
XXIV. ION-EXCHANGE 
PHATE 

G. ALBERTI, &5x. CASCiOLA, 

BEHAVIOUR QF FIBROUS CERIUM@V) PHo_S- 

U. COS-FANTINO and M. L. LUCIANI 

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 ok 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+jCs+ isotherms also indicate that there are about 30 % of sites where 
the counter ions that have the largest ionic radius are preferred. 

Separations factors and Kd vaiucs for various cations at difhercnt concentra- 
tions have been determined and a marked selectivity for Pbzi, Ba’+, Ag” and Tit 

has been found. The selectivity for Pbzi was investigated for the full range of Compo- 
sition of the exchanger and the Hf,4Wi isotherm was obtained. 

The unusual selectivity of fibrous cerium(IV) phosphate for certain cations 
should lead to some useful practical applications. The batch anaiytical separation of 
Ca*+-PW+ at low pH values has shown that Pb’+ is selectively exchanged aIso in 
presence of large amounts of Cat+. 

INTRODU~iON 

In a previous paper in this seti&, the syntheses, chemical composition, X-ray 
powder diffraction patterns and some ion-exchange properties of c&urn(W) phos- 
phates of various crystalhnities were described. One of these materials was found to 
have a defmite chemical composition (CeO, - P205 -4&O), and a fibrous structure. 
The chemical formula of- the anhydrous product is CefHPO~),, while the formula 
Ce(HPO&-3&O was suggested for the hydrated product. This formula has recently 
been supported by infrared spectrosc~py’*~ 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 Ctedrfidd4 recently reported the synthesis of a sim- 



ilar product. Another exchanger having a fibrous structure, thorium phosphate-was 
subsequently prepared5. 

Fibrous inorganic ion exchangers are very interesting because they can be 
used to prepare inorganic ion-exchange papers suitable for chromatographic cation 
separations, or inorganic membranes without a bindeE6*. It therefore seemed of 
interest to investigate in greater detail the ion-exchange properties of Gbrous 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@V) phosphate (CeP,) towards alkali and alkaline earth 
metal ions and PbZ+, are reported and discussed. Separation factors and Kd values 
for some other cations have also been determined. 

EXPERIMENTAL 

Chem icais 
Carlo Erba (Milan, Italy) R.P.E. reagents were used, except for Ce(SO,),- 

4&O, wbkh was a Merck (Darmstadt, G.F.R.) pro aualysi product. 

&on-exchange materid 
CePz in the hydrogen form was precipitated as previously described.’ The 

precipitate was filtered and washed with distilled water until free from sulphate ions. 
IIn order to facilitate this washing, it is advisable to use a large Buchner funnel (ca. 50 
cm2 per gram of exchanger). After air drying, the CePr 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 N disodium hydrogen 
orthophosphate solution through a column containing CePf in the hydrogen form. 
Both hydrogen and sodium forms were stored in a ~2a3~.m desiccator over saturated 
sodium chloride solution. 

Ton-exchange experiments 
Each point on the titration curves was obtained by equilibrating, with shaking 

at 25”, 0.5 g of CePf with 100 ml of 0.1 N (MCI +-- MOU) or [MCI, + M(OH),] 
solution. For calcium and magnesium ions, titration curves were operated as pre- 
viously described for crystalline zirconium phospkte~. 

The reversibility of the Hi-Na+ exchange wti isted using a Mettler automatic 
iitrimeter. A 0.5-g amount of CePr was equilibrated with lC@ ml of 0.1 Nsodium chlo- 
ride and titrated with a 0.5 N sodium hydroxide-O.1 N sodium chloride solution. In 
the reverse exchange, the titration was performed with 0.5 N hydrochloric acid-O.1 N 
sodium chloride solution. 

Na*/K+ and Na*/Cs+ ion-exchange isotherms at 25” were obtained by equi- 
libratkg, with shaking for 4 days, 0.5 g of CeP, ~II the &sodium fom with 100 ml 
of 0.1 N (MC1 t M’CQ solutions. For the H+jPbzf ion-exchange isoth~, 0.1 iV 
j&erchloric acid + lead@) nitrate] solutions were used. H.&h conversions were 
achieved with large volumes of a 0.1 N solution of the in-going ion. A.&r equilibration, 
both for titration and ion-exchange iso’rherms, the pH values of the solutions were 
determined and their metal cation and phosphate contents were measured. Distri- 
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bution coe&%nts were determined by equibbrating 0.5 g of CeP, with 100 ml of 
IO-” N salt solution. Separation factors (~2) were obtained by equilibrating 0.5 g of 
CePf with hO0 ml of IO-’ or iOd3 h’s& solution at a~ initial pH of 1.5 or 3.0. During 
the equilibration, the composition of the solution was maintained ccnstant at the ini- 
tial value by adding a solution that was 0.1 N in the corresponding metal hydroxide 
and 0.1 AT (or iOe3 N) in its salt, by means of the Mettler automatic titrimeter oper- 
ating in the pH-stat mode. 

Analytic& procedwe 
The phosphate released into the solation 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 Ka radiation, using a General Electric diffractometer. 

RESULTS AND DISCUSSION 

Alkali metal ions 
Titration curves of fibrous cerium(IV) phosphate for Lit, Na+, K+ and Cs+ 

ions are shown in Fig. 1, whkh also indicates the amount of phosphate released into 
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Fig. 1. Titration ccrves of CePi with alkali metal ion hydroxides. The number of millinioks of phos- 
pIrate m&.ss into the solution by 1 g oiCePr, at different pH values is .&o reported (dashed cum@. 
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Fis_ 2. Comparison between experimental (full lines) and czhlated (dashed lines) uptake curves 
obtained from the titration cures of CePI with alkali metal ion hydroxides. The dotted lines refer 
to uptake K&ES 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- 

kaline medium, then in order to obL&in the uptake values from the titration curves 
they must be corrected for the milliequivalents of OH- consumed by the hydroQtic 
process. Calculated uptake curves can be obtained assuming that oue OH- ion is 
consumed for each phosphate group released into the solution and taking into ac- 
count the equilibrium pH as well as the titration curve of the phosphoric acid with 
0.1 N MOM solutions. 

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

From the shape of the uptake curves, the following conclusions can be drawn: 
(a) In contrast to the corresponding uptake curves for layered exchangers 

such as zirconium phosphate, where there are defmite plateaux indicating phase 
transitions3, the uptake curves for Gbrous 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 7; conversion, that is, 1.3 mequiv./g), 
the sequence of decreasing cation preference is that of the Iyotropic series _Csi >R* > 
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Fig. 3. Water content of CePI at vzrious stages of the titration with atkali 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 50% 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 Lii exchange, at conversions in the range 
O-3074 but decreases again at higher Lii conversion. The water content does not 

TABLE I 

FIRSTdVALUEINTHEX-RAYPOWDERPATTERNSOFI-IYDRATEDANDANH??DROUS 
SAMPLES OF CeP, EXCHANGED AT VARIOUS LOADINGS WITH ALKALI METAL IONS 

The d vaIues of the hydrogen form are also reported for comparison. 

Cation Convern*on d vahe (A) 
(mequiv_ M”.ig) 

Wet Dried over Dried at 

H’ 

Li’ 

Na+ 

KC 

1.3 
2.3 

1.2 
2.5 
3.9 
4.8 

1.3 
2.5 
3.0 

11.2 10.9 7.9 

12.6 Amorphous Amorphous 
12.8 Amorphous Amorphous 

11.9 - 9.7 
11.9 - 9.8 
11.9 - - 
11.9 - 10.1 

11.6 LO.1 9.9 
11.7 - - 
11.6 10.6 10.2 

csf 1.6 11.9 
2.4 

__lO.S 10.1 
10.6 .YL1, c--i _Y _ _-_ . - - 

.-/- - 
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Fig. 4. Reversibility of H+jNa+ ion exchng on CeP,. Forward titration: fdl line. Backward titra- 
tio3: dashed line. 

change appreciably during the exchange of Nat and K’ ions, and even decreases 
during Cs+ exchange. The lower tendency of large cations to hydrate and steric 
factors may be responsible for such behaviour. 

It is interesting that, from the measurements of the concentration potentials 

3.0 4.0 
mequiu. M?& 

Fig. 5. Uptake curves of alkaline e-a-& metal ions on CePr. Dotted lims refer to uptake values ob’hin- 
a ed in the presezice of zdried HCIO,. 
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(.4%,+ and_4lp,,) 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 
2530% of the counter ions were active for ionic trausport. It was further found that, 
whee 38% of Hi was replaced with Na+ ions, the transport number (a+) of the re- 
making protons was practically zero, indicating that the exchanger possesses about 
25-30x of sites that have more dissociable protons. 

Taking into account that (a) about 30% of cations are exchanged at low pH 
values, (b) iarge cations are preferred at conversions lower thau 25 o/0 and (c) the water 
content of Lit ions increases appreciably in the range O-30% of Li+ conversion, 
we sugest that the exchanger possesses about 25-30 O? of sites where the steric factors 
are considerably lower than at the remaining sites. The X-ray powder pattern of 
Ce(HPQ,),- 3&O exhibits only a few lines, the first being much more intense than the 
others. Its value (12.2 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 (‘Fable I). 

The reversibility of the ion exchange was tested for Na+ ions at conversions 
in the range O-50 %. Fig. 4 shows that the exchange is reversible, within experimental 
error. 

Titration curves of Ce(HPO& - 3Hz0 with alkaline earth metal ions are shown 
in Fig. 5. 

TABLE Ii 

FiRSTdVALUE IN THE X-RAY POWDER PATTERNS OF HYDRATED A&J ANHYDROUS 
SAMPLES OF CeP, EXCHANGED AT VARIOUS LOADINGS WTH DIVALENT CATIONS 
The water content of these samples, conditioned over saturated N&l solution, is also reported. 

Cation Conversion Water content d value (A) 
(meqcdv. Mzc/g) (mores HzO/formuin 

wei.Izt Wet Dried over Dried at 
P&O 180” 

Pb2+ 

1.3 
2.9 
3.6 
5.1 

1.7 
2.6 
3.6 
4.9 

3.5 
3.5 
3.7 
3.8 

3.3 
3.6 
3.7 
3.7 

3.1 
3.3 
3.5 
3.2 

- 

12.6 12.1 
12.8 12.1 
12.8 11.3 
12.6 11.3 

12.6 11.9 
13.0 11.6 
13.0 12.2 
13.0 12.4 

12.4 Z1.5 
12.4 11.3 
12.8 - 
130 - 

11.9 11.2 
11.8 11.3 
11.6 11.3 
11.9 11.4 

11.4 II.2 
11.9 11-s 

- 



Ionic fraction of iCin solution,XK+ 

Fig 6. N&/K+ ion-excknge isotherm on CeP,. Concentration, 0.1 N; temperature, 25”. 

In this case also the sequence of decreasing preference, at metal ion loadings 
less than 30x, is that of the lyotropic series Bd+ >SP >Ca2+ >Mg’+, while several 
inversions occur at higher metai ion loadmgs. The water content increases appreciably 
only for the _M$* exchange at conversions in the range O-30 %. X-ray powder patterns 
show only small modifications as the exchanging ion or the degree of exchmge is 
changed (Table II). Dehydration at 180” decreases the first d value to 9.7-9.8 A for 
all oZ the samples examined. It can be sect from Fi g. 4 that uptakes higher than 5.2 
mequiv./g are obtained at high pH values. By following a procedure sin&r to that 
already described for the exchan ge of alkaline earth metai ions on crystalline zir- 
conium phosphat@, it was found that apparent conversions higher than 100 0A were 
due to the hydrolysis of the phosphate groups and to the precipitation of insoluble 
alkaline earth metal ion phosphates. 

Fig 7. NafjCs+ ion+&ange is0t.h~~ on CePf. Concentration, 0.1 ni, ttim~rzture. 25”. 
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&PARATION FACKIR (a,“, OF SOME CATKBNS ON CePc AT DIFFERENT CONCEN- 
TRATiOK Ah- pH VALUES 

Cation Q:- 1tF 

C = IO-” N, C = IO-’ N, C=lO-‘N, 
pH = 3.0 pw = 3.0 ph’ = 13 

Li+ 

z& 
0.=&N* 
Kf 
Cs’ 
Tl’ 
Mg“’ 
&2i 

St+ 
Ba2+ 
PbZ’ 

24 
62 

110 
125 
130 
680 
- 
- 
690 
870 
950 
- 

0.6 
3.7 
4.2 
2.2 
5.5 
4.1 
7.8 
6.7 

15 
17 
12 

500 

- 
- 
- 
- 
27 
40 

150 
7.2 

14 
60 

140 
920 

NailIF and Na’lCs+ ion-e_xchange isotherms 
The 5&+/K+ ion+xchange isotherm is shown in Fig+ The K+ ion is pre- 

ferred to Na+ ion at low ISi 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 25-30% 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 Nay/K+. 

sepmation factors and disiributioi2 coe#?&irts 
A very high selectivity of CePr for certain cations, such as Pb”, Ag+, ai 

and K’, has already been established by ascending chromatography on cerium@V) 
phosphate papeP. In order to obtain more quantitative data, separation factors and 

TABLE Iv 

DISTRIBU-FION COEFFiCIENTS (&I OF SOME CATIONS ON CeP, 
Experimental conditions: 0.5 g of exchanger equilibr;rted with LOO ml of IO-3 N solution. 

Li* 11 
xi27 50 
CO2 ’ 1.0-H 
Naf l-2- 1oL 
Ag+~ 5.5-IO= 
cti** 1.3-W 
K’ 3.5.16 
Pbz’ >S.lo( 



TABLE V 

BATCH EXPERIEAENTS FOR Ca’*-Pbr* SEPARATION ON CeP, 

Conditioilsr 1 g of Ce(HPO&-3H20 equilibnted with sdutions zt initial pHO_95. 

Composition of initial Volume of Upfake [E-j fcaz+le,. 
sohtion (mequiv./ml) sokffion ~m.wuwg~ 
-___ 

(4 ___ 
~zq . -p&=l,,. 

[Pb+*y cci”,7 [F+] (zs] 

LO- 10-I 2.05- 10-l 20 2.6 g-10-= 6S 
1.o-1o-2 2.0.10-l 400 2.2 s-10-2 13- 1e 
l.o~lo-f 2.05.10-l 200 1.6 1.1. lo-’ IS-l@ 

Kd values on Gel?, 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 CazZf-Pb*+ separation at low pM values and different 
Pb*+-Ca*’ compositions (Table V) showed that Pb*+ is taken up selectively by fl- 
brous cerium(IV) phosphate even in the presence of high Cat+ concentrations. 

H+/HP ion-exchange isotherm 
Owing to the high selectivity of fibrous cerium(IV) phosphate towards IW*, 

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 he considered a weak exchanger, Pb*+ is preferred to Hi up to a Pbz* loading of 
about 70%. 

Redox reactions 
Owing to the presence of Ce(IV) in the exchanger, redox reactions may accom- 

pany the exchange of highly reducing ions. This behaviour, already found for Mn2+ 

D 
Ionic Fraction of Pb2+in so!ution,X&+ 

Fig. 8. H+/J?b*’ iozpexchnge isotherm on GzPc. Conazntration, 0.1 IV; temperature, 259 
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in amorphous cerium(IV) phosphate ‘9 has also been con.Ermed for the exchange of 
-B4n2+, FeZ+ and Cfl+ in CeP,. These redox reactions are irreversible in so fu as when 
Ce(%rr) is again oxidized to Ce(IV), the fibrous structure is lost and an amorphous 
ceriun$U, phosphate is obtained. 

F’ibrous cerium(W) phosphate is sufficiently stable in hydrochloric acid at 
concentrations less than 0.1 IV; for more concentrated acid, non-complex& and non- 
reducing acids such as percbloric 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(XV) phosphate for some 
particular uses. 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 titanhrm or zirconium. 

CONCLUSION 

Although a more correct interpretation of the ion-exchange mechanism of 
fibrous cerium(lV) phosphate will be possible only when its crystalline structure is 
Icrown, the rest&s 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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