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SUMMARY

The chromatographic behaviour of 16 metal ions on thin layers of sodium
carboxymethylcellulose and Dowex 50-X4 (Na™*) was investigated. The eluents used
were acetate, gluconate, lactate and oxalate buffer solutions at constant ionic strength.
The influence on the R, values of some parameters (the affinity of the ions for the
exchanger, the concentration and the type of buffer solution) was determined.
Criteria are proposed for the analytical use of these parameters.

The stability constants of the complexes with the above ligands and the selec-
tivity coefficients of the ions for the two exchangers were calculated. Finally, the
validity of the method for the determination of the stability constants for mono-
and bidentate ligands is discussed.

INTRODUCTION

In a previous paper', it was pointed out that for tri- and tetravalent ions,
interesting separations on sodium carboxymethylcellulose (CMCNa) and Dowex
50-X4 (Na*) thin layers can be obtained when eluting with buffer solutions at con-
stant jonic strength. For this reason, we considered it useful to study the behaviour
of mono- and divalent ions using acetate, lactate, gluconate (used previously) and
oxalate ions as ligand agents. ,

Special care was devoted to the determination of the selectivity coefficients of
the metal ions for the exchangers and the stability constants of the different com-
plexes.

EXPERIMENTAL

The buffer solutions were prepared so that the ratio of the concentrations of
the acid and its salt was 1:2. In the case of the oxalate buffer, H,C,0, and Na,C,0,
were used. The ionic strength was kept constant (u=1) by means of sodium ‘per-
chlorate.

The CMCNa layers (300 um) were prepared with 4.5 g of the exchanger in
50 ml of water, and the Dowex 50-X4 (Na*) layers by mixing 3 g of the resin and
6 g of microcrystalline cellulose in 40 ml of water. The resin, obtained by neutralizing
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the acid form with NaOH, was rinsed with water and methanol and dried at room
temperature.

The chromatographic measurements were carried out at 25°. The migration
distance was 11 cm unless stated otherwise. The spots were detected with solutions
of 8-hydroxyquinoline in ethanol (followed by exposure to ammonia vapour), with
aqueous solutions of sodium rhodizonate and with ammonium sulphide.

RESULTS AND DISCUSSION

The Ry values of 16 metal ions on CMCNa layers, when eluting with solutions
of increasing concentrations of acetate, gluconate and lactate, are reported in Table I,

TABLE 1|

Rr VALUES OF MONO- AND DIVALENT IONS ON CMCNa THIN LAYERS

Elution with buffer solutions: (@) acetate (pH=25.05); (b) gluconate (pH=4.15); {(¢) lactate
(pH =3.95). e.s.=Elongated spot.

ITon 0.05 molefl 0.10 mole/! 0.30 mole|l 0.50 mole/l

a b c a b ¢ a b c a b

TID) 0.59 061 060 0.60 061 0.6l 0.60 0.63 0.61 0.60 0.65
Ag) 0.29 031 032 031 034 035 0.38 044 0.46 043 0.53

Hg) c.S. 0.23 es. €.s, 0.35 e.s. e.s. 0.59 e.s. 074 0.72
Pb(ID 000 001 001 001 004 0.03 007 0.19 0.13 0.18 0.4l
Hg(ID 0.03 es. e.s. e.s, e.s. e.s e.s. C.S. 0.16 0.66 0.59

Cu(dl)y o002 0.1 022 004 022 0.39 0.16 055 0.72 031 0.72
Cd(an 0.06 0.09 0.11 010 015 0.19 023 035 042 033 051
Zn{ll}y 0.12 024 035 0.14 037 0.58 0.25 0.65 0.86 0.35 0.80
Mn(l) 0.24 030 033 0.27 035 042 037 054 071 045 0.67
Co(1l) 0.22 033 039 0.25 045 0.58 035 068 0385 044 0.81
Ni(D 0.20 033 045 0.23 047 0.68 034 072 0.91 043 0.85
Ba(ID) 0.29 034 032 030 039 036 033 0.57 049 036 0.70
Sr(ID 0.38 043 041 040 048 045 045 065 0.59 049 077
Ca(Il) 032 041 038 0.34 049 045 041 0.68 0.66 048 0.78
Mg@l) 0.46 050 0.51 049 053 0.57 0.58 0.63 0.77 0.65 071
Be(ID) 0.13 014 0.7 0.19 020 025 042 039 04 0.58 0.52

0.62
0.55
0.95
0.26
0.29
0.83
0.56
0.97
0.83
0.95
0.97
0.58
0.68
0.77
0.86
0.59

With the exception of TI(I), owing to its poor tendency to form complexes
with the three ligands, and of Ba(II) with acetate, the other ions are strongly influenced
both by the concentration and the type of ligand. On the basis of these two factors,
some interesting separations can be obtained. From an analytical point of view, the
separation of Ag(I), TI(I), Hg(I) and Pb(Il), when eluting with 0.03 M gluconate,
is particularly interesting (see Fig. 1). It should be noted that at such a concentration
of the ligand, no elongated spots, which are generally obtgined for mercury, are
observed. The starting solutions of Hg(I) and Hg(II) were obtained by dissolving
the two nitrates in dilute nitric acid.

Other good separations are those of Cu(Il) from Cd(II) when eluting with
lactate concentrations above 0.3 M, of Mn(Il) from Co(Il) and Ni(II) with 0.1 M
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lactate concentration, and of Zn(II) from Cd(II) with gluconate or lactate over a wide
range of concentrations of the two ligands.
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Fig. 1. Thin-layer chromatogram of some ions on CMCNa. (a) Pb(I), Hg(l), Ag(l) and TI(I).
Sodium gluconate concentration 0.03 A,

TABLE II
Rp VALUES OF MONO- AND DIVALENT IONS ON DOWEX 50-X4 (Nat) THIN LAYERS

Elution with buffer solutions: (a) acetate (pH=25.05); (b) gluconate (pH=4.15); (¢) lactate
(pH=3.95).

lon 0.05 mole/l! 0.10 mole/l 0.30 mole/i 0.50 mole|l

a b c a b ¢ a b ¢ a b c

TII) 012 0.12 0.12 012 013 012 0.12 0.14 0.13 012 016 013
Ag(l) 015 015 0.16 016 017 0.17 0.19 0.22 0.23 022 0.26 0.28

Hg(D) e.s. e.s. e.s. e.s. e.5. e.S. €.s. e.s. €.5. e.s. .S, 0.75
Pb(ID) 0.18 018 0.14 033 033 0.25 071 0.70 0.60 082 083 075
Hg(l) e.s. e.s. e.s. e.s. e.s. 0.59 e.s, €.5. 0.81 e.s. e.s. 0.87

Cu(ll) 036 061 072 054 0.84 0.86 082 0.97 097 096 0.97 097
Cd(Il) 022 022 022 031 032 032 0.65 0.65 0.65 0.79. 0.79 0.79
Zn{(ID 022 038 0.55 027 057 0.70 0.50 0.86 0.91 066 057 097
Mn(dl) 020 022 024 022 026 030 032 043 0.53 040 0.56 0.67
Co(Il) 022 029 034 026 040 0.50 040 071 087 051 085 097
Nign 022 036 041 026 0.53 064 040 0.84 0.96 051 097 097
Ba(Il) 0.04 005 004 004 0.06 0.04 005 0.12 0.05 006 018 0.06
sy 010 042 010 0.1 0.15 0.11 0.13 0.26 0.15 015 035 0.19
Ca(Il) 0.13 0.18 0.16 0.14 0.23 0.20 0.19 0.41. 034 023 054 045
Mg(ll) 027 027 029 028 030 034 037 0.38 0.50 044 045 0.63
Be(l) 032 027 029 048 039 042 083 0.64 0.69 096 075 0.81
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Apart from the type and concentration of the ligand, the affinity of the jons
for the exchanger also plays an important role in their chromatographic behaviour.
Such an influence can be seen from the Ry values reported in Table II, which refer
to the metal ions on Dowex 50-X4 (Na*) thin layers when eluting with the same
solutions as those used on CMCNa layers.

It can be seen, in fact, by comparing the R, values on the two layers, that, as
the concentration and the type of ligand change, different behaviours are observed
owing to the variation of the affinity of the ions for the exchanger. Among the mono-
valent ions, such behaviour is evident for Ag(l) and, among the divalent ions, for
Pb(lI), Cu(ll), Cd(1l), Zn(lIl), Ba(ll), Sr(Il), Ca(l) and Mg(II). As regards Cd(Il),
however, it should be noted that on Dowex the Ry values are virtually the same
when eluting with the three different ligands, unlike the effect observed on CMCNa.
The differences observed on this last exchanger can be attributed to the different
pH values of the buffer solutions. A change in the pH value should have an
influence on the affinity of the ion for the exchanger- and, therefore, on the
reversibility of the exchange reaction between Cd(I1) in the resin and Na(l) in the
solution,

The dependence of the reversibility of the exchange reaction on the affinity of
the ion for the exchanger has already been pointed out? for CMCNa with Cd(ll),
Cu(ll), Pb(1I), Be(Il) and Zn(II). According to such an assumption, a decrease in
the affinity of the ion for the CMCNa, leading to an increase in reversibility and to
higher R, values, should be observed as the pH decreases. Such an assumption is
confirmed, because the R, values of cadmium increase as the pH of the solution
decreases. It must be noted, furthermore, that such behaviour is particularly clear at
high ligand concentrations, in relation to the same pH value on the layer and in
the solution®.

The different R sequence for Pb(II) and Be(II) on the two layers when eluting
with the same ligands seems to be consistent with the different pH values of the
buffer solutions. The behaviour of Cu(II) on CMCNa agrees with that which can be
predicted on the basis of the pH of the eluents. In fact, the R, sequence is similar
on both layers apart from a greater difference, on CMCNa layers, between the Ry
values relative to the three ligands. Such behaviour is justified, as the sequence of
stability constants of the three ligands with Cu(Il) (lactate> gluconate > acetate) is
opposite to that of the corresponding pH values of the solutions.

‘All the data considered up to now refer to the behaviour of the ions with
monodentate ligands, which differ from each other due to the presence of one or more
OH groups. Our study has been extended so as to include a bidentate ligand, such as
oxalate, in order to obtain a complete picture of the influence of complex formation
on the ion-exchange process and, especially, to characterize possible differences due
to the different kinds of complexes. The use of such ligands generally involves the
need for buffer solutions with a lower concentration than that of acetate, gluconate
and lactate solutions. The concentration range of sodium oxalate is, in fact, mcluded
between 1073 and 9:1072 M.

Some of the best separations that can be obtained with oxalate on CMCNa
are reported in Table IIL. Table III also includes, apart from the mono- and divalent
ions, sonie trivalent ions whose behaviour has already been studied!.
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"TABLE III

SEPARATIONS OBTAINED ON CMCNa THIN LAYERS
Elution with oxalate buffer solutions. Migration distance: 12 cm.

Separation Sodium oxalate Rr
concentration (M)

Be(1)/Mg(II) 10-8 0.12/0.48
PbD/TI(1) 10-8 0.01/0.59

Cr(111)/ AI(IIT)/Fe(111) 2.5-10-9 0.00/0.40/0.97
Cr(ID/Mn(I)/Ni(11)/Fe(11I) 2.5-10-3 0.00/0.35/0.59/0.97
cdqn/Cu(ll) 5-10-8 0.09/0.78
Cddln)/Zn(1l) 75:10-38 0.12/0.77
Ccddn/In(11)/Ald1D), Ga(lll) 7.5-10-8 0.12/0.48/0.96
Hg()/He(I) 9:10-2 0.00/0.19

Selectivity coefficients

In a previous paper?, a difference has been pointed out between the values of
the selectivity coefficients calculated on the basis of thin-layer chromatography and
those obtained by determining the amount of ions adsorbed by the exchanger in
a solution of known concentration of the ion. The good agreement between the
sequences of the affinities, apart from the absolute value of the coefficients, has also
been noted. As we used microcrystalline cellulose instead of cellulose, we tried to
ascertain if the different nature of cellulose might have an influence on the selectivity

TABLE 1V

SELECTIVITY COEFFICIENTS (X:) OF MONO- AND DIVALENT IONS FOR CMCNa
AND DOWEX 50-X4 (Nat) AT THE GLUCONATE BUFFER pH (4.15)

Ion lo Ky

CMCNa Dowex 50-X4 CMCNa Dowex 50-X4

(Na*) (Na™)

TI(D 2.55 27.1 1.34 14.1
Ag) 9.95 22.8 5.22 11.9
Hg(l) 61.5 - 323 -
Pbdl) - 144.2 - 39.0
Cu(ll) - 20.8 - 5.65
cddan 127.0 24.8 34.5 6.72
Zn(1l) 334 16.85 9,05 4.57
Mn(ll) 12.1 17.45 3.27 4,73
Co(Il) 16.2 16.85 4.4 4,57
Ni(II) 18.5 16.85 5.0 4,57
Ba(Il) 9.85 102 2.67 27.6
SrdII) 6.68 35.3 1.81 9.55
Ca(ll) - 8.5 25.8 2,37 7.0
Mgl - 4.78 11.1 1.29 3.0
Be(Il) 45.0 19.4 12.2 5.25
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coefficients. In Table 1V are reported values of the selectivity coefficients on CMCNa
(not previously reported) and Dowex 50-X4 (Na*) calculated by using the equation

] _Z'ﬁﬂ_*__ .
TINaTR
where x is the charge on the ion involved in the exchange reaction and [Na*], is
1.18 for CMCNa and 1.19 for Dowex 50-X4 (Na*) plus microcrystalline cellulose.
The /, values for the different ions have been determined by extrapolating the Ry

values to zero ligand concentration and replacing such values in the relationship

_A( 1

where A4,/A, is the ratio of the weights of the mobile phase and the stationary phase.
This ratio, under our experimental conditions, is 3.72-4.09 for CMCNa layers and
3.53-3.97 for Dowex 50-X4 (Na™*) layers. In both cases, a-decreasing trend, similar
to that observed by Grimaldi et al.* on ion-exchange papers, was not observed. For
this reason, we considered an average value of A4,/4, of 3.92 for the CMCNa and
3.70 for the Dowex layers. If one compares the values of the selectivity coefficients
for the Dowex plus microcrystalline cellulose layers with those obtained on layers of
the same exchanger plus cellulose, a sharp increase in the selectivity coefficients and
a different sequence of the affinities for some ions is observed on changing from
layers containing cellulose to those containing microcrystalline cellulose.

w It should be noted, furthermore, that for a given ion, the selectivity coefficient
is in some instances higher on CMCNa than on Dowex thin layers; for Pb(lI) and
Cu(Il)itis so high thatit has not been possible to determine it with sufficient accuracy.
For the monovalent and alkaline earth ions, lower values have been found on CMCNa
than on Dowex.

The values reported in Table IV refer to a gluconate buffer solution of pH 4.15.
The selectivity coefficients at the pH values of acetate and lactate buffer solutions
are different for some ions, mostly on CMCNa layers. The greatest difference is
observed for Be(ll), whose K, value, when eluting with acetate buffer solutions, is
15.3 instead of the reported value of 12.2.

The increase in the selectivity coefficients on changing from Dowex layers con-
taining cellulose to those containing microcrystalline cellulose and, overall, the differ-
ent sequence observed for some ions, indicate the necessity of knowing the ‘“con-
ditional” value of the selectivity coefficients for a given exchanger. It is particularly
useful to know these values relative to the ionic strength (1 in this work) and to
the pH at which the chromatographic process occurs.

Srability constants

From an analytical point of view, it is useful to know the value of the stability
constants under the conditions at which the chromatographic process occurs other
than the ‘“‘conditional” selectivity coefficients. The chromatographic behaviour of the
ions on the different exchangers and the possibilities of their separation can be pre-
dicted a priori on the basis of the knowledge of these two parameters. Such pre-
dictions, at least from a quantitative point of view, are very difficult to make on
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the basis of the values of the stability constants reported in the literature, as such
values generally refer to an ionic strength of zero and, for a given ion, often differ
from each other owing to the different techniques used in their determination.

The calculation of .the stability constants has been carried out by means of
the following relationship:

=lo-.l—+l[£.]_ (1)

1+%ﬁn[A'l"

where / is calculated on the basis of the Fronaeus method®, which has already been
applied to ion-exchange papers by Grimaldi et al.*. ,

This method, critically revised by Marcus®, is limited in the determination of
higher stability constants owing to the uncertainty of the extrapolations that involve
the use of auxiliary functions involving subtractions of closely similar numbers. For
this reason, only the values of 8, and j, are reported in Table V. It should be noted
that for some ions the 8 values are reported for only one exchanger. The non-determi-
nation of the stability constants is due, for Pb(Il) and Cu(Il) on CMCNa, to the
impossibility of obtaining a finite value of /, and, for Ba(Il) on Dowex, to the high
affinity of this ion for the exchanger so that the influence of the complex formation
on the R, value is negligible, As regards the numerical values of the stability con-
stants, good agreement is observed between the results obtained on the two exchangers
with the exception of Cd(Il) and, to a lesser extent, of Zn(II) and Be(II). Such differ-
ences can be attributed to the incomplete reversibility of the exchange reaction of
these ions with CMCNa?,

TABLE V

STABILITY CONSTANTS OF THE ACETATE (8), GLUCONATE (8') AND LACTATE (8")
COMPLEXES OF MONO- AND DIVALENT IONS CALCULATED ON THE BASIS OF
THE Rr VALUES ON (q) CMCNa AND (b)) DOWEX 50-X4 (Nat) THIN LAYERS

Ton I+ 31 B2 B B2 "1 B3
a b a b a b a b a b a b

THD 0 (1] 0 0 0.5 0.7 0 0 0 0 0 0
Ag(D 20 14 0 0 28 24 14 O 30 28 1.7 ¢
Hg(l) - - - - 75 - 0 - - - - -
PB(IT) - 126 — 4500 - 126 - 4500 - 10 - 1500
Cu(Il) - 44.5 - 700 - - - - - - - -
CdIn 24.7 20 102 235 43.6 20 310 235 585 20 610 235
Zn(I1) 42 6.9 19 35 3 31 293 420 51.5 365 950 1100
Mn(I1) 49 43 8 7 6.2 G4 21 15 11.5 10.2 82 35
Co(ll) 50 6.6 11 7 19 17.6 120 198 29.1 21 0. 330
Ni(ID) 62 6.6 14 7 28 27.3 340 270 442 - 1200 -
Ba(ll) 1.2 - 0.7 - 56 7.2 16 12 50 - 7 -
sSr(1D) 20 19 11 0.8 60 7.2 18 11 54 28 16 2
Ca(It) 30 26 4 4 - 142 12 59 38 8.7 174 35 21
Mg(II) 37 38 6 6 32 385 8 4 575 545 23 14
Be(I) 26 24 220 295 18 20.8 52 141 31.3 228 222 180
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An interesting parameter, which seems to have a constant value for each type
of ligand, is the ratio

L1
lo B
where
[MeA*1p [Me? " 1p
ll = e d IQ = TR
[MeA ]sol [Me ]sol

On both exchangers, for the monodentate ligands the /,//, values are virtually
the same for the different ions, viz., 0.284-0.12 (acetate), 0.20--0.10 (lactate) and
0.16 +0.06 (gluconate). It is interesting to note that the value of 0.284-0.12 for acetate
is similar to that found by Marcus® for the same ligand (0.30+0.1). It should be
noted, furthermore, that the /,//, values decrease as the ligand size increases; in fact,
the /,/l, values for chloride, whose size is much smaller than that of the ligands we
used, are 0.75 and 0.92 in 0.691 M/ HCIO, solution. These values were calculated on
the basis of the data of Morris and Short’*® on Amberlite IR-120 (H™*) relative to
the Mn(II) and Co(II) chloro-complexes.

Greater reliability of the values of the stability constants obtained with the
chromatographic method is achieved when the ligand charge is equal to or higher
than that of the cation. In this case, eqn. 1 becomes

Io—a
a[AT]

and the calculation of the constants is greatly simplified, as & and /, can easily be
obtained from the chromatographic data. Eqn. 2 is similar to that used for the calcu-
lation of the stability constants obtained by the standard methods. The values of
the stability constants relative to oxalate and calculated by means of eqn. 2 are re-
ported in Table VI. These values do not refer to the analytical concentrations, but

= By +B[AT]+BIAT .. )

TABLE VI

STABILITY CONSTANTS FOR THE OXALATE COMPLEXES WITH MONO- AND
DIVALENT IONS

Ion Jon-exchange TLC Other investigations
Log 1 Log B2 Log f3s Log 1 Log fa Log fa Ref.
TID) 0.23 - - - - -
Ba(IT) 0.81 - - 0.58 - - 9
Sr(ID 1.65 - - 1.25 1.90 - 10
“Mg(1I) 2.06 - - 2.00 - - 11
Mn(IT) 2.30 3.90 - - - -
NidD 3.31 4.89 6.31 - - -
Co(Il) 3.15 4.75 - - - -
Zn(ID 3.20 4.49 7.0 3.44 6.48 7.24 12
cddan 2.60 3.75 4.23 2.61 4.11 5.06 13
3.0 4.7 - 14




INORGANIC IONS ON CMCNa AND DOWEX 50-X4 (Na+) THIN LAYERS 163

to the actual oxalate concentrations on the layer. The pH on the layer, determined
as previously described3, is about 5.90 for almost the whole of the concentration
range investigated. At this pH value, the ratio C,0,2~/HC,0,~ is 50:1 instead of
1:2in the eluent. On the basis of these results, the formation of complexes such as
[Me(HC,0,),}*~" can be excluded.

As regards the accuracy of the results, the comparison of our results with those-
of other workers using different techniques at an ionic strength of unity may be
interesting (see Table VI). It should be noted that the same order of magnitude is
found and, for Mg(IL), there is good agreement between the numerical values.

For Cd(II) and Zn(II), for which the incomplete reversibility of the exchange
reaction on CMCNa has been pointed out, the constants have only an analytical

interest with rerard to this laver,
l‘l‘t‘ WwIL YYLLEIL ve ‘ov blllw

Differences between the pH on the layer and that in solution have been pointed
out both on Dowex and CMCNa layers when eluting with acetate, gluconate and
lactate buffer solutions. With such ligands, however, the pH on the layer is tending
towards that of the solution as the buffer concentration increases and its influence
on the value of the stability constants does not seem to be determined, as the good
agreement between our values and those of Fronaeus for the copper—acetate and
nickel-acetate!® systems shows.

Affinity and complex formation in ion-exchange analysis
The influence of both the affinity of the ions for the exchanger and the concen-

tration and type of ligand enables criteria to be fixed such that the best separations
among two or more elements may be obtained.

Solvent
front W 4
Be e ca
O 0
0
Mg
o Ca sr
0 8
sr Sr O
0 O 5
Ba Ba (@]
o (o]
[ 2 R S L LR T TR
Q b (-4 d

Fig. 2. Thin-layer chromatograms of Be(II) and alkaline earth ions on Dowex 50-X4 (Nat) when
eluting with buffer solutions containing (a) 1 M sodium acetate; (b) 0.5 M sodium lactate; (c)

1 M sodium lactate. Chromatogram (d) refers to the results of Berger er al.18 when cluting with
0.75 M ammonium lactate.
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Such criteria are: (a) the affinity sequence of the ions for the exchanger must
be opposite to that of their stability constants with the ligand; and (b) the differences
in R values among the different ions may be increased because, if point (a) applies,
the difference is a function only of the ligand concentration.

The validity of these two criteria in order to obtain good separations is demon-
strated by the chromatograms in Fig. 2.

Apart from Be(II), whose affinity is intermediate between that of Ca(ll) and
Sr(II) and whose behaviour is determined by the high stability of its acetate and
lactate complexes, the alkaline earth ions show a decreasing affinity for the Dowex
layer from Ba(II) to Mg(II). The sequence of the complexes of these ions with acetate
and lactate is opposite to that of the affinities, with the exception of Mg(ll) whose
stability constants with lactate are lower than those of €a(ll). The complexes with
acetate of these five ions are less stable than those with lactate. On this basis, it is
possible to obtain: (a) a separation with acetate of the five ions; (b) a good separation
of the same ions with a lactate concentration equivalent to half of that of acetate;
and (c) a better separation among Ba(ll), Sr(II) and Ca(Il) by simply doubling the
lactate concentration.

In Fig. 2(d), there is also reported the separation-of Ba(ll), Sr(II) and Ca(Il)
obtained by Berger et al.!® on Dowex 50-X2 (H*) layers when eluting with 0.75 M
ammonium lactate. From a comparison of the chromatograms, it seems that the
criteria we have put forward have great importance in the improvement of the sepa-
rations on these layers when eluting with the same ligand agents.
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