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Chromatographic paper or cellulose powder treated with dialkyl esters of 
phosphoric acid which act as liquid cation exchangers have proved to be very effi- 
cient for the separation of various metal ions, especially lanthanidesi-3. 

Investigations of the behaviour of rare earths have shown that a striking 
similarity exists between the results obtained by chromatography and those obtained 
by solvent extraction, if the same organophosphate is used in both method+5. The 
results of our preceding work, obtained on paper treated with di-n-butyl phosphate 
(HDBP)6 also support this analogy. 

The present work investigates the behaviour of beryllium magnesium, calcium, 
strontium and barium in reversed-phase partition chromatography, using paper 
impregnated with HDBP and hydrochloric acid as the eluent. The results obtained 
are interpreted in terms of a simple partition equilibrium in close analogy to the dis- 
tribution of species in solvent extraction. At the same time the feasibility of mutual 
separation of alkaline earths as ~vell as their separation from other elements is dem- 
onstrated. 

EXPERIJIEI’iTAL 

Mater ids and reagents 
The chromatographic paper was treated with a carbon tetrachloride solution 

of HDBP which was supplied by Albright Wilson Co., Oldbury (England). The 
purity of HDBP with respect to the content of H,MBP and H,PO, was checked 
chromatographically7. An 0.05 M solution of alkaline earths in the form of chlorides 
was used. The behaviour of aluminium and caesium was also investigated and for 
these purposes an 0.~1 -‘lf solution of aluminium and caesium chloride was used, 
respectively. 

All experiments were performed on 11%atman So. I paper strips, z x 35 cm, 
in a glass cylinder I4 cm diam. ;: 40 cm, by ascending chioniatcjgraplty. 

Pre$aration of the paper and chromatograjd~ic procedwe 

The chromatographic paper was treated in the same way as described previous- 
1yS. The solution of HDBP in Ccl, was equilibrated with z M HCl for 20 min. The 
paper sheets were carefully washed with z M WC1 and rinsed with distilled water 
before treatment with HDBP. After drying, the paper was dipped in a solution of 
HDBP in Ccl, for I min and dried in a stream of warm air. 
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RESULTS AEiD DXSCL-SSIOS 

The dependence of the R F values of the ions on the HCl concentration of the 
mobile phase for papers treated with 0.1 and 0.2 M HDBP is shown in Fig r. The 
numerical values are given in Table I. 

From the data presented it can be seen that the &? values of Cast and Be2+ 
increase with increasing molarities of HCl. The RF values for Mg2+, Sr2+ and Ba2+ are 
very high, which might imply that these elements do not show aEmity to the organic 
extractant over a wide range of HCl concentration. A decrease in the RF values at 
very high HCl concentrations was observed for all alkaline earth elements, and es- 
pecially in the case of Sr2+ and Ba2-t. This effect was also found when the paper was 
impregnated with other organo-phosphorus compounds12-14. It might be due to a 
dehydration process which appears at high hydrochloric acid concentration. In the 
whole range of HCl concentration investigated, the RF for Cs+ is abo*ut 0.90, while 
the shape of the curve obtained fr,r aluminium is similar to those found for trivalent 
rare earths”. 

Based on the results shown in Table I and Fig. I, the dependence of the RF 
values of Be*- and CaZ- on the WC1 and HDBP concentrations was investigated in 
more detail. 

It is known that the behaviour of ions in reversed-phase partition chromate- 
graphy can be correlated to a liquid-liquid partition by means of the following 
expressiona* 15 : 
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log EO, = log (I/RF- I) + log k (I) 

Here, Ez is the liquid-liquid distribution coefficient, \vhile K is a constant 

parameter which depends on the experimental conditions, The relation between 
log (I/G - I) and log [kI+] for both ions is shown in Figs. z and 3. These’ results 
were obtained using papers impregnated with different WDBP solutions (0.01-0.2 M). 

The slope of the straight line for Be2+ is - 1.8, close to the theoretical value of -2, 
as obtained by liquid-liquid extraction l@f17. However, for Cat+ the slope is only 
-1.5. 

The dependence of log (I/RF - I) for Be2+ and Ca2f on the amount of HDBP 
fixed on the paper was investigated at a constant concentration of HC1 in the mobile 
phase. The amount of HDBP on paper expressed in mg/cm2 was determined by 
weighing the paper strips before and after impregnation and drying. The mobile 
phase for Be2+ was 0.5 M HCl and for Ca2f 0.05 M HCl. The slopes of the lines ob- 
tained was 1.5 iri both cases (Fig. 1). 

It is known that HDBP tends to form dimeric molecules in nonpolar solvents. 
In carbon tetrachloride the dimerization constant of HDBP is ver). large (log I<, = 
6.~+9), so that even at very low concentra,tions of HDBP the monomeric form (HA) 
can be neglected, Hence, the whole amount of HDBP in the organic phase is practically 
in the form of the dimer (H,A,)11~18. 

In the present case it was also assumed that di-n-butyl phosphate is dimerized 
and the concentrations were recalcuiated in millimoles of H,(DBP), (see Fig. 4). 
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Tdcdng into account that for both lines in Fig. 4 a slope of 1.5 was obtained, 
the fdbwing equilibrium is proposed: 

3X- + 1.5 H&s + M.A2HX + 3H+ (2) 

In the above reaction 2he hy&ation of species is neglected. ‘The equilibrium 
coustaut of this reaction equals: 

(3) 

where f(y) is an activity coefficient ratio. As a first approximation it is assumed that 
in the range of WC1 concentrations used f(y) is constant. 

The extraction coefficient equals : 

g = Ill\i-b=~hs 

--&q 

Taking into account eqn. (I), it can be written: 

log (r/RF- I) = 1.5 log [HzAz] - 2 log [H+] + const. (4) 

Here the term “const.” includes Ke, f(r) and k from eqns. (I) and (3). 
From eqn. (4) it is obvious that a plot of log (I/&-I) us.log [H+J at constant 

concentration of H,A, shculd give a straight line of slope -2. As mentioned earlier, 
for Be2+ the slope was --x.8 which is close to the theoretical value of -2, but for 
Ca2+ the slope was only - 1.5* This deviation from the value of -2 might be due to a 
partial completing of the metal ion with chloride ion at higher HCl concentration: 
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m 
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O- 

Fig. 2. Plat of log (I/R~ - I) vs. log II-X*? for beryllium. The slope of the straight lines is ---I.% L i 
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Fig. 3. Plot of log (I/Rp - I) us. log [Hf] for calcium. The slope of the straight lines is -1.5. 

W+ + I .5 H2A2 + MA2HA + 2H+ 
MCl+ + I .5 HaA2 G+ MClA;zHA + EL+ 

II both equilibria take place, a slope between -2 and -I can be obtained in 
the plot of log (I/RF - I) vs. log [H-t-]. Such intermediate values of slopes were also 
obtained for alkaline earths on paper treated with di(z-ethylhexyl) phosphate from 
chloride mediale. 

Taking into account the amount of HDBP fixed on the paper it was also pos- 
sible to recalculate the data for rare earths which were reported earliera. The plots of 
log (I/& - I) vs. log [H,A,] for La3+ and Ce3+ (Fig. 5) are now straight lines whose 
slope is 1.5. Hence, for the rare earths the following reaction seems to be valid: 

MS-I- + 1.5 H2h2 -r MA3 f #I+ (5) 

The above equation agrees with the data obtained by liquid-liquid extraction 
in the range of low concentration of HDBP20~21. 

The a$$arent egzcilibriztm constant 
If the constant term, of eqn. (4) is expressed as log & = log Ii;, - f(y) - log 12, 

the following expression is obtained: 
CH2A213'2 

log (I/R~-- I) = log -- 
WeI 

+ log KI, 

This is a straight line in a log-log plot, and by extrapolating to log ( [H,A,J3’2/ 
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[H+-Jz) = 
in Fig. 6. 
for Be2+. 

o the apparent constant I& can be obtained. Such a plot for BeZ+ is shown 
By means of the least square method log IG = 4.62 & 0.09 was obtained 

As mentioned before, the distribution of calcium between the two phases cannot 
be explained by a simple equilibrium, and therefore no attempts were made to cal- 
culate the apparent constant KI&. 

In the case of La3+ and Ce3+ (see ref. 6), the IQ& values were determined by 
means of the expression: 

[H2~213'2 
log (I/li!p - r) = log ---- + log I<f, 

[PI+]3 

derived from eqn. (5). For Las+ log KI& = 3.63 -& 0.08 and for Ce3+ log K.~lb = 3.87 -& 
0.09 was obtained (see Fig. 7). 

Since log I&, = log (Kc/Jz* f(y) and k is the volume ratio between the mobile 
and the stationary phase, it was of considerable interest to determine the value of 
/2 by means of eqn. (I). For that purpose it is suffjcient to $leterrnine the extraction 
coefficient Eg for one cation. The liquid-liquid distribution measurements were per- 
formed by using the radioactive isotope cerium-I44 (Ce3f) and the same HDBP and 
HCl concentration in the organic and aqueous phases as in the chromatographic 
investigationThe mean value from a large number of determinations is log iz = --z.o4. 
Using this value and defining an apparent equilibrium constant log I< = log I<, - 
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Fig. 4. Plot of log (I /RF - I) vs. log [I-I,(DBP) a-J for Beat- and Ca2+ with 0,5 and 0.05 M E-ICI, rospec- 
tivoly. 

J. Chromatog., 32 (19.68) 384-393 



REVERSED-PHASE CNROMATOGRAPWY OF ALKALINE EARTHS 

‘1.0 - 

0.80 - 

0.60 - 

0,40 - 

1c’ 
0.20 - 

& 

B 
_I O- 

-0.20- 

-0.40- 

-0.60 - 

Ce3* / 
1’/ 

La3* 

-0.80 

t. 
1 1 I 1 I ! 

- 3.7 -3.5 -3.3 -3.1 -2,9 -: 

Log p2 ‘DBP)~ 

391 

Fig. 3. Dependence of log (I/RF - 
The slope of the straight lines is 1.3. 

I) on log [W,(DBP),] for La3+ ad Cc3+ with 0.35 M HCl. 

.- 4460 

0e*+ /- 4.00: 

/ 

/ 

? $ 

/’ 

- 3.00 

T- 
iS 
-0 

/” 

/” 

- 2.00 
/’ 

" ,/ 

1.00" -1.00 
OBO- 
0.60 - ‘. 
0.40 - .Q 
0.20 - .4’ 

o- 
-o.*o- 

:/?’ 
-0,40- 

-0.60- ,P 

, p 

-OnSO-. :i*‘ 
,,I 0 I I I a 

- 5.60 -6,OO - 4.20 -3.40 - 2.60 -2.00 -1.00 0 

,og yy* 

l-l’ 2 

l?ig. 6. Plot of log (x/J+ - I) 7~s. log ( [Hahe]8~a/[EI+]a) for Beg+. 
by extrapolation, * 

The value of 1% is obtained 

J. Chromatog., 32 (x968) 381-393 



392 N. CVJETIhNIN 

l.OC 
0.80 
0.6C 

0.40 

0.2a 

0 

-0.20 

-0.4a 

- 0.60 

- 0080 
J I I I I I 1 I 

.60-4,20-3.80 -3.40 -3.00 -2.60 -2.00 -1.00 

Fig. 7. Plot of log (~/RF - I) vs. log ( [H2Az]3@/[H+]3) for La?+ and Ce3+. 

log f(y), the following values for log K were obtained: Be2+ 2.58 ; Lae+ I.59 and Ce3+ 
1.83. These numerical values are fairly close to the values obtained in liquid-liquid 
distribution experimentsl6, l7. 

R~$dicatiom in mzalytical se$arations 

The experimental results obtained in the present and earlier0 work indicate 
that separation of alkaline earths and their separation from rare earths, aluminium 
and caesium can be carried out with a selected concentration of hydrochloric acid 
and I-IDBP. The separations which are feasible are listed in Table II. 

TABLE II 

CNROMATOGRAPHIC SEPARATIONS ON PAPER TREATED WITI-I HDBP 
Elucnt: I-ICI, temperature 23 f: I ‘, 

Element 

Be-Csl-Mg 0.1 

Be-Ca-Sr 0,2 

Al-ca-cs 0.1 

Ba-La O*I 
OOSr-OOy O*I 

Al-Be-Mg 0,I 

Ba-Sr-Mg 0.2 

Ba-Ca-Mg 0.1 

Sr-Ca-Mg 0.1 

0804 
o*os 
0.1 

0.3 
I 

: 
9 

IO 

19.0 
20.5 
21.7 
20.5 
22.0 

23.5 
21.6 
22.0 

22.5 

Be = 0.0; Ca = 0.42; Mg = 0.88 

,"1" 

= 0.0; Ca = 0.32; Sr = 0.83 

= 0.0; Ca. = 0.68; CS = 0.90 
La = 0.23; Ba = 0.92 
- 

21 
= 0.0; Sr = 0.90 
= 0.0; Be = 0.58; Mg = 0.95 

Ba =: 0.65; Sr = 0.77; Mg = 0.88 
Ba = 0.59; Ca = 0.71; Mg 5 0.90 
Sr = 0,61; Ca = 0.72; Mg = 0.87 
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SUMMARY 

The chromatographic behsviour of beryllium, magnesium, calcium, strontium 
and barium was investigated on Whatman No. I paper impregnated with d&z- 
butyl phosphate (HDBP) as the stationary phase. Elution was performed with hy- 
drochloric acid in a concentration range I 0 IO-~-IO M. 

The chromatographic data obtained for Be%+ and Ca2+ were interpreted by 
means of plots of log (I/RF - I) ZIS. log [H+J, or V~YSZCS the amount of HDBP fixed 
on the paper, Prom these plots apparent stability constants for the formation of 
metal complexes were determined using a simple correlation between the liquid- 
liquid extraction coefficient and the (I/RF - I) function in reversed-phase partition 
chromatography. 

By a convenient choice of the concentration of hydrochloric acid in the mobile 
phase and that of HDBP in the stationary phase, separation of alkaline earths and 
their separation from other cations can be achieved. 
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