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f xtraction of microamounts of Sr2 + and Ba2 + (henceforth M2 +) from the aqueous solutions 
of rerchloric acid (0'0125-1'02 mol/I) by means of the nitrobenzene solutions of dicarboIide 
(O'()04-0'05 mol/I of H+ {Co(C2 B9 H llh} -) was studied in the presence of monoglyme (only 
Hal +), diglyme, triglyme, and tetraglyme (CH30-(CHz-CHZO)nCH3' where n = 1, 2, 3,4). 
The distribution of glyme betweeen the aqueous and organic phases, the extraction of the proton-

ized glyme molecule HL of together with the extraction of MIT ion and of the glyme complex 

with the MZ + ion, i.e., ~. (where L is the molecule of glyme), were found to be the dominat
ing reactions in the systems under study. In the systems with tri- and tetraglymes the extraction 

of H+ and M 2 + ions solvated with two glyme molecules, i.e., the formation of HLt and ML~+ 
species, can probably play a minor role. The values of the respective equilibrium constants, 
of the stability constants of complexes formed in the organic phase, and the theoretical separation 
factors ocHa/Sr were determined. The effect of the ligand structure on the values of extraction 
and stability constants in the organic phase is discussed. 

In our previous papers l ,2 we studied the extraction of microamounts of Sr2+ or Ba2+ 
by means of the nitrobenzene solutions of Co(III)-dicarbolide (H + {Co( C2B9H 11)2} -, 
henceforth H +, B -) in the presence of polyethylene glycols PEG 200, PEG 300, 
and PEG 400 (denoted by L in the equations). We have shown that the dominating 
reactions in the system are 

L ----' L KD (A) ""' 

H+ + L ----' HL+ KeiHL +) (B) ""' 

M2+ + 2 H+ ----' MZ+ + 2H+ Kex(M2+) (C) ""' 

M2+ + L + 2H+ ~ MLzT + 2H+ Kex(ML2+) , (D) 

where M2+ is the bivalent ion Srz+ or Ba2+, respectively; species present in the 
organic phase are denoted by a bar. Eq. (l) has been derived for the position of maxi-
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582 Vanura, Makrlik: 

mum on the curves of DM vs Cu 

(1) 

where CB is the dicarbolide concentration in the organic phase, C~;" is the concentra
tion of the ligand corresponding to the maximum on the curves of log DM VS log CL • 

In the case that only one species (e.g., MLH) is extracted into the organic phase 
and the formation of the complex of the extracted metal with glyme in the aqueous 

phase is negligible it can be shown that the value of c;','ax corresponds to the ratio W : 
: HL + = 1 : 1, i.e., to the stoichiometric ratio for the reaction M 2+ + H + + HL + ~ 

~ML2++2H+. 

The aim of this study is to find out whether the extraction of Sr2 + and Sa2 + 
by means of the nitrobenzene solutions of dicarbolide in the presence of other types 
of oxyethylene compounds (organic polyethers of the general formula CH 30-
~(CH2~CH2~O)n~CH3 with the trivial name of "glymes", where 11 = 1 for 
monoglyme == 2,5-dioxahexane, n = 2 for diglyme == 2,5,8-trioxanonane, 11 = 3 
for triglyme == 2,5,8,11-tetraoxadodecane, and 11 = 4 for tetraglyme == 2,5,8,11,14-
-pentaoxapentadecane) can be explained by the same or similar mechanism and 
whether the separation factor values, aBa/Sf> higher than those obtained in systems 
with polyethylene glycols, can be reached in the extraction in the presence of these 
ligands. 

EXPERIMENTAL 

The compound Cs + {rn-(3)-1,2-C2B9HllhCo} - (abbreviated as CsDCC, the preparation 
of which is described in3 ) was transformed to the respective acid HDCC by two-fold shaking 
of the nitrobenzene solution of CsDCC (about 0·1 moll-I) with equal volumes of 15~~ (v/v) 
propanol in diluted H 2S04 of the concentration of about I moll-I. The complete removal 
of propanol from the organic phase required a ten-fold shaking of the nitrobenzene solution 
of HDCC with equal volumes of fresh aqueous solution of H 2S04 of the concentration of 1 mol . 
. 1- 1. Thc small amount of extracted H 2S04 was removed from the organic phase by I\lo-fold 
shaking of the nitrobenzene solution of HDCC with an equal volume of distilled water until the 
equilibrium was established. The HDCC concentration in the prepared nitrobenzene solution 
was determined by the neutralization titration diluting 2 ml of the original HDCC solution with 
20-40 ml of ethanol or acetone and using the volumetric aqueous solution of NaOH and the 
bromocresol green as an acidobasic indicator. 

The oxyethylene compounds of the type CH30- (CHz-- CHZO)n-CH3 (where 11 = 1,2.3,4) 
were supplied by Koch-Light. The isotopes 85Sr and 133 Ua were of a standard radiochemical 
purity. 

10 ml probes with polyethylene stoppers were uscd in the extraction cxpcriments. The volume 
• of each phase was 2 ml, the solutions were shaken for 30 min (under the conditions used 5 min 
is sufficient for the establishment of equilibrium) using a laboratory shaker at the temperature 
of 25 ± 1°C. After centrifugation O' 5 ml were taken from each phase. The l' activity was measured 
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using a NaJ(TI) scintillation detector in combination with the NK 350 gamma analyzer (Gamma, 
Budapest, Hungary). 

The distribution ratio of the microamounts of strontium or barium between the nitrobenzene 
and aqueous phases was detcrmined as the ratio between the measured activities of the correspond
ing samples of the organic and aqueous phase. 

RESULTS AND DISCUSSION 

A series of dependences of log Dsr (or log DBa) on the total analytical concentration 
of glymes were measured for various concentrations of dicarbolide in the organic 
phase and for various concentrations of HCI04 in the aqueous phase. The concentra
tions of dicarbolide, glyme, and HCI04 are always related to the volume of one 
phase. The combinations of C B and CHelo4 values were chosen so that - 2·5 < 
< log D < 3. The results are summarized in Tables J - VII and are partly illustrated 
in Fig. 1 (for the extraction of Sr2+ in the presence of trigJyme). 

The values of KD of glymes, required for the interpretation of the extraction 
equilibria, were determined by the method of concentration-dependent distribution 

TABLE 1 

Distribution ratio of barium in dependencc on the concentrdtion of monoglyme for the b:Hium 
extraction by the nitrobenzene solution of dicarbolide (c(H+, B -) = 0·025 ~0'050 mol 1-1 ) 
from the aqueous solutions of perchloric acid (c(HCIO .. ) = 0·0125~0·050 moll-I). The values 
of log cL and log Dna are given for every point 

-- ------ -- ------

c(HCI04 ) = 0'0125 moll-I, c(H+, B-) = (J'025 mol 1-1 

2'796, 1'584; ~2·553, 1'602; ~2'301, H.06; -2'046,1'619; -1'796, 1'637; ~1'553, 1'656; 
1'301, 1'684; ~ 1'046, 1'745; ~0'796, 1·623; -0,553, 1·524; ~O'301, 1'417; O·ceo, 1·167 

c(HCI04 )= 0'025 mol 1-1, c(H + , B -) = 0·025 moll- 1 

2'796, 0'920; ~ 2· 553. 0'946; ~ 2'301, 0'959; - 2'046, 0'974; ~ 1,796, 0'999; ~ 1'553, 1'023; 
I· 30 I, 1'072; ~ 1'046, 1'154; ~0'796, 1'097; -- 0'553, 0·957;-0'301, 0'810; 0'000, 0'616 

dHCl(4 ) - 0'025 moll-I, dH+, B-) =c 0'050 mol 1-1 

~2'796, 1'581; ~2'553, HOI; --2'301, 1·610; - 2'046, 1'616; ~ 1'796, 1'617; ~ 1'553, 1'621; 
- 1'301, 1'631; ~ 1'046, 1·736; ~0'796, 1'598; ~O'553, 1'567; ~0'301, 1'362; O'COO, 1·122 

c(HClO .. ) = 0'050 mol 1- 1, c(H +, B -) = 0·025 mol 1- 1 

--2'7%, 0'354; ~2'553, 0'366; ~2'301, 0·412; ~2'046, 0'452; --1'796, 0'459; ~ 1'553,0'497; 
I· 301, 0'573; ~ 1'046, 0'564; ~O'796, 0'468; ~ 0·553, 0'340; ~()'201, 0'214; O'CCO, ~O·(l59 

c(HCI04 ) c 0·050 mol 1-1, c(H+, B -) = 0'050 mol 1-1 

2'796, 0'931; ~2'553, 0'945; ~2'301, 0·9(,1; ~2'046, 0'968; ~1'796, 0'977; ~1'553, 1'013; 
--1'301, 1'045; ~ 1046, 1·104; ~0'796, 1'021; ~0'553, 0'989; --0'301,0'788; 0'000, 0·547 
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TABLE II 

Distribution ratio of barium in dependence on the concentration of diglyme for the barium 
extraction by the nitrobenzene solution of dicarbolide (c(H+, B-) = 0'025-0'050 moll-I) 
from the aqueous solutions of perchloric acid (c(HCI04) = 0'050-0,20 moll-I). The values 
of log cL and log DBa are given for every point 

c(HCI04 ) = 0'050 moll- 1 c(H+', B-) = 0'050 moll- 1 

-3'046, 1'023; -2,796 1'073; -2,553 1'131; -2'301 1'222; -2,046 1'326; -1'796, 1·487; 
-1'553,1·654; -1'301, 1·785; -1'046,1'784; -0'796,1'698; -0'553,1·440; -0'301, 1·225 

c(HCl04 ) = 0·10 moll-I, c(H+, B-) = 0·025 moll- 1 

- 3'046,-0'256; -2'796, -0'171; -2'553, -0,114; -2'301,0'071; -2'046,0'159; -1'796,0'258; 
-1'553,0'399; -1'301,0'444; -1'046,0'407; -0·796,0·262; -0'553,0'066; -0'301, -0'166 

c(HCI04 ) = 0'10 moll-I, c(H+, B~) = 0·050 moll- 1 

--3'046,0'415; -2·796,0'417; -2'553,0'450; -2'301, 0·520; -2'046,0'641; -1'796,0'771; 
--1·553,0'918; -1'301,1'067; -1'046,1'095; -0,796,0'950; -0'553,0'752; -0'301,0'469 

c(HCI04 ) = 0·20 moll-I, c(H+, B-) = 0'025 moll- 1 

-3'046, -0'659; -2,796, -0'631; -2'553, -0·571; -2'301, -0·513; -2'046, -0'411; -1'796, 
-0'301; -1'553, -0·226; -1'301, -0,152; -1'046, -0'214; -0'796, -0'349; -0,553, -0·553; 
--0'301, -0,723 

c(HCI04 ) = 0'20 mol 1-1, c(H+, B-) = 0·050 moll- 1 

-3'046, --0,217; -2'796, -0'190; -2'553, -0'101; -2'301, -0'033; -2'046, 0'094; -1,796, 
0-230; -1'553, 0'343; -1'301, 0'432; -1'046,0'465; -0'796, 0'338; -0,553, 0'157; -0'301; 

0'053 

logO 

Flo. 1 

Logarithm of the distribution ratio of Sr2 + 
as a function of the total analytical con
centration of triglyme. c(HCI04 )/moll- 1 , 

c(H + , B - )!moll- 1 : Curve 1 0'102, 0'()()85; 
2 0'051, 0'0085; 3 0'102, 0'02125; 4 0'102, 
0'0425; 5 0'051, 0'02125; 6 0'051, 0·0425. 
Solid curves were calculated for constants 

given in Table VIII (model Sr2 +, SrL 2 + , 

SrL~+, HL +, HLf) 
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Extraction of Strontium and Barium Salts 585 

and the following values were obtained: KD = 0·22 (for monoglyme), 0·25 (for 
diglyme), 0·30 (for triglyme), and 0·45 (for tetraglyme). The extraction constants 
Kex{Sr2 +) = 5 and Kex(Ba2 +) = 7 are taken from our previous study2. However, 
the computations revealed that the concentrations of SrH and BaH ions in the 
organic phase (with the exception of BaH extraction in the presence of triglyme 
and tetraglyme) are so high that these values can be obtained directly by the mathe
matical treatment of the experimentally obtained dependences of log DM VS log Cv 
In these cases these more precise values were used for further computations. 

The extraction mechanism was interpreted using the model proposed in our 
previous studies. Because monoglyme, diglyme, triglyme, and even tetraglyme 
contain a lower number of oxyethylene units than the used polyethylene glycols 
also the solvation in the organic phase of H + ions or MH ions by two molecules 
of the glyme was taken into consideration, i.e., the reactions 

H+ + i L (E) 

TABLE III 

Distribution ratio of strontium in dependence on the concentration of diglyme for the strontium 
extraction by the nitrobenzene solution of dicarbolide (c(H +, B -) = 0·025-0'050 moll-I) 
from the aqueous solutions of perchloric acid (c(HCl04) = 0'0125 -0,050 moll-I). The values 
of log eLand log DSr are given for every point 

c(HCI04 ) = 0'0125 moll-I, c(H +, B-) = 0'050 moll- 1 

-3'046, 1·729; -2'796, 1'770; -2'553, 1-802; -2'301, 1-815; -2'046, 1'897; -1'796, 2'000; 
-1'553,2'057; -1-301, 2·125; -1'046, 2'022; --0'796, 1'829; -0'553,1'635; -0'301,1'412 

c(HCI04 ) -~ 0'025 moll-I, c(H+, B-) = 0·025 moll- 1 

-3,046,0,527; -2'796,0'535; -2'553,0'561; -2'301,0'612; -2'046,0'662; -1·796,0'752; 
-1'553,0'781; -1-301,0·768; -1'046,0'623; -0,796,0'448; -0'553,0,262; -0'301,0'100 

c(HCI04 ) = 0'025 mol I -I, c(H+, B-) = 0·050 mol 1-1 

-3'046, 1'135; -2·796, 1'145; -2'553, 1'184; -2'301, 1·229; -2'046, 1'296; -1'796, 1'379; 
-1'553,1'439; -1'301,1·473; -1'046,1'412; -0,796,1,241; -0,553,1'023; -0'301,0'836 

c(HCI04 ) = 0'050 mol 1-1, c(H+, B-) = 0·025 mol I-I 

-3'046, -0'022; -2'796,0'003; -2·553,0'023; -2'301,0'077; -2'046,0'099; -1'796,0'126; 
-1·553,0'218; -1'301,0,140; -1'046,0'059; -0'796, --0'177; -0·553, -0'367; -0'301, 
-0,506 

c(HCI04 ) = 0'050 mol 1-1, c(H+, B-) = 0'050 mol I-I 

-3'046,0'522; -2'796,0,536; -2'553,0·552; -2'301,0,587; -2'046,0'684; -1·796,0'732; 
--1'553,0'787; -1'301,0'801; -1'046,0'740; -0,796,0'573; -0'553,0'400; -0'301,0'209 
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and 

---->. ML~+ + 2 H+ K (ML2+) ..,- J ex j , (F) 

together with the possible solvation of H + or M 2+ in the aqueous phase (cf. 1,2), 

TABLE IV 

Distribution ratio of barium in dependence on the concentration of triglyme for the barium 
extraction by the nitrobenzene solution of dicarboIide (c(H+', B-) = 0'00425-0·0425 moll-I) 
from the aqueous solutions of perchloric acid (c(HCl04 ) = 0'098-1'02 moll-I). The values 
of log cL and log DBa are given for every point 

c(HCI04 ) = 0'098 moll-I, c(H + , B -) ~~ 0'00425 moll - 1 

-3'252, -0'456; -3'000, -0'364; -2·745, -0'149; -2'495, -0'045; -2'252,0'123; -2'000, 
0·238; -1·745,0·299; -1'495,0'252; -1'252, 0'125; -1'000, -0'046; -0'745, -0'383; -0'495, 
-0,747; -0'252, -1-144 

c(HCl04 ) = 0'098 moll-I, c(H + , B -) = 0'0085 moll- 1 

-3'000, 0'085; -2'745, 0'158; -2'495, 0'238; -2'252, 0·500; -2'000, 0'724; -1·745, 0'899; 
-1'495,0'936; -1'252,0'835; -1'000,0'615; -0·745,0'339; -0·495, -0'013; -0'252, -0,433 

c(HCl04 ) = 0·49 moll-I, c(H +, B -) ,~ 0'0085 moll- I 

-3'495, -1'219; -3'252, -1-136; -3'000, -1'\32; -2'745, -1-104; -2'252, -0'990; -2'000, 
-0'879; -1'745, -0'789; -1·495, -0'738; -1'252, -0'882; -1'000, -1'077; -0'745, -1·290; 
-0'495, -1-626; -0'252, -1'855 

c(HCl04 ) = 0·49 moll-I, c(H+, B-) = 0'02125 moll-I 

- 3'000, -0'491; -2'495, -0'384; -2'252, -0'303; - 2'COO, -0·215; -1'745, -0'047; -1'495, 
0'123; -1'252,0'128; -1'000, -0'047; -0'745, -0'314; -0'495, -0'664; -0'252, -1,087 

c(HCl04 ) = 0'098 moll-I, c(H +, B -) = 0'0425 moll-I 

-3'495,0'708; -3'252,0'838; -3'000, 1'015; -2'745, 1'134; -2'495, 1'323; -2'252, 1'502; 
-2'000,1·764; -1'745,2'242; --1'495, 2'530; -1'252, 2'671; -1'000, 2·264; -0'495,1'687; 
-0'252, 1·170 

c(HCI04 ) = 0·49 moll-I, c(H +, B-) = 0'0425 moll-I 

-3'000, -0'213; -2'495,0'008; -2'000,0'188; -1'745,0'445; -1'495,0·588; -1'252,0'776; 
-1'000,0'724; -0·745,0·484; -0'495,0'080; -0'252, -0'335 

c(HCI04 ) = 1'02 moll-I, c(H+, B-) = 0'0425 moll- l 

-2'745, -0'675; -2'495, -0'657; -2'252, -0'562; -1'745, -0·246; -1·495, -0'188; -1'252, 
-0'079; -1'000, -0'118; -0'745, -0'393; -0'495, -0'769; -0'252, - 1-109 
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(G) 

(H) 

The possibility of the formation of species containing more molecules of glyme in the 
aqueous phase was not considered as the computations demonstrated that even the 
participation of HL + and ML 2 + on the overall balance of H+, M2+, and L is negli
gible. 

TABLE V 

Distribution ratio of strontium in dependence on the concentration of triglyme for the strontium 
extraction by the nitrobenzene solution of dicarbolide (e(H+, B-) = 0'0085-0'0425 moll-I) 
from the aqueous solutions of perchloric acid (c(HCl04 ) = 0'051-0'102 moll-I). The values 
of log eLand log DSr are given for every point 

cIHCI04 ) -~ 0·051 moll-I, e(H+, B-) = 0'0085 moll-I 

-3'495, ---0'912; -HCO, -0'620; -2'745, -0'410; -2'495, -0'229; -2'252, -0'092; -2'000, 
()-()82; -- 1'745,0'104; -1'495,0'044; -1'252, -0'C91; -1'OCO, -0'292; -0·745, -0·563; -0'495, 
-0'929 

c{HCl04 ) = 0'051 moll-I, c(H+', B-) = 0'0425 moll- l 

-3'495,0'466; -3'252,0'460; -3'COO, 0·572; -2·745,0'706; -2'495,0'843; -2'252, 1'036; 
--2,000,1'255; -1'745,1-400; -1'495, 1'552; -1'252,1·569; -1'000,1'389; -0·745,1'057; 
--0,495,0,771 

c(HCI04 ) = 0·102 moll-I, e(H+, B-) = 0·0425 moll- l 

--3-495, -0'128; -3-252, -0'115; -3'000, -0'014; -2,745, 0-170; -2·495,0'302; -2'252, 
0-451; -2'000,0'643; -1-745,0-838; -1'495, 0'959; -1-252, I-OW; -1'Ceo, 0'840; -0'745, 
0·558; -0'495, 0·193 

c(HCl04 ) = 0·102 moll-t, e(H+, B-) = 0'0085 moll- t 

-3'000, -1'181; -2-745, -1'040; -2,495, -0'841; -2'252, -0'674; --2'000, -0-512; -1-745, 
0-508;--1'495, --0,558; -1,252, -0'682; -1'000, -0'915; -0'745, -1'201; -0'495, -1-604 

c(HCI04 ) = 0'102 moll-I, e(H+, B-) = 0'02125 moll-I 

- 3'495, -0-685; -3'252, -0'653; -3-CCO, -0'498; -2·745, -0-350; -2'495, -0-206; -2-252, 
0-007; -2'000,0'192; -1'745,0'307; -1'495,0-334; -1'252, 0'244; -1'000, 0'040; -0'745, 

--0'235; 0'495, -0,544 

e(HCI04 ) = 0·051 moll- t , e(H+, B-) = 0'02125 moll- l 

--.H95, -0'119; -3'252, -0'053; -3·000,0'051; -2·745, 0'270; -2'495,0'434; -2'252,0'605; 
-2'000, 0'774; - 1-745, 0'922; -1'495, 0'958; -1'252, 0'854; -1'000, 0'665; -0'745, 0'365; 
- ()-495, 0'025 
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The extraction system can be then described by the equations 

TABLE VI 

= [LJj[L] 

K.,,(HLt) = [HL(]j[H+][LJ' 

Kl(ML2+) = [ML2+]j[M2+] [LJ 

(i,j = 1,2, ... ) 

Vai\ura, Makrlik: 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

Distribution ratio of barium in dependence on the concentration of tetraglyme for the barium 
extraction by the nitrobenzene solution of dicarbolide (c(H+-, B-) = 0'005-0'025 moll-I) 
from the aqueous solutions of perchloric acid (c(HCl04 ) = 0'10-0,50 moll-I). The values 
of log CL and log DBa are given for every point 

c(HCI04 ) = 0·10 moll-I, c(H+-, B -) = 0'010 moll- 1 

--3'301,0'636; -3'046,0'956; -2'796, 1-192; -2'553, 1-303; -2'301, 1-404; -2'046, 1'522; 
-1'796, 1'455; -1·553, 1·255; -1-301,0'860; -1'046, 0'702; -0·796,0'483; -0'553, 0'235 

c(HCl04) = 0-10 moll-I, c(H +-, B -) = 0'005 moll- I 

-3'301,0'206; -3'046,0'504; -2'796, 0'672; -2-553,0'796; -2'301,0'945; -2'046,0'821; 
-1'796,0'630; -1'553,0'472; -1'301,0'250; -1'046,0'105; -0'796, -0'100; -0·553, -0'380 

c(HCI04 } = 0·20 moll-I, c(H+, B-) = 0'010 moll- 1 

-3'301, 0,132; -3'046,0'310; -2'796,0-515; -2'553,0-710; -2'301; 0'937; -2'046, 1'023; 
-1'796,0'822; -1'553,0'630; -1-301,0-410; -1'046,0'212; -0'796, -0'032; -0'553, -0'230 

c(HCI04 ) = 0·20 moll-I, c(H+-, B -) = 0'005 mol 1- 1 

-3'301, -0'355; -3'046, -0,125; -2'796,0'123; -2'553,0·220; -2'301,0'388; -2'046,0'330; 
-1'796,0·150; -1'553, -0'030; -1'301, -0'160; -1-046, -0-420; -0'796, -0'605; -0-553, 
-0'850 

c(HCI04 ) = 0·50 moll-I, c(H+-, B-) = 0'025 moll- 1 

-3-301, -0,262; -3'046, -0'020; -2'796, 0·195; -2'553,0'450; -2'301,0-653; -2-046,0'820; 
-1'796, 1'020; -1'553,0'855; -1'301,0·530; -1'046,0'140; -0'796, -0'084; -0'553, -0'327 
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Extraction of Strontium and Barium Salts 589 

together with the mass balance of glyme in the system (for the phase volume ratio 
1 : 1) 

CL = [LJ + [LJ + [HL +] + ~)[HLn + ~)[Mq+] + [ML2+] , (8) 

with the conditions of e1ectroneutrality of both the aqueous 

(9) 

and organic phases 

18-] + [CIO';-] = [H+] + I[HLtJ + 2 I[MLf+] . (10) 

TABLE VII 

Distribution ratio of strontium in dependence on the concentration of tetraglyme for the strontium 
extraction by the nitrobenzene solution of dicarbolide (c(H+', B-) = 0'0085-0'0425 moll-I) 
from the aqueous solutions of perchloric acid (c(HCI04 ) = 0'051-0,51 moll-I). The values 
of log eLand log DSr are given for every point 

c(HCl04 ) C~ 0'051 moll-I, c(H+, B-) = 0'02125 moll- t 

-3'495, 0'078; -3'252, 0'20]; -3'COO, 0'399; -2·745, 0'585; -2'495, 0'838; -2'252, 0'989; 
- -2'000, 1'073; -]'745,0'983; - 1-495, 0'567; --1'252,0'370; -1'000,0'208; -0'745, -0'002 

dHCl(4 ) -= 0'051 moll-I, c(H +', B -) = 0'0425 mol 1-1 

-3'495,0'541; -3'252,0'657; -3'000, 0'W8; -2'745, 0'998; -2'495, 1'223; -2'252, 1'421; 
- 2'000,1-615; -1'745, ]'776; -]'495,1-655; -1·252,1'235; -]·er.o, 0'~('9; -0'745,0'7]4 

c(HCl04 ) ~-. 0'051 moll-t, c(H+, B-) = 0·0085 moll- 1 

-3'495, -0,532; -3'252, -0'362; -3'000, -O'OW; -2'745,0'009; -2'495, 0'173; -2'252, 
()·184; -HeO, -0'009; -]·745, -0'275; -1'495, -0'469; -]'252, -0'W7; -1'000, -0'751; 
- 0'745, -0'915 

c(HCI04 ) = 0·51 moll-I, c(H+, B-) = 0'0425 moll-I 

- 3'000, -]'387; -2'745, -1']]9; -2'495, - 0'99]; --2'252, - 0·778; -2'000, -0'584; -]·745, 
- 0'429; -]'495, -0'510; -]'252, -0'948; -1'CeO, -1'245; -0·745, -1'437; -0'495, -1'750; 
-()·252, -2'0]5 

c(lfCI04)'~ 0'098 moll-I, c(H+', B-)~' 0'0425 moll-I 

-3'495,0'071; --3'OOC), 0'230; -2·745,0'419; -2'495,0'585; -2·252,0'810; -2'0eO, 1'004; 
- 1'745, 1'121; -1'495, 1'096; -]'252,0'639; -]'000,0'378; -()'745, 0'115; -0'495, -()·162 

c(HCl04)- 0'098 moll-I, c(H+', B-) = 0'02125 moll- t 

-3-495, -0·440; -3'000, -0']16; -2'745,0'036; -2'495,0'259; -2'252,0'399; -2'000,0'511; 
-1'745,0'402; -1'495, 0'005; -1'252, -0'199; -]·oeo, -0'379; -0·745, -0'f09; -0'495, 
-0'863; --0'252, -]·]63 
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Because the dependences of log D vs log CL were studied for microamounts 
of Sr or Ba the concentration of the extracted metal is negligible in comparison 
with CL and even CD. At the same time practically all dicarbolide is present in the 
organic phase2 while the perchloric acid remains during the extraction in the aqueous 
phase. Under these conditions the Eqs (8) and (10) turn into 

(II) 

and 

(12) 

Eq. (15) can be obtained from Eq. (9). Under the assumptions mentioned above the 
following relations can be derived from Eqs (2)-(6), (9), (11) and (12): 

and 

where 

(15) 

(16) 

The unknown value of [L] can be evaluated by a numerical solution of Eq. (14), 
e.g., using the procedure described in the paper by Arnek, Sillen, and Wahlberg4 • 

A subroutine DBBE, based on the relations given above, was formulated and in
serted into the more general least-squares minimizing programme LET AGROP 
(ref.S) that was used for the evaluation of the "best" values of the constants Kex(HL +), 
Kex(HLt), Kex(MLH), K.x(Mq+), Kl(MLH), K(HL +), and Kex(MH). The sum 
of squares of the deviations of the experimental values of log D~P from the theoretical 
values of log D~lc, evaluated on the basis of Eqs (13)-(16), was minimized so that 
for the function U we get the relation 

(17) 

For the interpretation of Ba extraction in the presence of triglyme and tetraglyme, 
when the extraction of free BaH is already very small, the value of Kex(BaH ) = 7 
was used, the value being taken from our preceding paper2. The results are sum
marized in Table VIII. 
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Extraction of Strontium and Barium Salts 591 

It has been found that the course of Sr2 + extraction in the presence of diglyme 
and that of Ba2 + extraction in the presence of monoglyme and diglyme are in agree
ment with the assumption that only the reactions (A)-(D) proceed in the systems 
under study. If the formation of HL; and ML~+ species is assumed no decrease 
or a very insignificant decrease of the function U is obtained. On the other hand, 
in the Ba2+ extraction and particularly in the Sr2+ extraction in the presence oftrigly
me and tetraglyme the reactions (E) and (F) playa certain role even though it cannot 
be proven with such a certainty as for the reactions (A) - (D). Using similar arguments 
it can be deduced that there is no evidence for the reaction (H), i.e., for the formation 
of complexes of the metal with glyme in the aqueous phase, and for the reaction (G), 
i.e., for the protonization of glyme in the aqueous phase, in any of the systems under 
study. 

A seemingly contradictious increase of the number of ligands in the molecule 
with the chain length can be probably explained by the increase of the ligand af
finity to the M2 + ion in the organic phase with the increasing chain length, while 
at the same time the number of coordination sites is still sufficient for bonding 
of two glyme molecules. 

It is advantageous to compare the extraction in the presence of tetraglyme with the 
extraction in the presence of polyethylene glycol PEG 200 which contains an ap
proximately equal number of oxyethylene units (henceforth OED) but instead 
of the terminal methoxy group CH3-0- it contains hydroxyl groups -OH. 
The protonization constant of glyme in the organic phase is by 1·5 orders of magnitude 

lower and the stability constants K(SrL2+) and K(BaL2+) even by 3·5 and 4 orders 
of magnitude, respectively, lower than those found in the presence of polyethylene 
glycol PEG 200. These results could probably indicate a much higher affinity of ter
minal hydroxyl groups towards H+, Sr2+, and Ba2+ ions if compared with the 
methoxy group. On the other hand, the higher solubility of glyme in the organic 
phase affects positively the extraction of complexes with glyme (Ko(PEG 200) = 

= 1·6. 10- 3 while Ko = 0,45 for tetraglyme). Due to the partial compensation 

of these three antagonistic factors (K(HL +) vs K[MU+) and Ko) the extraction 
of Sr and Ba in the presence of tetraglyme is by about 2 orders of magnitude less 
effective than in the presence of PEG 200. The theoretical values of separation 
factors IXBa/Sf! defined by the relation IXBa/Sr = DBa! DSn where DBa and DSr are the 
distribution ratios of Ba and Sr, respectively, under the same conditions (for the 
evaluation of IXBa/Sr the ligand concentration at the maximum on the curves oflog D vs 
log CL was chosen), for the extraction of Sr and Ba in the presence of glymes are 
always lower than in the presence of PEG 200 - 600. The values of log IXBa/Sr = 0·9 
(for diglyme), 1·3 (for triglyme), and 1'7 (for tetraglyme) can be compared with the 
respective values of log IXBa/Sr = 2·0 (for PEG 200), 2·1 (for PEG 300 and 400), 1·9 
(for PEG 600), and 1·5(for PEG 1 000) (cf. 2.6). From the point of view of separation 
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594 Vanura, Makrlik: 

factors the glymes under study are therefore less suitable for the separation of Ba 
from Sr than the polyethylene glycols PEG 200 - 600. Their greater extraction into 
the organic phase is another fact that can be taken for a disadvantage. 

The increase of the value of the distribution constant KD with the increase of the 
oxyethylene chain length is rather unexpected; in the case of polyethylene glycols 
PEG 200 -1 500 a reverse dependence has been observed: KD = 1·6 . 10- 3 (PEG 200), 
1.5.10- 3 (PEG 300), 1.3.10- 3 (PEG 400), 1.10- 3 (PEG 600), 6.4.10- 4 (PEG 
1 000), and ~ 5. 10- 4 (PEG 1 500) (reU· 6 ). 

Figs 2 and 3 present the participation of H + and HL + species (H +, HL + , and 

HLi, respectively) on the total concentration of dicarbolide in the organic phase 

and the participation ofBa2+ and BaL2+ species (Sr2+, SrL2+, and SrL~+, respecti
vely) on the total concentration of the metal in the organic phase for the Ba2+ 
extraction in the presence of monoglyme (or for the Sr2 + extraction in the presence 
of triglyme). 

From Fig. 3 it follows that HLi species is present in significant concentrations 
on ly at relatively high concentrations of glyme in the system ( > 0·1 moll-I) when the 

J 

FIG. 2 
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Participation of species present in the organic phase during the extraction in the system Ba2 +
- HCl04 -monoglyme-dicarboIide-nitrobenzene. The portions 0 of the extracted Ba2 + and 

of the complex BaL2 + on the total Ba2 + concentration in the organic phase are given (solid 

curves) as well as the portions 0' of H+ and HL + on the total concentration of dicarbolide 
in the system (practically all dicarbolide is present in the organic phase- dashed curves). c{HCl04 ) 

, , 0·25 mol 1- 1, c(H +, B -) = 0·05 moll- 1. The values of 0 and 0' were calculated using the 
constants log Kex(HL +) = 1·05, log Kcx(Ba2 +) = 0·95, log Kex(BaL2 +) = 2·64 and KD = 0·22. 

The curves 1 o(Ba2 + ), 2 o'(H+ ), 3 o(BaL 2 +), 4 o'(HL +) 
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Extraction of Strontium and Barium Salts 595 

constant values of the activity coefficients in the aqueous phase cannot be vauched 

for. 1!1 the numerical interprltation of the experimental data it has been found that 

undtr the assumption that Kcx(ML~+) constant is equal to zero, during the com

putations either the value of zero is ascribed to KciML;+) (triglyme) or the cal

culatuj value of Kcx(ML;+) is substantially lower than that obtained for models 

comprising also the extractiGn of HL~ and ML~f species (Table VIII). For this 

rl.'a~on it cannot be ~tatcd with certainty whether these species actually exist in the 

S yslem under st udy. 

The dependence of extraction constants of the species HL+, SrL2+ , and BaLT+ 

on the number ofOEU in the glyme is given in Fig. 4 (using the constants calculated 

for simpler models in which the extraction of HL; and ML~+ species is not assumed). 

These dependences arc linear and the average values of the slopes !l.logKex/!l.n(OEU) 
arc 0·53 (for HL +), 1·11 (for SrL2+), and 1·39 (for BaL2+), respectively. This de

pendcnce is in certain degree analogous to the previously obtained results when 

for the Sr2+ and BaH extractions in the presence of PEG 200-400 a linear de

pendence of log Kcx on the number of replaced water molecules has been found. 

As far as we can assume that one OEU replaces always an approximately equal 

10,..,-=-""-"'_==------, --- ' .... 3 
" " 

1-'1(;.3 

Participation of species present in the organic phase during the extraction in the system Sr2 +-

- HCl04 triglyme-dicarbolide-nitrobenzene. Curves 1 v(Sr2+). 2 v(SrL2 +),3 J'(H +),4 J'(HL + ), 

5 (i( SrL~ T). 6 v'(HL{), where 0 is the portion of species containing strontium atoms on the 
total concentration of Sr in the organic phase and v' is the ~ortion of species containing H + 
on the total concentration of dicarbolide in the organic phase. c(HCl04 ) = 0·51 mo11-- 1, 

dH + , B - ) 0'0425 mol 1-1. The values of ;5 and 0' were calculated using the constants log . 
. KcxtHL +). 2,23, log Kex(HLt) = 3'28, log Kex(SrH) ~- ()'41, log KcX<SrL 2 +) = 4'36, log . 
. Acx(SrL~') -c 6'26, and KD =c O'3() 
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number of water molecules, which is quite probably for glymes containing 2 - 5 
oxygen atoms, both these dependences are equivalent. 

The knowledge of constants of the reactions (A)-(F) allows us to calculate also 
the protonization constants and stability constants of the species extracted into 
nitrobenzene, i.e., the equilibrium constants of the reactions 

H+ + L ~ HL+ K(HL +) 

HL+ + L -" HLi K(HLi) ...- (J) 

MZ+ + L -" MLz-+ Kl(ML2+) ...- (K) 

and MLz+ + L -> MLZ+ Kz(ML~+) ...- 2 (L) 

using the following relations 

K(HL) = [HL +]/[L] [tf+] = Kex(HL +)/KD (18) 

The results are summarized in Table IX. 

logl< •• 

n 

(19) 

FIG. 4 

Values of the extraction constants Kex(HL +), 
Kex(SrL Z +) and Ke,,(BaL Z +) in dependence 
on the number of oxyethylene units in the 
ligand. The values from Table VIII, cal
culated for models assuming the extraction 

of HL +- and ML2 + species were used. 
1 HL +,2 SrLz +, 3 BaLz+ 
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The agreement between the values of the constants KeiHL +) and K(HL +) as 
obtained during the interpretation of Sr2+ and Ba 2+ extractions is quite tvident 
from the Tables VIII and IX. Because these values were calculated from independent 
data (extraction of Sr2 + and Ba2 +, respectively), this fact can be supposed to be 
a confirmation of the correctness of the proposed mechanism. A good agreement 

was found also between the values of Kex(HLt) and K(HLt) calculated for the Sr2+ 
and Ba2 + extractions in the presence of triglyme while larger differences were found 
in the case of tetraglyme. 

This corresponds again to the fact that the existence of HL~ and M L~ + species, 

particularly in the case of tetraglyme, IS less probable than the existence of HL + 

and ML 2+ species. 

The extraction of Sr and Ba in the presence of glymes proceeds therdore with 
an analogous mechanism as the extraction in the presence of PEG 200-400. The 

existence of H L + and M L 2+ species in the organic phase has been proven and the 
value of the extraction constants Kcx(HL +) and Kex(ML2+) has been found to be 
proportional to the number of OEU in the ligand (in the ca5e of PEG 200-400 
a linear dependence on the number of replac(d water molecules has been obtained). 
However, in the extraction of Ba2+ and particularly Sr2+ in the presence of triglyme 

and tetraglyme the existence of the species HL;, BaL~ +, and SrL~ + in the organic 
phase cannot be excluded. 

LIST OF SYMBOLS 

s (K) 
U 

anion of Co(III)-dicarbolide - Co(C 2B9Hjj)i 
total analytical concentration of Co(llI)-dicarbolide; (the initial concentration 
of dicarbolide in the organic phase) 
total analytical concentration of perchloric acid (the concentration of perchloric 
acid in the aqueous phase) 
total analytical concentration of polyethylene glycol 
distribution ratio of the species given by the index 

glyme or polyethylene glycol, respectively (in equations and formulas) 
cation of the bivalent metal (Sr2 + or Ba2 +) 

standard deviation 
standard deviation of the constant K 
sum of squares of deviations of the experimental and theoretical values of log D -
Eq. (17) 
separation factor of barium and strontium (IXBa /Sr = DBa!Dsr) 
distribution constant of the glyme (PEG, respectively) in the system water-nitro
benzene, Eq. (2) 

extraction constant of the species HLt (proton solvated by i molecules of glyme) 
by the nitrobenzene solution of dicarboIide, Eq. (3) 

extraction constant of strontium or barium by the nitrobenzene solution of dicarbo
lide, Eq. (4) 

Collection Czechoslovak Chern. Commun. [Vol. SOl [19851 



----------------

Extraction of Strontium and Barium Salts 599 

K(HL+) 

K(HL +) 

K(HLt) 

K 1(ML2+) 

K1(MtY+-) 

K 2(MLz+) 

extraction constant of the species MLf + (strontium or barium ion solvated by j 
molecules of glyme) by the nitrobenzene solution of dicarbolide. Eq. (5) 
protonization constant of glyme in water, Eq. (6) 

protonization constant of glyme in nitrobenzene, Eq. (18) 

solvation constant of the HL + species in nitrobenzene by another molecule of gly
me, Eq. (/9) 

stability constant of the strontium or barium complex with glyme in water, Eq. (7) 

the first-step stability constant of the strontium or barium complex with glyme 
in nitrobenzene, Eq. (20) 

the second-step stability constant of the strontium or barium complex with glyme 
in nitrobenzene, Eq. (21) 
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