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SUMMARY

Titration curves of fibrous cerium({IV) phosphate with alkali and alkaline earth
metal ions show that the ion-exchange processes occur without phase transition. The
exchanger displays a wide range of acidities like an amorphous or semi-crystalline
material. About 30 of exchangeable protons are much more acidic than the others.
In these sites, the exchanger prefers counter ions that have a large ionic radius, while
several inversions occur at high metal ion loadings. Furthermore, the shapes of the
Na*/K* and Na*/Cs+ isotherms also indicate that there aie about 309 of sites where
the counter ions that have the largest ionic radius are preferred.

Separations factors and K values for various cations at different concentra-
tions have been determined and a marked selectivity for Pb?+, Ba?*, Ag* and Ti*
has been found. The selectivity for Pb*>* was investigated for the full range of compo-
sition of the exchanger and the H*/Pb?* isotherm was obtzained.

The unusual selectivity of fibrous cerium(IV) phosphate for certain cations
should lead to some useful practical applications. The batch analytical separation of
Ca?*—Pb?* at low pH values has shown that Pb?* is selectively exchanged alsc in
presence of large amounts of Ca?*.

INTRODUCTION

In a previous paper in this series!, the syntheses, chemical composition, X-ray
powder diffraction patterns and some ion-exchange properties of cerium(IV) phos-
phates of various crystallinities were described. One of these materials was found to
have a definite chemical composition (CeO,-P,05-4H,0), and a fibrous structure.
The chemical formula of the anhydrous product is Ce(HPQ,),, while the formula
Ce(HPQ,), 3H,0 was suggested for the hydrated product. This formula has recently
been supported by infrared spectroscopy®® and is in good agreement- with the ex-
perimental ion-exchange capacity (5.2 mequiv./g, that is, two exchangeable protons
per formula weight). Herman and Clearfield* recently reported the synthesis of a sim-
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ilar product. Another exchanger having a fibrous structure, thorium phosphate, was
subsequently preparedS. )

Fibrous inorganic ion exchangers are very interesting because they can be
used to prepare inorganic ion-exchange papers suitable for chromatograpkic cation
separations, or inorganic membranes without a binder®-5, It therefore seemed of
interest to investigate in greater detail the ion-exchange properties of fibrous ex-
changers in order to obtain additional information on their ion-exchange mechanism
and possible practical uses.

In this paper, some chemical and physical properties, and also the ion-exchange
behaviour of fibrous cerium(IV) phosphate {CeP,) towards alkali and alkaline earth
metal ions and Pb2*, are reported and discussed. Separation factors and K, values
for some other cations have also been determined.

EXPERIMENTAL

Chemicals
Carlo Erba (Milan, Italy) R.P.E. reagents were used, except for Ce(SO,),-
4H,0, which was a Merck (Darmstadt, G.F.R.) pro analysi product.

Jon-exchange material

) CeP; in the hvdrogen form was precipitated as previously described.! The
precipitate was filtered and washed with distilled water until free from sulphate ions.
In order to facilitate this washing, it is advisable to use a large Buchner funnel (ca. 50
cm? per gram of exchanger). After air drying, the CeP, sheet was detached from the
Buchner funnel and cut into small pieces (ca. 0.2 cm?).

The disodium form was obtained by percolating 0.1 ¥ disodium hydrogen
orthophosphate solution through a column containing CeP; in the hydrogen form.
Both hydrogen and sodium forms were stored in a vacuum desiccator over saturated
sodium chloride solution.

Ion-exchange experiments

Each point on the titration curves was obtained by equilibrating, with shaking
at 25° 0.5 g of CeP; with 100 ml of 0.1 N {MCli -+ MQCI) or [MCI, + M(OH),]
solution. For calcium and magnesium ions, titration curves were operated as pre-
viously described for crystailine zirconium phosphate’.

The reversibility of the H*-Na+* exchange wa¢ tested using 2 Mettler automatic
fitrimeter. A 0.5-g amount of CeP; was equilibrated with 108 ml of 0.1 N sodium chlo-
ride and titrated with a 0.5 N sodivm hydroxide-0.1 N sodium chloride solution. In
the reverse exchange, the titration was performed with 0.5 N hydrochloric acid-0.1 ¥
sodium chloride solution.

Na*/K* and Na*/Cs* ion-exchange isotherms at 25° were obiained by equi-~
librating, with shaking for 4 days, 0.5 g of CeP, in the disodium form with 100 ml
of 0.1 N (MCl 1+ M'Ci) solutions. For the H*/Pb** ion-exchange isotherms, 0.1 N
[perchioric acid 4 lead(II) nitrate] solutions were used. High conversions werse
achieved with large volumes of 2 0.1 N solution of the in-going ion. After equilibration,
both for titration and ion-exchange isotherms, the pH values of the solutions were
determined and their metal cation and phosphate contenis were measured. Distri-
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bution coefficients were determined by equilibrating 0.5 g of CeP, with 100 m! of
1073 N sait solution. Separation factors (z5) were obtained by equilibrating 0.5 g of
CeP; with 100 ml of 10~ or 1073 N salt solution at an initial pH of 1.5 or 3.0. During
the equilibration, the composition of the solution was maintained constant at the ini-
tial value by adding a solution that was 0.1 N in the corresponding metal hydroxide
and 6.1 ¥ (or 1073 N) in its salt, by means of the Mettler automatic titrimeter oper-
ating in the pH-stat mode.

Analytical procedure

The phosphate released into the solution and the PO,:Ce(IV) molar ratio in
the exchanger were determined as previously described!.

The cations examined were determined using a Perkin-Elmer 305 atomic-
absorption spectrophotometer or by standard EDTA titrations. The water content of
the exchanger at various stages of exchange was obtained by measuring the weight
loss at 180°. The X-ray powder patterns of the samples were obtained with Ni-
filtered Cu Ke radiation, using a General Electyic diffractometer.

RESULTS AND DISCUSSION

Alkali metal ions
Titration curves of fibrous cerium(IV) phosphate for Li*, Nat, K+ and Cs*
ions are shown in Fig. 1, which also indicates the amount of phosphate released into
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Fig. 1. Titration curves of CeP; with alkali metal ion hydroxides. The number of millimoles of phos-
phate released into the solution by 1 g of CePy, 2t different pH values is also reported (dashed curves).
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Fig. 2. Comparison between experimental (full lines) and calculated (dashed lines) uptake curves
obtained from the titration curves of CeP, with alkali metal ion hydroxides. The dotted lines refer
to uptake values obtained in the presence of added HCIO,.

the solution by 1 g of the material at different equilibrium pH values {(dashed curves).

As CeP, loses an appreciable amount of phosphate groups, especially in al-
kzline medium, then in order to obtain the uptake values from the titration curves
they must be corrected for the milliequivalents of OH™ consumed by the hydrolytic
process. Calculated uptake curves can be obtained assuming that one OH™ ion is
consumed for each phosphate group released into the solution and taking into ac-
ccunt the equilibrium pH as well as the titration curve of the phosphoric acid with
0.1 N MOH solutions.

In Fig. 2, calculated and experimental uptake curves are compared. If can be
seen that there is a reasonable correspondence among these curves. However, at high
pH values, the experimental are higher than the calculated uptakes, probably owing
to some cation exchange on the hydroxyl groups produced for hydrolysis of the
exchanger.

From the shape of the uptske curves, the following conclusions can be drawn:

(a) In conirast to the corresponding uptake curves for layered exchangers
such as zirconium phosphate, where there are definite plateaux indicating pbase
transitions3, the uptake curves for fibrous cerium(IV) phosphate show that the ex-
changeable hydrogen ions display a wide range of acidities like amorphous or semi-
crystalline inorganic ion exchangers.

(b) The nature of the alkali metal ions strongly affects the shape of the titra-
tion curve. At low metal ion loading (less than 25 %, conversion, that is, 1.3 mequiv./g),
the sequence of decreasing cation preference is that of the lyotropic series Cs* >K* >
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Fig. 3. Water content of CeP, at various stages of the titration with alkali metal ions.

Nat >Li*, while several inversions occur at higher loading, probably due to steric
factors.

(c) With cations that have a large crystalline radius, such as K+ and Cs*¥,
conversions higher than 509, could not been obtained in acidic medium, whereas
when the pH was increased to alkaline values, the exchanger hydrolyzed appreciably.

The water content of some samples at different level of exchange (conditioned
over saturated sodium chloride solution) are shown in Fig. 3. It can be seen that the
water content increases appreciably, for Lit exchange, at conversions in the range
0-309,, but decreases again at higher Li* conversion. The water content does not

TABLEI

FIRSTAVALUEIN THE X-RAYPOWDER PATTERNSOFHYDRATED AND ANHYDROUS
SAMPLES OF CeP; EXCHANGED AT VARIOUS LOADINGS WITH ALKALI METAL IONS

The 4 values of the hydrogen form are also reported for comparison.

Cation  Conversion d value (4)
(mequiv. M*[g)

Wer Dried over Dried at

POy 180°
H* 11.2 109 7.9
Li* i3 12.6 Amorphous Amorphous
2.3 128 Amorphous Amorphous B
Nat 1.2 119 — 9.7 ’
2.5 i19 — 98
39 119 — -
4.8 119 — 10.1
K* 1.3 i1.6 10.1 9.9
25 11.7 — .=
30 1.6 106 10.2
Cst 1.6 119 1038 10.1 .
2‘4 - - 10.6 Pitd s B S -:: -
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Fig. 4. Reversibility of H*/Na* ion exchaﬁge on CeP,. Forward titration: full line. Backward titra-
tion: dashed line.

change appreciably during the exchange of Na* and K¥ iomns, and even decreases
during Cs* exchange. The lower tendency of large cations to hydraie and steric
factors may be respomnsible for such behaviour.

It is interesting that, from the measurements of the concentration potentials
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Fig. 5. Uptake curves of alkaline earth metal ions or CePr. Dotted lines refer to uptake values obtain-
 ed in the presence of added HCIO,.
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(Awpy. . and Ay, ) and from the electrical conductance of a cerium(IV) phosphate
membrane as a function of the conversion in the Na* form’, it was found that only
25-30 Y%, of the counter ions were active for ionic transport. It was further found that,
when 30% of HT was replaced with Nat ions, the transport number (#;+) of the re-
maining protons was practically zero, indicating that the exchanger possesses about
25-30% of sites that bave more dissociable protons.

Taking into account that (a) about 309, of cations are exchanged at low pH
values, (b) large cations are preferred at conversions lower than 259 and (¢) the water
content of Li¥ ions increases appreciably in the range 0-309% of Li* conversion,
we suggest that the exchanger possesses about 25-30 9 of sites where the steric factors
are considerably lower than at the remaining sites. The X-ray powder pattern of
Ce(HPO),-3H,0 exhibits only a few lines, the first being much more intense than the
others. Its value (11.2 A) increases slightly with increasing water content of the
exchanger and, for anhydrous samples, increases slightly with increasing crystalline
ionic radius of the counter ions (Table I).

The reversibility of the ion exchange was tested for Na* ions at conversions
in the range 0-50%;. Fig. 4 shows that the exchange is reversible, within experimental
€rTor.

Alkaline earth metal ions
Titration curves of Ce(HPQ,),-3H,0 with alkaline earth metal ions are shown

in Fig. 5.

TABLEII

FIRSTAVALUEIN THE X-RAY POWDER PATTERNS OF HYDRATED AND ANHYDROUS
SAMPLES OF CeP, EXCHANGED AT VARIOUS LOADINGS WITH DIVALENT CATIONS

The water content of these samples, conditioned over saturated NaCl solution, is also reported.

Cation  Conversion Water content d value (4)
iv. M2+ /. O I
(mequiv. M**[g) g:i?r ;:f H:Olformula Wet Dried over Dried at
° POy 180°
Mg 1.3 4.7 126 121 9.7
2.9 5.0 128 121 9.7
3.6 54 12.8 113 9.7
5.1 5.4 126 113 9.7
Ca?+ 1.7 3.5 126 119 —
2.6 3.5 130 116 9.8
3.6 3.7 130 122 —
4.9 38 130 124 9.7
Se2+ 1.7 33 124 115 —
2.4 3.6 124 113 —_
4.0 3.7 128 — 9.7
48 3.7 130 — —
Baz+ 1.9 3.1 119 112 —
2.6 3.3 118 11.3 9.7
34 35 11,6 113 9.7
49 3.2 119 114 9.8
P2t 22 — 114 112 —

3.6 - 11.9 118 —
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In this case also the sequence of decreasing preference, at metal ion loadings
less than 309/, is that of the lyotropic series Ba®* >Sr2+ >Ca?+ >Mg2+, while several
inversions occur at higher metal ion loadings. The water content increases appreciably
only for the Mg?* exchange at conversions in the range 0-30 9. X-ray powder patterns
show only small modifications as the exchanging ion or the degree of exchange is
changed (Table II). Dehydration at 180° decreases the first d value to 2.7-9.8 A for
all of the samples examined. It can be seen from Fig. 4 that uptakes higher than 5.2
mequiv./g are obtained at high pH values. By following 2 procedure similar to that
already described for the exchange of alkaline earth metal ions on crystalline zir-
conium phosphate’, it was found that apparent conversions higher than 1009, were
due to the hydrolysis of the phosphate groups and to the precipitation of insoluble
alkaline earth metal ion phosphates.
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Fig. 7. Na*/Cs* ion-exchange isotherm on CeP;. Concentration, 0.1 N; temperature, 25°.
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TABLE Iif
SEPARATION FACTOR (¢X) OF SOME CATIONS ON CeP; AT DIFFERENT CONCEN-
TRATION AND piH VALUES

Y; By X

BT Ry X
Cation aif - 16°

C=10"3N, C=I0"'N, C=10"'N,
pH = 3.0 pH = 3.0 pH = 1.5

Li* 24 0.6 -
Nat 62 3.7 —
NH,* 110 4.2 —
(CH)N* 125 . 22 —
K+ 150 5.5 27
Cs* 680 4.1 40
Ti* - 7.8 150
Mg~ - 6.7 7.2
Ca?* 650 15 14
Sr2t 870 17 60
Ba®t 950 12 140
Pb** - 500 920

Na*[K* and Na* [Cs* ion-exchange isotherms

The Na* /K™ ion-exchange isotherm is shown in Fig..6. The K* ion is pre-
ferred to Na* ion at low K* loadings, while the opposite occurs at high K+ loadings.
The shape of the isotherm is in good agreement with our previous suggestion that there
are about 25-307] of sites where the steric hindrance is low and consequently the
counter ions that have the largest crystalline ionic radius are preferred.

The Na*/Cs* ion-exchange isotherm (Fig. 7) is very similar to thatfor Na* /K *.

Separation factors and distribution coefficients

A very high selectivity of CeP; for certain cations, such as Pb**, Ag™, T1*
and K*, has already been established by ascending chromatography on cerium(IV)
phosphate paper®. In order to obtain more quantitative data, separation factors and

TABLE IV

DISTRIBUTION COEFFICIENTS (X)) OF SOME CATIONS ON CeP,
Experimental conditions: 0.5 g of exchanger equilibrated with 100 ml of 16—3 N solution.

Cation K,
(mequiv. M{g:mequiv. Miml)

Li* 11

Ni*~ 50

Co** 1.0-10°
Na* 1.2-10°
Ag* 5.5-10°
Cur* 1.3-10°
K* 3.5-10°

P+ >5-10¢
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TABLE V

BATCH EXPERIMENTS FOR Ca?*-Pb** SEPARATION ON CeP,
Conditions: 1 g of Ce(HPO,); 3H,O0 equilibrated with solutions at initial pH 0.95.

Composition of initial Volume of  Uptake [PE*]  FC@*]..
Jutic ;i wti it AT o

solution (mequiv./ml) ;'anlijnan { Zeqza ;.[g-)—_ [Ca2¥)] [PE]...

[PB**] [Ca+] [(P6**] [Ca*]

1.0-107* 205-10°* 200 2.6 9-10—2 68

1.0-1072  2.0-10°? 400 2.2 8-102 1.2-10°

1.0-107* 2.05-107! 200 1.6 1.1-107* 1.5-10°

K values on CeP, for some inorganic cations were determined. The results reported
in Table III and Table IV, respectively, show that the chromatographic results have
been substantially confirmed and that some interesting separations are possible.
Batch experiments for Ca?2+-Pb®* separation at low pH values and different
Pb**-Ca** compositions (Table V) showed that Pb®+ is taken up selectively by fi-
brous cerium(IV) phosphate even in the presence of high Ca?* concentrations.

H*[Pb** ion-exchange isotherm

Owing to the high selectivity of fibrous cerium(IV) phosphate towards Pb*+,
it was thought to be of interest to study the H*/Pb%* exchange over the full range
of composition.

The isotherm in Fig. 8 shows that, although fibrous cerium(IV) phosphate
can be considered a weak exchanger, Pb?* is preferred to H* up to a Pb** leading of
about 70%;.

Redox reactions
Owing to the presence of Ce(IV) in the exchanger, redox reactions may accom-
pany the exchange oi highly reducing ions. This behaviour, already found for Mn2+
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Q
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Fig. 8. H*/Pb** ion-exchange isotherm on CeP,. Conceniration, 0.1 N; temperature, 25°.
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in amorphous cerium(IV) phosphate!®, has also been confirmed for the exchange of
Mn?+, Fe?* and Cr3* in CeP;. These redox reactions are irreversible in so fa: as when
Ce(IH) is again oxidized to Ce(IV), the fibrous structure is lost and an amorphous
cerium(IV) phosphate is obtained.

Fibrous cerium(lV) phosphate is sufficiently stable in hydrochloric acid at
concentrations less than 0.1 A; for more concentrated acid, non-complexing and non-
reducing acids such as perchloric acid have to be used.

It can be pointed out that fibrous thorium phosphate is stable towards
reducing agents and therefore it can replace fibrous cerium(IV) phosphate for some
particular uvses. However, as the radioactivity of thorium is usually undesirable, ef-
forts are being made to obtain a fibrous exchanger with a non-radioactive and non-
reducible tetravalent metal such as titanium or zirconium.

CONCLUSION

Although a more correct interpretation of the ion-exchange mechanism of
fibrous cerium(IV) phosphate will be possible only when its crystalline structure is
krown, the results obtained here give a fairly good idea of its ion-exchange behaviour

towards several inorganic cations.
The very high selectivity towards certain cations such as Pb%* and Ag™ in-
creases the possible practical applications of this fibrous inorganic exchanger.
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