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Metal lon Selectivity of a Macroreticular
Styrene-Divinylbenzene Copolymer-Based
Methylenephosphonic Acid Resin

AKINORI JYO* and KAZUNORI YAMABE
DEPARTMENT OF APPLIED CHEMISTRY AND BIOCHEMISTRY
KUMAMOTO UNIVERSITY

KUMAMOTO 860, JAPAN

HIROAKI EGAWA
KUMAMOTO INSTITUTE OF TECHNOLOGY
KUMAMOTO 860, JAPAN

ABSTRACT

The selectivity of a macroreticular styrene~divinylbenzene copolymer-based
methylenephosphonic acid resin (RCSP) toward 17 kinds of metal ions was evalu-
ated in nitric acid media by means of distribution ratio measurements; the order
of decreasing affinity was found to be Fe(Ill) ~ U(VI) ~ Mo(V]) > Bi(IIl) >
AI(ID) > GA(III) > La(IIl) ~ V(V) > Pb(II) > Cd{I) > Cudl) ~ Ca(ll) ~ Ba(ll)
~ Zn(II) > Mg(I) ~ Co(lI) ~ Ni(Il). Among the tested metal ions, Fe(Ill),
Mo(VI), and U(VI]) were highly distributed into RCSP even from 6 M nitric acid
as in the case of solvent extraction with organophosphorous acids and esters.
However, RCSP did not exhibit as high an affinity with these metal ions in 6 M
hydrochloric acid.

INTRODUCTION

As early as the 1950s, Kennedy and Davies (1) reported that styrene~di-
vinylbenzene copolymer-based methylenephosphonic acid resins exhibit
the following decreasing order of metal-ion selectivity: U(VI) ~ Fe(lll) >
rare earths(11I) > Cu(Il) ~ Co(II) ~ Ba(II) > Na(l). Later, Alexandratos’s

* To whom correspondence should be addressed.
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SCHEME 1 Structure of the macroreticular methylenephosphonic acid resin RCSP. For
detailed properties, refer to Ref. 7.

group (2, 3) and Egawa et al. (4-6) also studied the properties and utilities
of resins of these kinds. More recently, we found that a macroreticular
methylenephosphonic acid resin (RCSP, Scheme 1) exhibits a characteris-
tic selectivity toward Mo(V1) which is adsorbed from acidic regions but
not from neutral and alkaline ones (7) as opposed to the pH effect in the
adsorption of the usual metal ions. This finding led us to investigate the
more detailed aspects of the metal-ion selectivity of RCSP in order to
further develop its utility as well as to estimate its limits in separation
technology.

The present work was an attempt to clarify the metal-ion selectivity
sequence of RCSP toward 17 kinds of metal ions: Mo(VI), U(VI), V(V),
AI(III), Bi(Ill), Fe(IIl), La(lll), Gd(ll), Ba(l), Ca(IIl), Cd(Il), Co(II),
Cu(Il), Mg(ID), Ni(II), Pb(I), Zn(II). The distribution of these metal ions
from nitric acid media was studied, and then the distribution behavior of
several metal ions [Al(1II), Fe(III), Mo(VI), Ni(IlI), U(VI)] from hydro-
chloric acid media was also examined to clarify the effect of acid species.
An interesting phenomenon was observed in the effect of acid species on
the distribution of Fe(III), Mo(VI), and U(VI).

EXPERIMENTAL

Materials

Preparation of RCSP and its properties are reported elsewhere (7). The
resin was used as the hydrogen ion form throughout. Stock solutions of
Mo(VI), U(VI), and V(V) were prepared from sodium molybdate, uranyl
nitrate, and ammonium metavanadate, respectively, and those of the other
metal ions were prepared by dissolving the nitrate salt of each metal ion
in water.
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Distribution Ratio Measurement

The resin RCSP (0.04 g) and a test solution (0.0001 M solution of each
metal ion, 25 mL) were taken in a 50-mL Erlenmeyer flask. After sealing
the flask with a Parafilm, it was shaken for 24 hours at 30°C and then the
metal ion concentration in the supernatant was determined by means of
inductively coupled plasma atomic emission spectrometry. To adjust the
pH of the test solutions, nitric acid or hydrochloric acid was used. Adsorp-
tion percentages and distribution ratios (D) were calculated from the de-
crease in the metal concentration in the supernatant. Here, D is defined
as follows:

____amount of metal ion in resin at equilibrium (mmol/g)
" amount of metal ion in solution at equilibrium (mmol/mL)

RESULTS AND DISCUSSION
Distribution from Nitric Acid Media

Figure 1 illustrates the adsorption percentages of metal ions as a func-
tion of pH. For the sake of simplicity, a negative logarithm of the acid
concentration has been adopted for pH at the high acid concentration
levels where pH is less than unity. Except for Fe(III), Mo(VI), and U(VI),
plots of adsorption percentages against pH are sigmoid curves. Under the

160 Fe(I)

5F

S0

4 Ni(i)

Adsorption of Metal Jon (%)

25

-1.0 . 2.0 3.0

FIG.1 Adsorption percents vs pH. Results for Ba(II), Ca(II), Co(I1), and Mg(II) are omitted
to avoid superpositions in this figure.
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present experimental conditions, the total amount of a metal ion (0.0025
mmol) is much less than that of the functional group (0.16 mmol). This
means that the amount of the metal ion-free ion-exchange sites (RPO3;H,)
can be approximated to be constant. Therefore, as long as a metal ion
(M”*) is adsorbed through ion exchange with a proton as follows:

nRPO;H, + M"* 2 (RPOsH™),M + nH*
or
(n/2)RPO3;H, + M"* 2 (RPO}7),.M + nH*

the following equation can be derived:
log D = constant + npH

Figure 2 shows plots of log D vs pH. Except for Fe(11l), Mo(VI]), and
U(VI), linear relationships are observed. Table 1 lists the metal ion species
having the linear relationship, along with the slopes of the plots and the
pH values at half adsorption [except for V(V)]. The slopes for the respec-
tive metal ions are nearly equal to their positive charge numbers (n),
indicating that these metal ions are adsorbed through ion exchange with
a proton. In the case of V(V), however, the real meanings of the slope

Ca(n)
Cu(1l)
Ca(ly)
Ni(ll)

Fe(lll)
401

Mo(VI1)

La(lt)

Gd(i)
Ph{ll)

-1.0 0.0 1.0 2.0 3.0
pH

FIG.2 Log Dvs pH. Refer to Table 1 for Ba(ll), Co(11), Mg(11), and Zn(II) because these
are omitted to avoid superposition.
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TABLE 1
pH at a Half Adsorption (pHi/2) and Slopes (3 log
D/a pH) for the Ions Giving a Linear Relationship
between log D and pH

Metal ion pHin d log D/3a pH
Bi(III) 0.1, 2.9
Al{ID 0.3¢ 3.08
Gd(1I) 0.5, 2.8¢
La(III) 0.72 2.5
V(V) 0.85 1.94
Pb(II) 1.4¢ 2.24
Cd(II) 1.70 2.0s
CU(II) 175 203
Ca(ll) 1.8, 2.00
Ba(Il) 1.84 2.0s
Zn(ID) 1.84 2.1;
Mg(I) 1.9 2.0,
Co(II) 1.9 1.95
Ni(II) 1.9; 2.00

(ca. 2) are difficult to interpret since V(V) tends to condense, resulting in
a polymerized species (8).

Of particular interest is the distribution behavior of Fe(IlI), Mo(VI),
and U(VI). For them, a simple linear relationship is not observed between
log D and pH, and a high distribution is observed even from 6 M nitric
acid. These results suggest that the distribution of these ions at high con-
centration levels of nitric acid cannot be explained by ion exchange with
a proton. A detailed discussion of this phenomenon is given in the next
section.

From the results mentioned above, it can be concluded that the decreas-
ing order of metal ion affinity with RCSP in nitric acid media (pH 2.3 to
—0.8, HNO:s) is Fe(IIl) ~ U(VI) ~ Mo(VI) > BidIl) > AI(II) > Gd(II)
> La(IIT) ~ V(V) > Pb(Il) > Cd(II) > Cu(Il) ~ Ca(Il) ~ Ba(II) ~ Zn(II)
> Mg(I) ~ Co(II) ~ NidI). This sequence means that RCSP exhibits a
metal ion selectivity sequence quite different from that of strong-acid res-
ins containing sulfonic acid groups (9). For example, although strong-acid
resins prefer Ba(I) to Pb(II) (9), RCSP exhibits the highest selectivity
toward Pb(II) among the divalent metal ions tested, indicating that RCSP
is more suitable for the elimination of Pb(Il) in the presence of alkaline
earth metal ions than the strong-acid resins (10). In addition, the relatively
high selectivity of RCSP for V(V) is also attractive for the recovery of
vanadium.
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Distribution from Hydrochloric Acid Media

Since Fe(11I), Mo(VI), and U(VI) are highly distributed into RCSP even
from 6 M nitric acid, of particular importance is whether similar high
distributions of these metal ions can be achieved from other mineral acid
solutions or not. Therefore, their distribution from hydrochloric acid
media was examined. Two metal ions, AI(III) and Ni(II), were also added
to this test as examples of ions adsorbed through ion exchange (refer to
Table 1).

Figure 3 compares the results for hydrochloric acid media with those
for nitric acid. Marked difference cannot be seen in the distribution of
AI(III) and Ni(II) between the two acid media. On the other hand, the
distribution of Fe(III), Mo(VI), and U(VI) is significantly lowered at high
concentration levels of hydrochloric acid. As is well known, these metal
ions form chloro complexes in concentrated hydrochloric acid media
(11-15). Therefore, the present results indicate that no specific interaction
occurs between the functional groups and the chloro complexes of these
metal ions. On the other hand, the high distribution of Fe(III), Mo(VI),
and U(VI) at high concentration levels of nitric acid clearly means that
some specific interaction exists between the functional groups and nitrato
complexes of these metal ions, as in the case of solvent extraction of these
metal ions from concentrated nitric acid media with organophosphorous
acids and esters (8, 16). In this connection we point out that Alexan-
dratos’s group has also observed similar effects of acid species on the
distribution of actinide ions and Fe(III) into a similar but somewhat differ-
ent phosphonic acid resin (Diphonix) (17-19).

45
a0} o\/
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-1.0 0.0 1.0 2.0 3.0

pH

FIG. 3 Effect of acid species on distribution of metal ions. Open and filled symbols repre-
sent hydrochloric and nitric acids, respectively. (O, @) Mo(VI); (A, A) U(VI); (O, W);
Al(IID); (©, &) Fe(I1l); (V, ¥) Ni(II).
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