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Studies of the Hydrous Niobium(V) Oxide Ion Exchanger. II.
Affinity for Various Cations
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In order to elucidate the fundamental properties of hydrous niobium(V) oxide as a cation exchanger, the
stoichiometry of cation exchange and the selectivity for various cations were studied. As the reversibility and the
equivalent exchange between the cations were confirmed, this material showed an ideal cation-exchange reac-

tion.

The affinity series for alkali metal ions and alkaline earth metal ions were Cst>K*>Li* and

Ba?* >Sr2t=Ca?t >Mg?2* respectively; the values decreased in the order of the increase in the hydrated ionic
radii of the cations. For transition metal ions, the distribution coefficients had a strong correlation with the first
hydrolysis constants of the cations and/or the first stability constants of their acetato complexes. Based on this
finding, the transition metal ions are considered to be adsorbed on the exchanger by a bond partially covalent in
character, rather than by a pure ionic bond. The pH-dependency of the distribution coefficients of the cations
was discussed in terms of the effects of the dissociation of the exchange sites on the overall ion-exchange

equilibrium.

Through a comprehensive study of preparing the
hydrous niobium(V) oxide ion exchanger, a recom-
mended procedure for synthesizing the exchanger
was established, as has been reported previously.?
The method has the merits of simplicity and good
reproducibility. The exchanger thus prepared is a
semitransparent, amorphous solid which is hard
enough to be used for column operation; it can be
converted to the pure H* form by conditioning it
with a 0.1 moldm=3 HCI solution. The material has
the cation-exchange capacity of 2.3 mmol Nat g1 (at
pH 10) and possesses at least two kinds of weakly
dissociable ion-exchange sites. Its stability against vari-
ous chemicals and during storage was also investigated,
as has been described in the foregoing report.?

Abe and Ito reported that the exchanger exhibited
only a cation-exchange property,? but Sukharov et al.
reported anion exchange with Cr2072-.9 However, a
systematic study has not been made of exchange reac-
tions on hydrous niobium(V) oxide. In the present
investigation, the distribution coefficients of various
cations were determined as a function of the pH in
order to study the ion-exchange mechanism.

Experimental

Reagents and Apparatus. The niobium(V) chloride, of
the highest purity grade, was obtained from the Mitsuwa
Kagaku Yakuhin Kaisha, Ltd. All the other reagents used
were of the highest purity grade and were obtained from
Wako Pure Chemical Industries, Ltd., or E. Merck AG. A
well-type Nal(T1) scintillation counter (Fuji Denki Model
NHS-2) was employed for the measurement of the vy-radio-
activity. All the other apparatuses were the same as those
described previously.?

Preparation of the Exchanger. Synthetic method No. 4
was chosen from the various methods of preparation
described in the preceeding paper: Twenty-five grams of
niobium(V) chloride were dissolved in 50 cm3 of a concen-
trated hydrochloric acid, followed by dilution to 1dm?3
with distilled water. The solution was hydrolyzed thermal-
ly by boiling it for 2h in a 3-dms3, round-bottomed flask

equipped with a reflux condenser. The precipitate thus
formed was washed with distilled water until no chloride ion
was detected in the filtrate. Then the precipitate was air-dried
at room temperature. The dried product was then immersed
in distilled water to break it down into fine particles. The
granules were dried again at room temperature. Particles
larger than desired, if any, were ground in a porcelain mor-
tar and sieved to obtain the required particle sizes. The
exchanger of a desired particle size(—100 +200 mesh) was
converted to the H* form by treating it with a 0.1 moldm™3
HCI solution by the procedure described previously.? Final-
ly, the exchanger was air-dried and stored in a desiccator
containing a saturated NH4Cl solution (relative humidity,
79% at 25°C). The exchanger had a composition of Nb2Os-
5.3H20 and an ion-exchange capacity of ca. 1.5mmol
Nat g1 at pH 8, where an inflection point was observed in
the titration curve of the material.

Distribution Coefficients. The distribution coefficients,
K4, were determined in the following way, unless otherwise
noted.

A 0.30-g portion of the exchanger in the H* form was
immersed in 18 cm? of the solution with a suitable pH value,
adjusted by using a desired combination of 0.11 moldm™3
NaCl and 0.11 moldm—3 HCI or 0.11 moldm~3 NaOH, for
2d, at room temperature. A 2-cm3 portion of the solution
containing each metal ion was mixed with the above solution
to make the concentration of the cation 1X10-4 mol dm—3and
the ionic strength 0.10 moldm=3. The mixture was then
allowed to stand until the concentration of the cation in the
supernatant solution became constant (about 2 to 9d). The
pH and the concentration of the cation in the supernatant
solution were then measured. The Kq4 value, expressed in
cm3g-1, was calculated in the usual manner.

The metal ions were added as their chlorides, except Fe3*t,
Th4+, and UO2?*, for which the corresponding nitrates were
used. The analyses of Cs, Sr, Ba, Mn, Fe, Co, Sc, Y, Ce, Eu,
Np, and Am were carried out radiometrically using %Cs,
85Sr, 133Ba, 54Mn, 59Fe, 80Co, 45Sc, 88Y, 144Ce, 152Eu, 29Np, and
241Am respectively as tracers. Their radioactive purities
were confirmed by means of 7y-ray spectrometry. The 239Np
tracer was prepared by milking it from 243Am by the method
of Sill.¥ The oxidation state of neptunium at a tracer con-
centration was adjusted by the method of Inoue and
Tochiyama.® The Th*" and the UOs2* were analyzed
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Fig. 1. Effect of the concentration of cations on their

distribution coefficients.
O: Co?*, A: Sc3+.

spectrophotometrically using arsenazo III® and 2-(5-Bromo-
2-pyridylazo)-5-(diethylamino)phenol? respectively as color-
ing reagents, while the concentrations of the other cations
were determined by means of atomic-absorption spectro-
photometry.

Ion-exchange Stoichiometry. The exchanger in the H+
form was immersed in an alkaline solution of sodium ions,
of a suitable concentration (ionic strength=0.016 mol dm=3),
for 2d at room temperature, with intermittent shaking. This
was followed by chemical analysis, and the ratio of the
amount of sodium ions taken up in the exchanger to that
of the hydrogen ions released from the exchanger was eval-
uated from the difference between the initial and final con-
centrations of the respective ions present in the solution.
The Na+* was converted to pure chloride and was indirectly
determined by titrating the.Cl-. The OH~ and CO3%~ were
determined by differential titration.

Results and Discussion

The Dependency of Ka Values on the Concentration
of the Cations. Figure 1 shows the K4 values for
Co?*t and Sc3* as a function of their initial concen-
trations at constant pH values. The K4 values were
nearly constant in the concentration region lower
than 108 mol dm=3, wherefrom they decreased with
an increase in the concentration. The concentration-
dependency of the K4 values may be ascribed to the
limited amount of cation-exchange sites in the pH
region adopted in the present experiment, since the
uptake of Na* on the exchanger commences at about
pH 4. Because of this observation, a strict com-
parison of the selectivity for various cations should be
made at a concentration lower than 10=8 moldm=3.
However, it is very difficult to set up the above situa-
tion because of the limits of analytical sensitivities for
some cations. Thus, an initial concentration of 1X
10—4 mol dm~3 was used mainly for the comparison of
the K4 values of various cations.

Stoichiometry and Reversibility of the Exchange Reac-
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VERIFICATION OF EQUIVALENCE OF EXCHANGE
BETWEEN Na* anp H+

ey (IT)

Ionic strength Na* uptaken H* released Stoichiometry
I/

TABLE 1.

moldm~3 mequivg™  mequivg™!

0.016 1.7740.06
(OH-/C1-=0.25)*

1.761+0.03 1.01+0.04

a) : Molar ratio.
Conditions; Exchanger: 0.31 g, Solution: 300 cm3, Du-
ration of immersion: 2d at room temperature.

o

Fig. 2. Reversibility of the exchange reaction be-
tween Eud+ and H*.
Conditions; Ionic strength: 0.10 moldm~3(NaCl-
HCI) at room temperature, Initial concentration of
Eu3t: 1X10~* mol dm—3.

tion. Table 1 presents the results concerning the
stoichiometry of the exchange reaction between H*
on the exchanger and Na* in the solution. The
equivalent ratio of the H* released to the Na*+ sorbed
was unity, within the limits of experimental error
(Table 1). Figure 2 shows the results concerning the
reversibility of the ion-exchange reaction between
Eu3+ and H*. After the determination of the Ky val-
ues at several pH values (A, B in the figure), a small
amount of a HCI solution (less than 0.5% in volume)
was added to the supernatant solution to lower the
pH. This new solution was then allowed to stand
until a new equilibrium had been attained, and then
the K4 values were measured again (A’, B’ in the
fugure). The points A and B shifted to A’ and B’
respectively as a result of the change of the pH in the
solutions. Since A’ and B’ fall on the same straight
line as A and B, the exchange reaction between Eu3*
and H~ is considered to be reversible. From the stoi-
chiometry and the reversibility of the ion-exchange
reaction, the hydrous niobium(V) oxide shows an
ideal cation-exchange reaction.

Selectivity for Cations. Figure 3 shows the pH-
dependency of the K4 values for the representative
elements. The orders of selectivity for alkali metal
ions: Cs* >K*>Li*, and for alkaline earth metal
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Fig. 3. Log Kq for some metal ions as a function of
pH. Conditions; Ionic strength: 0.10 moldm™3
(HC1-NaCl-NaOH) at room temperature, Initial
concentration of cation: 1X10~* moldm~3. Cation;
@®: Lit, ®: K+, O: Cs*, A: Mg2t, B: Ca2t, A: Sr2+, [:
Bazt.
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Fig. 4. Relation between log K4 and hydrated ionic
potential of cation.
Hydrated ionic potential=z/r; z: Charge of cation,
r: Hydrated ionic radius.®? R: Correlation co-
efficient (except Cs*).

ions: Ba?t >Sr2*=Ca?+>Mg?*, are similar to that of
strongly acidic ion-exchange resin, in which the
selectivity coefficients for ions with the same ionic
charge increase with a decrease in the hydrated ionic
radii of the cations. This may be due to the increase in
the strength of the electrostatic interaction between
the hydrated cations and the fixed anionic groups.
Such interaction must be closely related to the ionic
potential of hydrated cations (hydrated ionic poten-
tial). In fact, the log K4 value at pH 6 for these
cations closely correlates to their hydrated ionic poten-
tials (the correlation coefficient was 0.84), as is shown
in Fig. 4. Here, the hydrated ionic radii were those
reported by Wiklander.® The selectivity for Cs*,
however, was markedly high, in spite of the smaller
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Fig. 5. Log Ka for some metal ions as a function
of pH. Conditions; Ionic strength: 0.10 moldm=3
(HCI-NaCl-NaOH) at room temperature, Initial
concentration of cation: 1X10~¢ moldm~3. Cation;
O: UO22+, @: Fe3t, ®: Sc3+, @: Y3+, @: Eudt, O: Cedt,
A: Co?*, A: Mn2?*.

hydrated ionic potential.

Figure 5 shows that the pH-dependency of the K4
values for bi- and tervalent transition metal ions was:
UOg2t=Fed3+>Sc3 > Eudt=Ce+=Y3+ > Co2t=Mn?t.
By comparing the figure with Fig. 3, the affinity for
bivalent transition metal ions (except UO22*) may be
seen to be similar to that for alkaline earth metal ions.
Furthermore, the affinity of the exchanger for tervalent
cations is, on the whole, much greater than that for
bivalent cations. Hence, the electrostatic force may
be an important factor in deciding the selectivity of the
hydrous niobium(V) oxide. This affinity series, how-
ever, is the exact reverse of what would be expected
from the selectivity for alkali- and alkaline earth metal
ions. Figure 6 shows the results for some actinoid
ions. The Am(III) ion appears to have an affinity simi-
lar to those of other transition metal ions with the
same charge. The actinyl species, such as NpOst,
NpOq22+ and UOs2+, had, however, higher K4 values
than those to be expected from their charges; the
affinity for those species was greater than, or similar to,
that for tervalent transition metal ions. This finding
cannot be explained only in terms of the electrostatic
interaction between the hydrated ions and the anionic
sites in the exchanger.

In order to understand the important factors affect-
ing the selectivity for the transition metal ions, the K4
values for the metal ions at pH 3 were compared with
their ionic potentials, their first hydrolysis constants,?
and the first stability constants of their acetato com-
plexes.1V The results are shown in Table 2. Here, the
ionic radii used were those obtained by using crystals
in which the ion had the coordination number of 619
and the log Kq4 values which could not be obtained by
the experiment were those estimated from the extra-
polation of the log K4 vs. pH plot in Fig. 5. This table
indicates that the K4 values correlate more strongly
with the stability constants (R=0.96) and the hydroly-
sis constants (R=0.91) than with ‘the ionic potential
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Fig. 6. Log Ks for some actinoid ions as a function
of pH. Conditions; Ionic strength: 0.10 moldm—3
(HC104-NaClQy), Temperature: 40£3°C. Concen-
tration of cations; A: Th(IV) 1.8X10-% moldm™3,
0O: U(VI) 1.3X10-5 moldm=3, O: Np(V) tracer S=
0.97, @: Np(VI) tracer in 4X10~4 moldm—4 KMnOy4
S$=1.8, A: Am(III) tracer S=2.1, A: Sc3+ tracer, B:
Y3+ tracer. S: Slope.

TABLE 2. INTERACTION BETWEEN EXCHANGING CATIONS
AND EXCHANGE SITES
Metal ion log K«(at pH 3) AV B2 (02
UOg2+ 3.66 — 2.61 —5.8
Fed+ 3.62 4.35 3.36 —2.19
Sc3+ 3.40 3.39 —_ —4.3
Eud+ 2.10 2.76 2.13 —7.8
Ce3+ 1.90 2.61 1.91 —8.3
Y3+ 1.73 2.88 1.68 7.7
Co2+ 0.14 2.53 1.10 —9.65
Mn2+ 0.02 2.46 0.8 —10.59
—— R=0.83 —/
R=0.96
R=0.91

1) A=z/r: Ionic potential ; z=Change of cation, r=Ionic
radius(coordination number (6)).1® 2) B=log K1
(CH3COO™): First stability constant(equilibrium quo-
tient at 25°C and ionic strength 0.1).1Y  3) C=log K1
(OH"): First hydrolysis constant.?

R=Correlation coefficient.

(R=0.83). Therefore, we can conclude that, in the ion-
exchange reactions for transition metal ions, the forma-
tion of a covalent bond between the anionic sites in the
exchanger and metal ions is a factor in determining
the selectivity of the exchanger, along with the remote
coulombic interaction.
Selectivity for Cations in Tracer Concentrations.

The cation-exchange reaction is expressed as a com-
bination of the following two reactions:

HR =— H* + R-, (1)

nR~ + M™ =— R,M, @)
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where R~ denotes the dissociated form of the exchang-
er, and Mn* the exchanging cations. The equilibrium
constants for these reactions can be written as:

aya aygmgy

K, = %ur _ %u RIR 3)
augr Myrl HR
a i

K = - I:InM = — "R_nMIRnM 3 (4)
ag ay Mg TR MuI'n

where a répresents the activity; m, the concentration
and v, the activity coefficient. A bar refers to the ex-
changer phase. (For the sake of simplicity, the charge
of the species is omitted in these expressions.)

From the material balance,

g + Myg + nig,y = E (5)

E is the total ion-exchange capacity. If the concen-
tration of the exchanging cation, M=, is negligibly
small,

g + fgg = E (5"

holds.
From Eqgs. 3 through 5’, distribution coefficients

of Mt can be written as:

K, = KK&T?HE”T‘K . E’: ._l_. (6)
TRrnM [1 + KAT_HR]" ay”
(5:78:3

If the pH of the solution is very low, Eq. 6 can be
simplified to:

log K; = constant + npH, (7)
while in highly alkaline solutions:
log K; = constant. (8)

As has been reported previously,? the exchanger
commences the uptake of Na* at around pH 4, and
it increases in its ion-exchange capacity for Na* with
pH. Consequently, at the tracer concentration, the
plot of log Kq vs. pH will show a straight line with a
slope of n in the pH range lower than around 4. The
deviation of the results in Figs. 5 and 6 from Eq. 7
may be ascribed to the strong dependency of the Kq
values on the concentration of cations (Fig. 1), but it
cannot be explained only from this reason, because the
slope of the straight line was not appreciably affected
by the concentration, as is evident from the
results on Sr2+ (Fig. 7). Figure 7 also shows that the
K4 value for Sr?* is independent of the pH values in
the pH region higher than 8; this agrees with Eq. 8.
As is shown in Figs 6 and 8, for uni- and bi-charged
cations, the straight lines have approximately the
same slopes (Co?*: 1.7, NpOgz*: 0.97, NpOgj?+: 1.8),
as would be predicted from Eq. 7, while the ter-
valent cations show slopes (Y3+: 2.3, Sc3+: 1.8, Am3+:
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Fig. 7. Effect of the concentration of Sr2+ on the

pH-dependency of the K4 values.
Ionic strength: 0.10 moldm—3 (NaCl-NaOH) at
room temperature, Initial concentration of Sr2t/
moldm3; O: 1X10~4, A: 1X10-8.
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Fig. 8. Effect of the concentration of Co?+, Y3+, and
Scé+ on the Kq values.
Ionic strength: 0.10 moldm—3 (HCI-NaCl-NaOH)
at room temperature, Initial concentration of
cations/mol dm™3, Co?+; A: 1X1074, A: 1X10-8, Y3+;
l: 1X10-4, OJ: 1X10-10, Sc3+; @: 1)X10~4, O: 1X10-10,

2.1) smaller than those to be expected from Eq. 7
in spite having the conditions which satisfy this equa-
tion. This contradiction may be solved by consider-
ing that the charge in the exchanger is not balanced
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only by these reactions, (1) and (2). The first explana-
tion can be based on the Donnan exclusion principle,
which claims that the electrolytes with counter ions
(in this case, cations) of a higher charge will be more
easily introduced in the exchanger than those of a
lower charge, if the co-ions (anions) have the same
charge. As the exchanger is mainly in the undisso-
ciated form in the pH range lower than 4, the chloride
ions can easily diffuse into the exchanger by means
of Donnan adsorption. Accordingly, the lowering of the
slope of the straight lines will be more pronounced for
tervalent than for uni- and bivalent cations. The sec-
ond explanation is that the charge in the exchanger,
instead of the H*, will be balanced by the release of
Na* which is trapped in an exchanger phase surround-
ed by a solution with a high Nat-concentration,
even in a solution with a low pH.

In any case, further investigation must be carried
out before the cation-exchange mechanism can be
unambiguously understood.
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