion-exchangers are distinguished from the ordinary type

of ion=~exchanger by three main properties.

(a) High Selectivity - The affinity for particular metal ions
to a certain chelating ioﬁéexchanger depends mainly on the
chelating gfoup and not on the size of theion, its charge or
other physical properties which affect ordinary ion-exchangers.

(v) Bond Strength — In ordinary ion exchangers the bond strength

is of the oxder 2—3k.ca1/mole and exclusively electrostatic,
with chelate ion exchangers the bond energy is 15—25k,cal/mole.

(¢) Kinetics - With conventional ion-exchangers, the exchange

procesé .1S. more rapid and controlled by diffusion only. The
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exchange process in a chelating exchanger is slower and controlled
by a particle diffusion mechanism or by a second order chemical
reaction.

Although above 150 papers have been published on chelate
ion--exchangers, the value of much of it is suspect, either on
account of failurc to characterize the material adegquately, or
because of insufficient evidence of chelation. Nickless and
Marshall72 in their review article are strongly critical of such
papers; but emphasize that study of chelate formation is not
easy eyen in simple systems. Gregor and co—workers 13 determined
the stability constants of metal ions with the resins polyacrylic

acid and polymethacrylic acidi, by potentiometric titrations of

the resin with sodium hydroxide both in the presence and in the
absence of complexing metal ions. In order to calculate the

constant from experimental data they used a modified Bjerrum's

method. TeySsie309 used a distribution technique to evaluate

the binding constants of a dispersed suspension of polymethacroyl
acetone for copper and nickel ions. In addition to indicating
that the resin had a larger binding constant for copper than
nickel, they also suggested that the physical éhape of the polymer
was important. Using a similar type of distribution technigue,
Loewenschuss and Schmuckler?d determined the étability constants
of Cu(II) andWi(II) complexes of Dowex A-l1. In this method
varioﬁs competing chelates were used whose concentrations were

constant, but the quantity of resin used was varied. This method
ig defined as being "anti-Schubert"; since Schubert‘s74 method

wvhich is well known for the determination of stability constants

of complexes, uses conventional ion exchangers (constant anounts)
and varies the competing chelate. Both methods result in
initially the derivation of the distribution coefficient which is

dependent on competing chelate-metal ion stability. Other
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papers involving chelate formation of metal ions with Dowex A-1l
which are informative have been presented by Schmuckler75 and
Eger and oo—workers76; There are numerous other publications
involving chelating properties and properties in gensral of
both Dowex A~-l and other chelating ion exchangers which have
becn mentioned in several review arti01952§953971972977“80'

The applications of chelatc ion exchangers are few, with
the exception of course of Dowex A-l. Three chelating'ion-
exchangers were evaluated by Davies and co—workers81 for the
extraction of uranium from seca-watder. Their performences were
comparcd with conventional ion exchangers and inorganic
absorbents c.g. basic zinc carbonate; titanium hydroxide and
lecad sulphide. In general the authors found the inorganic
absotsents to be superior,; due to the poor rate of uptake of
both ion and chelate exchangers.

Updake of uranium from sea water

Time of Uptake Functional

contact ug/g of group

(days) ary O+
Absorbent form
Zeocarb 226 resin 36 1.5 C00 Na
8-hydroxyquinoline resin 81 13 .N=Ncq35N0Na
ggfffrgé?frll arsonie 112 1,010 ~As0(0Na ),
Basic Zinc Carbonate 23 512 ) uptake (ug/g
Titanium hydroxride 21 268 ) of metal base)

In a recent article by Gaske1182, the author forecasts the
possible use of an economic ion exchanger’for the removal of
uranium from sea water. A poly-(triaminophenol—glyoxal) chelating
polymerﬁs was coated on an inert support and used in column
chromatography followéd by atomic absoIption spectrometry to

determine copper concentrations.
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The Aims of this Investigation are:
(1) An attempt to clarify the situation regarding chelate ion
exchangers incorporating 8-hydroxy$uinoline as the functional
group. Resins will he prepared and evaluated using both
condensation techniques described by Pennington and Williams”®

and Degeiso and co—workers39' The procedure of azo coupling

chelate molecules to a polystyrene - divinylbenzene copolymer will

also be attempted.

(2) The synthesis of a molecule containing both chelating and
crosslinking properties will be undertaken, since Parrish

found it necessary to add resorcinol as the crosslinking agent

in the preparation of his o-aminophenol-formaldehyde polymer
derived from o-nitrophenol-formaldehyde. Such a molecule is
4-Nitroso-resorcinol, which should undergo condensation to give

a polymer in alkaline solution. Phenol may be incorporated in the
resinous matrix to observe the effect of the degree of crosslinking
on metal ion capacities and kinetics,

(3) Both condensation resins and polystyrene polymers containing

the chelate molecule salicylic acid will be prepared. Although

literature appears to be favourable for such systems, it has been

Sw -Hr
reported by Rabek' et al.that the possibility of chelate formation

with salicylic acid is unfavourable,

(4) Resins incorporating 1, 2 dihydroxy anthraquinone (Alizarin)
have been prepared previously, but they have only been evaluated

as redox polymer585° It is possible that such resins have sufficient
capacities for metal ions to warrant investigation.

(5) The chelate molecule 4-(2-pyridyl azo) resorcinol (PAR)"*?" S
has not been used previously with chelate ion exchangers. It has
however been used in conjunction with conventional ion-exchangers

as a spot procedure for detecting heavy metals”. Resins containing



24
PAR functional groups should have superior selectivities for
cu(II) over Ni(IT), and for U0,(II) over zn(IT). Since the
log k1 values of the PAR chelate monomer with U02(II) and Cu(II)
are greater than those of Ni(II) and Zn(II) by a factor of

approxinately 103.



. 25.

BXPERIMBNTAL

(a ) Preparation of chelate ion exchangers incorporating

8-hydroxyquinolinc molecules

(1) Direct condensation methods
(a) Base catalysed procedure

The procedure adopted was identical with that described by

eP-ennington and Williams”~8# TRQ yellow suspension formed on

addition of 8-hydroxyquinoline (oxine) to a solution of sodium

hydroxide, reacted gradually with formaldehyde' when added, to

produce a deep red solution, in which all the oxine used was soluble.

The formaldehyde was allowed to react with the oxine for a further

1 hour, after which an alkaline resorcinol solution (containing

an equimolar quantity of resorcinol to oxine) was added, followed

by a further addition of formaldehyde. The resulting solution was
placed on a water bath for 15 minutes', which produced an almost black
gel. This gel was cured in an air oven at 110°C for several hours.
The almost black resin was ground in a mortar, and screenedto give

a fraction 30's-60's mesh size. The resin was washed thoroughly

with water, 0.in sodium hydroxide, water, 0.X) hydrochloric acid,

and finally with water until nearly neutral. The pH of the final
washing was 3.5, which could not be improved fey further washing

with deionised water (pH 5°2). The resin particles changed colour
during this HCl- washing procedure, from red to orange-brown, but
continual washing with water restored the original dark red colouration.
The resin was air dried and stored in a tightly stoppered bottle.

A thoroughly dried sample of the resin was retained for elemental

micro analysis.

(b) Acid catalysed procedure

This method was identical with that used by Degeiso et al39,

The oxine, resorcinol (equimolar ratio to oxine) and aqueous formalde-
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hyde solution were héated on a steam bath until a homogenous
melt was formed. A small quantity of oxalic acid was added; and
the mixture heated until it solidified. A volume of water was
added to the brange-red solid and further heating continued
for 1 hour. Absorption of the water occurred after 1 hour, and
1 ml. of concentrated hydrochloric acid added. Heating of the

organge-red solid occurred for a further 16 hours, after which

time the solid was crushed and screcned.
The 30- %o 60~ mesh portions of the resin were washed

thoroughdy with water, and left  Soxhlet extracting with

ethanol overnight. This procedure was ﬁo\remove any unreacted
oxine and any low molecular weight polymers. The ethanol
extracted resin was washed with O.1lm ~- HCl and finally washed
with deionised water until nearly neutral (pH of final washing
was 3.5)« No colour changes were observed during washing
procedures, the colour of the resin was orange-red. The resin
was air-dried; stored in a stoppered bottle, and a dried,sahple

of the resin submitted for elemental microanalysis.

(2) Azo coupling of the chelate molccule to a suitable

condensation matrix

(2) Preparation of a p-nitrophenol-formaldchyde

phenol copolymer

Sodium hydroxide (0.90 moles) was dissolved in the minimum
amount of water, the p-nitrophenol (0.30 moles) was added and
constantly stirred. To the yellow suspension formed, phenol
(0.30 moles) was added, followed by the carcful addition of
paraformaldeyde (0.90 moles). During the addition of paralformalde-

hyde a vigorous =®eaction eansued. The resulting black gel was cured
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in an air oven at 13400 for two days. The brittle mass obtained
was crushced in a mortar andscrecnced, tﬁc 30t's - 60's mesh size
rctaincd,

The colour of the resin was dark green, it was allowed to
Soxhlet cxtract using cthanol for 16 hours. . A small quantity
was retained, which was further washed with O0.1m-HC1l, the colour
of.thc rcsin changing from grecen to red. Thesample was washed with
deioniscd water, air dricd and stored in a stOppered bottle. A
small quantity of this was dried and submitted for clemental
microanalysis. The bulk of the p-nitro-phcnol-formaldehyde
phenol copolymer was’roducod to the amino derivative. The rosin
was placed into a l-litre round bottom threc neck flask. The
flask was fitted with a mechanical stirrer (with a mercury scal)
and = water condenscr, whilst the third neck was stoppered.
Stannous chloride (1 mole) was dissolved in approximatcly 500 ml
of concentrated hydrochloric acid and 200 ml of water. This
solution was pourcd into thc flask, and allowed to recact with
the resin at 90-10000 for five days with continuous stirring.
After reduction had occurrcd the solution was decanted from the
resin, and the solid washed scveral times with water., The resin
was washed scwral times with 2m sodium hydroxide solution (to
destroy the (R*NH3)ZSnCl6 complex), water, 0.1m-HC1l and finally
with deionised water. A small portion was retained, allowed to air
dxry and storcd,

Microanalysis and the determination of amino groups by non-

agqueous titrationeg were obtaincd. The colour of the resin had
darkened slightly. Themoist amino rcsin was converted to the
diazonium sulphatc. To a wecll stirred suspcnsion of the resin in
approximately 1500 ml off ice-—cold water; 375 ml of 1.0 sulphuric
acid and 0,5 molc of sodium nitrite (dissolvod in 300 ml of water)

were: added dropwisc, simultancously. The roaction vesscl was
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externally cooled between 0% and 500. After addition of the
acid and nitrite solution, the resin was allowed to diazotize for
18 hours with constant stirring and external cooling maintained.
The acid/nitrite solution was decanted off, and the diazo polymer
washed scveral times with ice-cold water. The polymer was added
to an ice cold solution of 8-hydroxyquinoline (0;30 moles) in
aqueous alcoholic (1:1) sodium hydroxide (1.5 moles). The rate

of addition of +the resin was over a period of 1 hour. Stirring

was continued for a further T days between 0 and SOC. The cxcess

solution was decanted off, the resin washed several times with
ethanol, and allowed to Soxhlet extract using cthanol for 16

hours. This procedurc was mainly to remove any oxine that had
precipitated during the coupling procedurec. The polymer was
washed with water, 0.1M-HCl and finally with deionised water.
The sample was allowed to air dry and screened, the portions
passing the 30~ mesh and retained on the 60~ mésh gcreen wers
stored in a stoppered bottle. Again a perﬁectly dry s:;ample vas

o

submitted for analysis. The coiour of the final product was
brown~-red,

Reaction sequence

(See over)
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(b) Preparation of 4-Nitroso-Resorcinol-formaldehyde

polymer and copolymers of the same with phenol

Iour resins were prepoared, one a 4-Nitroso-Resorcinol-
formaldchyde polymer and three copolymers of 4-Nitroso-Resorcinol-
formaldehyde with phenol., The 4-Nitroso-Resorcinol was prepared
according to Henrich's methodgo. The procedure essentially

involves the reaction of isoamyl nitrite with resorcinol in

alcoholic potassium bydroxide solution, at 0°8., The resulting

red solid was washed with ethanol and finally with ether. The

red potassium salt was not converted to the "free" A-Nitroso-
Resorcinol ®s the latter is much less stable. The potassium salt
of 4~-Nitroso-Resorcinol (0.20 mole) was dissolved in a small

quantity of water containing sodium hydroxide (0.20 mole). To

this dark red solution an agueous solution of formaldechyde (0.40
mole) was added carcfully. A vigorous reaction ensuecd, the
temperature of reactants rising to 90-100°C, The dark almost
black solution was cured in an air oven for 7 days. After
approximately 4 hours during the solution began to "gel"., This
resin vas designated Wo.l. Three other resins were prepared in a
gimilar manner to the above procedure but varying amounts of
phenol were added to cach i.e. Resin No.2 contained an equimolar
amount of phenol (0.20 mole), Resin No.3 0.06 mole of phenol,
and Resin No;4 0.12 molc of phenol. A similar increase in
femperature was observed on addition of formaldehyde, but in

general the time taken for the solutions to gel was longer than

for Resin No.l. Resins 2,3 and 4 were also curcd for 7 days at
100°¢. All four samples were ground separately in a mortar to
30-60's size. The resins were Soxhlet extracted using ethanol

for 16 hours. A small quantity was retained from cach; which was
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further washed with O,1M-HC1l and finally washed with deoinised
water. The bulk of these samples were air dried and stored in
bottles, a small quantity of each was thoroughly dried and |
microanalysis obtained. TheScxzhlet extracted resing were
converted to the amino derivative as described previously (2(a)) but
using 0.50 mole of stannous chloride, 250 ml of ethanol and
250 ml of concentrated hydrochloric acid. The reaction period
was 7 days at a temperature of T70-80°¢. The procedure for washing
the resin was identical with that described in 2(a). Air dried

sgmples were retained in stoppered bottles and perfectly dried
samples submitted for microanalysis and estimation of amino groups.

The four amino polymers were converted to the diazonium sulphate
derivative using 250 ml of molar sulphuric,acid and 0.30 moles

of sodium nitrite dissolved in 200 ml of water. The technique
used was similar to that described previously. The coupling of

the aZo polymers to oxine (0.20 moles) in an ethanol-water solution
Sl:l) 6ontainin@ sodium hydroxide (1.0 mol?) was also standaxd
practise. The vashing} screening and sampling technigues were
exactly the same as in the preparafion of the p-nitrophenol-~

formaldehyde phenol copolymer.

(3) A7%0 coupling of oxine molecules to a polystyrene-

divinylbenzene copolymer

The starting material was & lightly cross=linked polystyrene-
divinylbenzone bead, mesh size 20-30. (Amberlite XAD-2) manufactured
by Rohm and Haas, Resinous Product Division. The synthetic procedures
employed have been previously used by Davies et a145 who nitrated
swollen beads using a fuming nitric aoid/concentrated sulphuric

acid mixture at 70°C, The nitroderivative was reduced to the

poly(amino styrene) using stannous chloride. The diazonium
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corpound. was prepared via sodium nitrite/hydrochloric acid, and this
in turn was couplcbd to 8-hydroxyquinoline at 0°c to 5%. Samples
of the nitro and amino polystyrenes were retained and thoroughly
washed with water, Soxhlet extracted with ethanol for 16 hours,
washed with 0.1fh-HC1 and finally with water. This washing procedure

was also used for the polystyrene azo-oxine polymer. Samples
of the nitro,amino, end a,zo oxine polymers were submitted for

micro-analysCs, but were previously crashed and dried thoroughly.
A perfectly dried sample of the amino derivative was analysed for

the number of amino groups present.
The nitration and reduction steps were carried out on

approximately 150 grms. of polystyrene-divinylbenzene copolymer.

Only one-quarter of the poly amino styrene was diazotised and

coupled to 8-hydroxyquinoline. The remaining three-quarters was
used in azo coupling of other chelates. This procedure was

adopted so that the nitro and amino polystyrenes would have the

same original percentage composition.

Be Preparation of salicylic acid chelate ion exchangers

(1) Direct condensation techniques

This procedure is similar to Pennington and Williamsl i.e.
involves base catalysed condensation. Sodium salicylate (0.5 mole)
and sodium hydroxide (0.12 mole) were ground together. The mixture
was placed in the reaction vessel (normally a suitably sized chemical
jar was used and the mouth plugged with cotton wool oefore curing)
and agqueous formaldehyde solutiop (0.25 mole) added. The mixture
was warmed for a week at 40°C, a creamy white product formed. The

temperature of the oven was increased to 100°C and the reaction

allowed to proceed at this temperature for two days. There was
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little change observed, in the product, which was easily crashed
but soluble in water. The creamy coloured product was
thoroughly ground, mixed with resorcinol (0.50 mole), and
aqueous formaldehyde solution (0.12 mole) added. This mixture
was cured at 100°C in an air oven for one week. The red resin
produced was crushed, collecting the 30-60 mesh sixe.

These fractions were washed with water, and allowed to
Soxhlet extract using ethanol for 16 hours. The resulting
polymer was washed with O.1fiR-HCl and with d.eionised water. The
resin was allowed to air dry and stored in a tightly stoppered

bottle.

(a) Azo coupling of the chelate molecule to polystyrene-
divinylbenzene matrix?

Coupling of salicylic acid in alkaline solution was achieved
as described previously in A(3). Approximately 40 grms of
poly—amino styrene were diazotised and allowed to react with
salicylic acid (0.30 mole). The washing procedures were as
described previously. The final resin was air dried stored in a
stoppered bottle, and a thoroughly dried sample submitted for micro
analysis.

In addition to obtaining microanalysis of the polystyrene azo-
salicylic acid, both salicylate containing resins, were analysed for

total number of replaceable hydrogen ions.

C* Preparation of 2, 4 dihydroxyanthraquinone (Alizarin)
chelate polymer

(1) Direct condensation methods

The procedure was in accordance with that described previously

for the preparation of base catalysed oxine polymer. A gel was not
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produced, however; when resorcinol and formaldehyde were added to
the alkaline solution of alizarin and formaldchyde., After curing
at 110°¢ for two days an almost black solid was obtained. The
solid was crushed in a mortar, and the 30-60 mesh size retained,
and washed with water. The resin was Soxhlet cxtracted for
16 hours, washed with O.1m-HCl and finally with water. The
purple resin on washing with 0.1M-HCl changed colour finally
producing a yellow solid. This yellow solid wassoluble in

strongly alkaline solutions producing a purple coloured solution
cf Alizarin itself. The water washed resin was allowed to air dry

and finally stored in a tightly scaled bottlec.

(2) Azo coupling of Alizarin to polystyrene-divinylbenzene
copolymers:

The techniques used in this peeparation are similar to those
previously discussed for both oxine and salicylic acid but using
Alizarin in the same molar proportions. The resin was air diied

and a crushed samplc was thoroughly dried and microanalysis

obtained.,

o (1) Preparation of 4—(2-pyridyl azo) Tesorcinol (P.A.R.)

The 8y nthesis was essentially the reaction of 2-aminopyridine
in sodium cthoxide with isoamylnitrite. The resulting diazo
compound was allowed to react with resorcinol in alcohol. The
red solid produced was washed with ether, and allowed to dry. An
infra-red spectrum of the sodium salt was identical with that of

a sample obtained from W. J. Goary?l, who suppliod the synthetic

procegurcs.
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(ii) Azo coupling of P.A.R. to a polystyrene matrix:

The sodium salt of P.A.R. was allowed to react in an
alkaline solution with the diazo derivative of polystyrene. This
itself was obtained from the remaining portion of polyamino

sytrene. The coupling, washing and sampling techniques were
exactly the same as described for the previous polystyrene azo

chelate polymers.

E. Preparation of condensation resins incorporating
4—Hitroso-Resorcinol as the functional molecule
Two such resins were prepared, one a 4-Nitroso-Resorcinol-

formaldeliyde polymer and the second a 4-Hitroso-Rcsorcinol-

formaldehyde phenol cPpolymer. The phenol in the latter was in

an equimolar ratio to 4-Hitroso-Resorcinol i.e. 0.20 moles. The
procedure was identical with that described in preliminary stages
of 2(b). The ground samples were screened as previously explained,
and the appropriate portions Soxhlet extracted with ethanol for

16 hours. The samples were washed with 0, 1fKKECl] and finally with

deionised water. The resins were air dried and retained in sealed
bottles. Samples of dried material were submitted for elemental
microanalysis.

F* Estimation of amino groups in chelate ion exchange resins

An approximate weight of the resin was dried in a vacuum
desiccator over phosphorous pentoxide for two weeks. A known
weight of the rosin containing an estimated 0.3-0.4m moloo of.
titratable nitrogen was equilibrated with a known volume of H/10
perchloric acid in glacial acetic acid and approximately 30 ml
of glacial acetic acid at 90-100°C. The reaction vessel was

securely stoppered to prevent evaporation of the solvent. The
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sample was allowed to equilibrate undersuch conditions for 60-65
hours. The resin was thenfiltered off and washed with 70 ml of
hot acetic acid. Two drops of 0.5% €rystal Violet indicator were
added to the combincd filtrate and washings and the solution
was back titrated with O.lm sodium acetate solution in glacial
- acetic acid. The perchloric acid 0,1N in glacial acetic acid was
commercially available material from B.D.H. The sodium acetate,
O.1lm in glacial acetic acid was prepared by dissolving 8,2g of
anh ydrous sodium acetate in 300mi o gglacial acetic acid and
diluted to 1 litre. The solution was standardized against
perchloric acid (O.lN) in the same solvent. The stability of

the perchloric acid solutions at 100°G yere examined, and was

found to be unaffected by heating at 100°C for 60 hours.

G, BEstimation of the sodium-Hydrogen exchange capacities

The sodium-hydrogen cxchange capacities of the salicylatad
chelate ion exchangers were determined using two procedures.
(1) A weighed amount of the air dried resin was allowed to equilibrate
with a sodium carbonate solution, of which<the carbonate concentration
was known. The resin and solution were periodically shaken fox
18 hours at room temperature. The resins were filtered off, and
washed with deionised water. The combined filtrate and washings was
back titrated using a standardized hydroch;oric acid solution and
methyl orange was indicator. The sodium carbonate used was dried
at 100°¢ for several hours and a sample titrated against the standard
gcid solution.
(2) The experimental procedure was similar but using a known volume

of sodium hydroxide solution (Ca. 0.1M). The cxcess alkali and

washings were back titrated after equilibration using phenolphthaleim
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as indicator and standardized hydrochlowde acid. The molarity
of the sodium hydroxide solution was standardized against the

hydrochloric acid using same indicator.

H. Determination of metal ion capacitics of the prepared chelate—

ion exchangers

(1) In acetate buffers (except uranyl (II) ion)

The procedure uscd by several Workers:was to allow a known
gquantity of resin (usually 0.50g or 1.00g) to equilibrate with a
buffered metal ion solution, of known metal ion concentration.
After ocguilibration the motal ion concentration of the solution
in contact with the rcsin was detcrmined. .The disadvantages here
however were that (1) large dilution factors are usually necessary
before the metal ion concentrations can be determined (2) Precipitation
of mctal ions must be prevented during equilibration with the
resin. Some workers; in particular Gregor%9 and co-workers,
used different types of buffers, :raiLging‘from simple chloride

to phthalate and Bhesphate buffers. The nature of the last two

buffers will possibly affect the capacity of the resiny i.e. the
complexing ability of phthalate and phesphgte will be more
pronounced than with chloride ions. The proccdure adopted here
was to use acetate "buffers", over the whole pH ranges to be

studied. The buffers were prepared as follows:
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&
pH value (= 0,1) Buffer composition
6.80 2.0 mole of sodium acectate, and 40 ml

of 1m acetic acid diluted to 2 litres.

5.6 2.0 mole of sodium acetate and 25 ml
of glacial acetic acid diluted to

2 1itres.

4.3 1.7 mole of sodium acetate and 320 ml

of glacial acetic acid diluted to

2 litres.

3.6 0.45 mole of sodium acetate and 350 ml
of glacial acetic acid diluted to

2 litres.

2.7 ' *0.013 mole of sodium acetate diluted to

2 litres with 2M-acetic acid.

The ©.2M~ metal ion solutions were prepared from the

follouing laboratory grade reagentss

Copper using Cu(NO3)2.3H20
Nickel " N1012.6H20
Cobalt " 00012.6H20

Zinc " ZnSO4.7H20
Aluminium " Alg(SQ4)3.16H20

. Uranyll " U02(N03)2.6H20
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The genoral method used to estimate total capacities of

various metal ions was as follows:-—-

To 25.0ml of the appropriate buffer; 25.0ml of the metal
ion solution was added. The bottle was stoppered tightly and
the contents shaken, the pH of this solution was obtained dsing a
PYBE, model 292, pH meter, which had been previously standardised
against pH 4.00 and pH 9.20 buffers. Exactly 1,00 grm of the
a2ir dried resin (not pmeviously conditionod by shaking with
appropriate buffcr) was allowed 1o equilibrate for 48 hours with
constant shaking. The pH of the final solution was measured
on the same instrument, and the resin filtered off using a No.3
or 4 sintered glass crucible, The resin and crucible were washed

with a 10% v/v solution of buffer until the washings were metal
ion frece. The metal was eluted from the resin using approximately

4A0ml of 4M-HCl. The metal chloride solution was filtercd off,
the resin and filter paper wiere washed with M-HC1.
The filtrate and washings werc diluted to the mark with

deionised water. The concentration of the metal ion was determined
uging the following colorimetric methods and a UNICAM SP 500,

Cobalt was determined using thiooyanato/acetone92’ nickel using
dimethylglyoxine®®, copper using dicthyldilthiocarbamate in CHCly >,
zinc using 5-(0-carboxylphenyl )-1—(2-hydroxy-5-sulpte phenyl)-3
phenylformazan (Zinoon)94 and aluminium using 8-hydroxyquinoline

in CH01312. The validity of this method was established by using
an approximately 0.004f0 solution of cobalt mefal ion/acetate buffer

solution and determining the initial and final concentrations of

cobalt. The resin was washed and the cobalt éluted as desciibed
previously. The two capacities were found to be in good agreenent

i,c. less than 5% error,
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The used, portions of resin were stored in sealed bottles
containing distilled water. When required the resin was filtered
off and washed with deionised water until chloride free. The
exchanger was allowed to air dry and stored in stoppered bottles.
To ensure that no detrimental effects had occurred during rccyclisation,
the cobalt capacity (at a known pH) was redetermined. This

procedure was used for all the rosins and after each cyclisation.

(2) In citrate buffers (for uranyl (il) ion only):

A 0.27n solution of uranyl nitrate was prepared from a
laborauory giado U02 (HO3 )2 *6H20. For capacity determinations

it was necessary to use a citrate buffer, as uranyl ions wore
precipitated above pH 4 .5. The citrate buffer was prepared from

molar citric acid and the pH adjusted with either nitric acid

or ammonia solution. The capacities were determined as previously
described, but washingl'with the appropriate citrate buffer*

The variation of ionic strength of the citrate/uranyl solution

was negligible. The uranium concentration of the elutent was
determined using 8-hy4roxyquinoline” and the SP500. Using

50 mis of 0.1fUuranyl nitrate solution the capacities of the resins

were determined to observe the effect citrate had on metal ion uptake,

over the pH range 1.0 to 4.0.

I, Determination of rate of equilibration of metal ions

with chelate ion-exchangers
From the determinations carried out in section (E) it was
possible to calculate the total capacity of each resin, at a

specific pH. This capacity expressed in m moles (say 3X) was
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used to investigate the rates of equilibration of metal ions
with the resinso The procedure e.dopted for copper wass-—
100ml of a solution containing 50 ml of acetate buffer and 2x
m moles of copper nitrate, eere shaken for 30 seconds and the
pH checked. Exactly 1.00 grm of air dried .resin was allowed to
equilibrate with the solution for 30 mins. with constant shaking.
The pH of the solution was measured and the rosin filtered off.
Washing techniques and elution of copper ions from the resins
were as described previously. The concentration of copper absorbed
on the rosin was determined using the standard procedure. The
room temperature during equilibration was noted, and the whole
procedure repeated using varying increments of time. The pH’'s

of the solution after equilibration wore relatively constant* g#2

PH unit. The rate of equilibration for Cu(ll) ions was determined
for all 15 samples of prepared exchangers. The 4 exchangers
derived from polystyrene-divinylbenzene copolymer were investigated
further to evaluate uranyl rate of equilibration. Using the same
procedure as outlined above but this time 2x m moles of uranyl
nitrate only in 100 mis of deionised water at a specific pH was
used. Washing techniques involved using deionised water only,

and again the temperature of equilibration was obtained. The

final pH’s of the solutions wore relatively constant + 0#2 pH units.

J. To determine the influence basic eletrolytcs and acetic acid
have on metal ion capacities
The metal ion chosen was uranyl, since the maximum capacity
occurred within the natural pH range of uranylnitrate solutions.
Therefore, no buffers were necessary as pH variations of the final

solution were small K 0.3 pH units). The s3rstems studied were:-



~42-
o, (N@3 ) 2/IIaN03
U02(NO3)2/NaCI
Uoz(No3)2/acetic acid
U0, C1,/NaCl
and UOQ(Acetaﬁe)z/aoetic acid

However, the last system did prove difficult as the final

PH values differéd by one pH unit, and had to be adjusted to a
constant pH using alkali. The method involved using 2x m moles

of uranyl nitrate in 100 mls of 0.01lfm solution of say sodium

nitrate. The usual method of determining the capacities was
employed. The procedure was repeated using 0.05, 0.10, 0.50 and
l.0Msolutions of sodium nitrate. This was repcated for NaCl
and acetic acid with uranyl nitrate, NaCl with uranyl chloride

and uranyl acetate with acetic acid.

K. To evaluate the effect of varying metal ion concentration

on the total capacity

The initial system studicd was uranyl nitrate solution of
0.05 and 0.10 molar concentrotions. The capacities were determined
as previous using 50 mls of the uranyl solutions and 1 grm of resin.
The pH's of the final solutions were relatively constant (variation
less than 0.2 pE units). This evaluation was repeated using the
same concentration of uranyl solutions, but maintaining a constant
ionic strength of 0.50 using NaNO3 at approximately the same pH
value. The uranyl capacities of the resins were redetc;mined using
0.05 and 0.10 molar solutions of uranl chloride (50 ml) and also
for 0.05m solution (50 ml) of uranyl acetate. Variations in the
final pH values were overcome by using a relatively constant initial

pH value. This in turn was achieved by the addition of dilute
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alkali or acid to the system. This procedure was certainly

applicable to the determinations discussed in sections J and K.

L. Detcrmination of uranyl capacities from solutions containing

the NaAUOZ(CO3)3 complex:

Several workcrs8l995 have eétablisned that uranium occurs in
trud solution in sea water as the tricarbonato complex UOQ(CO3)34',

The uranium concentration is remarkably constant (3.34 ug/l)96,

only sccond-order variations occurred between samples obtained

from the Atlantic and Pacific occans. Uranium tricarbonato
complexes were prepared from U02612’ UOZ(NO3)2 and. UOQ(acetate)z
in the following manner:
(1) N94U02(003)3 from uranyl nitrate and sodium caxbonate.

The uranyl salt (0.02r) was dissolved ir 100 ml of
deioniscd water and sodium carbonate (0.06M) added. The yellow
saturated solution was diluted to 500 ml, and the flask agitated
for 24 hours, The uranium concentration of the finzl solution
(filtered solution) was detcrmined and the pH value noted. This
preparation was repeated using the same molar concentratioﬁs for
uranyl chloride and uranyl acetate. Nzmactly 50 mls of these
saturated uranyl tricarbonato solutions werce allowed to equilibrate
with 1.00g of air dried resins. The precedure used was ideantical
With that already outlined in scction H(2), cxcept the resins were
washed with a dilute carbonate solution of‘the appropriate pH.

Tyo of the polystyrene-divinylbenzene chelate ion exchangers
incorporating the salicylate and F.A.R. functional groups, were
investigated further to ascertain vhether pH affected the uranyl

capacitics. A borate buffer vas prepared (only small pH changes
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will occur in such buffers at pH's 7 to 9) as follows:— to
50 ml of 0.1MBoric acid and 5.0 mls of the uranyl tricarbonato
complex solution (derived from U0,Cl, and Nazcos), potassium
chloride was added so that the final solution on dilution wauld
be O.1lM with respect to it. Varying quantities of a sodium
carbonate solution were added to obtain the approximate (i 0.1)
pB., The combined solutions were diluted to 100 ml in a
volumetric flask. The pH range covered after cquilibration
of 1.00 g of air dried resin was 7 to 9. The uranyl capacities

of the resinsg were determined using the standard techniques.
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RESULTS AND DISCUSSION

Elcmental analysis of dircct condeongation

Tablc 1 RESINS
%  Elcment
Resin
C H N
Oxinc (basc catalyscd)| 57.5 3.9 6.4
Oxinc (acid catalyscd)| 68.9 4.8 4.2

From the dnalysis given in Table 1, thenumber of m. moles
éf chclating groups i.c. 8 hydroxyquinolinc available per g
of rcsin can be deduced from the nitrogen content. This
guantity is 4.6 m, molcs and 3.0m. molos/g of rcsin respectively
for the basc catalyscd and acid catalysed resins. Theso
valucs in turn suggest that the total thooretical capacity
of the resins for mctal ions will be 4.6 and 3.0 m.molcs
gecordingly, assuning a 1l:1 complex is formed. The actual
neasurcd capacitics of thesc two resins arc very low, and in
fact the rosults arc contrary to provious theorics, i.c. it
would bo cxpected that a lightly crosslinked reosin would have
a higher capacity than a highly crosslinked polymcr. Thus the
basc catalysed resin should have a much lower capacity than

the acid catalyscd onc.
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Table 2
Resin ' Mctal | Capacity { Optimum
ion n.moles pH
Baso Catalyscd CoZt 0.02 3.3 10 5.3
| w2 ol 0,02 |3.1 to 3.5
o 0.05 3.1 to 3.5
a3 0.02 >4,7
cuet 0.05 3.5
—t-
Acid catalysed ' ot 0,01 3.2 to 3.7}
Nit 0.005 | 3.2 o 3.7
Zn?+ 0.01 | 3.2 to 3.8
a3t 0,09 >4.9
cult 0.05 | 5.1

Although in genceral the basc catalysced resin has higher
capacitics than the acid catalyscd oncey, thc highest capacity
oxhibited is for A1 by the acid catalysed polymer (Tablo 2).
These extremely low results could be attributed to the high
donsity of the resin which provented penetration by the metallic
ions., This could ccrtainly be the casc with the 'basce catalyscd
ion cxchanger, but is doubtful for the acid catalyséd form.

The rcaction of oxine with formaldehyde produccs numcrous
dofinitc compounds depending on the rcaction conditions. The
structurc of many of these condensation compounds have not been
gpecificd., The majority of condensation rcactions with formaldc-

16’ 97-

hydec do however occur in the 5 or T position



It may be possible that condensation occurred in the 7 position in
both cascs, thus causing steric hindcrance of the chelating sites.
The rate of ogquilibration of both rcsins for copper(II) ions

was mecasurcd; but the kinetics were cxtromcly slow, at lcast

36 hours wore required beforc 90% attainmont of cquilibrium

was rcached (graph 1 and 2). Tho cquilibration rcsults aro
plotted as a function of timc and % attainment of cquilibrium.

The latter variable is dorived from assuming 100% cquilibration
of metal ion after 48 hours, any intcgers of this timc arc
cxpressced as a percontage. Thesc results arce certainly in
agrconent with a hoavilyvcrosslinkod network. The acid catalyscd
polymer preparcd according to choiso's39 proccdurc possibly
resulted in the formation of a crosslinked resin as it is
insolﬁblo in both dioxan and dimcthylformamide. Acid catalysis
of oxinc and formaldchyde usually results in the formation of

a low molccular weight lincar polymer.

The preparation of o condensation polymer incorporating 1, 2-
dihydroxy anthraquinonc (alizarin), produced a chkelatc ion cxchangeT
of higher capacity than the oxine resins. Although the capacitics
arc highoer (Tablc 3, graph 3) thc resin itsclf was unstable.
| Alizarin groups wcre leached out of the condensation matrix after

cach cyclisation (Table 4). This rcsin could be regarded as a
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polymer matrix with tho chelating compound trapped within it, i.e.

Deuel and Hutsciinoker theory53.
Table 3
i Metal Capacity Optimum
ion m.moles PH

Oo%r 0.18 6.1

Ni2+ 0.08 6.0

Al3+ 0.02 4*6

Cu2+ 0.28 | 5.6

Zn2+ 0.09 6.0 .

1
1
Table 4
|

ho. of 5

Cyclisations + 3 4

Co”™+ capacity in

m. moles 0.18 0.12 0.11 0.10

.,\,_

Appropriate pH 6.1 6.0 6.0 6.1

Corrected value

from Graph 3 0.16 0.16 0.18

4
L i

From Table 4? it is evident that after tho first cyclisation

25% of the original capacity was lost duo to tho removal of

chelating sites. Tho fourth cyclisation resulted in 45% of tho
capacity being lost duo to leaching out of chelating groups. Tho

loss of alizarim molecules was more evident when studying capacity

measurements i.e. numerous coloured precipitates wore obtained.
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The colour of these precipitates depended on metal ion and pH

of the solution. ILittle or no precipitates were obtaincd when

ratc of cquilibration was being studicd. It is possiblc that

the lossg of choléting sitcs is duc to concentration of metal

ion and pH of the solution. The values given in Table 3 and

Graph 3 have not been corrccted to account for tho loss of capacity.
The metal ions were studied in the scquonce given in Teble 3,
therefore the zinc capacity should be ncarly double the value
quotecd. The Lighcest capacity will still be for cupric ions

howover with zinc and cobalt approximately cqual. Prom the

stability constant98 of aluminium alizarin complex (monomer),

which is of the omder 102, it would be cxpccted that this ion
would have the highest capacity. This can be satisfactorm\y
explained in terms of hydrated metal ion fadii.(Tablo 5). Copper
has the sccond smallest hydrated ionic size of the metal ions
studicd, whilst @luminium has the lergest. This arguemont would
imply however that nickel ought to have the highest capncity,.

but it may be that Ni-alizarin comploxcs arce roldtivo unstablo.

As the resin becomes morc porousy; duc to loss of functional
chelating groups, this will tond to favour the la#gor hydfated ions,

which forms morc stable complexes with alizarin.

Table 5
+
Mctal Ton a3t cot it w2t | ozt Na
Hydrated ion »
size CA 4.75 4.23 4.04 4.19 | 4.30 3.58

Valuce obtained from rcf.99
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Although thc polymor would appcar to be less donso than oxinc
resinsy, the rate of cquilibration with cupric ions, was of the
samc magnitude as for the previous rosins (Graph 4).
The salicylic acid polymer preparcd by dircct condensation
nmethods, had sodium-hydrogen cxchange capacitics comparablc with

45 « The hydrogen capacity obtained

resins preparced by other workers
ﬁsing sodium hydroxide was approximntcly (within 5%? twicc that
obtained using sodium carbonate solution (Table 6). It is

rcasonable to assumce theorcforc, that with sodium hydroxide both

the carboxyl and hydroxyl hydrogoen's have been roplaced, but

with sodium carbonate solution only the carboxyl hydrogen.

Table 6

Samplc No. Capacity Capacity
obtaincd obtained

fron Na2003 from NaOh |

3

1 1.66 | 3.45 4

2 .77 3.53
Valucs cxpressed in m.molcs/g. of air dricd resin

This implics thot the total capacity for metal ions forming
a l:1 complex will be 1.71 (average). The highest measuiod
capacity is however only approximately a third of this valuc
and is for Co2+ at pH 5.7. Again from stability constants
aluminium should have had a much highor capacity than was
measurcd. The aluminimm-salicyPtc complex has beon reported to

be stable having a stability constant of ca. 14.0100. The oxrder

2+

. . 2+
of stability for salicyl~tc complcxes is Fo3+ >Al3'h > Cu and Ni~ ",

002+ and Zn2+ apparcntly forming complexcs of cquivalent stability
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Tablc 7
Metal ion Capacity Optimum pH
m.moles
2

oo " 0,58 5.7

hi2+ ! 0.10 5.7

Zn2+ 0.42 5.6

Al3+ 0.21 4.7

Cu 0.50 5.5

u6+ 0.02 7.7

I 1
10

(C02+ K, = 6.72 , Hi2+ = 6.95 and Zn2¢ = 6.85J¥£L
The stability complex of coppor-salicylatc is = 10,64'103

Although the stability constants vary from one paper to the next

it is however generally accepted that tho ratio of metal ion to
salicylic acid varies according to tho reaction conditions. It

is unlikely however that the salicylic acid copolymer prepared

can form those various metal ion—complexes. It is necessary to
assume that tho complexes arc 1:1 and to obtain electron neutrality

of tho metal ion an acetate ion is attached to it thus:

when fmis a

s divalent ion
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The mecasurcd capacitics suggest the order should be Nat > Co2+ '>Cu2+

>Zn2+ >Al3+7 2N12+. The position of 2ll the metal ions studicd

in the above sccuence can be cxplained in terms of stability constants
corrclated with solvated metal ion size, or alternatively the small
diffcrences in pH valucs ot which maximun absorption values

arc quoted. Howeover the difficulty ariscs in cxplaining the

ﬁosition of nickel (II). From solvated metal ion considoratioﬁs,

the motai ion aught to have the sccond highest capacity, but

2+ 2+

approximately cquivalent to that of Co“" and Zn“" from stability

constant considcrations. The order for metal ions at pH 4.0 is

A13+> -Cu2+ >_an-f- N Ni2+ 2002+

s this scquecnce rescembles that
of thc salicylic acid monomer and the metal ions, when studying
stability congtants .only. It appcars therefore that the solvated
mctal ion phenomena is only a sccondary cffeet at this pH valuc.
As the pH riseg bowever the .stability cgnstant beccomes less
cffective, giving preforcence to a resin effcet which at the
moment cannat be cxplaincd satisfactozznﬂ.This effect may be duc
to tho formation of inter-salicylic acid chelatas,; which have
been ropoftcd proviouslylo3, but not with salicylic acid and
acctic acid. The formation of mixed salicylic acid choelates
genzrally have highor stability constants than the corrcsponding
salicylic complcx. |

The capacity for uranyl ions is very low., 0,02 m.molas/g
of rosin at pH 7.7. This will certainly be duc to the citrate

buffer forming a complox with the uranyl ion. In gencral, citrate

O

uranyl comploxcs arc approximatcely twice as stablc as th

corrosponding salicylatc complox. In addition to this the sizc of the
6+ .

uranyl citratc complex will also govern the total U capacity of

the Tosin. The rosin prepoarcd however differs from that of



Ecgciso’s ct alf”? their rosin showed a maximum sorption at pH 3.3*
However the workers did not study the behaviour of uranyl ions
above this pH, as chelation of uranyl ions in solution would bo
inevitable. Tho affinity for uranyl ions at this pH (3.3) of
thosalicylic acid polymer was very low, and over tho pH range

1.5 to 7.0 the capacity was relatively constant. Although the
capacities of tho salicylate chelate exchanger are higher than
the other throe chelate exchangers discussed previously, the

rate of equilibration is very slow. Tho rate in fact is slower
than both oxino and alixarin chelate exchangers (Graph 6). This
will bo certainly due to a highly cross linked network, but may
glso bo duo to tho stabilities of copper with respect to the
chelate functional unit. The overall stability of the salicylate
resin was very good, no decrease in capacity was observed on

rccyclising (Table 8}«

Tabic 8
Ho. *of
Cyclisations 1 2 3
o capacity
in m. moles 0.58 0.58 0.30
Appropriate pH 5%7 5.7 5.3

Corrected wvalue
from Graph 5 - 0.58 0.29
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Prom the microanalysis (Table 9) id was possible to
calculate tho number of m.moles of nitrophenol units/g. of resin.
The number of n.moles of nitrogen/g. of resin was 0.86 or
alternatively 0.86 m.moles of p-nitrophenol units. During

reduction the total nitrogen content remains constant? but the

% conversion of nitro to amino was 847 i.e. 0.14 m.moles of

nitro groups remaining. The % conversion was derived from

the total nitrogen content which was due to amino and nitro units,
and from the titratable nitrogen which was due to amino units

only.

Table 9

¢ element
Resin

p—nitrophenol-form
aldehyde phenol 71.6 5.2 1.2

p-aminophenol-f0rm
aldehyde phenol 70.6 5.2 1.2

p—azophenol, oxine-
formaldehyde phenol 64.4 4.0 3.3

Titratable nitrogen content of p-aminophenol-formaldehyde
phenol copolymer 0.72 n.moles of nitrogen/g. of resin.

The amino content for the resin is 0.72 m.moles and the
peroentage conversion of this derivative to the azo-oxine was
92%. This conversion factor is derived by assuming 100%
conversion to the azo-oxine unit, and knowing the total nitrogen
content, and nitro units remaining (difference between total
m.moles of nitrogen less amino content for reduction step). If
say the total nitrogen content is y, and let x be the nitro units
remaining, then (y-x) will be equal to the nitrogen content due
to azo-oxine units. Since the amino content of the resin is also

known sa 2z, then for 100% conversion of amino to azo-oxine.
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z = 3(y-x) m.moles of nitrogen
This 100% conversion is never obtained, so that the % value
will be expressed by

y—=x) x 100
z

Hence one can obtain a % value for the conversion and
therecfore it is possible to deduce the amino content remaining.
This resin had the following composition:—

0e14 m.moles of nitro groupq/g. of resin

0;06 m.moles of amimo. groups/g. of resin

0.72 ne.noles of oxine groups/g. of resin

Fron this calculation the maximum capacity of the resin
mist be 0.72 memoles of mctal ion/g. of resin, assuming a
1:1 complex is formed. From Table 10 the maximum neasured

capacity was for copper having a value of lm.mole/g.

Table 10
Metal Capacity Optirun ?
ion me.no0les pH :

Co2t 0.58 ! 6.1

Ni 2t 0.31 5.1

5 cus* 1,00 5.9

§ g+ 0.01 1.5

It is evident therefore that other groups are present within
the resin nmotrix capable of band formation with metal ions. It
was first suggested that the remeining nitro units could be
co~-ordinating the metal ions, since p-nitrophcnol complexes are

known. This arguncnt was rejected since the measured capacity

of the nitro phenol polymer was 0,07 m.moles of co®*/g, of resin.



A second, explanation was that the remaining amino units were
acting like an anion exchanger. This was unlikely however as
tho pH of the measured netal ion capacities for tho p-azo-
phenol oxinc resin were 5*9 to 6.1 and the theory was proved

to he invalid as the resin had a capacity of only 0,05 m.mole

of C02+fg. of resin. The final suggestion is that the azo units
of the azo oxine functional group are "co-ordinating” the copper
ion, thus giving rise to this extra capacity. This may not ho
possible howdver as there are insufficient amino units to

produce this extra capacity (assuming "co-ordination" occurred

viaazo bond and amino unit), and the -OH of the phenol molecule
is too far removed to participate in bond formation with metal
ions and the azo linkage, thus OH cannot stabilise bond

formation.

OH OH
|

N NH

7

N

O

\H
No satisfactoiy explanation can be postulated at present. All tho

other metal ions have capacities well within the theoretical

value. From graph 7 if the order of stability is related to
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the capacity, assuming solvated metal ion radii to have little
or no cffeet; then at pH 5 the stabilitics of the netal-oxine
resin are of the order Cut> o2t - Ji%t, Mis sorics is
identical with that of the stabilities of metal oxinates.

The capacity for uranyl (II) ions was low prticularly when
gitrate buffer was present (Tablce 10). The optimum pH conditior
when citrate was present for the moximum uranyl capacity was 1;5,
and on increasing thc pH to 4.3 the capaoity dcecrcased. When
citrate was abscnt however the optimum pH for maximunm capacity
was 4.3, and decrcascd as pH tends to 1.0 (Table II). This
low capacity for uranyl when in "buffcered" solutions is
undoubtedly duc to the citrate prescent, and ét low:pH's the
equilibriun lios in favour of the resin, whereas on increasing

pE the uranyl citrate system is favoured.

Tablc IX
i | 6+
: Systen j Gapacities for U™~
;' in m. moles

0O.1lm Uranyl nitrate 0.01 0.02 0,03
solution only (2.0) (3.4) (4.3)
O.1lnm Uranyl nitrate 0.01 0.01 0.01
solution + citrate
buffer -

pH values in brackets
The behaviour of the resin with uranyl as pH incredses i.Co
capacity increcasing, is analogous to the oxine monomer itsclf
when enployed in solvent extraction procedures. Generally
higher pH's favour oxine extraction of uranyl (11) ions;
The kinctics of the p-azophcnol-oxine resin (Graph 8) are

very similar to the previous condensation resins prepared. The
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slow kinetics are unlikely due to a highly crosslinked matrix, as
the capacities are favourable. It may be duo to the rate of
attainment of equilibrium being dependent on metal ion concentration.
Unlike the previous chelate ion exchanger derived from pnitxi>-
phenol, the 4-nitroso-resorcinol unit should be capable of
self-crosslinking. Parrish used o-nitro-phenol and resorcinol
to prepare a chelate ion exchanger. It is true that these reagents
will condense with formaldehyde to give a polymer, when only the
theoretical quantity of base catalyst is present. In order to
condense phenol and p-nitrophenol with formaldehyde, three times
the theoretical quantity of base is required. This may be due to

the formation of the nitrophenoxidc ion thus

which would be resonance stabilised, and may propagate the
rea.ction between the ion, phenol and formaldehyde. The qua.ntity
of ba.se catalyst however for condensation of 4-nitroso-resorcinol
a.d formaldehyde is the theoretical amount. This will certainly
be a result of two activiating -OH groups largely outweighing

the slightly deactivating -NO group. The net result is an
activated molecule, unlike p-nitrophcnol which will bo ina.ctive

or slightly deactivated*.



Table 12

Microanalysis of 8-hydroxyquinoline resins derived

from 4~-Nitroso-Resorcinol polymers

% elenent
Resin . -
C | H N
4-Nitroso-Resorcinol-
fornaldehyde ' 56,0 1 3.9 Te T
: |
4—=Ariino -Resorcinol— j
formaldchyde 51,9 3.8 5.8 ;’
4-Resorcinol-formaldchyde 53.0 3.8 6.8 ’
azo-oxine !
f
i .z
4=Nitroso-Resorcinol- '
formaldehyde phenol §
copolymer 63.9 4e4 4.2 |
4-Anino-Resorcinol- i
formaldchyde phenol i
copolynmer 59.7 4.8 3.5
4~Resorcinol-formaldehyde
phenol azo-oxine copolymer 62,2 4.3 4.6
4~Nitroso-Resorcinol-
formaldehyde phenol
ecopolymer 59.4 4.1 6.1
4--Anino-Resorcinol—
formaldehyde phenol !
copolymer 53.0 4.0 4.9
4-Resorcinol-fornaldehyde
phenol azo-oxine copolymer 57.5 | 4.0 6.3
4-Nitroso-Resorcinol-
fornaldehyde phenol
copolyner : 61.1 4.1 4.6
4=Anino-Resorcinol-
formaldehyde phcnol copolymer 58.2 4.3 4.0
4=Rosorcinol-formzldehyde
phenol azo-oxine copolymer 62,0 3.9 5.1
!
l .
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From the analysis (Table 12), it is possible to calculate
the number of m.moles of 4-nitroso-resorcinol units/g. of
resin. These resins for future reference will be designated
1,2, 3 and 4 respectively, the order of notation corresponding
to that of Table 12. The number of m.moles of nitrogen/g. of
resin for resin No.l is 5%*5 alternatively 5*50 m.moles of
4-nitroso-resorcinol units. During reduction however 1.4 m.
moles of nitroso units were lost, and the percentage conversion
to the amino is 67.0%. This figure is obtained as previously
explained for p-nitrophenol-formaldehyde phenol copolymer.

Tho assumptions made however are that any units in the resin
formed as a result of incomplete coupling of oxine to the
4-diazo resorcinol unit do not contain nitrogen.

Table 13

Non aqueous titration values

m.moles of nitrogen

Resin No. due to amino unit/g.
of resin
1 2.3
2 1.9
3 1.1



Tho numerical date, obtained using the previous calculations

are given in Table 14.

Table 14

Resin N> Aamintion A

) = >y it s
mxaes s
,g_cf A £
=== ==

1 1.4 67 2.0

2 0.6 76 1.4

3 2.4 32 0.8

4 1.1 62 1.3

In order to check the validity of the calculation;,

capacities were determined on all four,

nitroso-resorcinol

polymers and tho corresponding amino derivatives.

azo; GSI:D_'
sy
nexpes
A £
I
42 0.5
47 0.4
63 0.5
48 0.4
cobalt
The cobalt

capacities obtained and the % conversion of nitroso to amino

are given in Table 15.

Table 15
+ .
1 Nbcs> i Ao
1 1.28 0.56
2 0.60 0.29
3 1.08 0.56
4 1.03 0.54

44

48
52
53

Those cobalt capacities were measured at pH 5*5 to 5*6*



TN
Although these values are not in good agreement with values

calculated (Table 14), the pH at which these valucs were obtained
is not the optirmum pH condition. From the calculated nitroso
units remaining (Column 2 Table 14), assuming a 1l:1 complex, the
me.noles of metal ion these units can co-ordinate with are l.4,
0.6y 2.4 ond 1,1 for resins 1,2,3 and 4 respectively. The measurcd
capacities are 1.28, 0.6, 1.08 and 1.03 respoctively. With the
oxception of resin No.3,; the rest are in good agrecment.

From theoretical considerations the total capacities for
netal ions are 1.9, 1.0, 2.9 and 1.5 m.moles/g. of resin for
resins 1,2,3 and 4 respectively. These valucs conpare favourably

with copacities given in Tables 16, 17, 18 and 19 respectively.

Toble 16
Resin No.1l
Metal ion Capacity | Optirun
nme.noles pH
co2t 1.48 5.6
Nit 1.45 5,7
cus* 1.51 5.4
b+ 0.07 1.3
Table 17
Resin No.2 Motal Ion | Capacity Optimun
m.noles PH
co?t 0.88 5.8
N1 ot 0. 63 5.9
cut 0.84 5.6
U6+ 0002 103 2




The efficiency of the resin can be calculated from the
measured and theoretical capacities. These values, as percentages
of the total sites accommodated by metal ions are 80, 88, 63,

and 90 for resin 1,2, 3 and 4 respectively.

Table 18
Resin No. 3 Metal ion Capacity Optimum
m.moles PH
Co2+ 1.32 5.40
Ni2+ 1.38 5.60
Cu 1.82 5.3
' u6+ 0.06 2.0
Table 19
i | 1
Resin No.4 Metal ion Capacity Optimum
m.moles PH
CO2+ 1.12 5.5
Ni2+ 1.30 5.6
Cu 1.45 5.4
6+
;U 0.05 1.9

The difference in cobalt capacities for the nitroso resins and
the corresponding resin coupled by an axo linkage to oxine should
indicate the number of oxine units/g. of resin. These values must
be taken at the same pH, and values forazo-oxine resins are
obtained fron graphs 9? 11> 13 and 15 accordingly. These wvalues
are resin No.l, 0.2\ Ho.2, 0.255 No.3, 0.24, No.4, 0.10. These
values do not check with the previous values calculated (Table 14)>
however from Table 1, nitrogen is lost during reduction ile.

nitroso units are possibly leached out of the resin. This loss



would be adequate to account for the above discrepancy. The

loss of nitroso groups appears to be a function of the resin, the
more heavily crosslinked resin (No.2) lost only 0.49 m.moles/g.
whereas resin No.l lost 1.35 m.moles/g. Resins 3 and 4 have values
of 0.84 and 0.47 respectively. The recalculated values for oxines
units (in m.moles/g.) for resins 1, 2, 3 and 4 are 0.45? 0.38,

0.42 and 0.33 respectively. These values are comparable with

the theoretical ones, given in Table 14.

The difficulty now appears to be explaining why the reduction
step of nitroso units to amino units is unfavourable. A possible
explanation of this is that 4-r.itroso-resorcinol forms stable
complexes with stannous or stannic salts. Other metallic complexes
of 4-uitroso-resorcinol have been previously reported * particularly
for copper (il) and cobalt (ill) ions. The red cobaltic complex
has the formula (C"H”O”N)"Co, and the copper ion produces a

complex having the formula (CgHj-O"N"Cu. The formation of tin

complexes is achieved only from stannous salts and 4-nitroso-
resorcinol. Stannic salts do not produce a complex immediately
but on standing for several days in an air tight container a
precipitate is produced. The behaviour of 4-nitroso-reoorcinol
with tin salts is analogous to that of N-Benzoyl phenyl
hydroxylamine”~”, This reagent forms stannous complexes having
the composition gSnCl”"* When stannic salts are present
they initially undergo reduction to the divalent salt, followed
by the formation of an addition compound. It is possible

therefore that 4-nitroso-resorcinol exists in tautomeric forms.



OH OH

NO

N - Benzoyl, phenylhydroxylamine

The behaviour of these two reagents however is comparable only
in their reactions to stannic salts. 4-nitroso-resorcinol forms

different stannous complexes depending on the ratio of metal ion

to chelating agent.

The 4-nitroso-resorcinol prepared according to Henrich*s

method had a composition favourable to that of the theoretical '"value
Found 40.60$8C; 2.28%HS 7.S2#ST$ 22.3$K
Theoretical 40.73$C? 2.26/aH; 7.91~5 22.18K.

The tin complexes of 4-nitroso-resorcinol vaiy in colour from
violet to green, they are readily soluble in dilute alkaline
solutions, producing coloured solutions. Depending on the tin
content, the complexes are insoluble in ethanol or ether.

The measured capacities of the 4 resins, are generally in
good agreement with the proportion of 4-Nitroso-Resorcinol used.
Resin 1 should have had the highest capacity, in fact it is
resin 3. This is undoubtedly duo to the low conversion during the

reduction step of nitroso to amino. Rosin 1 however has a higher



~656-
capacity than 4 which in turn is higher than 2, The order of
capacities is therefore 3% 1) 4> 2. Fron the neasured capacities
it would appear that hydrated mctal ion size, has little or no
cffect, and that the stabilities of the copper, cobalt and
nickel complexes of 4-nitroso-resorcinol should be approxinately
cequal. Thc copper complexes night have o slightly higher stability,
but no actual measurenents of stability constants for these
conplexes have been reported. Probably the closest cxample
is 1 Nitroso~2-naphthol, the order of stability of these complexes

ig Cu) Co»Ni, but the values arc very Similar106

. This sequence
would certoinly be true for resins 1 and 4 and partiallj correct
for 2 and 3.

The uranyl capacitics for these rosing were low, (Graphs
17 and 18) when determined from solutions (1) containing citrate
buffer and {2) when citrate was absent. These low copacitici
for all four resins cannot be sotisfactory explained, as there
are too many chelating sites within the resin. |

A predoninant factor will be the size of the hydrated uranyl
gpecics.

The rate of uptake of all four resins is slow (graphs 10, 12,
14 and 16), at least 30 hours are required to reach 90% attainment
of equilibriun. This slow rate is probably not connected with the
degree of crosslinking, since resin 1 had an egquivalent rate. It
may be due however to a concontration effect of the metal ion.
Gregor et a1§9 have observed the decrease in capacity as metal
ion concentration decreasess for various chelate ion exchangers.
It is possible, therefore, as metal ion concentration decronses,

50 will the rate of diffusion across the interfacc of solution

and regin i.e. film diffusion,
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The stability of the resins were found to be good, no leaching

out of chelating groups was observed for any of the four resins

proparcd. In order to solve the problem of which group present
in the polymer was contributing most to the capacities, two

4~-Nitroso-Resorcinol containing resins were prepared. No further
nodifications were carricd out on these resins, so that the
chelating site should be the-nitroso =nd adjacent -OH group,
uniike the previous four chelate ion exchangers where the
"chelating" units could be:-

(1) Nitroso and adjacent -OH of the resorcinol.

(2) The oxine unit.

(3) The azo linkage and a -OH group of the resor¢inol (figure 4)

(4) The azo linkage and a NH, group of the resorcinol (figure B).

OH C.- OH OH

2 -
CH2 CH-

OH HO OH
N N NH.
N N

00 0
O+ OH |
(A) (B)

Fron the analysis of the resins, (Table 14) both concepts (3 and 4)
" are possible, since.aminoAcohtent of the resin is appreciable.

It is possible however that with azo-anino coupling the distance
between these groups (becouse of lattice intervention) may be too

large for the smeller solvated metal ions, but night be favourable



for tho larger ions i.c. possibly uranyl citrate specises,

The two 4-nitroso-Yesins prepared hnd nitrogen contents
comparable with those previously discussed. From Table 20 the
nunber of m.moles of nitrogen or nitroso groups are 5.8 and 2.9/g.
of resin respectively for the formaldehyde and formaldchydo-
phenol copolymer. These Tresins for future reference will be
referred to as 4~N.R.F. resin (4-nitroso-Resoroinol~formaldcﬁyde) |

and 4-N.R.F.P. (4-nitroso-resorcinol-fornaldehyde, phenol) copolymer.

Table 20
% element
Resin H
c E | o®
4-T.R.F. 57.7 | 3.4 | 8.2
| 4-N.R.F.P. 6449 4.3 !4.0

The total theoretical capacitices of the 4-N.R.¥. and 4-N.K.F.P.
rosins are 5.8 and 2.9 n.noles of metal ion/g. of resin assuning
a 1:1 conplex is formed. The highest measurcd copacities for
these resins were 2.30 and 0,32 for 4-N.R.F, and 4-N.R.F.P.
respectively (Table 21). Their efficiencies are therefore 40%
and 10% which is considerably less than the previous resins.

This is partially txue, but during the reduction step of t:e
previous resins, nitrogen was lost. If an equivolent quontity of
nitrogen in the resin is inactive as nitroso groups and isnot
“cholating" with metal ions, due to modifications of the cholate

site, then the officioncy of these resins would be 60 and 17%

respectively.
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Table 21

i Resin Metal Capacity| Optimum

| ion m.moles pH
4-N.RF. Co2t 1.87 6.2
niot 1.57 | 6.3
cult 2.30 6.0
yb+ 0.04 1.6
4-Y.R.F.P. Co2* 0.32 6.3
it 0.15 5.4
cu2* 0.27 6.2

g b+ | 0,006 | 1,7-2.4 i

The capacities for 4-N.R.F, are superior to those of resin
No.1l as would be cxpected from nitrogen content and higher pH
values. The capacity is presumably lost in the previous
resins due to the low yiclds of reduction and azo coupling.

The order of capacities for the 4-N.R.F., rcsin is similar to that
of rcgin No.l i.c. Cur""+ > Co2+ > Ni2+, but for uranyl ions in

the presenco of citrate is approximately half that of resin No.l.
This may be due to the influence of the oxine units, in the latter
case., When citrate is not present however the capacity decreases
for 4-N.R.F. unlike resin Mo.l. This nay be due to the increosing
presence of HLﬁ_ anions as pH increases, producing compleX species
of greater stability than nitroso resorcinol-uranyl systens.

The capncities of 4-N.R.F.P. resins are lower than. those of
resin Ko.2, this should not be so. The major difference occurs
with nickel, which exhibits a maximum capacity in the pH region
5.5 to 6.0 {graph 21), The low capacities may be due to o slightly
more dense network compared with resin No.2, ns the reduction step

removes functional groups making the resin more porous. If the



4- N.R.F. RESIN.
2.5 GRAPH T9 cu

Capacity

m,moles/g .
2.0 _ &

1.5"
1.0

0.5

100~ - GRAPH 20
% attainment -

of equilibrium

0 Period of shaking in hours

1

12 24 36 48



4"" -N. R. Fc P. RESIIQ.C
GRAPH 2T

Capacity
0.3 m.moles/g
0.2
0. I-
0 { \
I 2
I00 7

50

GRAPH 22
% attaimment =

of equilibrium

Period of shaﬁing,in hours

] [{ [ 1

I2 24 36 48



matrix was slightly more dense then this would tend to favour
nickel-haoving the smallest solvated radii. Apart fronm the oxine
units present in resin No.2 contributing to this capacity effect,
no other cxplanation can be offercd. The uranyl capoacities
(graph 24) when citrate is cbsent would possibly suggest this
as,for 4-N.R.F.P. resin they are constant over the pH region
studied,but for resin No.2 an increcse in capacity is observéd
as pH increascs. The stabilities of both 4-N.R.F. and 4~W.R.F.P,
resing were good, no leaching out of functionnl groups was found.

The rate of cquilibration of copper (II) ions (graphs
20 2nd22) suggest that the resins are slightly more compoct, since
rates are slightly slower. The sme argument however concerning
slow rates of equilibrotion as used previously will apply to these
two resins.

The reduction of the nitropolystyrene-divinyl benzene
copolymer was only 59% cfficient. This value is obtained from
total nitrogen content of the nitropolymei'(Table 22) and the
amino content of the reduced form by non-aqueous titration.

For sinmplicity these resins will be roferred to as XAD2~-.

Table 22
Resin % elenent
c " N
XAD2-TO,, 60.6 4.6 | 8.9
XAD2~NH2 66.2 6.0 9.1
XAD2~azo0-0xine 169.6 | 5.6 T. T
XAD2~az0-P. A.Re 69.1 5.6 Te T
XAD2=pz0-alizarin 67.5 5.4 6.2
XAD2-az0 -salicylic acid 67.3 5.4 | 6.8
XADZ-azo—N,Nl dinethyl aniline 68.5 ? 5.6“ 7.9
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appropriate group i.e. XAD2-H02? XAD2-1® 2 etc.

Titrat able nitrogen content of the XAB2 NH2 was 3.82/4 .00
n.moles of nitrogen/g. of resin.

Using the previous mathematical technique an .approximate idea

of the composition per g. of resin can he deduced (Table 23).

Table 23
J .
J Resin I m.moles m.moles Jm.moles 20 conversion
i of nitio of aunD jof delating of amino to
groups/g grewp/g jgroups/g azo linkage
XAD2 azo-oxine 2.65 0.71 0.72 76
XAD2 azo-P.A.R, 2.65 0.71 0.43 75
XAD2 azo-alizarin 2.65 0.94 0.40 46
1
XAD2 azo-salicylic 1 1
acid 2.65 0.93 0.63
i i 1
XAD2 azo-N7?R i
dimethyl aniline ' 2.65 0.63 ! 0.79 |} 78

If this treatment is corret, the XAD2 azo? -oxine? -P.A.R.>
—alizarin and -salicylic acid resins should have total capacities
for multivalent metal ions of 0.722 0.43? 0.40 and 0.63 m.moles/g.
respectively. This is easily checked for the XAD2 azo-salicylic
acid resin by titrating either the total number of replaceable
hydrogens (using sodium hydroxide) or the carboxylic acid protons
only (using sodium carbonate solution). The titratable proton
values were 1.34 m.moles/g. (total) and 0.70 for carboxylic acid
protons. These values are generally in good agreement with the
calculated values. The measured capacities however are higher
than the calculated values (Tables 247 25? 26 and 27)? it was
first proposed that the remaining nitro groups within the resin

matrix could be forming a chelate. This has been suggested for
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nitrophenol-typo ion exchangers prepared by Saito”0” et al.
and also for p-nitrophonol in generallO0O** The measured cobalt
capacity of the polynitro styrene-divinyl benzene copolymer
was <0.05 m.moles/g. This was to be expected however on
reviewing the possible chelating sites available, i.e. only
nitro. The second proposal was that the poly amino styrene-
divinyl benzene could have a capacity for metal ions, either
by direct donation of 1lone pair of electrons, as with
pyridiniun complexes, or that both nitro and amino groups were
"co-ordinating” the metal ions. This proposal was also invalid
as the resin had little or no affinity for metal ions. It
must be assumed, therefore that this "extra” affinity for metal
ions by these four resins, is due to interactions between say
amino groups (actually the lone pair of electrons) and the
azo linkage. If this is true, then the combined capacities
(theoretical) of these resins are within the range 1.2 to
1.6 m.moles/g. (Table 23)# 1In order to verify this possibility
of tho azo linkage co-ordinating metal ions, a resin containing

'-dimethyl aniline was prepared. Azo coupling of XAD2

diazonium salt to If,!”l dimethyl aniline was carried out in an

acetate medium (pH 5%*6).

Table 24 XAD2 azo-oxine resin
Metal ion. Capacity ©ptimura pH
m,moles !
Co2* 0.25 5.9
Hi2* 0.10 6.2
Zn2+ 0.33 6.2
Cu2+ 0,48 5.5
Al13* 0.26 4.3

u6* 0.11 2.0



BT, 25 XAD2 azo-P.A.R., resin

fll S— m———————
Metal ion Capacity Optimum pH
m.moles
Co2+ 0.29 5.8
Hi2+ 0.23 6.1
Zn2+ 0.33 6.1
Cu2+ 0.72 5.4
Al3+ 1 0.27 4.3
i
u6+ 1 0.126 ! 2.3
Table 26 XAD2 azo-alizarin
I _______
Motal ion Capacity i Bptimura pH
ra.moles
Co2+ 0.26 5.6
Hi2* 0.29 6.1
Zn2+ 0.30 6.6
Cu2+ 0.69 5.4
Al3+ 0,29 4.4

u6+ 0.09 3.0-4.2



Tale 2 XAD2 azo-salicylic acid

Metal ion Capacity Optimunm pH
nme.moles
Co2t 0.19 5.6
Ni2* 0.34 545
Zn+ 0.25 5.6
cu?t 0.93 542
a3t 0.71 4.7
Ut 0.14 | 3.0-4.0

The capacities for Copper (II) and cobalt (II) ions were
0.60 and 0.12 m.moles/g. respectively for the XAD2 azo—N,Nm
dinethyl aniline resin., The capacity for metal ions fronm
theoretical aspects is 0.79 n.moles/g. of resin (Tabel 23). Tt
is highly unlikely that chelation occurred via lone pair donation
of the nitrogen atom to the metal ion, or that this resin behaved
as an anion resin, since thesc oapacities were determined at a
PH of 5.6. There are sufficient amino units remaining i.e. 0.63
n.moles to suggest chelation occurred via the azo linkage and
lone pair donation of electrons from the amine unit.

From the measured capacitics of the XAD2 azo-oxine resin, and
the theoretical capadtys it is unlikely thot the azo linkage
is participating in bond formation. Generally coupling of oxine

to o diazonium compound occurs in the 5-position.

H CH ~CH- CH

‘%»@

N//”\__
O)=

~OH



It is unlikely therefore that the oxine functional units could
influence any bond formation between an azo linkage and metal

ion. It is possible however that if this bonding had occurred
the influence of an adjacent amino unit could stabilise such

bond formation, through lone pair donation. The order of
stability for divalent metal ions with oxine is Cu>Ni> Co>Zn"*#
If the capacity of the metal ions can be qualitatively regarded
as being a function of stability of the metal complex formed,
then the above series is partially correct. Any major differences
in capacities cannot be equated to the size of the hydrated

raetal ion being too large to enter the resin matrix. Since
coupling of the oxine molecule to the resin matrix is far removed

from the chelating sites of oxine, it is unlikely that modification
to these has occurred. Therefore the idea of hydrated metal

ions being too small will also be invalid. The criterion could

bo at which pH the capacities are related to the stabilities

of metal oxinates. As tho pH increases beyond 4.0, the stability

of the Al-complex with the resin becomes less favourable. If

the capacities of the resin are token at pH 4.0 (graph 25),

then tho order of capacity is Cu2+ >Al3+> Co2+> Hi2+>Zn2+, with

tho exception of C02+, this series is similar to the one previously
quoted. However, during ’chelation” of the metal ion to the resin,
a lsl complex is being formed, it is necessaiy therefore to consider
only the first stepwise formation constant (K*). These are

12.56, 10.55 and 9*9 for Cu2+, Co2+ and Hi2'* respectively for

the oxinatesllo- The capacity of XAD2 azo-oxine for uranyl ions

is low (Gr*ph 33) when citrate buffer is present. The maximum
capacity occurs within the pH region 0.9 to 1.8, and shows a

steady decrease from 1.8 to 6.0, becoming relatiwly constant
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at 6.0 to 9.5. Tho low capacity will be due to the citrate ions
in solution being in competition for uranyl ions with the oxine
units. The equilibrium lies in favour of the uranyl citrate
complex, ase concentration of citrate is greater than the concen-
tration of oxine molecules available. From solvont-extraction
of the oxine-uranyl system it may have been proposed that the
resin should have increased its capacity for uranyl ions as pH
increased i.e. 0 ~> 9 The nature of the complexes formed between
the resin and oxine itself are totally different. With solvent
extraction, a UO”OXgHOX species is formed, which is unlikely to
be formed with the oxine units coupled to the resin. It is
possible therefore, that the complexes formed between citrate and
uranyl ions are the predominant factor, above pH 2.0.

From the measured capacities of the XAD2 azo-P.A.H. resin,
it has a higher affinity for Copper (il) ions than any other
XAD2 resin with the exception of salicylio acid. This copper
affinity however in approximately twice that of the theoretical
capacity of the P.A.H, units. In order to explain this, the
coupling of P.A.H, to the styrene matrix mcy have possibly

occurred in the 6 position® i.e.

g0



It is possible therefore that the copper.ion could form a
tridentate complex with the two nitrogens and the oxygen of

resorcinol.

~CH- CH

The possibility of azo co-ordination is valid since the capacity
of the XAD2 azo-dimethyl aniline resin was higher for copper (II)
ions than for cobalt. The co-ordination properties of benzene
azo-resorcinol have been reported previously”** Greasy ©t al?”#
oompared the copper complexes of P.A.R. with those of benzene
azo-resorcinol, tho major difference, apart from stabilities, was
tho insolubility of the latter complex in water. Unfortunately
no specific data have been reported concoming the stabilities
of the30 complexes, although every indication is that the copper (II)
ion readily forms complexes. Kaneniwa117 investigated azo
phenols, which formed stable complexes with Cu, Co and Ni (11)
ions in Q.5N sodium hydroxide solution, but Zn, Cd and Mn(1l1)
ions did not form complexes.

The remaining measured capacities are of the sane order as

the calculated values and it will be assumed therefore that the
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P.A.R, ligand is the functional unit. Unlike the oxine
rosin, the nickel capacity did not reach a maximun at pH 5,

but similgrityis apparent in their behaviour towards Al3+

and 007,

2

The order of stnbility of P.i.R, complexes is

+>'UQ22+> Co2+> N12+> Zn2+, and from the neasured capacities

would suggest the order to be (at pH 4.0) Cu2+) A13+ with

Coot it

Cu

and Zn2+ hoving approxinately the same stability
(Graph 27) but less than Al3+. The oxders are relatively

gsimilar to the stabilities of 002+, N12+ and Zn2+ P,A.R,

86,87

complexes which are 14+8, 13.2 and 12.4 respectively.,

The problem is however why UOQZ+ iong should have a low

capacity when the P.A.R.--‘UO2 complex has a stability of 16.286.
This low capacity will be_due to the presence of citrate ions, it
ig however higher thon thnat of the oxine resin, which might

suggest that the oxine-uranyl complex is weaker than P.A.R.

uranyl complex, and in fact this is generally true. As the

pH increases the equilibrium associated with the P.A.R. uranyl
complex possibly decreases giving lower capacities or alternatively
may be due to the citrate medium.

A sinilor type of stobility order exists for XADZ azo-—
alizarin, as did with P,A.R., The highest neasured capocity
being that for copper which is too great to explain in terms of
alizarin "chelation" alone (Table 26). The neasured capneity
is approximately 75% greater than the theargtical, and can
only be cxplained in terms of azo participation. The mode of
coupling of alizarin to the polystyrene back bone will

presunably be influenced by ~OH groups prosent ond will occur

at the 4 position thus:
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—CH -CH -

e Z

HO'
HC

It may bo possible that the carbonyl oxygen will influence bond
formation with a metal ion greater than an adjacent amino unit.
Prom the measured capacities the order of stability could be
regarded as being Cu2+ > Al"+ > Co2+, Ni2+ and Zn2+ at pH 4.2
(Graph 29). This order is possibly correct9 but as no values

have been reported for alizarin complexes no comparative comments

can be made. The uranyl capacities bear a distinct resemblance
to the XAD2 azo-salicylic acid system (Graphs 33 and 34). Both
show a maximum within the pH range 3.0 to 4*23and a steady
decrease as pH drops. There is in each ca.se aslightincrease in

the capacities at pH's above 9*0. This may be due to a different
uranyl citrate species Dbeing formed which has a lowerstability3
this is unlikely however as the XAD2 azo-PAR resin would have
also shown a possible increase. Alternatively it may be due to
an exchange process of NHAWc ions for the hydroxy hydrogens of
both alizarin .ard salicylic acid, which in turn is an equilibrium

exchange of uranyl ions for * ions.
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The XAD2 ago-salicylic acid bears little resemblance to
the condensation resin, the solvated metal ion size is
comparatively unimportant with polystyrene resins. The
condensation salicylic acid polymer should have had capncities
grecter than the XAD2. This rolc is reversed and thie copper
neasured capacity of XAD2 azo-salicylic acid is greater than the
sodium-hydrogen exchange value. The Al(III) capacity of the
condensation resin is at a2 nmaxinum within the pH range 4.5 to
5.0 (Graph 5). Whercas the XAD2 resin does reach a maximun
below pH 4.7. The resins show some sinilority in the positioning
of metal ions in n sitnbility order i.e. with the XAD2 resin

e+ 3 Zn°t > C02+, taken ot pH 4.5 (Graph 31).

a3ty oty m
This order is identical with the orders of stability for salicylic
acid metal complexes.

The capacity for uranyl ions for the condensation salicylate
resin shows a2 maximum at higher pH values whercas the XAD2 resin
has a maximum within the pH range 3.0 to 4.0. .

The maximum uranyl capoacity occurring at pE 7.7 for the
condensation resin, could be due to the resin matrix swelling in
~lkaline solutions. This may be true also for the XAD2 resin but
is unlikely as the uranyl ions have ready access to the chelating
sites over the whole pH range studied. This difference could be

a result of the resin matrix itself, i.e. with XAD2 salicylie

acid resin, azo coupling will occur in the 4 position thus.

[
N =N

O

OH

COCH
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It is possible therefore that any "extra" capacity will have
to be achieved via the azo bond and the lone pair on adjacent
amino groups. This applics for Cu2+, but for A13+ nay be
doubtful. The aluminium capacity is only 12% nbove the
theoretical value, which itself is only an approximation to
say within approximately * 10%.

With 2ll of these XAD2 resins the highest measureﬁ
capacities were for copper. How much the ~zo unit itsclf
contributed towards this is debatable. The predominant effect
will be the relative magnitudes of the %ability constants for
the resin complex and azo complex when o competing chelate is
present. Sone indication of this might be evident in a latrer
scction regarding stability measurements of metal ion chelate
resin systems. The stability of all the XAD2 fesins were good,
no leaching out of functional units wos evident on recyclisation
of the samples. The resins were gencrnlly stored in sealed
bottles, and were air dired, (having meoisture content 2-5%),
no detrinental effects werc observed in keeping the resins in
this condition., The validity of the procedure for measurenent
of copacitics can be observed from Teble 28, The initial capacity
refers to the technique adobted by other workers in this field38’49,
nonely measurenment of metal ion concentrotion before and after
equilibration. The final capacity refers to the technique

uvsed in this investigotion.



Table 28
ﬁH Initial Final Resin
capncity ’ capacity
2.8 0.033 - 0.036 XAD2
3.6 0.047 0.042 azo-P.A.R.
4.2 0.062 0.058
5.2 0.128 0.126
5.7 0.171 0.168
XAD2
2.8 0.135 0.132 azo -
3.6 0.078 0.073 Alizarin
4.2 0.030 0.028
5.2 0.021 0.022
5.6 0.018 0.019

The values in columns 2 and 3 are cxpressed in m.moles/g. of
resin. The metal ion was cobalt (6.004M) in acetate buffers.
The rates of equilibration of the four XAD2 resins were
measured for both copper (II) and uronyl (II) icns. With
the latter no buffer waos used,‘whereas acetote buffer was
used for the copper system. All four resins had equilibration
times of approximately 6 hours to attain 90% of equilibrium |
(graphs 26, 28, 30 and 32). This rate is foster than the
condensatioh resins, but is slow compared with conventional
jon exchangers. The rates are however indepondent of metal
ion and pH, a8 tregort? observed using o m-phonylene diglycine

regin with nickel (II) ions. Gregor studied the rates of
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equilibration over o pH range 3 to 6 using 0.00ln. metal ion
solution, The resin attained moximum capacity after approxinately
10 hours, this value is of the expected order for condensation
resings. Degeiso47 and co-workers using their salicylic acid-
formaldehyde polymer suggested that the rantes of equilibration
of metnl ions were independent of metnl ion and its concentration.
Their salicylic acid rcsin atteined 90% equilibration in 1 ﬂour. |
The idea of rate of equilibration being independent of metal
ion concentration is doubtful. The XAD2 nzo, oxine, alizarin and
P.Aa.le resins were allowed to cquilibrate with O.1lm cobalt
solutions at room tempernture. With the oxine ond P.A.R. resins
90% nitainment of equilibration was reached within 30-60 minutes,
the alizorin resin required slightly longer, but less than 3 hours.
(Table 29). The theory of ion-exchange kinetics is well~estoblished,

111

evidence from literature indicates thot the rate determining step

is the interdiffusion of the cxchonge countor ions either in the
nrticle (particle diffusion mechanism) or in a film of solution
surrounding the rcsin sphere (film-diffusion mechonism). A third

112 . \
which wos reierred to as

criterion was reported by Hojo
diffusion exchange. If the rate determining step is diffusion
hrough the ion exchonge particle, then the extent of equilibration
is dependent on the rodius of the spherical particle, effective
diffusion coefficient nné time. If the film diffusion mechonism

is the controlling factor then equilibration is governéd by time
and o constant, vhich is defined by the porameters of the film,

and the diffusion coefficient of the ions through the liguid. If
the rate determining step is controlled by mass actiony; thon the

extent of ecquilibration is dependent on time and a value S which is

equal to the sum of o proportionality constant X mole froction of say



sodium ions plus & proportionality constant X mole fraction of
hydrogen ions. The najority of kinetic equilibration studics

1113-116

have been limited to Dowex A- s and the variables which

apparently govern these kinetics ore numerous. If these variables
arc not closely controlled then the conclusion drawn from the
results are totnlly nislecading. This happened with Rieman and

113,114 0 .
3 4,A1n their first paper suggested that exchange

co-workers
is controlled by o second order chemical veaction and not by
diffusion. They later correccted their strtenent in line with

115, 116

other workers deas that diffusion is the rate controlling

step. The particle diffusion mechanism and the appropriate
equation used to determine the extent of equilibration is valid

for concentrations higher thon In and invalid if the composition

of the external solution alters with time. This latter variable

is true for the kinetics studied for the XAD2 resins. It has

also beon shown with Dowex A1 ond MgOl,'!? that the kinotics

arc independent of concentrotion, and that diffusion coefficients
are dependent on the radius of hydrated cotion, so to categorically
state which process is governing the kinetics of the XADZ2 resins

is inmpossible. It is possible that the mass acction effect is

a major influence, which noy affect the diffusion process which

in turn will govern the overall kinetices,

Table 29

Period of shaking % attainmenﬁ*gf equilibriun

in hours XAD2 azo§ XAD2 azo XAPZ Q20
oxine | P.A.R, Alizarin

% 92 85 82

1 o4 90 84

2 95 93 88

: 2| :

9 9

24 100 100 100

48 100 ! 100 100




-85~

Teble 30
Metal Ion Resgin Finql PH Temgerahne Graph
variation C reference
2+ .
Cu Oxine condens— 6.3-6,5 27 1
ation acid
catalysed .
Oxine condens— 6.2-6.3 26 2
ation base
catalysed
Aligarin 6.1-6.3 24 4
condensation
Salicylic 2¢id | 6,0-6.2 23 6
condensation
Oxine azo 6.0-6,1 23 8
coupled to p-
az0 phenol-
formaldehyde
copolymer
Resin No,1l 5.3=5.4 23 10
Resin NO-2 5.3—5.4 23 12
Resin No.4 5.3-5.4 23 16
NoRoF- 601—603 23 20
H.R.F.P. . 6.2-6,3 23 22
cut XAD2 azo-oxine | 5.4-5.5 27 26
ubt 3.0-3,2 27 26
cu?t XAD2 azo - 5.4-5.6 27 28
o+ P.A.R. 2.9-3.1 27 28
cult XAD2 azo - 5.5-5.6 26 30
yb+ Alizarin 3.0-3,1 29 30
cut XAD? azo- 5,3-5.4 29 32
U6+ Salicylic acid 2.7-2.8 29 32




The uranyl capacities of the four XAD2 resins are low, which

is possibly a result of the citrate buffer in compétition with
the resin for mctal ions. When these capacities were measured
using only O.1lm uranyl nitrate solutions, the values practically

doubled (Table 31).

Table 31
resin capacities m.noles/g.
1102(No3 )2 /
trati
Concentration XAD2 azo | XAD2 azo-| XAD2 azo- | XAD2 azo -
-oxine P.A.R. Alizarin | Salicylic
O.lm 0. 166 0.193 0.138 0.246
0.05m 0.077 - 0,114 0.074 0.226

This variation of capacity is not due to pH effects as the
measurenents were made at theoptirum pH., It is therefore
undoubtedly due to the citric acid present. If the citrate

uranyl complex stability constant (average value. ) is token as

8.5110

, then using o simple ratio of:

Kresin = Kcomplex:x total capacity when ligand present

difference in total capoacities

wherc K is the stability constant for uranyl citrates

complex
and the to:al uranyl capacities when citrate is present are
obtained from graphs 33 and 34, and when the ligand is absent
from Table 31. Using this mathematical ratio, the following
uranyl resinate stoabilities were calculateds

XAD2 azo-oxine log K = 8.8

X4D2 azo-salicylic acid log XK = 8.52

XAD2 azo-P.i.R. log K = 8.84

XAD2 azo-Alizarin log K = 8.76
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This treatment gives an approximate indication only, as the
concentration of citrate in solution is not considered as having

an appreciable effect. The rotio of competing ligond concentration
to the nuuber of chelating sites within the resin is high, and
would therefore affect the equilibrium position., A second
limiti:ation is the choice éf competing ligond, with citrate

the stability constanf iimité decided by this mathematical

6.8 (lower limit) and 1098 (upper linit) if

technique are 10
the capacity for uranyl was 1 m.mole/g.

The uranyl capaoities of the four resins decrensed when a
more dilute solution of uranyl nitrate (0.05M) was used. From
the values in Table 31 it is evident that the affinity of the
XAD2 azo~salicylie acid resin is stronggr than the other three
fesins, which is contrary to the previcus predictions regording
stability constonts. The decrense in capacity as the uranyl
concentration decreases could be due to one of two gffectss—

(a) decrense in uranyl ions im the predominant factor; or
(b) the ionic strength of the systom is the governing step.

Using uranyl solutions varying from 0,0l to 0.1mn (pH relatively
constant between 2.8-3,1) with a constant ionic strength of 0.50 o
using sodium nitrate, it was found that incrensing the metal
jon concentration accounts for only 10-20% increase in the
capacity (Graphs 35 and 36)., If the capacities of the appropriante
rosin (Table 31) are compared with values in graphs 35 and 36
at the same metal ion concentrotion, then with O.1a uranyl
nitrate solutions only (= 0.3) the capocities increasc by
15-25% with the exception of XAD2 azo-salicylic acid which shows
o decrease of the same nagnitude. For the 0.05muranyl nitrate

solutions 91 = 0.15), as ionic strength of the system increaces
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to 0.50, the capacities increase by 50-60%, again except XAD2 azo~
salicylie acid. It is reasonable to assume therefore that ot

0.05 to 0.1 'm metal ion concentrations both ionic strength and
netal ion concentration are of equivalent contribution. At low

metnl ion concentrations the ionic strength of the medium

. outweighs that of metal ion concentration. The reason for the
results on tho salicylic acid resin could be the dependency upon
the rotio of sodium ions to uranyl ions in solution, since this

1=
resin is the only one to contain a cag9xylic acid group.

Table B2
Uranyl solt Copacity of XAD2 ago~-resins

Oxine P.i.R. Aligarin Salicylic
0.05m acetate 0.377 0.413 0.208 0.538
0.05n chloride 0.205 0.236 0.216 0.227
0.10m chloride 0.223 0.267 0.263 0,252

values in m.moles/g.
From table 32, it is cvident that not only does ionic strength
and concentrition of metal ion influence the capacity ot a constant
pH value, but also the co-ion in solution. The reason for uranyl
acetate producing capacities higher than those of chloride which
in turn are higher than the nitrate, will not be based upon the
relative stabilities of these species in solution. The high capacity
for the uranyl acetate, can be explained in terms of the solubility
of this salt in water i.e. 7.7 g./100 ml. at 15°C (0.18Mm). The
solution used i.e. 0.05M. would be nearer ites saturation point

than the nitrate »r chloride. This would not be true however for
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explaining why the chloride system has higher capacities,
since ﬁranyl chloride is more soluble than the nitrate. From
the values in Table 32, the question arises why does uranyl
concentration have little effect on capacities when chloride
is present, when nitrate is present however an increase of 50%
is observed? This is true for three of the resins the exception
being the salicylate resin. It is possible that the salicylate
group is the predominant factor in this case. If it was due to
the uranyl system XAD2 azo-PAR could be expected to have an
equivalent capacity for uranyl whether present as the chloride
or nitrate. In ﬁn attempt to explain this, various uranyl systems

were studied. These weTe UOE(NO3)2/NaNO U02(N03)2/Na01;

33
Uoz(no3)2/aoetic'acid; U0,Cl,/NaCl and UO,(acetate)p/acetic acid.
The results obtained are plotted as a function of the increase

in capacity due to the corresponding addition of electrolyte.

The capacity of the resins for uranyl ions wvhen only uranyl
nitrate solution was present was mcasured, say b m.moles. The
capacity on the addition of eleotrolyte is obtained, say c m.moles.
Therefore the increase in capacity due to the addition of
electrolyte is (¢ -~ b) m.moles. This variable is plotted

againat concentration of added clectrolyte. From these systems
(Graphs 37-40) it appears that sodium nitrate in conjunction with
the uranyl nitratec has the greatest effect on increasing the
capacities. This will be due to the common ion effect, but an
equivalent incrcase would be expected for the uranyl chloride-
sodium chloride system. With the uranyl nitrate-sodium chloride

system, above 0.1 m concentrations, the salt has a suppressing

effect on the metal ion uptake.
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Table 33
_____ III
Resin capacity m.moles
Uranyl system
Oxine P.A.R. Alizarin Salicylic
vo2 (No3)2 0.060 0.079 0.031 0.073
U02¢12 0.057 0.079 0.048 0.061
UO” (acetate)2 0.112 0.151 0.070 0.140

This suppression of capacity as chloride content increases could be
due to the chloride ions attacking the remaining amino groups of the
resin, i.e. acting as an anion exchanger. At low chloride
concentrations the equilibrium is in favour of uranyl uptake. This
should also be true for the uranyl chloride-sodium chloride system,
but the capacities increase proportionately as chloride content
increases. The difficulty in asigning the factors contributing to
the capacities in these systems are numerous and variable. These

variables will be dealt with individually

(1) The possibility of the resins acting as anion exchangers due to
the residual amino groups has already been discussed. This effect
would tend to favour anionic complexes, such as iiI?ClAj _,

LUO” (NO*)J . From the amino contents of the resin (Table 23), XAD2

azo-salicylic acid and alizarin resins should have the highest

capacities, this is only partially correct however.

(2) The reason for the uranyl acetate system having the highest

capacity has been previously explained. The assumption that uranyl
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formed the complexed jUC* (acetate)molecule is likely since a
small volume of acetic acid had to be added to adjust the pH to a
value equivalent to that of an 0 .0SmUO~CNO”*)“* solution. The

suggestion, from amino contents, that XAD2 azo-salicylic acid and
alizarin have the highest capacities, is incorrect - alizarin has

the lowest measured capacity.

(3) The XAD2 azo-salicylic acid is a cationic exchanger, i.e. it
has ionisable carboxylic acid groups. This x*ould suggest therefore
slightly different behaviour to the other chelate ion exchanges
which contain no such ionisable groups. It may explain the affinity
of this resin for uranyl solutions within the concentration range
0.05 to O0.1fTU With more dilute solutions, this effect will be less
pronounced, the stabilities of the complexes formed being more

prominent.

(4) All the studies with the exception of the acetic acid systems
(graphs 41 and 42) indicate increasing capacities with increasing
ionic strengths, this is in agreement with previous results (graphs

35 and 36).

(5) Both uranyl nitrate/acetic acid and uranyl acetate/acetic
systems for all four resins show only slight deviations in the
capacities when pH conditions are maintained constant at the optimum

values.

(6) To explain the behaviour of resins (except salicylic acid)
towards uranyl nitrate, and uranyl chloride, it is necessary to
consider both dissociation and solubility of these salts. Uranyl

chloride is the more soluble salt, which produces a more
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dissociated system. This would possibly explain the relatively high
capacities for 0.1 and 0.05muranyl chloride solutions. At lower
concentrations however the dissociated molecules for both chloride
and nitrate systems will tend to be equal, and the capacities as
such will be equal. Uranyl acetate has the lowest dissociation
value of all three uranyl systems studied, but the concentration

effect will be the governing factor.

The uses of chelate ion exchangers as viable separation
techniques have been limited to commercial rather than technical
difficulties. The interest lies in chelate ion exchangers of the
Dowex A-1 type. Dowex A-1 in particular has been extensively
investigated but its applications restricted to analytical
procedures. Riley and co—workers118 used this resin for
extraction of metal ions from sea water as a preliminary concentration
procedure. Both inorganic absorbents and chelate ion exchangers
have been reviewed as a means of uranium extraction from sea water.

The difficulty appears to be at least three fold

£ W4—
(1) Uranium exists in sea water as a complexed entity JUCACCO%)*) »
which has a stability constant of 1.7 + 0.6 x 1023, and the uranium

is present in very low concentrations (3yg/f).

(2) The chosen extractant must be capable of working within the pH

limits of sea water i.e. 7.8 to 8.2.

(3) Possibly the most important is the selectivity of the resin or
absorbent. Conventional ion-exchangers are of little value in this
category, and at present few very selective chelate exchangers are

known.
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Using synthetic solutions of known uranyl concentration,
and the four XAD2 resins, the first two stipulations were
investigated. The uranyl tricarbonato complexes were prepared
from uranyl nitrate-sodium carbonate, uranyl chloride-sodium
carbonate, and uranyl acetate-sodium carbonate. The uranium
contents of these saturated solutions were 5.89, 7.12 and 8.53 mg/ml
respectively. From Table 34 the highest capacities of these resins
were from the solutions containing sodium acetate. This was to be
expected however as these solutions had the highest uranyl contents.
The next highest should have been the solution containing sodium
chloride, in fact this had the lowest capacity. This may be due to
the difference in pH, or alternatively sodium chloride having an

effect on the resin or uranyl complex.

Table 34
=l
U002 ((I)é A )
Resin system Capacity
n. pH ra.moles
cone .
medium
Oxine 295 NaNO03 7.6 0.085
P »A»R. - n 7.6 0.095
Salicylic
Acid i " 7.5 0.084
Alizarin ” ‘ 7.6 0.100
Oxine 356 NaCl 8.5 0.037
P.A.R. “ ' 8.3 0.042
Salicylic
Acid B " 8.1 0.044
Alizarin o " 8.4 0.046
Oxine 427 Na 7.8 0.108
P.A.R. : acetate 7.6 0.115
et {i_.\"(jix»:;x
Acid " = 7.5 0.095

Alizarin | ° . 7.6 0.122
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From graphs 43 and 44, it appears that the optimum pH range is
7.2 to 7.6, this lies slightly lower than the pH of sea water.
The capacities at pH 7.6 are still approximately half the sodium
acetate and sodium nitrate systems, which is due to the solutions
used in the latter case being 20 times more concentrated. The
efficiency of both these resins at the optimum pH is better than
50%. This efficiency will decrease however on approaching the

pPH value of sea water.
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DBTEMINATION OF STABILITY COHSTMTS OP METAlr-HESIN COMPLEXES

The determination of resin—metal ion stability constants has
been restricted in the past to a few systems” 3~ 51i9"  The
majority of these systems studied have been with resins which
were soluble in a suitable water misciblo solvent9 such as dioxan.
The procedure adopted was the standard potentiometric titration9
which generally gave fairly satisfactory results. A limited
success has been achieved with the resin Dowex A-17? the
stabilities of nickel and copper complexes have been studied2§9
later extended by Eger et aln for various other metal ions9 and
a comparison of these values with an analogous monomeric
system3 N-benzyl iminodiacetic acid9 made.

The difficulty with XAD2 azo-resins is that no such
monomeric systems exist9 and as such evaluation of these
stabilities has to bo attempted on the resin itself. Several

procedures were attempted5 and will be dealt with individually.

(1) Direct potentiometric titration
This method has been successfully used in the past9

120 to determine the

particularly by Irving and Rossotti
stability constants of oxine and salicylic acid complexes. For
the oxine system the metal ion concentration is limited to the
solubility of the metal oxinate in 50/50 water—-dioxan. The
procedure adopted here was to titrate the following systems
using molar sodium hydroxide from a nicrosyringe fitted with a
vernier scale.

(a) equivalent volumes of dioxan and an aqueous solution of

UaCl0”/HC10".



(v) equivalent volumes of oxine (0.0lwn) in dioxan and an
aqueous solution of NaClO4/HCIO4.
(c¢) equivalent volumes of oxine in dioxan and an aqueous

solution of copper sulphate (.005Pn) with N('LC].O[;/HCJ.O,1 present,

The concentration of NaClO4 was 0.600mand the HClO4
0.0385m.

From the three systems studied above it was possible to
determine the staobility of the copper oxinate. System (c) was
repeated and 0.333g of XAD2 ago-oxine resin was added. This
quantity of Tesin has an equivalent oxine content to that
present in the aqueous phase. It should have therefore been
possible to titrate this system; and hence deduce the effect
the chelating ion exchanger is having on the systen,
Unfortunately this system was of little value;, the main
disadvontages with it were : |
(1) 1low concentration of metal ions being used and hence a
large proportion of the resin would have been not co-ordinated
to copper (II) ions if this system had been successful.

(2) The rate of attainment of equilibrium of XAD2 azo-oxine

is approximately 6 hours, therefore after each addition of
alkali this system has to equilibrate. The total time required
for such a titration would be of the order 3-4 days. It is
possible, however, to overcome this problem by measuring the
stabilities at higher temperatures, say 70—8000, but the
epparatus would have to be sealed to prevent evaporation losses,

(2) "Anti-Schubert!s" method

Sohubert'5121 method has been used on previous occasions

but using conventional ion exchangers. However, the method now
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connected with his name is the modified version122 which allows
for stepwise formation of a series of complexes. An ionic
mediun is used at constant calion concentration Cm and variations
of the ligand concentration CL are assuned not to change
activity coefficients appreciably. Constant pH and trace netal
concentrations are used, so that the effective ligand

concentration is proportional to C The resins are completely

Ll
loaded with M cations. Complex formation is assumed to produce
only neutral or anionic species which are supposed not to be

absorbed by the resin. Keeping in mind the above restrictions,

the following equation can be expressed :

N1

o .
CDM]DM)—I ﬁl +§2CL+0'1-0=010¢-.-0PNCL

1

where D°M is the distribution coefficient when ligand is absent

and DM when ligond is present.

The "Anti-Schubert's" method is derived similarly but the
competing chelate concentration (which in this case is oxine)
was constant; ond voarying quantities of the XAD2 agzo-oxine resin
were employed. The results given in Table 35 indicate that this
method had its limitations. The concentration and composition
of the solutions were identical with those used in the potentiometric
titration procedure. The initial concentration of copper ions
was T.96ng. The solutions were placed in a thermostat bath set
at 25°C + 0.1 for 1 day, after which time the resin was
introduced, and equilibration allowed to proceed for 7 days with

only occasional shaking at 25°C + 0.1.



Table 33

JjQuantity Metal IMetal
Tof resin ion in | ion on PH
used mg solution 1 resin 1
mg mg I
5
o147 7.78 0.16 2.3 j
J
183 7.65 0.31 2.3 |
<
292 7.54 0.42 2.2
i
79 7.92 0.04 2.2
i
280 6.84 1.12 2.2
I

The resin sample which absorbed 1.12mg of copper (il) ions,
had no competing oxine molecules present in solution, only
dioxan and an aqueous solution of NaClO"/HClO™ i.e.D°M. The
limited success of this procedure was entirely due to the final
pH of the solution being of the order 2.0. As a result of this,
the distribution coefficients were extremely low and possibly
unreliable. This coefficient could have been increased,
simply by raising the pH of the system, say to pH 5*0. This
would have presumably resulted in distributions of 40-50$, which
are of the desired order. However, increasing the pH of the
system could have affected the solubility of the copper oxinate,
similarly increasing the metal ion concentration to favour the
resin capacity could have produced a precipitate or suspension
of metal oxinate.

If a water soluble system was used, i.e. copper and E.D.T.A.
and the solutions were sufficiently dilute so as not to
contradict any assumptions made in the Schubert method, then a

reasonable pH could be attained. This type of procedure was

5 .
WWW



the stability constants for copper and nickel on Dowex A-1.
The assumption made was that a fairly large chelate molecule

must be employed, so that it is only the hydrated metal ion

which is capable of entering the resin pores and not the metal

complex.The procedure itself was thatvaiyingratios of metal,

chelate and resin were allowed to attainequilibrium at a

10.0) . The pH is certainly

constant pH value (for Dowex A-1 Ca.

critical for XAD2 azo-resins in the region 4*5 to 5*5? as the
proportional increase in capacity 1is greater than pH variations.
The quantity of resin used was always greater than the metal ion
in solutionj usually a 5% allowance was made. This quantity of
resin was derived from the experimental capacities previously
The final pH’s of the solutions

measured in acetate medium.

after equilibration with the resin were measured, and the samples

which were of the incorrect pH were adjusted
either sodium hydroxide or dilute perchloric
procedure was repeated until all the s<amples

The copper concentration of the solution was

to that value with
acid. This

had the same pH value-

measured using

B.D.T.A. and P.A.N# indicator, and the known values incorporated

into the following equ-ation s

Kover—-all

?)
overa

iLff1 - M17?). =
K MY pJ(1l]

where s
constant of the resin-metal complex”

K MR is the stability

K MY is the stability constant of the copper-ligand complex”

concentration of metal ion in resin phase$§
concentration of uncomplexed ligand left in solution.
[MY] concentration of metal complex found in solution.
fRq] concentration of uncomplexed resin left.

is the stability constant ratio of the metal, resin and

Kover—all



-100-

ligand system.

This equation is derived from the following systems. When a
chelating ion exchanger is allowed to equilibrate with a solution
containing a metal and a large polydentate ligand, two competing

complexation reactions occur.

M+Y MY *yY = [MY3 A

Rearranging equation (1) gives

log [R] = 1log B3C¥3 - 1log K
T O

over-all

The competing ligand chosen for XAD2 azo-resins was glycine,
and the metal ion was copper. The results and measurement
conditions are given in Tables 36-39, and the appropriate values

plotted in graphical form (graphs 45-47).

Table 36 XAD2 azo-P.A.R. resin

1
i
Concent- iConcent- Quantity
ration ration of resin [cur} [Yl M |
of Cu(II) [of used. ‘
glycine g- l
1.0 2.0 3.0 0.84 1.68 0.16 0.96
« 2.0 0.69 1.38 0.31 0.51
* 2.5 0.65 1.30 0.35  0.85
1.5 3.0 | 3.5 1.08 2.16 0.42 1.02 |
¥ 5 - 7 4.0 1.10 © 2.20 0.40  1.30
: 3 2.5 0.92 1.84 0.58 0.58
" 3.5 3.0 0.95 ' 2.40 0.55 0.85
" 3.5 2.5 0.88 2.25 0.62 0.88

G
u

@)
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Final pH’s constant at 5.2, capacity previously measured was 0.60m.

moles/g. at this pH.

Table 37 XAD2 azo-alizarin

Concent- Concent- Quantity
ration ! ration of resin

of ! of used. [Cur] n [MY] R]
Cu(ITI) glycine
8>
1.0 2.0 2.0 0.50 1.00 0.50 0.74
i " 2.5 0.63 1.26 0.37 0.92
n 3.0 0.72 1.44 0.28 1.14
1.5 3.0 2.5 0.76  1.52 0.74 0.79
M T 3,5 0.91  1.82 0.59 1.26
x " 4.0 1.01  2.02 0.49 1.47
* 3.5 2.5 0.71  1.92 0.79 0.84
. T j 3.0 0.79  2.08 0.71 1.07

Final pH's constant at 5.2, capacity previously measured was

0.62m.moles/g, at this pH.

Table 38 XAD2 azo-salicylic acid

Concent- Concent- Quantity

2:.1:101’1 zztlon z:e C11':,esz.n [CUR] M M

Cu(II) glycine
1.0 2.0 1.75 0.52 1.04 0.48 1.10
n 2.5 0.65 1.30 0.35 1.65
< 3.0 0.72 1.44 0.28 2.04
1.5 3.0 2.0 0.64 1.28 0.86 1.20
i . 3.0 0.89 1.78 0.6l 1.87
H j 3.5 0.98 1.95 0.52 2.24
g 3.5 2.0 0.65 1.80 0.85 1.19
* » 3 2.25 0.71 1.92  0.79 1.36
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Final pH's constant at 5.2, capacity previously measured was

0.93m.moles/g at this pH.

All the values in Tables 36-38 are expressed in m.moles

except columns 3.

From equation (2) the intercept on the log [MR} axis
[MY]
should give the over-all stability constant of the system. However

with all three graphs two definite straight lines were obtained.
The intercepts of these are :-

XAD2 azo-P.A.R. log K

0.99 and 0.78.

over-all
XAD2 azo-alizarin log K = 0.42 and 0.29.
over-all
XAD2 azo-salicylic acid log K = -0.02 and -0.19.
J over-all
The relationship for log Kodef—ai? is :-
log K logKMR
over-all LogKMY

using the overall stability constant for copper glycinate, which
is 13.1, the copper resinate values were calculated (as given in

Table 39).

Table 39

i ;
, lo metal j1 metal
S system g J og.
-monomer resinate
1 (Literature #
i value) 1
i ! i
| UO**oxine 11.25 (ref 110) 8.8
I*-salicyl- 2.20-12.1 8.5
!
lic acid (ref 110)
(Depending on
complex species]
UO”*-P.A.R. 12.5 (ref 66) 8.8
IK*-alizarin 8.8 3j
Cu-P.A.R. 14.8(ref 66) Ca 14.0 ,
Cu-alizarin - Ca 13.5
| Cu-salicylic 10.60 (ref 110) Ca 13.0
! acid



The values obtained using the "Anti-Schubert's" nethod are of
the same order as the stability constants of the corresponding
nmetal-mononer complexes. These values arc contrary to the
uranyl constants, as the latter are lower than the
corresponding metol-monomer complexes. These lower values
could be due to the ossumption that competing ligand
concentration has little or no effect. With the "Anti-
Schubert's" method, however, the competing ligand
concentration is considered as a governing factor,; and the
results obtained by thie procedure should be of some
significant value. Even with this procedure however it is
impossible to quote o precise metal-resinate stability
constant, as some inexplicable discrepancies occurred; for
instance :-

(1) +two definite stroight lines obtoineds

(2) +the gradients of these lines should be unity from

the proposed mechanisnm (equations A and B), in fact

the obscrved values range from 1 to 6, with the

najority of values being approximately two.

It must also be emphasised that itwo nolecules of glycine
in solution chelate 1 molecule of copper (II) ion, whercas
with the resin a 1l:1 complex is assumed to be formed, with
possibly the co-ion (nitrate) maintaining electron neutrality.
These stability values are apparent constants and not
thermodynamic constants, because the activity coefficients

of the metals in solution and in the resin phase have been

neglected.



(3) stary's Method

17

The procedure adopted by Stary™ ' was to examine a series
of metal oxinates by solvent extraction, when several
competing water soluble ligands were present. From these
results he wes oble to calculate the stability constants of.
the metal chelatc knowing the stability constants of the metal
oxinatess, A slight modification was employed using the
XAD2 azo-oxine; and P.A.R. resins, in place of oxine and
solvent extraction.‘ The equilibration time for this system
was somewhat longer than Stary's procedure, in this case two
doys were allowed. The metal ion chosen was copper and the
competing ligands were oxalic acid, tortaric acidy E.D.T.A.
and 1, 2-diaminocyclohexanc tetra-acetic acid (C,D.T.A;). With
this procedure the pH was varied over the required range, to
obtain these pH's either perchloric acid (N/lO) or godiunm
hydroxide (W) werc used. |

" Procedure -~ to a solution contéining a known gquantity of
copper nitrate (which was 0.1 with respect to sodium |
perchlorate) en equivalent volume of water was added. A small
quantity of either sodium hydroxide or perchloric acid, was
added deponding on the required pH. This quantity of acid or
alkali was known from o provious potentiometric titration of
an identical system. The solutions werce shaken for two minutes
and 0,250g of the appropriate resin added. The systcms were
allowed to attain equilibrium for two days with occasional
shaking. The pH was neasured and the final copper concentration
of the solution determined. This procedure was repeated using
the four competing ligands. The gquantity of ion (copper) on

the resin wae expressed as a % extraction, as the initial metal
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ion concentration was known. The results are expresscd in
graphical form (graphs 48-50). The quantity of resin chosen
was sufficient to absorb all the metal ion from solution.
From the graphical data the behaviour of the oxine rosin was
analogous to oxine monomer when used in solvent extraction
procedurcs, with the cxception of C.D.T.A. With this ligond
the % cxtraction was zero over a pH range of 2,8 to 9.3,
indicating that the stobility of the copper-C.D.T.A. complex

was greater by a factor of at least 100 than copper-resin

conplex. Unfortunately only a2 qualitative idea of the metal-
resinate stability constant can be predicted. The calculations
employed by Stary required the pH at 50% extraction, It is
evident from the graphs 48-50 that there is very little
difference in the pH at which 40 and 70% extractions are
obtained.

From the procedures previously discussed, the possibility
of determining o precise value for o metnl-resin stobility
constant appears to be highly unlikely. The numerous
difficulties with these methods appear to limit the concept
of metnl-resin stability to o gualitative idea. Of the
nethods investigated the most promising technique appenrs to
be the Anti-Schubert's method employing wnter soluble complexes.
The critericn appenrs to be choosing o suitable competing
ligond and having a homogeneous resin with only oﬁe functional
ZTouP.

The cheloting abilities of the Resin 2 (azo-oxine resin
derived fronm 4-Nitroso-Resomwinslpolymer) and the p-phenol azo -
oxine resin were investignted using copper and nickel glycinates.

The results are given in Table 40.
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Table 40
Resin Metal Measured capacities % i
ion m.moles decrease !
0.2m Acetate d;eczze .
glycine buffer gLy %
Resin
2 Co2+ 0.06 | 0.88 93
Ni2+ 0.04 i 0.63 94
+
p-azo - Co2 0.22 1 0.50 56
phenol Ni2+ 0.16 0.28 43
oxine
i £

From these values it can be concluded that the metal ion
complex formed with the p-azo-phenol oxine resin is much more
stable than the corresponding complex formed with Resin 2. It is
possible therefore that during the investigation of Resins 1, 2
3 and 4 all the oxine units were chelated initially and the
remaining capacity obtained by chelation of metal ions to the
nitroso groups or possibly the azo linkages. This treatment is
only qualitative, since the glycine in equilibrium with the resin
was of greater concentration than the chelating groups within the resin.
A second qualitative technique employed during this
investigation was to allow resins to equilibrate with a particular
metal ion at a definite pH value. The loaded resin was then
allowed to equilibrate with a second metal ion at the same pH and
the distribution of exchange measured. The systems chosen were
XAD2 azo-oxine and Resin 1 (azo-oxine resin derived from a 4-Nitroso-

Resorinol polymer), cobalt ions (0.1firj), uranyl ions (0.1fln) and a pH



value of 8.6. Unfortunately with this pH value a

comploxing agent was necessary and 0.2m tartaric .acid was
used. To observe the effect this competing ligand was having
on the capacities? cobalt capacities of both resins at

pPH 8.6 were measured with tartaric acid present. Similarly
the uranyl capacity was also measured at this pHvalue. The
values obtained are given in Table 41-

It was assumed that a metal ion having a higher stability
constant with the resin9 wuld displace other metal ions of
lower stability. This is a feasible idea? but the
difficulty found with this technique was the difference in
the structure of the complexes formed between uranylions

and the resin and cobalt ions and the resin.

Table 41
1 Co (II) U(VI) Co(11) u(vi)
j capacity capacity capacity after capacity
Resin 3 m.mo les/g. equilibrating
1 with uranyl
I solution
i m.moles /g-
ro- J - -
XAD2 azo 3 0.33 0.09 0.27 0.03
-oxine
Resin 1 J 1.63 0.08 1.00 0.08
J

From the tabulated results one third of the available sites
were occupied by uranyl ions for the XAD2 azo-oxine rosin9
whereas with Resin 1 all the sites were occupied. The
difficulty with the latter resin was that the remaining nitroso
groups formed a stronger complex with cobalt (ii) than with

uranyl ions9 or possibly the uranyl ions will not form a complex
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at all., This technique scems to be a more interesting
qualitative approach to metal ion stebilities, the difficulty
being choosing two suitable metal solutions requiring no

conplexing agent and a resin with one functional group.
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The oxine chelate ion exchangers prepared by direct
condensation technigues proved to be unsatisfactory in that
the copacitics were very low and the rates of equilibration
were alsc low. This is contrary to the resins prepared by
Pennington and Williams and Degeiso, but verifies work by
Parrish. The difficulty with direct condensation resgins is
that mode of chelation and structure cannot be easily
demonstrated. Certainly the oacid catalysed resin had a
different structure, than the one prepared by Degeiso et al.
The aligarin and salicylic acid condensction resins were moTe
successful, but also had limitations. The alizarin resin was
unstable, which resulted in the chelating groups being
leached ocut of the resin matrix. This in turn produced low
capacities and the rate of equilibration was poor. Although
the salicylic acid resin initially appearcd to be successful
from the sodium-hydrogen exchange value, the difficulties
later encountered werc that the resin matrix was too dense to
allow the larger hydrated metal ions to enter, thus producing
rather low capacities and rate of equilibration.

The oxine exchangers preparced by azo coupling of this
nmolecule to suitable condensation resins produced exchaongers
of higher capacities, but relatively the some kinetics. The
capacities of the resins in general could be equated to netal-
oxinate stabilities, but owing to the intervention of other
functional groups only a qualitative idea can be obtained.
The difficulty with resins prepared by azo coupling of oxine
molecules to o matrix derived from 4-Nitroso-Resorcinol, was

the low conversion of nitroso groups to amino, thus resulting
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in the: finnl resin having two functional groups. One of the
two nitroso exchangers had metal ion capacities superior to
nost other chelatc exchongers previously reporited, but the
kinetics were agoin too slow.

The coupling of chelate molecules to a diazonium styrene-
divinyl bengene copolymer, produced superior exchangers,
Although these resins were not selcctive for the netal ions
studied, the rotes of cquilibration were of practical viability.
The capacitices for the metal ions examined were complicated
however by other "chelating" sites within the resin phase.
These values were comporable with the metal-ligand mononer
stability consténts. The presence of these other "chelating™
sites caused difficultics when investigating uranyl absorption.
The possibility that these resins could behave as ordinary
anion exchangers (due to amino groups) when allowed to
equilibrate with uranyl systems at low pH values i.e. 1.5-2.5
could not be ignored.

The determination of metal-resin stobilities achieved
linited success but did furnish sufficient information to

warrant a more detailed studied using uni-functional resins,
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