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. lyethers rm fadducts with

“The cyelic po! or crown ethers are known to fo

éome alkali and alkaline eérth compounds, and the selectivity of complex
-formation 1s reported to be related to the match between the size of the
metal ion'agd thevsize of the hole in the crown ether. These early
observationé suggested that appropriate compounds of this type might be

' highly selective solvent extraction reagents for substances of interest in

. process applications; therefore tests were conducted in which we attempted
to extract mineral acid salts info water—immiscible solutions of ciown ethers,

A.nuﬁber of tesﬁs of extraction from aqueous nitrate, chloride,

“hydroxide, thiocyanate,and perchlorate systems gave vefy low distributions
fof theﬂmetal ion (alkali, alkaline earth, and actinide) to a benzene-- or
chloroform-—crown ether phase, and the relative distribution did not usually
agree with the extraction order expected from abmatch between iomn size an&
crovn ether hole size. These results, plus early work reportingrsuccessful
extraction féom picréte.systeﬁs and of compiex fofﬁation‘in homogeneous

aleohol-water systems, suggest that successful extraction of metal ious
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into a water-immiscible organic solution of crown ethers depends on the
ability to solvate the anion in tﬁe organic phase. Experiments in which
an organic-soluble anion, di(2-ethylhexyl) phosphate, was provided in the
Iorganié phase resulted in increased alkali metal extraction and an order
6f extraction of K > Rb > Cg > Li > Na rather than the order Li > Na > K >
Rb > Cs expected for di(2-ethylhexyl) phosphoric acid alone. This indicates
a contribution of the crown ether to the selectivity and also supports
the impoftance of anion solvation in crown-ether extraction.

Thetaddition of an organic phase distributing phenol (nonylphenol})
or alcohol {(2-ethylhexanol) to the crown ether solution increased the
extraction of alkali metal chlorides markedly, presumablv because of
increased solvation of the chloride ion. The benzene--crown ether--2-ethyl-
hexanol system was studied systematically. The extraction of KC1l from
2:§;M5612 solutions was found to vary with alcohol concentruation with a
first-power dependence at low concentrations and a second-power dependence
-at high concentrations. Crown ether concentration dependence was first
power over the concentration range tested. These and supporting data indicate
an organic—phése species containing one crown ether and one to two alcohol
molecules per KCl molecule. KC1 extraction increased as ionic strength and/or

chloride concentration increased but increased only slightly with HC1

concentration at constant ionic strength.
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ABSTRACT

Unexpectedly 1§w vesults were obtained for extraction of chlorides,
perchlorates,_nitrates, and thiocyanates of alkalis, alkaline earths, and
actinides from aqueous solutions by water-immiscible solutions of crown
ethers. The expected preference for ions matching the crown ether hcle-
size was not seen here or in solubilizing dry alkali chlorides. Addition of
an 6rganic—solub1e acid increased alkali,extraction;with preference for the
ion sized to fit the crown ether. Addition of am organic-soluble alcohol
or phenol increased extraction of KCl. Alcohol system results indicated

an adduct of one crown ether and one or two alcohol molecules per KC1,

*Research sponsored by Energy Research and Development Administration under
contract with the Union Carbide Corporatlon.
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INTRODUCTION

" It has been amply demonstrated that crown ethers such as those shown

;ip Table 1.are able to form adducts with alkali metal salts and, under

_ some conditionms, to solubilize these salts into ofganic solvents where it

would normally be impossible to dissolve the salt.l’z' Evidence has been

pfesented iﬁdigatiﬁg that the alkali metal ion in these adducts is situated
in the hole in the cr;wn‘ether ring and that the stability of the adduct
formed depends oﬁ thé’cdrrgspondencé between the size of the ion and the
size of thevhoie in the crown ethelr.1 | |
Although most of the eafly wérk with crown ether complex formafion

iused homogeneous alcohol-water systems, a number of more recent studies
of'relativé)binding of alkali metal ions have involved extraction of metal
salts from aéueoﬁs phases into water-immiscibie solutions .° the crown
ethers. The apion most commonly used in these studies was picrate. -

In addifion,dicyclohexyl-lS—crown—G has been used as the éxtractant in &
coﬁntercurtent liquid-liquid distribution system for the separation of
'éalcium isotoﬁeé as calcium chloride.9 These f;éts suggest that crown
ethers couid be uséfuJ‘SPecific réagents for two-phase solvent extraction
_systems. Therefofe, consistent with our pfesent interests, most of the

. work ;eported hefe.(both that qf.others and our own) will be concerned

) wi:h»ﬁhe applicability of crown ethers to liquid—liquid extraction systems.
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Special anions such-as picrate woﬁld not be desirable in the kind of
extraction system we want to consider. Chloride or some other mineral |
acid would be more suitable., Further requirements of a suitable extraction
system would include: (1) édequate solubility in a solvent of high flash
point (and p;eferably_of low toxicity), such as dbd rane or diethylbenzene,
(2) very low distribution to the aqueous phase (e.g., 5_10_6 M), and
(3) abili#y to extract the compound or compounds of interest with a distribu-
tion coefficient greater than 1, preferably greater than 10. The purpose of
this work was to eﬁaminé the available crown ethers for applicability, within

such criteria, to liquid-liquid extraction systems of interest in hydrometallur

’

gical and related applications.
EXPERIMENTAL

Dicarboxydinaphthyl-18-crown-6 and bis dinaphthyl—lS—croﬁn—6 were
supplied by D. J. Cram.* Dicyclohexyl-18-crown-6, dibenzo-18-crown-6,
18-crown-6, and l5-crown-5 were obtainéd from the Aldrich Chemiéal Company and
the Parish Chemical Company. All these compounds were used as received.
Dicyclohexyl-18-crown-6 from more than one source was used in this work.
Howevei, in each set of experiments for determiﬁing a specific effect
(e.g., reagent_dependence, order of extraction) only one batch of reagent was
used so that results are internally éénsistent,although cross—coméarison of
extraction éoefficients under the same conditions shows more séatter than

-would be expecfed from considering individual studies. Di{2-ethyihexyl)

*Department of Chemistry, UCLA.
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.jyﬁhbsphofic acid was oﬁtained from fhe»Virginia—Carolina Chemical Company
.and was purified by a copper precipitation method prior to use.10 Other
Echemicals used were of the usual reagent grade qualkyy.

Equilib;ations were done in small separatory funnels and vials.
" The equilibrated phases were.analyzed by radiocﬁemical and atomic absorption

;AmetEOdepzf
RESULTSAAND DISCUSSION

General Screening Tests

The crown ethers.used in this study and their approximate solubilities
- in benzene o> chloroform are listed in Table 1. Each compound is shown
-strﬁcturally and ie ;deqfified both® by name and by an abbreviated form,
which is used throughout the remaindar of thls paper. Two solvents, benzehe
-and chloroform, were used here as in previous survey work because they avoid
some soluybility limitations and thus facilitate intercoﬁparison of reagents;
howeVer,'neither of them meets our reqpiremente for practical process

‘appliéetions. Table 1 also shows the distribution of several metal salts

from aqueohs solutions to the crown efher eolutions; Although the distribu-

tlon coeffic1ents (D [M]- /[M] ) are uniformly an& disappointingly low,

-the results do suggest some. spec1f1c effects.. Compound CDNlB-”—6 extracted
':salts from hydrox1de systems essentially as would be uxpected because of
'its'carboxylic-acid groups; on the othen hand, the reversal in order of
;eg;rgctebiiity of sodium,and potassium from thatvexpected for a carboxylic

.
]

“%hcidualbnell.seems to imply that the stracture of the crown ether has an
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effect. A similar reversal in tﬁe expected order of extractability of
potassium and calciixm12 pbsérved in neutral chloride and nitrate systeés '
provides further evidence of such an effect.. High selectivity for
strontium over barium and potassium has been noted by Helgesén, fimko,
and Cram fér a similar compound with a carboxy functional group. =

Compc;ﬁnds BisDNlS‘-c-"é, is-c-s, DB18-C-6, and 15-C-5 extracted so little
of the alkalis and alkaline earths from dilute aqueous solutions that work
with them waSvsuspended. The subsequent systematic investigation used
pfimgrily DC18-C-6. '

As an adjunct to the liquid-liquid extraction investigation,'the rela-
tive solubilization of the alkali and alkaline garth_chlérides was tested
i# the presence of minimum amounts of water; thzt is, the nominally dry
salts were contacted with an organic crown ether solution. The results are
shown in Table 2. The expected size relationship that has been reported
for other systemsl’2 does not seem to have any discernible effect on the
ordér of solubilization of these chloride salts under these conditions.
Maximum loauings obtained in the tests with 0.1 M DC18-C-6 in benzene were
50% when the group I elements were mixed, 30% when the group II eleménts
were mixed, and 10% and 35% for lithium and calcium, respectively, when
tested separately. This can be comparea with potassium permanganate, which»
is reported to solubilize in DC18~C-6 in a 1:1 mole ratio.14 The only case
in our tests in which loading approachedba 1:1 mole ratio was thé calcium
extraction from 2 M calcium thiocyanate solution.

Prompted by the apparent difficulty of solvating the minerai acid

anions into the organic phase, experiments were designed in which an
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organic-phase—soluble anion was ﬁresent. Di(2~ethylhexyl) phosphoric acid

HDEHP) is known to extract the alkali metals (although with low distribu-~

o tion coefflclents) in the order Li > Na > K > Rb > Cs.l5 Solutions containing

0.1 M HDEHP and 0.4 M DC18-C-6 were equilibrated at pH 4.8 (HDEHP 50% in

thg'éalt form) with.a sblutioh that was 0.1 M in each of the alkali metal
nihrategg In these tests the order of ‘extraction was found to be K. > Rb >
Cs >1Li > Na (Table 3).
Perhaps the most pertinent observation to be made from the above tests
. is that anions such as nitrate,.chloride, perchlorate, and hydroxide are
verykﬁiffiéult to solvate into crown ether solutions in the diluents chosen.
Thiocyanate; béing a large anion, is somewhat easief to solvate,‘and we can
conclude from the work .of others _that permanganate and picrate aré even
" more readily sélvatedr It is reasonable to expect large anions of an organic
chéracter such as piqrafe to be easily solvated into organic phases. Thus,
dn order to utilize crowﬁ ethers as extractants, either an organophilic
.anion must be supplied for the meéal ion or provisions must be made for soivating

the inorganic anion into the organic phase.
Alcohols as Anion Solubilizers

In the early work with the crown ethers, complexes with alkali metal
salts were frequently formed in mixtures of alcohol and water in which

" both the salt and the crewn ether were soluble. Further, it was noted by
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Pedersen and Frensdorffl'that the additioﬁ of small amounts of methanol
greatly increased the amount of salts solvated by crown ether solutions.
Thus they hyphothesized that alcohol or somé analogous compound might

take part in the complex, possibly serving to complete the solvation sphere
of the cation or solvate the anion. Some of our early experiments in which
107 butanol was added to a bénzene solution of crown ether produced a two-
to three-fold increase in potassium extraction from 0.01 M KCl, suggesting
that a water-immiscible alcohol in the organic phase might effectively
promote the extraction of alkali salts of the mineral acids by crown ether
solutions. This opinion was subsequently reinforced by information obtained
. from Y. Marcus,16 in which he reported significant enhancement of salt
solubilization by crown ethers using a number of alcohols and other hydrogen
bonding compounds. These pieces of information led us to examine a mixed

alcohol-crown ether system‘in some detail.
The 2-Ethylhexanol--DC18-C-6 System

Figure 1 shows the effect of varying the 2-ethylhexanol content of the
tenzene diluent on poiassium extraction from 2 M Mg012—0.01 M KC1 by 0.1 M
DC18-C-6. 1In this figure, log D, (DK = [K]org/[K]aq) is plotted vs log
volume percent of alcohol (proportional to molarity). The average slope is
1.5, approaching slope 1.0 at low aicohol concentration, and approaching
2.0 at the higher alcohol concentration. The effect of nonylphenol on
-potassium extraction is similar (Fig. 2), tt2 slope of a comparable plot

being about 1.0; however, higher concentrations were not tested because
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of the visc051ty of the nonylphenol. ‘These data indicate that the alcohol .

: and phenol are 51mllar1y and strongly 1nvolved in the formation of the KCl-
erown ether adduct in the organic phase and suggest the formation of an
organlc-phase species containing one mole of alcohol or phenol at low

»concengratlons and poesibly'more at higher concentrations. Analyses show
that“very little MgCl is exEracted in this system; only 2.7 x 10-4

-magne31um is found in 0.1 M DC18-C-6 in 75% 2-ethylhexanol—-25/ benzene when

‘equilibrated with 2 M aqueous Mg012

Since DC18~C-6 contains no ion exchange sites, the extraction of

potassium must involve the extraction of chloride, and a general equation

for this extraction could be:

K + Cl + nDC18-C-6 + mROH -+ = (nDClS~C-6 KCl'mROH) . (1)

ceecsossr e eas o s Saceeoressrs oo sove

in which dotted underlines 'indicate an organic-phase species, ROH represents
" the alcohol, and possible association of the organic-phase adduct into an
k—fold agg;egate(is provided for. Figure 3 shews a plot‘of log [K]or
log,[K‘]a'q in a s?stem where the aqueous phase is 2 y;MgCIZ and the organic
phese is 0.1 ELDC;8~C-6 in 75% 2-ethylhexanol--25% benzene. :The initial
u-slope,of this curve is‘l.O, which indicates that, i1f potassium is unaésociated.
in the aqueous phase,‘then the complex is also unassociated in the organic |
’phase and the-valne of x is 1.
' The dependence of potassium extraction from Z.E.M3012 on the cencentra—
tion of DC18-C-6 in 25% benzene-~75% 2—ethy1hexanol is shown in Fig. 4.

These data yield a slope of almost exactly 1.0,,indice£ing (sinee polynuclear
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complexés are ruled out) the association of one mole of potassium (as KCl)
with one mole of DC18-C-6 in this system over the concentration range
used here. This is in agreement with reported data indicating a one-to-one
association in similar crown ether adducts.l’2

Figures 5 and 6 show.acid dependence and ionic strength dependence,
respectively, of Kél extraction.by 0.1 M DC18-C~6 in 25% benzene--75%
2—ethylhexanol; In both cases, however, the aqueous~phase cﬁloride concentra-
tion increases along with the ionic strength wariable since we knew of no.
"inert" amion to substitute for chloride. Thus, Fig. 5 suggests that the
acid dependence, if any, is slight. The nature of the extractant does not
lead one fo expect an increased extraction due to increased acid concentra-
tion; therefore, we susﬁect that what appears to be a small positive acid
dependenhe may be related to the small chloride concentration increase.
However, plotting log DK vs log [C1l] from these:data yields a slope greater
than the expected value of 1, suggesting that changes in the mgdium, or
activity effects, may also be contributing to the observed increase in DK'

Figure 6 likewise probably reflects primarily the change in chloride

concentration or activity.



Lol

- CONCLUSIONS

Although crown ethers form complexes with a1ka11 and alkaline earth

i

vcompounds in homogeneous alcohol—water systems and ‘extract thP picrate
‘salts of these,elements,ln-two—phase systems, they extract the common
».ﬁinerel-ecid salts very poorly and not in the order expected from the
-size of the ion reletive to the'size of the crown ether hole. Solubiliza~
tlon of the anion appears to be critical in the extraction of salts by
‘crown ethers, i. e., providing a means of solubilizing the anion appears
;to be«necessary. The latter can be accomplrshed by using an alcohol as the
‘meinbcomponentﬂof the orgénic diluent; A study of KCl extraction from

' Mg012 solutions by DC18-C-6 in .75% 2-ethy1hexanol--257 benzene suggests

a; reaction such as: v .

K + c1 + DC18-C-6 + xROH 2 DClS-Cwﬁ'KCl'xROH

...‘..-.. . ses e ....‘.“ ase L N
v . :
. .\0" . -
where x is 1 or 2. NI

., - . %
. = ¥

i
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NOTATION LIST

BisDN18~-C~6 = bis dinaphthyl-18-crown-6
CDN18-C~-6 = dicarboxydinaphthyl-18-~crown-6
DB18~C~6 = dibenzo-18-crown-6

dicyclohexyl-18-crown-6

PC18~-C-6

DK = distribution coefficient for potassium

= Kl /K],
Dm = distribution coefficient for the metal, M
= [mlorzllnlaq
15-C~-5 = 15- . rown-5
18-C-~16 = 18-crown-6

HDEHP = di(2-ethylhexyl)phosphoric acid

dao
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Toble 1 Screenlng Tests With Crown Ether Solutions
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Tabié 4. Relative 4nlubilization of éhloride Salts 'By:'t‘.rown éther $olutions

Organic phise

Conc. order in organic

Solids phase

"‘0 i M DCIS—C—G in 06!16

'o.o1 ¥ BiaDN18~c-6 in cnc13

0.1 y_ 18~C~6 in Cellg

0.1 M nnm—c-e in c 116

05 L pat Vg
1 y_ DC18-C~6 j.n CGHG

0.1 M DC18-C-6 in C M,

‘€a> 1l >Sr>Na>K>Ba>Mg>Rb>Cs

/Na >1i>K>Rb >Ba>Ca>Cs > Sr > Mg

K:uNa>ii>Rb>Cs

and Ca >:Mg > 8r >> Ba
Rb >L:l.>Cs>K_>‘Na

and Ca >Mg >Sr >3Ba
Ra > K = Li > Rb >> Cs '

and Ca >Mg > Sr > Ba
L1 > K # Kb > Cs > Na

and Ca > Sr > Mg > Ba

L1 >Sr >Ca >Rb >K >Na >Cs > 3Ba>Mg

Individual saits

Individual salts

Mixed within groups

Mixed within gfoups
Mixed within groups.”

Mixed within gioup# A

All mixed




Table 3. Effect of crown ether on order of extraction of alkali metals
by HDEHP
Extraction relative to (s  Extraction
Without With coefficient
Alkali crown crown, with
metal ether ether crown ether
Li 8.2 0.46 0.023
Na - 2.6 0.40 0.020
K 1.2 7.2 0.36
Rb 0.87 3.2 D.16
" Cs 1.0 1.0 0.05

3gee Ref 14; organic phase was 65% in the salt form.

®o.1 M HDEHP, 0.4 M DC18-C~6; total alkali ion concentration in aqueous
-phase, 0.5 M, A



FIGURE. CAPTIONS

Fig. 1. Potassium'extractlon from 2.0 M MgCly by 0.1 M
~ DCi8-C-6 in benzene--2—ethylhexanol as d function of the volume
: _percent of alcohol.

(okNL DHG 77-529)

. Fig. 2, Potassium extraction from 2.0 M MgCl, by 0.1 M
DC18-C-6 in benzene-nonylphenol as a function of the volume ; percent
of phenol. - ‘

(ORNL  DWG 77-526)

Fig. 3. Equillbriﬁm organic-phase potassium vs aqueous-phase
potassium. .Extraction was from MgCl -by 0.1 M DC18-C-6 in 25% benzene--
75% Z—ethylhexanol .

(ORNL DWG 77-528)

. Fig. 4. Potassium extractioﬂ as a function of DC18-C~6 concentration
in 257 benzene--~75% 2-ethylhexanol. Aqueous phase was 2 g_MgCIZ.

~ (ORNL DWG 527)

fl

Fig. 5. Acid dependence of potassium extraction by DC18-C-6 in 25%
-‘benzene--75% 2-ethylhexanol at lonic strength of 6.

(ORNL DWG 77-531)

Fig. 6. Potéssium extraction by DC18-C~-6 in 257 benzene--75% 2~ethyl-
hexanol as a function of aqueous ionic strength. MgCl2 concentration was
0.03 to 3.3 M.~ :

(ORNL DWG 77-530)
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