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Abstract 

The uptake by Bio-Rad AGI-X4 anion resin of LiCl and of solvent from. 

isopropyl alcohol-water solutions has been measured. As with dioxane-water 

solutions, the resin selectively absorbs water. The values of the distribution 

ratios,D, for tracer Re04-' I-, Br-, and F- with macro Cl- concentrations was 

determined as a function of alcohol mole fraction, as was also D vs. acetone 

mole fraction for tracer Re0
4 

.... , Br"', and p .... The distribution ratios for the 

larger anions decreased with increasing solvent mole fraction, while those for 

F- increased. For reasons discussed in the text this is expected to be a 

general phenomenon. The behavior of complex anions is also indicated . 
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Introduction 

A previous paper has discussed the anion-exchange selectivity shown by 

(organic) ion-exchange resins with water-dioxane solutions.
l 

Experimentally, 

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

by 50% mole-fraction dioxane, the ratio of the distribution coefficients of I 

to F- was only ~ 4, instead of the - 100 in water alone. That paper pointed 

out, as is generally recognized, that water is a much better solvating agent 

for anions than is dioxane, for a number of reasons. 2- 5 Thus, anions would 

compete to follow the distribution of water between the resin and external 

phases, and the smaller, more basic anion, which stands to gain the most in 

solvatron energy, would win ahd push the other larger, less-basic anion into 

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

water in preference to dioxane, this means that the smaller anions, which 

strongly favor the external phase with dilute aqueous solutions, should prefer 

that phase less 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 compare the 

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

hydroxylic solvent, such as an alcohol. Certainly a less marked decrease in 

selectivity with increasing organic-solvent mole fraction should be expected 

than was the case with dioxane, for the alcohol molecule can hydrogen-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. 

I I 
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Experimental 

Reagents.-'The anion-exchange resin used was the same Bio-RadAG1-X4, 100-200 

mesh, employed in the previous stlidy.l ' Its capacity and water uptake were 

4.04 meq and 1.73 g, respectively, per g of dry Cl--.form resin. The isopropyl 

alcohol used was Matheson, Col,eman, and Bell, spectral grade, and the acetone 

was Baker arid Adamson, reagent grade~ The LiC). was Baker'and Adamson, reagent 

grade; a. saturated solution was made, filtered, diluted and analyzed with 

standard AgN0
3 

using dichlorofluorescein as indicator. The 82Br- and 186Re04 

t:racerswer~ .. prepared by neutron Jrradiation of LiBr and KRe04 at the Vallecitos 

, 18 - ' 16 18 
Reactor. The 'P tracer was prepared by the ,O(a,d) F reaction on 

cO,nd~ctivitywater at the Lawrence Berkeley Laboratory 88" cyclotron. The 

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

HCl. 

Procedure.-'The uptake by the resin of isopropyl alcohol and water from 

solutions Qf varying composition was determined in the same manner as previously,l 

using the index of refraction of the solutions to determine their composition. 

The ion-invasion of the resin by 0.010 M LiCl in the solutions of 

different alcohol mole fraction was studied in the same ,manner as previously,l 

including'making a correction, for liquid adhering to the outside of the resin 

beads by using an equal volume of glass beads of 170-230 mesh. 

The distribution measurements were made by batch experiments as before,l 

except'that60 ml glass-stoppered bottles were used. The value of the 

distribution ratio, D, is given by 

- [(counts/min). 't' l-(counts/min) '1 ][volume of solution] [x-] " ~n~ ~a , equ~. " 
D = ---- = ------------~~~~----~----~~-~~--------------------

[X-] (counts/min); 1 [g of dry Cl--form resin] . 
equ~ . " 

II III 

(1) 

• 
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Results and Discussion 

Solvent Uptake.-- It can be seen in Fig. 1 that above an external-phase mole 

fraction of '" 0.07 isopropyl alcohol,this strong-base resin in the Cl-form 

preferentially takes up water into the resin. In the very dilute alcohol region, 
, 

isopropyl alcohol is somewhat preferentially absorbed. Both of these results 

. t . 1 . d . h ak b th . t . t . 6, 7 are ~n agreemen w~tl earl~er stu ~es on alco 01 upt e y 0 er ~nves ~ga ors. 

At this time it is hard to give a detailed explanation for this behavior, but 

we believe the following description is essentially correct. 

The dominating feature of the solvent uptake from aqueous solutions of 

dioxane, and of isopropyl, n-propyl, ethyl, and to a smaller extent, methyl 

alcohols is the preferential 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 con~tant) that in the original aqueous 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 

resin phase will suffer a much larger electrostatic free energy increase than 

the external phase, because it has a high concentration of charge while the 

external solution is usually dilute, or may not have any electrolyte present 

at all. Water and the organic diluent.distribute in such a way as to minimize 

this increase in free energy for the whole system, and clearly, this can best 

• be done if the sol vent that can provide the best .electrostatic solvation mQves 

preferentially into the resin 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 maximlm 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 q.ipole moment of l.B5D (Hef. 8) and a small molar volume (IB ml), 

is by far the best solvating agent. So with increasing organic-diluent mole 

fraction, the resin phase preferentially takes up water rather than diluent, 

thus minimizing 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 

solvation ordinarily leads to the same conclusions. Water molecules usually 

provide anions with the best hydrogen .... bonded first-shell coordination; small 

highly charged anions obtain additional solvation by means of additional shells 

of oriented water molecules. Since the concentration of counter anions is 

greater in the resin phase than in the dilute external solution, wewQuld 

expect (from chemical solvation) a pr~ferential uptake of water in the resin 

phase, the degree of uptake depending on the type of counter ion. Therefore 

we might anticipate 1) the smaller Cl- to require more water in the Cl--form 

resin than ci.04 - in the CI0
4
--form resin, 2) F-.... or OH-- or polyvalent 

anion~form resins (those greatly in need of hydration) to be very selective in 

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

AuBr4- to be much less selective, or even to prefer polar organic solvents with. 

large dipole moments. The first expectation has been observed,6,7 the second 

has been substantiated by work with OH--forn? and S04 = -form 7 · resins., the third 

has yet to be tested. 

It remains to explain the behavior at very low alcohol mole fraction, 

where the resin shows a small preference for the ~.1cohol over water. We 

believe this is due to the difference of the 'water structure in the two phases. 

In the external solution of nearly pure water the hydrocarbon tail of the 

• 



• 

• 

-:5- LBL-225 

alcohol interacts with the hydrogen-bonded water structure about as any hydro-

carbon would, namely it tends to be pushed out of the "way of the water structure 

10 into the less highly hydrogen-bonded structure in the resin phase. That is, 

the presence of the hydrocarbon tightens up the water structure around it 

1 . b th th th 1 d th t "th t 11,12 owerlng 0 e en a py an e en ropy of e wa er. In the resin 

phase, the water structure is much less complete, due to the high concentration 

of ions there and to the fact that the'resin matrix itself occupies about half 

of the volume, forcing the water into small layers and pores having at least 

one dimension of the order of only a few Angstroms. Because there is less 

water structure for the organic molecules to counter in the resin phase, 

positive values of ~H and T~S should accompany their transfer from the aqueous 

into the resin phase, and the larger value of T~S should be the drivi~g force,13 

j t 'th th ' . , t h 11,12 us as Wl elr transfer from an aqueous to an organlc dlluen p ase. 

The value of T~S should be larger, the larger the hydrocarbon tail. We 

believe this is the origin of the initial preferential uptake of alcohol by 

the resin, and the uptake does seem to be larger, the larger the alcohol. As 

the proportio"n of organic diluent is increased, however, the three-dimensional 

hydrogen~bonded water structure of the external phase is destroyed, both because 

the organic molecules occupy space (just like the resin matrix), and because 

the alcohol or dioxane molecules themselves can hydrogen-bond to water but form 

a much less extensive three-dimensional network. The main effect quickly becomes 

that of solvating the much higher concentration of ions in the resin phase, as 

described earlier, and a marked resin preference for water then shows. 

Supporting evidence for the point of view expressed in the previqus 

paragraph can be extracted from a study of ion-exchange resin separations of 



-6- LBL-225 

.. 14 15 
carboxylic acid~ by Davies and Owen and from a study by Reichenberg and Wall 

on the absorption of such acids and of alcohols by ion-exchange resins. They 

found that methyl, ethyl, and propyl aicohol~ and formic, acetic, pr<;>pionic, 

butyric, and phenylacetic acids were absorbed by resins from aqueous solution, 

sometimes to well beyond the resin capacity, and in order of increasing size. 

This behavior 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 importance of such interactions in the resin 

phase (except for effects of the 7f .... electrons in aromatics); we wouldn't expect 

the pre'sence of organic molecules mainly in the external phase to decrease the 

effect of van der Waal's interactions in the resin phase. But if the absorption 

of alcohol or carboxylic acid is caused by rejection by the water structure in the 

external phase, it follows that the absorption would decrease with addition of 

organic diluent, as the diluent does destroy the water structure. This is 

precisely the unidentified factor mentioned by Reichenberg and Wall as 

necessary to explain why the order of the acid absorption reverses with 

increasing organic acid concentration. 

Finally it should be mentioned that it is not necessarily true that 

water molecules provide better solvation for anions than all polar organic 

molecules. Formamide, N:"'methylformamide, and dimethylformamide, for example, 

have ~ipole 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. Alt.hough the effective~ess for electrostatically solvating 

an anion maybe more closely related to a bond dipole moment and its steric 

availability .than to the overall molecular moment (and other important factors 

• 

• 
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in the total solvation of the anion include hydrogen bonding when the organic 

solvent is capable of donating a proton, and dispersion force interactions when 

it has delocalized orbitals) any o~e of the above molecules may be more 

effective than water, on a one-to-one basis, in shielding an ion's charge. 

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

water dipoles can pack around the ion. Inside Dowex 1 Cl--form resin, these 

two factors must just about balance out for formamide and water, as little 

selectivity is shown in this case for distributing between the external solution 

and the resin phase over the entire range of diluent mixtures.
6 

Dimethylformamide, 

DMF, cannot provide chemical (hydrogen.,..bonded) solvation for small anions, as 

can water and formamide, and is larger; it is discriminated against with respect 

to water by the resin when small counter ions are involved. But when the resin 

form involves large, weakly basic anions, such as CI04-, which do not require 

much hydrogen-bonded solvation, then the large bond moment and dispersion force 
It >' __ ¥ 1; • 

interactions from the resonance O=C-N,_ 0 -C=N, can dom~nate the solvation, 

6 
and DMF becomes even slightly preferred by the resin phase. 

Although we did not determine the resin uptake for acetone-water 

mixtures, we would predict, on the basis of the reasoning given above, that our 

Cl--form resin would preferentially take up water, and possibly even more 

strongly than with isopropyl alcohol, as the acetone cannot chemically solvate 

(hydrogen bond to) the Cl- counter ions in the resin phase. For nearly pure 

water solutions, however, acetone might well be taken up preferentially,as are 

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 

20 uptake by a cation exchange resin. 
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Non-Exchange Electrolyte Uptake.-A plot of the LiCl resin invasion in meq of 

Cl- per g of dry Cl--form resin ~. the equilibrium external-phase isopropyl 

alcohol mole fraction with a constant concentration of 0.010 M LiCl in the 

external.solution is shown in Fig. 2. The curve is s~mewhat ,similar to that 

. I I·' 
with I dioxane, but with increasing organic-.sol vent Illole fraction, the.alcohol 

curve increasingly shows less resin invasionbynop-exchange electrolyte. '. This 

is likely. due to~he highel' dielectric constant of the alcohol..,wate~ .mixtures
21 

(also.shown in Fig. 2), for as a result, there will be less ion pairing in 

that system. 22 Since ion pairs are not subject to the Donnan potential and so 

to exclusion from the resin phase, to whatever extent there is less ion pairing 

of LiClin the resin phase with alcohol-water mixtures over that with dioxane-

water solutions, the amount of resin invasion by LiCl will be lower. 

Anion Selectivity .-'- Our basic premise , as with purely aqueous systems, is that 

the iori which most needs solvation (the smaller,morehighly charged one) goes 

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

, 1 io 23 24 the other ion lnto the poorer solvating phase.' " The primary exchange 

reaction is 

with 

16_ _ 
X ICI 

-' X- + CI-~ X- + CI-

_ (x-)( CI -) = 
(X ... )( Cl-) 

[X-]rCI~] YRXYLiCI 

[X-][Cl-]YLiXYRCl 

• 
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= [~JICI-J 
[x-] [Cl] 

D = [~] = K [Cl""'] 
[X-] X-jCI- [CI-] 

where parentheses indicate activities and brackets indicate concentrations. 

(4) 

For purely aqueouS! systems, solvation by water is best in the dilute 

external phase, and so the smaller, more highly charged, and more basic anions 

are held there. This leads to the predicted resin selectivity order, 

experimentally. N.ow what happens .when the water in the system is gradually 

replaced by alcohol? To answer this, we may perhaps start with a simpler 

example than anion exchange, namely the distribution of neutral hydrophilic 

.organic molecules. Samuelson and his co_workers25 ,26 have f.ound that polyhydroxy 

I 
substances I such as sugars and polyalcohols distribute between the resin and the 

i 
external s6lution, favoring the latter. These strongly hydrating substances 

I 
i 

find the b$st hydration there (Just as d.o ani.ons). But as alcohol replaces 
t 

water in tJe system, the external-phase water m.ole fraction decreases m.ore 

I rapidly than that .of the resin phase. S.o the polyhydroxy molecules decreasingly 

Pf§ferthaJ ph~s,e, and their uptake by the relatively water-rich resin phase 

i ncrea.s es .1 Similarly, a small, bas i c ani on finds increas i ngly poorer sol vati on 

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 distribution of the other larger, less basic 
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. '. 

ion (less in need of s~ivation) must correspondingly decrease, leading to a 

decrease in selectivity. It might be expected, however, that the decrease in 

distribution ratios, D, for the larger anions (and increase in D for F- when 

Cl- is the macro-anion) would be less severe with isopropyl alcohol than with 

dioxane because the hydroxyl group of the former can hydrogen bond to the 

(smaller) anions and partially replace the chemical solvation lost with the 

gradual dehydration of the system. This would help to hold the 'smaller anions 

in the external solution and so would diminish the changes in D with increasing 

alcohol mole fraction, when,compared with dioxane solutions. 

Inspection of Figs. 3-5 giving plots (for 0.010, 0.030, 0.10 M LiCl) 

of D ~. external-phase alcohol mole fraction show that the values of D for 

tracer Re04-' I .... , Br- fall with increasing alcohol content, while that for F­

increases. Thus, the major result of adding isopropyl alcohol is the same as 

adding dioxane, and we think this is due, as already described, to the tendency 

of the smaller, more basic anions to follow the distribution of water into the 

resin phase. However, it must be noted that the values of the distribution 

ratios start to fall with the first addition of isopropyl alcohol" even though 

below an alcohol mole fraction of - 0.07 the resin phase prefers the alcohol 

somewhat to water. Possibly the water and organic molecules are not homogeneously 

distributed in the resin phase at low organic mole fraction. The individual 

waters may tend to cluster about the counter ions and the resin-bound charge 

sites, while the organic molecules fit around the hydrocarbon matrix. Even 

though the stoichiometric proportion of water in the resin phase is' slightly 

less than in the external solution, the small amount of organic solvent there 

may essentially act like a part of the hydrocarbon framework and leave the 

• 
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immediate vicinity of the resin-phase ions unchanged. Thus, the addition of 

a few mole percent solvent to the resin phase would not greatly affect the 

solvation of resin-phase ions there. But in the external phase, the addition 

of the same proportion of organic molecules toa purely aClueous solution does 

decrease the secondary solvation of the ions there, thus decreasing the 

selectivity of the external phase for the smaller, more highly hydrated anions. 

A comparison of Figs. 3-5 with the corresponding figures in Ref. I for 

dioxane-water mixtures shows that the differences in results with dioxane-water 

and isopropyl alcohol-water mixtures are in the expected direction, but to us, 

surprisingly small. The D's with alcohol solutions change almost as rapidly as 

with dioxane mixtures, while we expected a significantly slower rate. 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 

experiments, the invasion electrolyte comes from, and so diminishes, the 

external solution LiCI concentration, and this increases D (eCl. 5). However, 

this is an effect of at most tens of percent for the dioxane solutions of 

~ 0.5 mole fraction. More importantly, the dielectric constant is lower for 

dioxane-water mixtures than alcohol-water mixtures, and so there is an 

increased possibility of iQn 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 of the explanation. Another possibility involves 

an idea already in the literature. 27 , The dioxane molecule normally exists in 

the chair form, and conseCluently the two bond moments oppose each other 

resulting in a small overall dipole moment, o.45D (Ref. 28). But there is a 

small amount of the boat form in the eCluilibrium mixture, and in this case the 
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two bond moments tend ,to add. In the Coulomb field of the ions, the dioxane 

equilibrium is shifted toward the boat form, and so tl1e dioxane molecules 

around the "ions can provide much better (dipole moment) solvation for anions 

than would be expected from the properties (dipole moment and dielectric 

constant) of bulk dioxane. 
. ' , ~7 ' 

Such an idea has been used by Hyne to explain the 

lower-than-expected ion-pair fo~mation of n-Bu4NBr in dioxane-water mixtures, 
r ' ~ 

and was derived from similar reasoning employed earlier by Ramsey and co-workers 
" + - ',' 

, to explain thelower-than ... expected ion pairing of n-Bu4N CI04- in 1,2-

dichloroethane. Yet another possibility is that we have greatly overestimated 
, r 

th~' ability of alcohol to hydrogen bond to small anions or the importance of 

such bbnding. 

To try to distinguish among these possibilities, particularly the last, 

we did some experiments with acetone-water Ill:ixtures. Acetone has a size, 

structure, and dielectric constant similar to isopropyl alcohol, but is missing 
- . 

the latter's hydroxyl hydrogen. As already mentioned, we did not d.etermine the 

solvent'uptakeby the resin for acetone-water mixtures, but almost certainly 

the anion-resin phase will take up water preferentially for the same reasons 

that it does so for dioxane-water and alcohol-water sblutions (in fact, it 

, 19 
appears to do so ) . If the ability to hydrogen-bond to the anions is an 

important 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 

'resin phase more strongly than when using isopropyl alcohol. Consequently, we 

would expect the values of D for the larger anions to decrease more sharply 

with increasing acetone mole fraction than with isopropyl'alcohol mole fraction, 

and to increase more rapidly for the,small F-. The results for tracer Re04-' 

• 

• 
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Br-, and F-with macro Cl- (the external solution is 0.010 MLiCl) are shown 

in Fig. 6, and it can be seen that these expectations are fulfilled. Apparently, 

acetone cannot solvate the F- and Cl- as well as isopropyl alcohol; the ability 

of the latter solvent to hydrogen-bond to anions makes a significant difference 

in the distribution ratios. 

The problem that remains is why do the dioxane-water mixtures yield 

intermediate results rather than resembling the acetone solutions? But in fact, 

if one observes carefully the low ... mole-fraction region of Fig. 6, it can be 

seen that for both Re04- and Br- tracers the dioxane curves fall even more 

steeply than the acetone curves out to a solvent mole fraction of ,...., 0.2. Then 

at higher mole fraction the curves for dioxane tend to level off, coming between 

those for acetone and isopropyl alcohol. This behavior indicates that dioxane 

solvates the small anions poorly, even more poorly than acetone (due to its 

smaller dipoie moment), as originally expected, but that some other phenomenon 

comes into prominence at higher proportions of dioxane in the mixtures. We 

believe this latter effect is the result of ion pairing of the smaller anions 

with the lithium cation in the external phase, since the dioxane-water mixtures 

have considerably lower dielectric constants than the corresponding alcohol- or 

acetone-water mixtures. Because the lithium cations are mainly in the external 

phase,Oion pairing with them tends to hold the Cl- there; consequently the 

values of D for Re04-' r-, andBr- in dioxane-water mixtures tend to remain 

higher than they would otherwise, as observed. 

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

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 Cl-) anions and to increase it for the smaller, more basic ones. As a 

result, the selectivity coefficients become closer to unity (Re04- and Br­

actually reverse their order :i.n acetone-water and dioxane-water mixtures), and 

separations become poorer. This effect should be even more pronounced with 

anionsdiffe:d~ still more widely in size and basicity. Thus, a larger, still 

less hydrated species than Re04-' such as AuC14~' should show even a more 

marked decrease than Re04- from the enormous distribution ratio it has in 

aqueous solution. Qualitatively, this behavior is shown in the work of 
. . .. 30 

Burstall et al .. who have reported on the very marked uptake and concentration 

of the cyano complexes of gold and silver on anion-exchange resins, and then 

the subsequent elution of these complexes from the resin by acetone-aqueous 

HCl solutions. 
. 31 

Another example is furnished in a paper by Dobud et al., 

where they show that the D for AuC14- on Amberlite IRA-400 from 4M HCl falls 

by a factor of over 100 in going from aqueous solution to ,....., 0.25 mole fraction 

n-propyl alcohoL This is certainly a larger drop than we observe for Re04-' 

But the situation here is not so clear because of the use of concentrated HCl 

rather than dilute LiCl. Two additional effects must be considered, both 

related to association of the H+ and Cl- ,ions. One is that in the resin phase 

(with a large Cl- concentration) some HCl and HC1
2

- will form;32,33 the latter 

species especiall;y will cause·a decrease in the value of D for AuC14-. This 

effect is now well-known in aqueous anion resin systems where the use of 

moderately concentrated HCl 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- associate. 36 

That is, the activity of HCl does not rise as rapidly as that of the same 

• 
• 
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stoichiometric concentration of LiCl with increase in organic-solvent mole, 

fraction. 37 This makes the value of D for the other anion (if less basic than 

Cl-) larger than in LiCl. Thus, the two effects just described tend to cancel 

in anion-resin systems (but not. in cation~resin systems). For example, plots 

of D vs. isopropyl alcohol mole fraction for tracer Br from 0.20 M RCI and 

0.20 M LiCl (now shown) are not greatly different; that for RCI drops a little 

below the one for LiCl above 0.3 mole-fraction alcohol. 

In the paper on the exchange of AuC14- from 4M RCl, already mentioned 

above,31 the bulk dielectric constant was cited as a main parameter in 

explaining the decrease in D with increasing organic solvent content, both 

because of increased ion association and because of decreased (positive) 

electrostatic free energy of transfer of the smallest anion from the external 

solution to the resin phase. These certainly do have an influence; the second 

result does lead to a decrease in D, and is encompassed in the change in free 

energy of solvation of the ions with organic-solvent mole fraction that we have 

discussed earlier. The first effect, however, leads to an increase in D for 

AUC14- (because RCI is surely more highly associated in the external solution 

than is HAuC14) and so is in opposition to experiment. In any case, a simple 

dependence on a bulk property like the dielectric constant is not likely to be 

useful beyond a homologous family of solvents, since is is the microscopic 

solvation properties that are important. These are more complicated, being 

related to the effective bond moments and their spatial arrangement, the 

dispersion-force interactions of mobile electrons such as the TI-electrons in 

aromatics, etc. Examples in point are the marked differences observed in this 

work with acetone and isopropyl alcohol solutions, though they have nearly the 

same bulk dielectric constants. 
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Finally, we can treat the situation in which a (labile) complex anion 

mus,t be produced as well as exchanged. Plots of D ~. aqueous HCl and aqueous 

LiCl are shown in Fig. '7 for FeCIII) .At low Cl- concentrations the iron is 

mainly in cationic co:mplexes, and so there is little FeC14-present to exchange 

wi th the Cl'"" -'for~ r~sin. As the ci- concentration increas~s, hqwever, the 

proportion of FeC14- increases until this species is dominant. If it were not 

for resin invasion by the concentrated aqueous electrolyte and other "non ideal" 
, . 

behavior, the maximum in the distribution curve would represent the point where 

, . . 38-40 ' . 
the average Fe( III) species is electncally neutral. Beyond that ·Cl-

concentration, the average iron speci~s is anionic, and the decrease in b is 

due to the normal mass-a'ctton e'ffect6ri an anion of increasing the CI-

concentration. In reality, resin invasion by the electrolyte may affect the 
.,- , .", ' 

peak position, as will other effects. In Fig. 7, the plot of D for aqueous 

HCi falls increasingly below that for LiCI at higher CI- concentration, due, 

as mentioned earlier, to the formation of HCI
2

- in the resin phase.' If now at 

a particular RCI,or LiCI concentration (below 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 and the complexing equilibrium 

will be shifted to the right. This will occur because the addition of the 

organic substance lowers the dielectric constant and water activity of the 

solution, and the product has a lower charge and less hydration than the 

reactants .(Le Chatelier's Principle). Thus, above some minimum CI- value, 

o 
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we would expect a maximum in D tor Fe(III) to occur with an increase in organic 

mole fraction at constant Cl- concentration. The value of D at this maximum 

would not necessarily be the same as when varying the Cl'"" concentration in an 

aqueous system. If no additional effects are considered, the value of D would 

be lower, because the Cl-, in the mixed external solution, would have a greater 

tendency to go into the resin phase and push out the larger anion than in a 

purely aqueous system (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 LiCl concentration and a low 

isopropyl alcohol mole fraction; the peak value of D decrease~ for lower fixed 

values of LiCl and occurs at higher alcohol mole fractions. The same story 

appears to hold for acetone-water mixtures, except that the decrease of D on the 

high organic mole-fraction side is even steeper than with isopropyl alcohol 

(corresponding to the steeper curves for Re04- and Br- with acetone), and so 

cuts off the maximum .value of D at a lower value and at a lower organic mole 

fraction. 
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Summary 

We have found that the strong-base resin in the Cl--form preferentially 

takes up water from isopropyl alcohol-water solutions, just as from dioxane 

mixtures. The origin· of thi~ selectivity derives from the need to minimize the 

electrostatic free energy of the high concentration of charge in the resin phase 

and from the (hydrogen-bonding) solvation requirements of the resin counter ion, 

Cl-. The initial prefereIiceof the resin for the organic molecules as noted 

with the first few percent mole fraction organic solvent is caused, we believe, 

by the hydrogen-bonded water structure in the dilute external solution pushing 

these molecules into the less-structured resin phase. As the water structure 

breaks down with increasing solyent mole fraction, this ,feature disappears. 
. . . . 

Anioh selectivity is considered to arise from the competition of the 

ions for that phase providing ·the most complete solvation; the smallest, highest 
, 

charged, and most basic anion wins, leaving the other ion to go into the poorer 

solvating phase iIi the exchange. In a purely aqueous system, it is the dilute 

external phase that provides the most complete hydration, and so favors that ion 

most in need of solvation. But as alcohol (or dioxane or acetone) ,is added, the 

ability of the external phase to solvate anions decreases markedly while that 

of the (water-rich) resin phase decreases more slowly. As a result, the smaller 

anions are bound less strongly into the external phase, and so the distribution 

ratios'for the larger anions fall. The ability of alcohols to hydrogen-bond 

to anions slows down the rate of decrease of D with o~ganic mole fraction in 

comparison to the behavior with acetone,' dioxane, and -other aprotic solvents. 

Solvent mixtures with low dielectric constants, such as those with dioxane, 

introduce still another feature, namely ion pairing of the salts in the external 

u 
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phase. This, too, tends to hold the smaller, more basic anions in the external 

phase (lowers their activity) and so leads to a smaller decrease in D for the 

'larger anions than would otherwise be expected. 

Several rather general conclusions and predictions can be made. Most 

organic solvents will be'discriminated against with respect to water by the 

anion-resin phase. This comes about because water molecules usually provide 

more complete ion solvation than the organic molecules (water has a moderately 

large dipole moment, a very small molar volume, and is capable of hydrogen-

bonding to the anion) and so are better able to lower the free energy of the 

concentrated resin phase. Such behavior is particularly true when the resin 

counter ion is small and basic, e.g. Cl~ or F~ or OH-. It is most likely to 

be violated when the counter anion is large, e.g. CI04-, as such an ion needs 

little (hydrogen-bonded) solvation. 

With the usual organic solvents, the values of the distribution ratios 

of anions larger and less basic than the resin-phase counter ion will decrease 

with an increase in organic-solvent mole fraction and the values of D for anions 

that are smaller and more basic will increase. Thus, selectivity coefficients will 

approach unity .. This should also be true for complex ions if the operating 

conditions are such that the average species is anionic (operating beyond the 

maximum in D for the complex ion). On the other hand, for the region below 

the maximum in D, where the average species is cationic, the value of D should 

increase WIth an increase in 
, . 41 

organic-solvent mole fract1on. 



/ 

'.\ 

-20- LBL-225 

Footnotes and References 

* Work supported under the auspices of the U. S. -Atomic Energy Commission. 

t·· . '-Summer visitor, 1967, NSF College Teachers Research Participation Program. 

Permanent Address: Cabrillo College,Aptos, California. / 

ttS~er Visitor, 1970, Undergra.duate Research Participation Progra.m. 

'*' Present address : The Research Institute for Iron, Steel and other Metals, . 

To.hoku University; Ooarai-machi, Ibaragi-Ken, Japan. 

(1) C . if. J ense'n and R. M . Die.mond , J. phys • Chern. 12., 79 (1971)., 

(2) E. Price~ "Solvation of Electrolytes and Solvation Equilibria," in The 

Chemistry of Non-Aqueous Solvents, Vol. I, ed. by J. J. La.gowski, Academic 

Press, New York (1966). 

(3) E. Grunwald, G. Baughman, and G. Kohnstam, J. Am. Chern. Soc. 82, 5801 (1960). 

( 4) A. J. Parker, Quart. Rev. (London) 16, 163 (1962). 

(5) D. Feakins, and D. J. Turner, J. Chem. Soc. 4986 (1965). 
. ", ." 

( 6) Y '. Marcus and J. Naveh, J. :Phys. Chern.' 11, 591 (1969). 
, 

(7) H. RUckert and O. Samuelson, Acta Chern. Scand. 11, 303 (1957). 

(8) Handbook of Chemistry and Physics, "Dipole Moments of Gases, II ed. by R. C. 

Weast and S. M. Selby, Chemical Publishing Co., Cleveland (1966) p.' 61. 

(9) E. Sjostrom,L. Nykanen, and P. Laitinen, Acta Chern. Scand. 16, 392 (1962). 

(10) B. Chu, D. C. Whitney, and R. M. Diamond, J. Inorg. Nuc1. Chem. 24, 1405 

(11) D. ,D • Eley , Trans. Faraday Soc. J2., 1421 (1939). 

(12) H. S. Frank and 'M.W. Evans, J. Chern. Phys. 13, 507 (1945). 

(13) We are not aware of thermody'namic measurements of anion exchange involving 

an organic (hydrophobic) ion, but the free energies, enthalpies, and 



• 

-21- LBL-225 

entropies of the cation exchange of sodium and tetraalkylammonium ions 

have been determined, G. E. Boyd and Q. V. Larson, J. Am. Chem. Soc. 89, 

6038 (1967), and with the larger a1ky1ammonium cations the entropy term 

is dominant. 

(14), C. W. Davies and B: D. R, Owen, J. Chem. Soc. 1681 (1956). 

(15) D. Reichenberg and W. F. Wall, J. Chem. Soc. 3364, (1956) . 

(16) W. W. Bates and M. E. Hobbs, J. Am. Chem. Soc. 73, 2151 (1951). 

(17) 1. P. Gol'dshtein, Yu. M. Kessler, Yu.M. Povarov, and A. 1. Gorbanov, 

Zh. Strukt. Khim. ~, 445 (1963), as given in C. A. 22., 5894 (1963). 

(18) M. H. Hutchinson and L. E. Sutton, J. Chem. Soc. 4382 (1958). 

(19) D. G. Howery, G. Senum, and L. H. Madoff, Analyt. Letters i, 483 (1970). 

(20) C. W. Davies and B. D. R. Owen, J. Chem. Soc. 1676 (1956). 

(21) G. Aker1of, J. Am. Chem. Soc. 54,4125 (.1932). 

(22) F. G. Donnan, Z. Physik Chem. (Leipzig) A168, 369 (1934). 

(23) C. H. Jensen and R. M. Diamond, J. Phys. Chem. §2,3440 (1965). 

(24) R. M. Diamond and D. C. Whitney, "Resin Selecti vi ty in Dilute to 

Concentrated Aqueous Solutions," in Ion Exchange, Vol. I, edt by J. 

Marinsky (M.Dekker, New York (1966)). 

(25) H. Ruckert and O. Samuelson, Acta Chem., Scand. 11, 315 (1957). 

(26) M. Mattisson and O. Samuelson, Acta Chem. Scand. 12, 1386 (1958); :12 , 1395 (1958) 

(27) J. B. Hyne, J. Am. Chem. Soc . .!2.L, 304 (1963). 

(28) R. Sangewald and A. Weissberger, Phys. Z. 30, 268 (1929). 

(29) Y. ,H. Inami, H. K. Bodenseh, and J. B. Ramsey, J. Am. Chem. Soc. 83, 

4745 (1961). 

( 30 ) F. H. Burstall, P. J. ,Forrest, N. F. Kember, and R. A. Wells, Ind. Eng. 

Chem. 45, 1648 (1953). 



-22-

(31) P. Dobud, H. 'M. Lee, 'and D. G. Tuck, Inorg. Chem. 2., 1990 (1970). 

(32) B. Chu and R. M. Diamond, J. Phys. Chem. 63, 2021(1959). 

(33) S. Lindenbaum and G. E. Boyd, J. Phys. Chem. 66,1383 (1962). 

LBL-225 

• 

(34) K. A. Kraus, F. Nelson, F. B. Clough, and R. C. Carlson, J. Am. Chem. Soc. .~ 

77, 1391 ( 1955) • - '. 

(35) R •. A. Horne, J.Phys. Chern'. 61,1651(1957). 

(36) H. S. Harned and B. B. Owen, ,The Physical Chemistry of Electrolytic 

Solutions, Reinhold Publishing Corp., New York, 3rd edition (1958) p.452. 

(37) G. Aker1of,J. Am. Chem. Soc. 52, 2353 (1930) . 

(38) S. Fronaeus, Svensk Kem. Tidskr. 65, 1 (1953) . 

(39) . Y. Marcus and C. D. Coryell, Bull. Res. Council Israel 8A, 1 (1959 ). 

(40) K. A. Kraus and F. Nelson, in The Structure of E1ectro1~teSo1uticins, ed. 

by W. J. Hamer, J. Wiley and Sons, Inc., New York (1959)' p. :340. 

(41) The anion exchange studies of C.W. Walter and J. Korkisch (Mikrochim •. 

Acta: No.1, 81 .(1971); ibid., 137 (1971); ibid., 158 (1971); ibid., 

181 (1971); ibid., 194 (1971)) on a number of metal cations with several 

mixed organic-aqueous solutions containing HN0
3 

provide experim~ntal 

confirmation of these last suggestions. 



v 

-23- LBL-225 

Figure Captions 

Fig. 1. The isopropyl alcohol mole fraction in the resin (left-hand ordinate 

scale) and total uptake of solution, gig dry resin, (right-hand scale) vs. 

the isopropyl alcohol mole fraction in the equilibriwn solution. The resin 

is Bio-Rad AGI-X4 in Cl- form. 

Fig. 2. Uptake by the resin of I].on-exchange electrolyte from 0.010 M LiCl ~. 

isopropyl alcohol mole fraction. The left-hand ordinate scale is in meq 

of Cl-/g of dry Cl--form resin, and the resin capacity is 4.04 meq/g of dry 

Cl--form resin. Also shown is a plot of the dielectric constant (right­

hand scale) ~. the isopropyl alcohol mole traction. 

Fig. 3. Plots of D vs. isopropyl alcohol mole fraction in the solution for 

0.010 M LiCl and the tracer anions: F"", '; Br-, .; I-, '; and Re04-' •. 

Fig. 4. Plots of D ~. isopropyl alcohol mole fraction in the solution for 

0.030 M LiCl and the same tracer anions and symbols as in Fig. 3. 

Fig. 5. Plots of D'vs. isopropyl alcohol mole traction in the solution for 

0.10 M LiCl and the same tracer anions and symbols as in Fig. 3. 

Fig. 6. Plots of D vs. solvent mole fraction in the solution for 0.010 M LiCl 

and tracer F- (half-filled symbols), Br- (filled symbols), and Re04 - C()pen 

symbols). Data from isopropyl alcohol solutions are represented by 

triangles, from acetone by squares, and from d}oxane solutions by circles. 

Fig. 7. Plots of D for tracer Fe (III) Y2-. chloride molarity in purely aqueous 

systems: LiCl, 0; RCl, O. 

Fig. 8. Plots of D for tracer 'Fe(III)Y2-' solvent mole fraction for various 

concentrations of LiCl. The filled, symbols represent acetone solutions, 

and values of D are to be read from the left-hand scale. Unfilled symbols 
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indicate 'is~1?ropyl aicohol solutions, and values 'of -D are to be read from the 

right'~hand scale. 
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