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ANION EXCHANGE IN AQUEOUS-ORGANIC SOLVENT MIXTURES, II

t

C. H. JenSenT, A. Partridge ', T. Kenjo , J. Bucher, and R. M. Diamond

Lawrenéé Berkélévaaboratory
" -University of California .
Berkeley, California 94720

August 1971 ' _ - | ' -

. Abstract

, . The uptake by Bio-Rad AGl-Xk anion resin of LiCl and of. solvent from
isopropyl alcohol-water solutions has been measured. As with dioxane-water
solﬁtions, the resin selectively absdrbé wa£er. The values of theydistributioﬁ
ratios, D, for tracer ReOhﬁ,‘I;, Br, and.F— with maero c1” concentrations was
determined as a'funcéion of alcohol mole fréction,_as was also D vs. acetone
mole fraction for tfacér ReOh—,.Brp, and F~. ‘The distribution ratios for the
larger anions decreased with increasing solvent moievfraction, while thoée for
F increased. ‘Fof reasong discussed in the text this is expécﬁed to be a

general phenomenon. The.behavior of complex anions is also indicated.
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Introduction
A previous papér hasvdiscussed_the anion-exchange seleétivity'shown by
(ofganic)'ion—eXchange resins with water-dioxdhe_solutions.l Experimentally,

the selectivity dropped'markédly with an increase in dioxane content, so that

' Ey SO%Imole—fracfion dibxane, the ratio of the distribution coefficients of I

to F was only ~ L4, instead of the ~ 100 in water alone. That paper pointed
out, as is generally recognized, that water is a much better solvating agent

2-5

for anions than is dioxane, for a number of reasons. Thus, anions would.
compete to foliow the distribution of'water between the resin and external
phases, and the Smaller, more basic anion,_which stands to gain the most in

solvatibn_energy, would win and push the other larger, less-basic anioh into

the dloxene-rich phase. ©Since it was also found that the resin phase took up

- water in préference to dioxane, thié means that the smaller anions, which

strongly favor the external phase with dilute aqﬁeoué solutions, should prefer
that phaée lésé-and,less as the proportion of dioxane increases. This'is Just
what was observed. |

But if this idea has validity, it would be interesting to comparé the

behavior of the seme anions and resin when using mixtures of water and a

hydroxylic solvent, such as an alcohdl. Certairly a less marked deéreasevin

selectivity_with increasing organic-solvent mole fraction should be expected
than was the case with dioxane, for the alcohol molecule canvhydrogén—bond to
an anion and so offer it better solVation, though still not as complete as with

water.  Isopropyl alcohol was chosen for this study.
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Experimental

' Reagents.—?:The'anion—exchahgelresin used‘was,the‘same'ﬁio—RaddAGl-Xh, 1604200
mesh, emplc&edvinnthe-previcusastudy.li'lts capacity and-water uptake;were
M.OH meq and 1;73'g, reSPectively;'per‘g‘cf dry Cl;—form resin. The 1sopropyl
alcohol used was Matheson, Coleman, and Bell, spectral grade, and the acetone
was Baker andbAdamson,.reagent grade. The LiCl was Baker and Adamson reagent
grade;;a satarated‘solutioh was made, filtered, diluted and analyzed'with

82 186

‘standard:AgNQ3vusiné dichlorcfluorescein as indicator;"Th Br and ReOh

. tracers_wereﬂprépared3by;aeutrqn_irradiatdon of LiBr-and KReOh at the Vallecitos
Reactor.vahe'lBF- tracer wasdtrepared-by theiléo(a d)lBF reaction on .
conductlvity water at the Lawrence Berkeley Laboratory 88" cyclotron. ' The

'59Fe tracer was purchased from New England Nuclear Corp. as Fe(III) in dllute

HC1.

Prccedﬁre.;4'The aptake by the resin of isopropyl alcohol and water from
solutions of varying composition ﬁas:determihed in the samevaanner as prev;‘.ously,l
using the_index of refractien of the solutions to determine their compositicn.
| ‘The ion-invasion of.the'resin by 0.010 M LiCl in the solutions of

dlfferent alcehol mole fraction kas studied in the saﬁe‘mahner as previously,l
'_including:making a correction for liquid adhering tosthe outside of the resin
heads'hy,using an equal VOlume of glass-beadsbcf.170-230 mesh.

The dlstrlbutlon measurements were made by batch experlments as before,l
except that 60 ml glass-stoppered bottles were used. The value of the

dlstrlbutlon ratlo D, is given by

il J[volume of solution]

[g of dry C1 -form resin] -

(counts/min)

_ T§=T ) [(counts/mln)lnlt a1

. (1)

i‘[X-]- _ '; (counts/mln)equ 1.
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Results and‘Discﬁssion

Solvent Uptake.-—-It can be seen in Fig. 1 thatvabové an externél—phase mole
fraction of ™~ 0.07 isopropyl alcohél, this strong-base resin in the €1~ form
preférentiélly takés up ﬁater into thevresiﬁ.' Ih’the very dilute alcohél region,
isopropyl élcohdl is somewhat preferentialiy absorbed. Both of these results
are in agreement with earlier studies on alcohol uptake by other inves‘tigators'._6"7
At this fime it is hard tovgiﬁe 8 detailed explangtion for this béhavior, But
we_belieVe the following descriptioh is eséentially correct.

The dominating feature éf the solvent upfake from aqueous solutiohs of
dioxane, and of isopropyl, n—propyi, ethyl, ahd to a smaller exteht, méthyl

alcohols is the préferential absorption of water by the strong~base resin. Since

it requires more work to place charges in the aqueous~-organic mixture (of

lowered bulk dielectric constant) that in the original aquéous system, there -

is an increase in the electrostatic free energy of the system when water

molecules are replaced by the organic molecules. Upon addition of solvent, the

reéin phase will suffer a much largér electrostatic free energy increase than
the external phasé, because it has a high concentratioﬁ of charge while the
external solution is usually diluté, or may not have any electrolyte present
at all. Water and the oréanic diluent .distribute in such a way as to minimize
this increase in. free energy for the whole sysfem, and clearly, this can best
be done—if the solvent that can provide the best electrostatic solvatién moves
prefefentiaily into the fesin phase. Molecules with the largest bond dipole

moments and with the smallest size, so as to furnish the largest number of

- moments per unit volume, will provide the maximum of such solvation to the

resin—phase ions. In comparison to most of the usual polar organic solvents,
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water, with a dipole momentgof'l.BSD;(Ref.’8)Vand a small molar'Volume (lSvml),
is by far the best solvafing agenﬁ | So with increasing organlc—dlluent mole
. fraction, the resin phase preferentially takes up water. rather than dlluent
thus mlnimizing the electrostatic free energy of the concentrated resin phase
and of the system as a whole | | |

It should also be noted that the free energy of short—range chemical
'solratlon ordlnarlly leads to the same conclusions. Water molecules ususally

provide;anlons with the best hydrogen~bonded first~shell coordination; small

"highly charged anions obtain additional solvation by heans of additional shells‘

of oriented water molecules. Since the concentration of counter anions'is‘
-greater'in the.resin phase.fhan'in the dilnte external solution, we-wouldv
expect (from chemical solvation) a preferential uptake of water in the resin
phase, the degree of uptake depending on the type of oounter ion.» Therefore_
we might anticipate 1) the snaller C1~ tovrequirevmore water in the C1 -form
reSin than cio#" in the-Cth—Fform v 'resin, 2> F;~.or”OH;— or polyvalént
anion-form resinsv(fhose greatly ln‘need of_hydration) to be very selective in

water uptake, and 3) resins containing large singly-charged anions such as

AuBrh- to be much less selective, or even to prefer polar organic solvenfs with .

6,7

large dipole moments.> The firs% expectation has been observed, the-second

T

' has been substantlated by work with OH -form9 and SOh -form re51ns, the third
has yet to be tested

| - It remalns to explain the behavior at very low alcohol mole fraction,
where the re51nvshows a small preference for the alcohol over water. We

belleve this is due to the dlfference of the water structure in the two phases.

In the external solution of nearly pure water the hydrocarbon tail of the
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aléohél inferacts»ﬁith the'hydrogen-ﬁonded water structure-abéut as any hydro—
cafbon #ouid, namely it ﬁends to be pushed out of the way of the ﬁétér'étrqéture
into the less highly hydrogén;bonded structure in théiresin pﬁasé.lo Thaf is,
the presence of the hydrocarbon tightens up the waterkétfucture érouﬁd it
loﬁering'botg the enthalp& and the entropy of:the Water.ll512 In the resin
phase, the ﬁater étrﬁcﬁure is much less complete, due to the high concéntration
of ions there and to:the factithat'the'resin'matrix itself occupiés about half
of the volume, fofcing thebwater into small layers énd pores having at least

one dimension of the ofder of only a few Angstroms, Because‘there is less

water structure for the ofganic moleculés to counter in the resin phase,
posifive values of AH and TAS should accompahy their transfer from the a@ueous
into the resin phése, and the larger value of TAS should be the driviﬁg force,13
Just as with their.transfér from an aqueous to an organic‘diluent phase.ll’l2
The value of TAS should be larger, the larger the hydrocarbon tail. We
“believe this is thevoriéin_of the initial preferéntial uptake'of alcohol by

the resin, and the uptaké does'éeem to.bé larger, the larger the alcohol. As

the pfoportidn of organic diluent is increased, howeﬁer, the three-dimensional
hydrogen-bonded water structure of the eiternal phase is desﬁroyed, both because
the organic molecules dccupyvspace:(Just like the resin matrix), and because

the algohol_dr dioxane molecules themselves can hydrogen—bond to water but form

a much'léss extensive three—dimensionéi network. The main effect quickly becomes
that qf éolvating the much higher concentration_of ions iﬁ the resin phase, as
described earlier, and a marked resin preference fdr water then shows.

Supporting evidence for the point of view expressed in the pre#iqus

paragraph can be extracted from a study of ion-exchange resin separationé'df
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‘carbox&iiciacids bthavies ahd”dﬁenlh and from arstudy hy Reichenberg-and Wall15
'onithe.ahsorption'of such acids and of'alcohols by ion—ekchange resins. Theyv
found that methyl, ethyl and propyl alcohols and formic, acetic, propionic,
-butyric, ‘and phenylacetic acids were absorbed by resins from aqueous solution,
. sometimes to well beyond the resin capac1ty, and in order of increas1ng 51ze.
This behav1or was - attributed mainly to van der. Waals' interactions in the resin
phase. ‘But we believe the fact that the absorption decreases when dioxane is
added to the system rules out the 1mportance of such interactions in the res1n
phase'(except for effects of the ﬂwelectrons_in aromatics); we wouldn't expect
the presence of‘organic"ﬁoiecules mainly in'the external nhase to decrease'the>
jeffect_of van der Waalfs interactions in the resin phase.. But if the absorption
of aicohol'or carborylic acid is caused.hy.rejection by the water structure in the
external'phase;‘it follows:that the abSorption would decrease with(addition of
organic_diluent‘ as the'diluent doeSudestroyvthe water'structure. This is
'prec1sely the unldentified factor mentioned by Relchenberg and Weall as
necessary to explaln why the order of the acid absorptlon reverses w1th
increasing organic acid concentration.

Finally’it should he‘mentionedvthat it is not_necessarily,true7that
water'molecules'provide better solvation for anions_than all polsar organic
: mOlecules.' Formamide, N?methylformamide; and dimethylformamide, for example,

have dipole moments of 3.37D at 30°C in benzene (Ref. 16); 3.86D at 25°C in

benzene (Ref. 17), and 3.86D at 25°C in benzene (Ref. 18), respectively, compared

to 1.85D for water. Although the effectiveness for electrostaticallyvsoIvating
an anion may be more closely related to a bond dipole moment and its steric

! auailability,than to the overall molecular moment (and other important factors

[
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in'the total'solvationvof the anion include hydrogen bonding - when the organic
soivenﬁ is capeble of donating e proton,'and dispersion force interactions when
it has.deloealized orbitals) any one of the above molecules may be more

effective fhan weter, on a one—ﬁo~one basis, in shielding an ion's cherge;

Water, however, has the advantage of the snaller molar volume, so that more

water dipoles carn pack eround the ion. Inside Dowex 1 Cl™ ~form resin, these

two factors must.just about balance out for formamide'and water, as little
.seleotivity is shown in this case for distributing between the external solution .
end the resin bhaee over the entire range of diluent mixtures.6 Dimeﬁhyiformamide,.
DMF, cennot proﬁide chemical (hydrogen—bonded) sOlvaﬁion for small anions, as
can water and formamide, and is larger; it is discriminated againstvﬁith reepect
to water by the resin when small counter ions are involved. But when the resin
form involves lerge, Weakly basic anions, such as ClOn—; which do not reqnire v
much hydrogen—bonded'solvation, then the large bond moment and dispersion force
1nteract10ns from the resonance O"H N <—=0 —C-Nf can dominate the solvation,
and DMF becomes-even slightly preferred by the resin phase.6

Although we did not deternine the resin uptake for acetone;water

mixtures, we would predict, on the basls of the reasoning given.above, thet our\
cl “—form resin would preferentlally take up water, and possibly even more»
_strongly than with 1sopropyl alcohol as the acetone cannot chemically solvate
(hydrogen bond to) the Cl counter ions rn the resin phase._ For nearly pure
water soiutions, however, acetone might'well be taken up preferentiaily, asvare
the alcohols, and for the same reason. Fragmentary data (two points) in the

19

literature seem to indicate this behavior, and this is certainly true for

uptake by a cation exchange resin.20
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Non—Exchange Electrolyte Uptake.——-A plot of the LiCl re51n invasion in meq of
c1” per g of dry Cl "~form resin vs. the equllibrlum external-phase 1sopropyl
‘alcohol mole fraction'with-a constant concentratlon of,0,0lo M LiCl 1n»the
external,solution-isrshown in Fig._2;:vTheccurve;isvsomewhat:simllar-to ﬁhat-_.

with‘dioxane,} but with increasing organic-solvent mole fraction, the alcohol

7

~

curve‘increaSinglyvshows less,reSin invasionmbyqnon—ekchange electrolyte. . This
is likely due to:@he-higher dielectriclconstant of the alcohOl—water-mixpureszl
(also\shown‘in'Fig.FQ), for as a result, there will‘bebless'lon pairing in'
thaf'system. ,SinCeIion pairs are not subject fo'the Donnen'potentialzzpand_so
to exclusionlfrom the resin phase to whatever eXtent there ls'less ioncpalring
of L1Cl in the resin phase with alcohol-water mixtures over that with d1oxane—

water solutlons, the- amount of resin invasion by LiCl will be lower.'

Anion Select1v1ty.——-0ur basic premise, as w1th purely aqueous systems, 1s “that
the ion whlch most needs solvation (the smaller more hlghly charged one) goes

into that phase which prov1des the better solvation, and in the exchange pushes

the other ion 1nto the poorer solvating phase. 1,10,23,2h The primary exchange
réactidn_is
X"+Cl=—=Xx +01° L (2)
with . : ~
_E@n) | KN Ve )

X/ OOE) I Yy
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K = 1X Ef:: - : o (w)
x"/c1”  [x 1[ci7]

p=lXl. g ler l o (5)

where parentheees indicate activities and brackets indicate concentrations.e
Forrpﬁrely aqueous systems, solvation.by water is best ih the dilﬁte

external phaee, and so fhe'smaller; more highly charged, and mofe basie'ahions
are held there. This leads to the predicted resin’seieeéivity order,

AuClh"> Reohf = 010h" > 17 > Br” > €17 > F~, which is that observed’
ekperimehtaliy. pr what happens when the wafer'in the eystem is graduaily
replaced by alcohol? To answer thls, we may perhaps start with & 51mpler
example than anion exchange, namely the dlstrlbution of neutral hydrophlllc
_organlc molecules. Samuelson and his co-workers 25,26 have found that polyhydfoxy'
substances|such as sugars and polyélcohols distribute betﬁeen.the resin and the
external éolution;‘favoring the latter. These etrongly hydrating substances
find the best hydratien there (Just as do anions). But as elcohql repiaces
watef in the»system; the external-phase water mole fraction decreasee more
.rapidlyvthan that of the resin phase. So the polyhydroxy molecules decreas1ngly
prefer that phase, and thelr uptake by the relatlvely Water—rlch resin phase

increases. Slmllarly, a small, basic anion finds increasingly poorer solvation

in the external phase as the organic mole fraction increases, and so its
binding to the external solution decreases and its distribution into the resin

increases. In an exchange, the dlstributlion of the other larger, less basic:
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ion (less in ﬁeed of séivéfibn) mustvcorresjondinglyuaécreése, lééding to a
décrease in selecﬁivity. It'might be expected, however, that the decrease in
distribution rétios, D, for the larger aﬁioné (and increase in‘D for F when
Ci- is the macro-anidn) would.be less sévére with isg?rop&lvalcohol than with
diox;ne becguse the hydroxyl group of the former can hydrogen bond tb the
(smallef) anions andvpartially feplace the chemicﬁl‘solvation lost with the
gradualbaehydratioh of the systemn. This would ﬁelﬁ fo hold'the?sméllerNahiqnsv
in the externai'éolution and so would aiﬁinish.the changes in D withvincfeasiﬁg
alcbhol moieﬂfractioﬁ, when compared with dioxane solutions.

| Inspgctioﬁ of Figs. 3~5 giving plots (for 0.010, 0.030, 0.10 M LiCL)
_of-D vs. éxternal—phaségalcohol mole fraction show thét the‘values of D,fbr
tracer Re0,”, 17, Br~ fall with increasing alcohol cqnfent, whilévthét'f§f F-
incfeases. ”Thﬁs,vfhe major resuit of adding'isoproﬁyl'alcohol ié the séme‘és
adding dibxane, and we think this*is'due, as alreaay,aescribed,vtobthevfendency
of the smallef, more bésic anioﬁs to follow the distribution of watér.into the
resin phase. However,'if1muét be noted.that the values of the distributioﬁ
ratios starﬁvto fall with the.first addition of isopropyl alcohol, e&en»though '
below an alcohol méle fraction of ~ 0.07 the résin phase prefers the alcohol
somewhat to_water.'-Possibly the water and organic molecules are notbhomogéneously
distfiﬁuted in the resin phase at low organic mole fraétion. The individual
waters may ténd to cluster about the counter ions and the resin-bouﬁd charge
sites, wﬁile the organic molecules fit around the hydrocarbon mafrix.'ﬂEven
though the Stoichiometric proportion of water in the resin phase isislightly
less than in the external.solution, the small amount of‘organic solvent,fhere

may essentially act like a part of the hydrocarbon framework ahd leave the
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immediéte vicinity of the resin;phase ions ﬁnchanged. Thus, the addition of
a few mole percent solvenf to thé resin phase would nof greatly affect the
solvation of re;in—phase ibns.there.t But in the external phase, theé addition
of the same proportion of organic.molecules to a purely aqueous solution does
decreagse the sééondary solvation of the ions there, ﬁhus decreasing the
selectiyity of fhe éxternal phase for the smaller, more highly hydrated anions.

o A compérison éfIFigs.v3~5 with the corresponding figures in Ref. 1 for
dioxane-water mixtures shows that the differences in results ﬁith dioxane-water
and isopropyl élcohol-water‘mixtures are in thé expected direction, but to ué,_
surprisingly small. The D's ﬁith alcohol solutions change almost as rapidiy'as
with dioxane mixtures, while we‘expected a significanfly SIOWervrate."It is
true that the dioxane curves are a little high (artificially) due to the
larger_non~exchange resin invasion with that solVent.. For in the batch
experimeﬁts, the invasion eleétrolyte comes frém; and so diminishes, the
external solution.LiCl concentration, and this increases D (eq..S). However,
‘this is an effectuéf at most tens of percent for.the didxane sélutions‘of
~ 0.5 mole fraction. More impoitantly, ﬁhe dielectric'consfant is lower for
dioXane—watervmixtures than alcohol-water mixtures,_and'so there is an
increased'possibility of ion pairing with Li+. This will tend to hold Ci— more
firmly:in the external phase, leaving the larger ions in the resin.‘

_This.is certainly part bf the explanation. .Another possibility involves

27 .

‘an idea alreédy in the literature. The dioxane molecule normally exists in
the chair form,-and consequently the two bondimoments oppose each'other
resulting in a small overall dipole moment,vO.MSD (Ref. 28). But there'is a

small amount of the boat form in the eqpilibrium mixture, and in this case the
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two bond mOments tendhtoladd."fn the Coulomb field.of"the:ionsg the dioxane
eduilihrium is shifted toward the boat form, and»So.the dioiane molecuies
around the"ions can provide‘much better (dipole'noment) solvation_for anions
than would be expected from the properties (dipole\momentvand dielectric'
constant) of bulk dloxane. Such an idea has been used by Hyne27 toﬁerplain the
:louer—than-expected'ion-pair formationbof n—BuhNBr in dioxane—waterrnixtures,
vénd was derired.from'similarhreasoning employed'eariier hy Raﬁsey‘and co;workersg9
" to expiainAtheﬂlower—than~expécted ion pairing of‘n—Bu;N+¢iOh;Ain‘122;>»
dichloroethaner_ Yet another poss1bility is that we have- greatly overestlmated
v'the abllity of alcohol to hydrogen bond to small. anions or the 1mportance of
' such bondlng.. |

| - To try to dlstlnguish among these possibilitles, particularly the 1ast
we did some experlments with acetone-water mlxtures Acetone has a s1ze, N
structure, and dielectric constant similar to_isopropyi alcohol,vbuthisiﬁisSing
the'latterds‘hydrbxyi hydroéen“ As'already mentioned, We-did not determine the
‘solventﬁuptake:by the resin forAacetone-uater mixtures, but alnost certainiy' |
«;the anion—resinvphase will take.up water preferentially for the same reasons
that it does7so'for dioxane-water and alcohol-water solutions (in fact, it.
appears to dodso;9). va_the ability to hydrogeanond to the anions is an.’
fimportant feature of -solvating them,.as we_think; then the replacement of‘water
by'acetone’in dilute solutions of LiCl should‘drive the smaller anions'into the
res1n phase more strongly than when using isopropyl aicohol. Consequently, we -
would expect the values of D for the larger anions to decrease more sharply

w1th 1ncreasing acetone mole fraction than with 1sopropyl alcohol mole fractlon,.

and -to 1ncrease.more'rapidly for the«small F. The results for tracer ReOh ,v"
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Br_,_aed f-'with macro €1~ (the external‘solution'is O.blO.M'LiCl) are shown.
in Figl 6,-and it can be seen that these eXpectations afe fulfilled; Apparenﬁiy,
acetene eannot.eolvate the Fp'end Cl— es well askisoprobyl alcohol; the'ebility
of the 1a£ter selvent fo hydrogen—Bond to anions,makes a‘signifieantvdifference
in the distribution ratios. |

b'The problem that remains is why do the dioxane-water mixtures yield
intermediate results rather than resembling the aeetone solutions? But in fact,
if one Qbserves carefully the low~mole-fraction region of Fig. 6, it ceh be

seen that fbr both ReOh— and Br~ tracefs the dioxane curves fall even more

‘steebly than the acetone curves out to a solvent mole fraction of ~ 0.2. Then

et higher mole ffaction the curves for dioxane tend to level off, COming‘between
those for ecefOne:and isopropjl»alceholL This behavior indicates ﬁhat.dioxane
éelvatesvﬁhe small anions poofl&, eveﬁvmore poorly than'ecetohe.(due to its
sﬁaller.dipele moment),.as ofiginally expected, but that.soﬁe other phenomenon
comee into prominence>at highe} proportiqns of dioxane in the mixtufes. We
believe this latter.effect is the reeult of ion pairing of the smaller anione
withbthe lithium cation in the external phase, since the dioxane-water mixtures
have considerably lewer dielectric constants than the corresponding alcohol—_or
aeetone-water mixtures. Because the lithium cations are meinly in the external

phase,uﬁon pairing with them tends to hold the C1~ there; consequently‘the :

values of D for ReOh—, I_,vand:Br- in dioxane-water mixtures tend to remain

higher than they would otherﬁise, as observed.

But as can be seen in Fig. 6, the main effect of adding any of the three
' |

organic solvents used (and for the reasons given above we believe this to be a

general phenomenon) is to decrease the value of D for the larger, less basic
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(than C17) anlonsiaud to increase 1t for the smaller, more basic oﬁes;flAs a
.result, the selectivity coefficients become closer to unity (Reoh—land Br
actually reverse their,order ih acetone~water and'dioxahe-water mixtures), and
separations beeome poorer; -This effect shoula be even more pronounced with
anions differinglstill more widely in size and basicity Thus, a larger, still
less hydrated species than ReOh , such as AuClh . should show even a more:'
marked decreaseithan Rth from the enormous distribution ratio it has ‘in

) aqueous'solution, Qualitatively; this behavior is shown in the work of
Burstall 33;32539 who havevreported on the very marked uptake and eonceutration
of the ecyano complexes of gold ahd silver on»anion—exchange resins, aud:then
the suBséQuentlelution of these eomplexes from the resin'By acetone-aqueous

HCl solutious}: Another examplefis furuiShedﬂih a paper.oleobud gz;al,,Sl
where they show that the D for AuClh" on Amberlite TRA-LOO from UM HC1 falls
by a factor of over lOO in going.from aqueous solution to ~:O;25‘mole fraction
n;propﬁl alcoholg. Thissis certalnly a larger drop than we observe for Reou—.
But the situafion here is uot so0 clear beeause of the use of concentrated HCL
rather than:dilute LiCl. Two additional effects must be considered, both
related to‘assoeiation of the H and C1~ ions. One is that in the resin phase

32, 33

(with a large Cl—'concentration) some HC1l and HC1l, will form, the latter

2
spec1es especially will cause a decrease in the value of D for AuCl)4 This
effect is now well-known 1n aqueous anion resin systems where the use of
moderately'concentrated HC1 leads to much smaller D's than are obtained with

similar‘concentrations of LiCl.32

The other effect is that as the effective )
. . . . . . . + ) — ) . . .
dielectric constant in the external solution falls, the H and Cl assoc1ate.3

That is, the activity of HC1l does not rise as rapidly as that of the same
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_ stoiéhiométrié cbnéentration of LiCl»with indrease in organic~solvent mole
fraction.37 This ﬁakes the valﬁé of D for_the othér anion (if less basic than
Cl_)_larger ﬁhaﬂ in LiC1, Thus, the tﬁo éffects Just deécribed fend to cancel
in anidn—resih systéms (but not in catiéhnresin syétems). For‘éxémple;vplots
of D iﬁ: isopropyl.alcohol mole fraction for tracer Br—_frbm.O.ZO M HC1 and
O.20.M LiCl (now Shown) are'not greatly differént; that for HCl drops a little_
below the one for.LiCl above 0.3 mdle—fracﬁion alcohol. |

_ In the‘péper on the ekchange of AuClh~ frbm 4M HC1, already mentioned
aboVe,3; the bulk dielectric constant was cited as a main parameter in
expléining thé decrease in D wifh increasing.organic solfent content, both
because of inéreased ion association and because of decreased (positive)
electrostatic free energy of transfér of thé émallest anion from the external
solution.to thé resin phase. These certainly. do have an influenceg'the second
resultvdées lead to a decrease in ﬁ, énd is encompassed in the change in free
enefgy of solvation of the ibns-wifh brganic—solvénf mdle fraction that we héVé
discussed earlier. Thé'firsﬁ éffect, however, leads to an increase in D for
AuCth'(becauéé HC1 is surely more highly associated iﬁ the external éolution
than is HAudlh) and so is in oppoéition to experiment. In any case, a simple
dependence on a bulk>property like the dielectric constant is not likely to be
useful beyond a homélogous family of solvents, since is is the microscopic
solvatioh'properties that are important. These are more gomplicated, being'
‘related pp the effeétive bond‘moments aﬁd their spatial arrangement; the‘.
dispersion—force interactions“of mobile‘électrons_such as the ﬁfelectrons in
‘aromatics, etc. Exampleé in point are the marked differences observed in this '
work with'acethe ahdViébpropyl;alcohol solutions, though they have'neariy the

same bulk dielectric constants.
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' Finally, we can:treatfthe situation in which‘a'(labile)‘complea"aniOn
must be produced as well as exchanéed. Plots of D vs. aqueous HCl and aqueous
LiCl are shown in Fig. 7 for Fe(III) At low c1 concentratlons the 1ron is
mainly in catlonlc complexes, and so there is. llttle FeClh present to exchange
V'Wlth the Cl —form resin. As the ci” concentration 1ncreases, however the
proportion of FeClh increases until this species is.dominant. If it were not
for resin 1nvas1on by the concentrated aqueous electrolyte and other 'ﬁSn ideal"
‘behav1or. the maximum in the distribution curve would represent the p01nt where
the average Fe(III species is electrlcally neutral ,38-ho Beyond that Cl
concentratlon, the average iron spec1es is anlonic,‘and the decrease in D is
due to the normal mass—action effect ‘on an anion of increa51ng the Cl
concentration.' In reality, resin invasion by the electrolyte may affect the
pesak pos1t10n, as w1ll other effects. In Flg 7 the plot of D for aqueous
Hed falls increas1ngly below that for LiCl at higher Cl concentration, due,
as mentioned earlier, toAthe fornation of HC12 in the resin phase.vafinow at
afparticular HCllor LiCL concentration'(helow that of the maximum in the curve),
the water is,gradually,replaced by an organic solvent, the activities“of}the'

ionic species will (at least initially) increase andvthe complexinghequilibrium

, +3 - - ,
Fe(H20,)x o+ Lcl —= FeCl) + xH,0

will be shifted to the right. This will occur because the addition of the
organic'substance lowers the dielectric constant and water activitytof:thep.,_
‘solution, and-the product has a lower charge and less hydration thanlthe

reactants<(he Chatelier's PrinCiple). ‘Thus, above some minimum €1~ value, °

o%

o
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we would expéct afmaximuﬁ in D for Fe(IiI) to o&cﬁr With aﬁ inecrease in organic
méle'frﬁctioﬁ at cbnstaﬁt Cl—.concentratioh.v‘The,value of D at this maximum
would'not-neéessarily be fhe‘séme'as when varying the C1™ concenfration in an
aqueéus system;‘ If no addifional éffects are.considefed, thevvalué of D would‘
be lower, becéuée‘fhe Clh, in the mixédvexternal solutiqn, would have a greater
tendency to go into the resin phase and push éut the iarger ahion than in a
purely_aqueous-éystem (this is Just our main argument for the decrease in D of

large anions with increasing organic mole fraction). Figure 8 shows that this

situation does hold for Fe(III). A maximum in D not much below the value at

~ 11 M aqueous LiCl is observed for a high fixed LiCi concentration and é low
isopropyl alecohol mole fractiop; the pegk valué of D.dec;easeg for iéwer fixed
values of LiCl and bccurg at higher alcohol mole fractions. The same story

appears to hold for acetone-water mixtures, except that the decrease of D on the
high ofganic molefffaction'side is even steeper than with isopropyl alcohol
(correspondiﬁg’to the steepérvcurves for ReOh- and Br~ with acetone), and s0
cuts off theumaximum.vaiue of D at & lower value and at a lower organic mole

fraction.
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Summsry .

We have fduhd that the.sfrengebesevresin in fhe Cl-—forﬁ preferentially .
takes up Water from isopropjl alcohol—water solutlons, Just as from dloxane
mlxtures. The orlgln of thls selectlvity derlves from the need to mlnlmlze the
eleetrestatlc free energy ofvthe high concentratlen of charge ;n the‘re51n phase
aﬁd frembthe (hydrogen—bondihg)‘solvatien'reQuiremehts,of £hé resin‘cehhter.ion,'
C1”. The initiel prefereﬁee_of‘the resin for the orgahic molecﬁles'astOted
Withvthe first'fer pereentvmole frsctien orgaric'solvent is'caused; we believe,
by the hydregehebonded Water.strucfﬁre iq the dilute'eXternalsselutleﬁﬁquhing"
these molecules‘ihtd the less~structured resin ﬁhese. As'fhevwatertsfrﬁétﬁrev
"breaks;dowﬁ rith increesing>solvenf mole fraction, thisifearﬁrejdissppears. |

Anion selecrivity is.censidered to arise from the eomﬁefitieh-ofArhe
iens;for theﬁfphase'prériding«fhe”most eomplete'solvafion; the smallesf, highest
charged,'and most basic ahiOn'wins, leavihg the other ion fo ge into the ﬁoorer
.*solratlng.phase in tﬁe eichange. In a purely aqueous system, it is £he dilute
external phaselthatrprovides the most complefe hydration,Hahd so fsvdrs fﬁat ion
most in need of selration. But as alcohol (or dioxsne or acetone) is added, the
abllit& of the external phase to'solvate anions decreases markedly whlle that
of the (water—rich) resin jhase decreases more slowly. As a result‘ the smaller
anions are bound less strongly 1nto the external phase, and so the alstrlsutlon B
ratlos for the larger anions fall. The ability of alcohols to hydrogen—bond | M
to aﬁions slows down the rate of decrease of D with organie mole fraction in
comparison to the»behavior with acetone,'dioxane, andvether aprotie‘selvents-
Selvent mixtﬁres with low dielectric constants, such as those ﬁith-dioxane,

introduce still another feature, namely ion palring of the salts in the “extérnal

0
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phase. Thié?.too, ténds to hbid'fhe Smalier,.moré basic anions in ﬁhe exﬁerhal )
phasé_(lowéfé'their'activitY} and s0 leads to a smaller decrease in D for the

~larger.anions thah would otherwise be expected.

, Several rather general conclusions and predictibns can be made. Most
organic sdlvenfé‘willvbe‘discriminated against with'respect to water fy_the
anion-resin phase: This comes.about‘because water moleculés-usually provide
more'compléfevién solvation than the organic molécules (Water hés.a moderately
large dipole.moment; a very‘small mdlér voiume,_and is capable of hydfogen—
bonding to thé‘anion) and so afe better able to lower the free énergy of ﬁhe
concentrated resin phase. Such behaviof.is particularly true when the resin
counter ioh iS small and basic, e.g. C1~ or F~ or OH . It is most likely to
be violated Whénvthe counter anion is large, e.g. Cth—, as such an ion needs
little (hydrbgen—ﬁondéd) solvation. |

| With the uéual organic solvents, the values of the diétribuiién ratios
of anions larger énd less basic than the resin-phase éounter ion will decrease
with an incréése in organic~solvent mole fraction and the values of D for anions
 that are.smaller and more.basic will increase. Thus, séleétivity coefficients will

. approach unity.. This should also be true for complex ions if the éperating
conditions are such,that‘fhe average speciesvis anionic (operating beyond the
‘méximﬁm in D for the:complex ion); On the ofher haﬁd, for the region below
the méximum in D, where the averége species ié catiohic,‘the Value of b should

increase with an increase in organic~solvent mole fraction.

)
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Figure Captions

‘Fig. 1. The iéopropyl alcohol mole fféction in the resih.(left-hand ordinéte
scale) anavtotai uptake of solutign,_g/g dry reSiﬂ, (right—hand scale).jg,
the isopropyl alcohol mole fracfion in the equilibrium solution. Thé resin
is Bio-Rad AG1-XU4 in €1~ form.

Fig. 2. 'Uptake.by the resin of @on;exchange electrolyte from 0.010 MvLiCl vs.
isdpropyl:alcohol mole'fraction. The left-hand ordinate scale.is in meq
of C1 /g of dry Cl_~form resin, and the resin capaéity is 4.oL meq/gvofvdry
€1 =form fesin. Also shown is a,piot;df thé dieléctric constant (right—
hand soéle)vzg, the isopropyl alcohol mole fraction.

Fig. 3. Plotsvof‘Dyxé, isopropyl alcohol mole fractidn in the solutién for
0.010 M LiCl and the tracer anions: ¥, ¥; Br—, W I~ .l; and ReOh-, A.

Fig. L, Plotsvof D Xé' isoproﬁyl alcohol mole fraction in the solution for
0.030 M'LiCIIand the same tracer anions and symbols as in Fig. 3.

Fig} 5. Ploté bf D‘zg,’isopropy1 alcohol mole fractibh in the solutién for
0.10 M LiClvand thévséme tracer anions and symbols as in fig. 3. 

Fig. 6. Plots of D vs. solveht mole fraction in the so1ution for 0.010 M LiCl
and tracer F" (half-filled symbols), Br  (filled symbolé); and'ReOh— (open
symbols). :Data from isopropyl alcchol solutions.are represented by |
triangles,'frém'acetone by.sqﬁares, and from dioxane solutions by circles.

Fig,»7;_ Ploté of D for tracer Fe(IIT) Ki: chloride molarity iﬁ purely équedus
systems: LiCl, O, HC1, O.

Fig. 8. Plotsvof D for tracer Fe(III)'zg, solvent mole fraction for various
concentrafiéns of-L101. Thé filled‘s&mbolé.represeﬁt’acetone‘soiutioné,

andAvalues of D are to be read from the left-hand scale. Unfilled symbols
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indicate\ispprppyivaicqﬁol soiutidné,-and vglues‘ong‘ére tQ;Béffééd fom the- R

v : v

" right-hand scale. :Liél’mqlaritiesifor each curve are given near it. -
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