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- ABSTRACT

The resin éelectivitonf tracer halide ions has been disgusséd as a
function of the nature of the anion, of the resin-group cation, and of the
macro-~electrolyte. ‘In}dilute solution., interactions between ions and water
and between the anions énd_resin-group ioné are domiﬁant, but with concentrated.
solutions,énidn—cation interactions plaj an‘important rolé. Experimental
confirmation of the ideas presented was obtéined with Dowex 1 and Dowex k
resins,vcontaining a quaternary ammonium and a tertiafy amine group, réspecfivély,
and employing KOH, LiCl, and tetramethyl ammonium-chloride_(NMeuCl) soiutions

as. the eluting agent.
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Introductibn
In‘a recent pair of papers the dilute~soluti0n elution orders of the
alkali5 and alkaline‘earthLL metal cations have been explained as a competition
between the water molecnles and resin~-group anions for SOlveting'the cations.
‘In going to concentrated external solutions, the effect of the aqueous anion
must also be included, and the decrease in water activity in such solutions
makes the interactions of the cations with both the aqueous anion and resin
anion increasingly important. Depending upon the relative strength of these
interactions, the elution order may invert with concentrated electrolyte
solutions, and the conditions necessary for such.selectivity,reversals are
con51stent with the type of model’ suggested. |
It seemed of 1nterest to extend these con51deratlons to the case of
anion~exchange resins. A corresponding model for the dilute-solution exchange
of anions has already been presented5 nhich,»howeyer,‘makes use of an additional
feature for lerge nonovalent ions such as ClOu—, AuClu-, FeC}u—, Reohf, etc.
. (and NMeu+, NEtu+, etc.iin cation exchange). Such large, 1owly—charged‘ions
do not coordinate the neighboring water molecules into a first hydration shell
and are squeezed by the hydrogen-bonded water structure out into the less
'structured (less hydrogen-bonded) resin.phase; ’If the resin group itself is
also a large,. lowly-charged and relatively hydrophobic iony e.g., the quaternary
ammonium ion of a strong-base resin, the residnal weterlstruCture in the resin
rhase pushes the two oppositely cnarged ions together to'associate as a water-
_structnre—enforced ion—pair;6, The result for the . hallde ions is thevdllute—
solutlon elution order observed 1;e., F < Cl < Br < I
But more important to the present discussion is whether.such considera-
tlons can explain the elutlon behav1or of the hallde (and other) enions with

t‘a change in the nature of the resin group, and in the presence of concentrated
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external solutions. If so, this might lead to the systematic tailoring of
conditions to yield desired types of behavior, as, for example,. an inverted

-

selectivity sequence for the halide ions.

Experimental
,Réagents. The anion~exchange resins used were DoweX 1-X8, a strong-base resin
with a polystyrene matrix, and Dowex 4, a tertiary amine resin dérived from
the condensation of epichlorohydrin and ammonia. ’The capacity and water
uptaké of the Dowex i were % .46 meq. and 0.72 g, respectively, per‘grgm of dry Cl-form
resin, aﬁd the corresponding figureé for the Dowex I were 2.99 meq; and 0.89 g
per gram of;dyy, Cl-form resin. The solutions of KOH, LiCl, and N(CHa)hle |
‘ (NMehCl) were preparéd by volumetric dilution with conducﬁivity water of
analyzed stock solutions of reagent-grade materials. vThe 18F tracer was pre;
pared at the Tawrence Radiation Laboratory HILAC fromvréagent—gfade Li,80),

e 36538 82

by the nuclear reaction, l6o(a,d?l8F{ Cl and ~ Br were preparéd by

neutron irradiation of reagent-grade LiCl and LiBr at the Livermore Reactor. =

The 131

I tracer (carrier-free in NaQSOB) was purchased from Osk Ridge National
Laboratory. Thg Na (carrier-free) was purchased from Nuclear Science and

Engineering Corp., Pittsburgh, Pa.

-

Procedure. Batch measurements were made with the T tfacer by placing weighed .
samples (0.0l50-Q.lOOOg) of resin and lO.O.orVQO.O ml of sﬁlution‘ofrknown
_trager content into 30 ml polyethyléné scféw~cap bottles and shaking for at
least 8 hours."TwQ 2.QO mlréliquots of solution wére then removed throuéh ,
fritted_glass filters ahd gammachuntéd'using a wéll-type_NaI(Tl) scintillation :
countef ﬁith single-channel.anaiysis."Two:Q.OO ml sampieéxof the stock sqlu-i.

tion were also counted to give the initial tracer sctivity. After carrection
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for background, the distribution coéffiéient wa.s cglculated in the usual way. '
Column elution measurements were made for_the.Br—, Cl-, and ?— tracefs; several
félyethyiene columhs were used. The resulting elution &olumés were cqnvérted
to distribution coéfficiénts by meané'of a proportionality factor determined |
for each cblumn-by calibrating them with 1 agaihst thé batch measurements
with I  tracer. The free éolumq volume was determihed,for each column Qsing
the trace% 22Na, and‘this volume was subtracted from the peak elution volumes
of the halide ions before they were converted.to D's. A polyéthylene thimble
was placed at the top of each column to prevent floating of the resin in con-
_centrated solutions and to keep'the total vélume of the column a constant.

All experimental work was done at room temperafure, 25 * EOC.‘

. .Results
The results are recorded as log-log pldts of D vs‘aqﬁeous salt molarity
in Figé. l-h; Figure.l is'for tﬁe halide traéers vs" KOH bn Dowex 1; Fié;_E
“has the tracgré vs’LiCl on Dowex 1; Fig.:B has the‘tracers.vé LiCl on Doﬁex L,

and Fig. 4 is for the tracers vs NMeuCl on Dowex L.

Discussion
-The equation for the exchange of a,halidegtra¢ef ion, A-, with a uni-
valent macro-ion, B on an anicn-exchange resin can be written

A+B=X+3 S (@

. vwhere charge and ion hydration have been omitted forISiﬁplicity, and the
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superscript bar denotes the resin phase. Choosing the standard statgrto bg
the same in both phases, and in particular to be the usual hypothetical‘state
of unit acfivity with the properties of the infinitely dilute solution leads
in the usual way to the expression

L . ®E) | [EE A’

B
(A B [A)B] vy

= KA/BFA/B . (2)

When this is combined with the definition of the distribution coefficient

r—
(——

(3)

D= ~—
[A]
we obtain
[Blvgy o
D = ——é?ié= : o (k)

For dilute solutions, where resin invasion is negligible and the activifyi
coefficient ratios are essentially constant, eq. (4) reduces to the well-known

-1

form, D Q[B)] As can be seen in Figs. l—H,bthis ié_obeyédxin dilute solﬁﬂion'
for all of the tracers with thektypes of resins.and eluting solutions studiéd;
Furthermore the élution order is the same in all cases, Fﬁk cI < Br < I,
We believe this sequence is duefmainly to the better hydration available'tb
the (crystallographiéally) smaller halide ion in'thefdilute_exﬁernal phase ovéf'
that‘possible in thevconéentrated resin phase éélution, and noﬁ-due to eieétro-
staﬂic ion pairiﬁg with the large.Quaterﬁafy.émﬁonium resin gfoup;5 For ekamfle,
~ the extraction-ofder of.tﬁe haiides by tertiary émmonium ions in.prganic sol- ,'

vents (the so-called "liquid exchangers”™) is the same,7 F < Cl <Br <I, and yet
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here there is 1nfra—red and NMR ev1dence8 that the halides are ion_paired to
the ammonlum cation 1n the inverse orderj w-Cl > Br > I. ‘It is obviously

necessary to account for the order of extraCulon in a dlfferent way than by

ion pairing explanations.’

We further feel that some recent thermodynamic . measurements‘on lon-
exchange reéctiéns are in agreement with, although they ceftainly do not prbve,
this viewpoint. In particular, the sign of the free energy cﬁange for the
exchange of Cl-'by Br  on Dowex 1-X10 has been shéwn to be determined by the.
enthalpy change;9 both AH and TAS are négaﬁive,but fhe former isvthe larger
quantity. This is ﬁhat would be ex?ected if the feaction involved an increase
in thé hydration of thev(ipns in the) system. That is, fhere is an enthalpy
decrease aue to thé addiﬁional hydrafion andlavsmaller decrease in TAS due to
the increased‘ordefing of the ﬁater.molecules around the ion; just aslin the :
much. more energetic hydration of bare; gaséous.ions; The saﬁe changeé in AH
and TAS have aléo been fdund.invthe exchanges of the alkali cations on a strbng—
acid suifonic resin,lo where again we believe changes in lon hydration mainly v
determine the sélectivity order rather than resin-group ion pairing{- But‘thia

" is not the case for the csF-pi” exchange on a weak-acid carboxylate resin'whére
bonalng to the resin group does determlne the (1nverse) sélectivity order;ll
'Ll > Cs. '1' In this exchange the blndlng of the Ll to ‘the carboxylate group
lowers the unfavorable enthalpy'change enough 50 thgt the eﬂtropy inérease'of ;
reieasiﬁg some of.thé lithium ion's water of hydratién can dominate AF, és is
bbserved._ | L

But it can bg séen that the deéree'of_separatiohnbf tﬂe halide fracérsv
;varies with the ﬁatare of. the macro-anion and’éf the”resin groﬁplliFigures 1

~and 2vcompare the - uselbf CH™ and Cl as eluants with the Dowex 1 resin. The'-

1750-fold increase in D from F- to I~ with OH™ ae the macro-anion is compressed-
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to a 250~fold increase when Cl is the macro-anion. This type of’behav1or was
" earlier noticed in the caticn exchange case when subcuwtu g the more tighlily
held Cs' for Li+ as the macro-cation in the ion exchange of alkali metal

7
tracers w1th Dowex 50

A more dramatic compression of the hallde separatlon factors occurs
if a tertlary amine rather than a quaternary ammonlum -ion:. is.used aS»the
resin group. An obvious result is that the selectivity for ozl is'increased
enornously, but halide exchange is also affected. Dowex 4 is such a weak-base
resin, and so in slightly acid soiutions has R5NH+ as thekexchangeggroup;}~The
resulting ammonium ion is still a 1arge ioné but.it has a special site, the
hydrogen, which probabiy carries much of the ion's charge, and which can
hydrogen-bond to water anu’to other bases. That is, it~has the possibility
of (hydrogen-) bonding, even though weakly, to small basic anions such as F-,
and so making the resin phase more attractive‘to sucn ions than is the'case
with strong-base resins; Furthermore, theAtertiary ammonium ions cannot
participate in water—structure-enforced ion paliring as weilhas can the quatern-
ary ion, tnereby decreasingtits_attraction for 1arge ions like. I . For 'both
reasons, the halide elution sequence shouldAbe compressed over that‘witn a
guaternary ammonium resinj and Figs. 5 and L showvoniy arten—fold spread in ;
D from F; to I with Dowex k4 and eluting solutions of LiCl'or'ﬁMehClvbeIOW a‘
few hundredths molar in concentration compared to the 250-fold range in D with ‘
Dowex 1. | | | |

That this compress1on of the hallde separatlon is due.to.the presence_v .
of the hydrogen on the ammonlum group and not to the fact that Dowex, h has a
‘different lattlce structure than Dowex 1 (polystyrene structure) was shown by

the similar behav1or observed with Dowex 5, a polystyrene—base re51n contalnlng

a mixture of prlmary, secondary, and tertiary amine groups; the ratio of the
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distribution coefficients.of tracer Br— to.tracér F  with LiCl as the macro-
electrolyte is 5.5, compared to 50 with the quatérnary ammoniﬁm resin, Dowex
Vl. The differences in the exchange capacity and cross-linking of these resins
certainly iﬁfluence their behavior, as has been amply shown in other anion
- resin systems (cf.Areferences 12 and 13), but the similar compression of the
selectivity of the two quité‘different toroit e amine resins with respect to
the selectivity of the quaternary ammonium resin leads us fo believe that it
is the *. . - amine group itself which is responsible. A conclusion, then,
for dilute solution exchange, is that the largest separation»factors will be
obtained»using a quaternary ammonium resin with a not too strongly held macro-
anion. |

As can be .seen iﬁ Figs{ 1-b4, all of the tracers deviate from the mass-
action slope .of -1 as the external salt solution‘céﬁcentration is increased.
These deviations indicate.a breakdown in thé dilute solution.assumptibns made
in thé.defivation of eq. L&’ Ohe éffect is the entrance of ndn-exchange
'electrolyte into the résin phase at high external solution concentration. This
resin invasion electrolyte acts, to a first approximatién, as additional catiOnic
sites for the anions,(inérease ofﬂ[ﬁ}'in eq. H); and so contribufes to a gfaduél
increase above the ideél maés-acﬁioﬁ line of slgpé -i for. all the tracer éhions,i
buf with some leveling of.the seiecﬁivity. lMore importaﬁt, however, are the
“increasingly stronger interactiohs of the anions with the aqueous catioﬂé and
with the resin groups as the amount of wafér aVéilable to~hydrate each ion |
decreaseé. That 1s, as the external aqueous phase concentratlon is 1ncreased

replaced by’ .

+ ion hydration gradually tends to become/solvatlon (complex1ng) by the ~agueous
. phase macro-catiQn and by the resin group. _With the halide anions and simple
éations such as the alkéli ﬁetal ions, these interactions are not chemical

complex-ion formation, but more transient types of electrostatic assoclation.
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Two such types, a temporary contact ion pairing of the bare ions and an
association through one, or more, polarized water molecules (localized hydrol-

b

ysis) have been discussed in an earlier paper on cation exchangé. The strength
of such electrostatic associations depends upon‘the crystallogréphic size of

the ions, decreasihg from Ii > Na > K > Rb > Cs and frﬁm F>CL>Br >1I. It
should be remembered that the very different type of water-structure—enfdrced

ion pairing has precisely the opposite behavior, becoming more importdnt the

larger the ion, and occurring noticeably only with ions:as large as NMeh

 (possibly Cs') and I~ (Br™).

If, as the aqueous phase concentration inéreases, the ihte;acfions of
the tracefvanion of interest with the resin group are'stronger than those witﬁ
the aqueous phase macro—cafion, the anion will‘increasingly‘prefér the resin
phése, and conVersely,'if the aqueous phase catidnlinteraétions aré_the-stronéer,
the aﬁion will go ﬁreferentially into that phase. But in éﬁ ion—éxdhange reac-

tion it mdsf be remembered that both anions are competing for the best sol-

© vating medium; the exchange goes in such a direction as to provide. the most

favbrabls sitaation, the lqwest free energy, for the system as a whole, and
this will usﬁaliy be determined by fhe smallestiion; that which needs solvation
the most.

With these‘considefatibns in mind; we eaﬁ take up thé experimental
results in Concentfated salt solutions. - Figure 1 shows the behavior of tracer
F-; Cl—, Br-,.and I on a-quafernary'ammonium resin ﬁith KOH as the mécro—
-electrolyte. Only the small Ff can cpmpéte with .the OH forbsolvation by water .
in the concentrated KOH soiufions,vand 50 the larger halide ions are pushed
finto the resin phase in the exchanée, and the mére so fhevlarger'the halide ion
and the lqwer the»waﬁer activity. .This leads to an,increasinglyEgreater»separa—

tion of the helides in concentrated:solution over that in dilute KOH, and together
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with the effect of the resin invasion electrolyte results in an increase ' in
‘the value of D above the mass~action line for all the tracerlions.

With LiCl as the eluting agent, one has a more strongly complexing
cation (Li+ instead of h+), as well as the already mentioned effect of a more
tightly held mecro ~anion (C1™ for OH ). As the external solution concentration
increases, the aqueous phase remains the more favorable one for solvating the’
anions, for with decfeasing water activity, anion hydration tends to be
replaced by complexing with the lithium ion. Fluoride is complexed more
strongly than Cl-, and enough so that itvis held in the ddueous phase more
st:hongly relative to C1~ in concentrated LiCl'than in dilute solution; the
curve for F  tracer shows a slight negative deviation from the mass~action
slope of -1 in concentrated solutions*(Fig. 2).. Furthermore, the dilute solu- -
tion selectivity order F<CL<Br<Iis greatly’enhanced in concentrated LiClv
solutions,‘as the larger:halides-are pushed out of the agqueous phase into the
.resin in onder to permit the smaller anions to achieve their solvation by com-
plexing with-the hi+ in the concentrated external solution.-

HoWeVer, it should be possible to greatly change this selectivity order by
Changing* the nature of the resin group and of the nacro—oetion. dbviously,
as already mentioned for the dilute solution csse,’the replacement. of the
quaternary ammonium cetion of the strong—bsse resin with a group capable of
(hydrogen-) bonding to the (smaller) anions would more nearly equalize the
distribution coefficients’of the halide ions. -Andvthis_effect should be even
more'signifioant in concentfated'solutions, where the anion—cation interaetions.
" become more important relative tovanion—water solyation;lthan in dilute solu~
' tion. A comparison of the,fesults given'in Fig;’é for theiquaternary emmonium
“ion’ resin and in Fig. 3 for the tertiary smine resin shows indeed this result;

the 250-fold range .in distribution coefficients from F~ to I for Dowex 1 in
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dilune solution is_increasedl80 times in going to 10 M LiCl, while the 10-fold
spread of D's with Dowex 4 in dilute solution only increases'by a factor of
~5 at 10 M LiCl. Furthermore, nhe ability of the RBNH+ resin'gfoup to hydrogen- -
bond to the small electronegative anions means that even f--can obtain solva-
tion in the resin pnase comparable to thau available in the agueous phase
(from the Li ), and so ylelds a small positive dev1atlon from the ideal mass-
action curve in concentrated LiCl. | \ |

By going to a still better complexing resin group or to a more poorly
complexing macro-cation, a reversal in the elution order of the halides should
be possible in concentrated solution. AThe 1atterlabproacn was.tried, substitu-
ting tetramethyl ammonium chloride for lithium chloride, and using Dowex L4
resin. Now,-as the watef’activit? falls, ?he ﬁertiary'amine resin group can
provide stronger;interactions>for the smallertanions than does the nacro—cation
in the aqueous phase, although unfortunately, nhe water act1v1ty does not fall
as rapildly with NMeuCl concentration as wuth LlCl. As can-be seen in Flg h
the disﬁribution_cufﬁes for‘F—, Bf—, and I~ tracers, instead of diverging at ..
higher macro-electrolyte coneentrations as in the threevprevious,cases, come
vtoge‘thelr at 6 M Mde,C1. (It should be noted that thé differences in t_he behav~
ior 6f all the distribution curves_from those with LiCl solutions'extend down_
to concentrations as low‘as 0.05 M.) Although no‘region of inverted selectivity
order was actuall& observed, the behavior found certainly supports the ideas
presented, and somewhat more.forcing oonditions.would appear oapanle of yielding'

such an inverted sequence
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. FiGURE CAPTIONS

Fig. 1. Plot of log D vs;. log KOH molarity with Dowex 1 resin for tracer F , B
Cl—; V; Br, @ I, A |

Fig. 2. Plot of log D vs. log LiCl molar‘ity with Dowex 1 fesin for tlfa.cer F_, U
Br', O; I, A. Dashed line is "ideal" slope of -1. |

Fig. 3. Plot of log D vs. log LiCl molarity with Dowex 4 resin for tr;acer F—, D,
Br , &I, A Dashed line is .f:'idea.l" slope of -1. -

Fig. ll- : Plot of _log D'vs. log NMe)_LCl molarity witﬁ Dowex L resin .for tracer F-_, 0J;

Br, O; I, A. Dashed line is'ideal" slope of -l.
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