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Amorphous insoluble acid salts of tetravalent metals 
have been known for a long time, but starting from 1956 
there has been increased interest in these compounds.l 
This revived interest is chiefly due to their good ion- 
exchange properties and their high resistance toward 
temperature and radiation, so that practical applica- 
tions in nuclear technology or in ion-exchange processes 
occurring at  high temperature were hoped for. Sys- 
tematic studies were therefore performed in several 
laboratories. Almost all the possible combinations of 
tetravalent metals and polybasic acids were examined 
and the ion-exchange properties of the obtained pre- 
cipitates investigated. Some of these materials ex- 
hibited the expected high stability toward radiation and 
t e m p e r a t ~ r e . ~ ~ ~  They are, however, not very stable 
toward hydrolysis of their acid groups, and therefore 
their composition is often not well 

Starting from 1964 several insoluble acid salts of 
tetravalent metals were obtained as crystalline com- 
pounds,6-8 and these materials were found to be con- 
siderably more stable than the amorphous  one^.^^^^^ 
Apart from their possible applications, the study of the 
insoluble acid salts of tetravalent metals is of interest 
in itself for the information that can be derived in 
several fields, such as the synthesis of new materials, 
the formation of crystalline precipitates, the sorption 
of ions by precipitates, electrical transport and self- or 
interdiffusion of counterions in crystals, structural 
chemistry, and phase transitions obtained by changing 
the counterions or the hydration water in the crystals, 
and so on. 

Many interesting properties of the insoluble acid salts 
of tetravalent metals depend on the crystalline structure 
of the material obtained rather than on the metal ion 
or polyvalent acid involved. It is therefore convenient 
to discuss these materials according to their crystalline 
structure. 
Amorphous Acid Salts of Tetravalent Metals 

These are usually obtained by direct mixing of a salt 
solution of a given tetravalent metal with an excess of 
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a polybasic acid. The protons of the acid groups of the 
insoluble acid salt can be replaced by other cations; 
therefore several acid salts possess an appreciable 
ion-exchange capacity. Furthermore, it was found that 
they have high selectivity for certain cations4‘12 and that 
this selectivity can be increased by thermal treat- 
ment.13-15 

The systematic researches, essentially performed in 
view of their practical applications as inorganic ion 
exchangers, led also to a better understanding of their 
formation and composition. For example, it was found 
that the precipitate obtained by mixing a Zr(1V) salt 
solution and phosphoric acid, commonly reported in the 
literature as zirconyl phosphate, is a polyhydrated 
zirconium (bis monohydrogen orthophosphate), Zr- 
(HP04)2-nH20.4 i7  The interested reader is referred to 
ref 1 ,2 ,  5,6, and 16 for particulars on the synthesis and 
properties of amorphous materials. 

Crystalline Acid Salts of Tetravalent Metals 
Acid Salts with Layered Structure. Some im- 

portant insoluble acid salts of tetravalent metals with 
a layered structure are shown in Table I (see ref 6, 8, 
17-26). Among them, the most investigated acid salt 
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Table I 
Insoluble Acid Salts of Tetravalent Metals with a Layered Structure 

Ion exchange 
capacity, Density, Interlayer 

Compound Formula mequiv/g g/cm3 distance, A Ref 

Titanium phosphate 
Zirconium phosphate 
Hafnium phosphate 
Germanium( IV) phosphate 
Tin(1V) phosphate 
Lead(1V) phosphate 
Titanium arsenate 
Zirconium arsenate 
Tin(1V) arsenate 

Ti(HPO,),.H,O 
Zr(HPO,),.H,O 
Hf(HPO,),,H,O 
Ge( HPO, ),. H, 0 
Sn( HPO,),.H,O 
Pb(HPO,),.H,O 
Ti(HAsO,),.H,O 
Zr( HAsO,),.H, 0 
Sn( HAsO,),.H,O 

is certainly the zirconium phosphate; therefore in this 
Account we shall consider in detail only this compound. 

Preparation of Zirconium Phosphate. Zirconium 
phosphate is readily obtained by mixing an excess of 
phosphoric acid with aqueous solution of a zirconyl salt. 
Precipitation is very fast and leads to amorphous 
materials; however, crystalline materials can be ob- 
tained by slowing down considerably the rate of their 
precipitation. A suitable method, employed by Alberti 
and TorraccaZ7 to reduce this rate, is the following: 
zirconium is first complexed by adding an appropriate 
amount of hydrofluoric acid to the zirconyl salts, then 
the zirconium fluoro complexes are slowly decomposed 
in the presence of phosphoric acid (e.g., by removing 
the H F  from the solution with a stream of nitrogen or 
water vapor). In such a manner, the rate of precipi- 
tation of the zirconium phosphate is controlled by the 
rate of removal of HF; if this rate is very slow, materials 
with a very high degree of crystallinity are obtained. 

Alternatively, crystalline zirconium phosphate can be 
obtained, according to the Clearfield method,' by re- 
fluxing the amorphous product in concentrated 
phosphoric acid. In this case the degree of crystallinity 
of the materials depends on the refluxing time and on 
the concentration of the phosphoric acid. The formula 
of the crystalline zirconium phosphate in the hydrogen 
form is Zr(HP04)2.H20. Its density is 2.72 g/cm3 and 
its ion-exchange capacity 6.64 mequivlg. 

Crystalline Structure of Zr(HP0&-H20. Before 
discussing the properties of the layered ion exchangers 
i t  is very useful to examine the crystal structure of 
zirconium phosphate, as worked out by Clearfield and 
Smitha6Js Each layer consists of zirconium atoms lying 
in a plane and bridged through phosphate groups lo- 
cated alternatively above and below this plane (Figure 
1). Three oxygen atoms of each tetrahedral phosphate 
group are bonded to three zirconium atoms in the plane, 
so that an octahedral coordination of oxygen atoms 
around each zirconium atom is obtained.6Js The fourth 
oxygen atom of the phosphate group bears the fixed 
negative charge, neutralized by H+ counterions. Each 
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Figure 1. Idealized structure of two adjacent layers of zirconium 
phosphate in Zr(HP04)2.1-120. (Interlayer distance 7.6 A; protons 
and water are not shown in figure.) 

layer can thus be considered as a polyvalent ma- 
croanion, Zr,(P04)z,2n-. The crystal structure of zir- 
conium phosphate is built up by packing together these 
layers. The forces holding the layers are long hydrogen 
bonds and van der Waals forces. When the protons are 
replaced by other counterions, the forces are essentially 
ionic bonds between the negative fixed charges of two 
adjacent layers and the counterions placed between 
them. 

Steric Hindrance to the Diffusion of Counter- 
ions. In ZI+(HPO~)~OH~O each phosphorus atom in the 
lower layer lies along a perpendicular line drawn from 
the zirconium atom of the upper layer. This packing 
of the layers creates zeolitic-type cavities that are in- 
terconnected by openings6,28 whose maximum size is 
2.64 A. Hence, counterions having a diameter greater 
than the latter value sould not be taken up by Zr(H- 
P0J2.Hz0, because of steric hindrance. However, if 
sufficient energy for the exchange is supplied, i.e., by 
increasing the pH value of the external solution, the 
layers can spread apart and large cations such as Rb+ 
or Cs+ can enter inside the crystals.29 

Taking into account the fact that several cations give 
insoluble hydroxides in alkaline medium, crystalline 
Zr(HP04)2.Hz0 can be employed only for a limited 
number of cations such as alkali metal ions, Ca2+ and 
Sr2+. For this reason crystalline zirconium phosphate 
was regarded, until recently, as a poor exchanger, and 
although it is more stable than the amorphous product, 
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Figure 2. Interlayer distance against the diameter (or average diameter) of the counterions for some mono-, tri-, penta-, and hexahydrated 
ionic forms of zirconium phosphate. 

the latter is preferred for practical applications. 
New possibilities for crystalline zirconium phosphate 

have been recently opened up by using ionic forms with 
large interlayer In fact, in contrast to 
zeolites, the windows connecting the cavities can be 
enlarged by replacing the protons with other coun- 
terions. Thus, by replacing one proton by Na+, the 
monosodium form is obtained: 
Zr(HPO,),.H,O + Na’ t OH- + 3H,O-+ 

Concomitantly the interlayer distance increases from 
7.6 to 11.8 A. If Na+ is replaced by H+ (under suitable 
conditions), the monohydrated dihydrogen forms is no 
longer formed, but a polyhydrated form, having 5-7 
water molecules, is ~ b t a i n e d . ~ ~ ~ ~ ~  The interlayer dis- 
tance in this polyhydrated form is 10.4 A. 

It is evident from Figure 1 that by enlarging the 
interlayer distance the windows interconnecting zeolitic 
cavities are also enlarged. Steric impediments thus 
become progressively smaller, and the concept of zeolitic 
cavities for materials having large interlayer distance 
is lost. Indeed, we have found that the protons of the 
polyhydrated dihydrogen zirconium phosphate, or the 
Na+ ion of the monosodium form, can be easily replaced 
by large monovalent cations or hydrated polyvalent 
cations.33 This makes it possible to obtain a large 

ZrHPO,. NaPO,. 5H, 0 
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number of different ionic forms. To date about 120 
different ionic forms of zirconium phosphate have been 
prepared and their water content and interlayer dis- 
tance determined. Interlayer distances of several ionic 
forms have already been reported in ref 8. 

Interlayer Distance of Zirconium Phosphate as 
a Function of Counterion Size and Water Content. 
Since the reticular positions of the water and coun- 
terions are not yet known, it is of interest to obtain 
some preliminary information by studying the variation 
of the interlayer distance with counterion size and water 
content. As a rule, the interlayer distance increases with 
the water content and size of the counterion. 

Figure 2 shows the interlayer distances against the 
diameter of the counterions for some hydrated salt 
forms. For the monohydrated forms, a straight line, 
with a slope of 0.80 and an intercept at 6.80 A, has been 
obtained. It was also found that the interlayer distance 
of salt forms containing two different counterions M 
and M’ approximately fit the same straight line if an 
average diameter (M + M’)/2 is used (for the HM.HzO 
salt forms the diameter of the proton is assumed to be 
negligible relative to that of M). It can be also observed 
that for K+ or larger counterions the interlayer distance 
is not appreciably decreased when the water molecule 
is lost. This fact suggests that the water molecule lies 
near the center of the cavity while each of the two 
counterions is placed between two fixed charges of two 
adjacent layers. The slight decrease in the interlayer 
distance obtained when the water molecule is lost by 
salt forms containing counterions smaller than K+ can 
be explained by assuming that the small counterions 
can slightly shift toward the center of the cavity as the 
water molecule is removed. It is interesting to note that 
a straight line is obtained also for the trihydrated forms. 
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Scheme I 

- t L i +  __ + 0 . 5 L i +  __ +0.5Li+ ___ 
HH.H,O - HLi.4H20 - Ho~,Lil., .4H,0 - LiLi.4H20 
(7.6 A )  (10.1 A )  (10.1 A )  (10.0 A )  
- +Na+ __ +Na+ ___ 
HH.H,O - "a. 5H,O -+ NaNa.3H2O 

- + K * -  +K+ - 
HH.H,O ---+ HK.H20 ---+ KK.3H20 

- 0.5Rb' - Rb' __. 0.5Rb' __ 
HH.H,O - Hl,,Rbo,,  .0.5H20 ---+ Ho.,Rb,.,.2H,0 - RbRb.H,O 
(7.6 A )  (7.6 A )  (10.6 A )  (9.2 A )  

(7.6 A )  (11.8 A )  (9.9 A )  

(7.6 A )  (8.0 A )  (10.8 A )  

- cs+ __ 0.5Cs' __ +0.5CS+ __ 
HH.H20 --+ HCs.2H20 - H 0 ~ , C ~ , ~ , * 3 H , O  - CsCs.6H20 
(7.6 A )  (11.3 A )  (11.7 A )  (14.2 A )  

Furthermore, the difference between the interlayer 
distance of trihydrated and monohydrated forms is 
about 2.6 A. Since this value is very near to the di- 
ameter of the water molecule, we think that in the 
trihydrated forms two water molecules (one for each 
counterion) lie along lines crossing the counterions and 
almost perpendicular to the layers while the third 
molecule is placed near the center of the cavity and does 
not contribute to the interlayer distance. 

It can also be noted that the interlayer distance again 
increases by about 2.6 A from trihydrated to penta- 
hydrated forms. It is therefore very likely that for every 
two additional water molecules (one for each coun- 
terion) one monolayer of water is intercalated between 
the sheets. Thus, for an odd number of water mole- 
cules, the interlayer distance can be calculated from the 
simple formula: 
interlayer distance (A  ) = 

n H 2 0  - l) 
6.80 + [y + (' )'2.6] 0.80 

The addition of one molecule of water to an odd- 
hydrated form does not appreciably increase the in- 
terlayer distance. Thus, we suggest that this water 
molecule is added around the cavity, and it influences 
the interlayer distance insofar as it increases the per- 
pendicularity to the layers of the remaining water 
molecules. Thus, for an even number of water mole- 
cules, the interlayer distance can be calculated by 
subtracting 2 from nHzO and by increasing the value of 
the coefficient from 0.80 to 0.84. 

Ion-Exchange Mechanism of Zirconium Phos- 
phate. The knowledge of the structure of zirconium 
phosphate, the dependence of its interlayer distance on 
the size of the counterions involved and on the water 
content, as well as the shape of the ion exchange iso- 
therm or the shape of the titration curves and the 
possibility of following, by x-ray diffraction, the phase 
transition from a stable interlayer distance to another 
during an ion-exchange process now make it possible 
to draw some general conclusions on the ion-exchange 
mechanism of the layered exchangers. 

Let us first consider the phase transition during the 
exchange. X-ray analyses show that in many processes 
the change of the interlayer distance is discontinuous. 
A first important consequence of the phase transition 
is that  two coexisting solid phases are present during 
each ion-exchange step; therefore the degree of freedom 
of the system (at constant temperature and pressure) 
is zero, and the ion exchange must occur a t  constant 

Percent of conversion 
25 50 7 5  100 

3014 , , , 
1.0 20 3.0 4.0 5.0 6.0 7.0 

uptake  rneq. M f g  Zr(HPO,), H,O 

Figure 3. Uptake curves obtained by titrating Zr(HPO&H,O 
with alkali metal ion hydroxides in the presence of added 0.1 M 
salt. Conditions: 1 g of Zr(HP04),.H20 in 200 mL of 0.1 N (MC1 
+ MOH) solution at  25 A 1 "C. 

composition of the solution. Vertical portions in the 
ion-exchange isotherm (or plateau in the uptake curves) 
have indeed been found in many p r o c e s ~ e s . ~ - ~ , ~ ~ - * ~  In 
Figure 3 are shown the uptake curves obtained with 
alkali metal ion hydroxides. The ion-exchange steps 
and the relative interlayer distances of the phases are 
given by Scheme I. I t  would take too long to discuss 
even briefly the numerous ion-exchange processes with 
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Figure 4. Catalytic effect of Na+ on the Mg2+ exchange on Zr(HP04)2.H20 according to the model of different coexisting solid phases 
in a single crystal of zirconium phosphate (schematic). 

phase transition examined to date. As an example, we 
choose the single process 
ZrHP04.LiP0,*4H,0 + Na' + H,O -f 

(10.1 A )  
ZrHP04.NaP04*5H,0 + Li' 

(11.8 A )  

Since the process is discontinuous, when Li+ is partially 
replaced by Na+, X-ray patterns show the presence of 
both 10.1 and 11.8 A interlayer distances.30 With in- 
creasing Na+ conversion, the intensity of the 10.1-A 
peak decreases while that of the 11.8-A peak increases. 
The problem that now arises is: when we have two 
coexisting phases with differing interlayer distances, are 
they present in different crystallites or in a single 
crystal? Since in a single layer of zirconium phosphate 
each zirconium atom is covalently bonded to six oxygens 
of six different phosphate groups, it is unlikely that the 
structure of the layer is broken during a phase tran- 
sition; thus, in our opinion, the layers are not broken, 
but only bent in order to join together the parts of the 
crystal with a different interlayer distance. 

Preliminary attempts to see directly the two coex- 
isting phases in a single crystal under an optical mi- 
croscope have been unsuccessful owing to the small size 
of the crystals. However, this coexistence is already 
known to occur in some natural large crystals with 
layered structure, such as ~ e r m i c u l i t e ; ~ ~  furthermore, 
dehydration studies of partially converted phases seem 
to indicate the presence of two phases in a single 
particle.42 The model of different coexisting interlayer 
distances in a single crystal leads to some interesting 
implications, and it can be used to explain, in a simple 
manner, various ion-exchange processes occurring in a 
layered exchanger. Taking into account that in an 

(41) G. F. Walker, Nature (London), 177, 240 (1956). 
(42) A. Clearfield and S. P. Pack, J. Inorg. Nucl. Chem., 37,1283 (1975). 

ion-exchange process the replacement of the counter- 
ions starts in the external part of the crystal in contact 
with the equilibrating external solution, it may be 
expected that the new phase also starts to be formed 
in the external part of the crystal and that the phase 
boundary always moves from the external toward the 
central part of the crystal. Thus, the reciprocal position 
of the two coexisting phases in the forward and reverse 
processes should be inverted. As a consequence, taking 
into account that the ion exchange occurs at the phase 
boundary and that the counterions involved must cross 
the external part of the crystal, it is expected that the 
rate of the ion exchange depends on whether the in- 
terlayer distance of the external part is larger or smaller 
than the internal one. 

Let us show how the model of coexisting interlayer 
distance in a single crystal can explain in a simple 
manner the ion-exchange catalytic effect of the sodium 
ion on the exchange of large cations by Zr(HP04)2.H20. 
It was already mentioned that large cations cannot be 
taken up by crystalline zirconium phosphate because 
of steric hindrance. However we have found that large 
cations can be easily taken up by Zr(HP04)2.H20 if a 
small amount of a sodium salt is added to the external 
s ~ l u t i o n . ~ ~ ~ ~  The Na+ ion behaves as a catalyst insofar 
as it is again found in the solution a t  the end of the 
ion-exchange process. As an example, direct Mg2+/H+ 
exchange on Zr(HP04)2.H20 is not possible, even at  the 
pH of the saturated Mg(OH), solution, since hydrated 
Mg2+ is a very large species and its dehydration requires 
high energy. However, if Na+ is added to the solution, 
the Mg2+ is easily taken up at  about pH 4. Chemical 
analyses of the samples during the process showed that 

(43) G. Alberti, U. Costantino, and J. P. Gupta, J. Inorg. Nucl. Chem., 

(44) G. Alberti, R. Bertrami, and U. Costantino, J. Inorg. Nucl. Chem., 
36, 2109 (1974). 

38, 1729 (1976). 
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Table I1 
Interlayer Dis t ance  of Some Organic  Derivat ives  of 

Zi rcon ium Phosuhate 
In te rca l a t ed  In t e r l aye r  

suecies  dis tance.  A Ref  

E t h a n o l  1 4 . 2  41  
1 - B u t a n o l  1 8 . 7  41 
E t h y l a m i n e  1 4 . 2  47 

Benzy lamine  19.2 4 7  

n -Bu ty lamine  19.0 46-48 
n-Decy lamine  32 .1  4 6 , 4 7  

Pyr id ine  10.9 46 

Na+ was inside the exchanger and X-ray patterns 
showed the coexistence of three interlayer distances, 7.6, 
9.9, and 11.8 A, respectively.@ At the end of the process 
the X-ray showed only the 9.9-A interlayer distance, 
and all the added Na+ was again found in the solution. 

In Figure 4 is reported a schematic explanation of the 
Na+ effect. Na+ first replaces H+ ion, giving the phase 
“a.5H20 (11.8 A). Owing to the large interlayer 
distance of this phase, Mg2+ can enter inside the crystal 
structure, giving the phase Ho.6Mgo,76.4H20 (9.9 A). 
The replaced Na+ moves toward the center of the 
- crystal replacing H+ in the ”.H20 and giving new 
- HNa.5H20 phase and so on. When all the initial 
HH.H20 has been consumed the Na+ replaced by Mg2+ 
again goes into solution. 

Exchange of Organic Cations and Intercalation 
of Polar Organic Molecules. It is well known that 
polar organic molecules (such as alcohols, glycols, 
amines) can be intercalated within the layered structure 
of clay minerals, and at  present a very large literature 
in the field of clay organic reactions exists.45 In 1965 
Michel and Weiss were able to intercalate aliphatic 
amines into crystalline insoluble acid salts of tetravalent 
metals46 whose stable layered structure is a very at- 
tractive one as a model to study the interlayer or- 
ganization of the adsorbed species. Generally bilayers 
of intercalated organic molecules are obtained, and the 
interlayer distances of some organic derivatives of 
zirconium phosphate are listed in Table 11. Investi- 
gations on the exchange of positively charged organic 
species such as tetraalkylammonium, pyridinium, and 
the cationic forms of amino acids with the monosodium 
forms of zirconium phosphate as well as titration curves 
of the dihydrogen form of zirconium phosphate with 
organic bases have also been p e r f ~ r m e d . ~ ~ ~ ~ ~  

Other Layered Insoluble Acid Salts. Particulars 
on the synthesis and properties of layered acid salts 
other than zirconium phosphate can be found in the 
references of Table I. 

Many properties of these compounds are similar to 
those already discussed for zirconium phosphate. 
However, an accurate study of the relative changes of 
their properties as a function of the tetravalent metal 
and polybasic acid involved could be very interesting. 
A preliminary discussion of this aspect has been re- 
ported in ref 8. A recent investigation on layered ti- 
tanium phosphate showed that its ion-exchange 
properties strongly depend on the preparation me- 

(45) B. K. G. Theng, “The Chemistry of Clay-Organic Reactions”, 

(46) E. Michel and A. Weiss, 2. Naturforsch. ,  B,  20, 1307 (1965). 
(47) U. Costantino, to be published. 
(48) S. Yamanaka, Y. Horibe, and M. Tanaka, J .  Inorg. Nucl. Chem., 

- 

Adam-Hilger, London, 1974. 

38, 323 (1976). 

t h ~ d . ~ ~  For example, short- and long-refluxed samples 
of titanium phosphate, although showing very similar 
X-ray diffraction patterns, after titration with NaOH 
give two completely different monosodium forms. This 
phenomenon could be of a general nature for layered 
insoluble acid salts and deserve further attention. 

Fibrous Insoluble Acid Salts of 
Tetravalent Metals 

The study of the cerium(1V)-phosphoric acid system 
is very complex since several crystalline precipitates can 
be ~ b t a i n e d . ~ ~ ~ ~ ~  Of these, particularly interesting is 
a fibrous precipitate with formula Ce(HP04)2.3H20. 

By investigating the Th(1V)-phosphoric acid system, 
a fibrous thorium phosphate with properties very 
similar to cerium(1V) phosphate has also been ob- 
tained,52 and it is very likely that other fibrous ex- 
changers may be obtained in the near future. Fibrous 
insoluble acid salts are very interesting because they can 
be used to prepare inorganic ion-exchange papers, which 
have been already employed as chromatographic or 
electrophoretic supports.53 Fibrous acid salts have also 
been utilized to prepare inorganic ion-exchange 
membranes without binder. The properties of these 
membranes have been reported in ref 54. Data have 
been collected on the ion-exchange properties of fibrous 
insoluble acid salts toward alkali, alkaline Parth ions, 
Pb2+, and some transition-metal ions.55 Very high 
selectivities for certain cations have been found. No 
discontinuous phase transition seems to occur. Un- 
fortunately, the crystalline structure of the fibrous acid 
salts is yet unknown, and it is therefore difficult to give 
a reasonable interpretation of their ion-exchange 
mechanism. 

Crystalline Insoluble Acid Salts of 
Unknown Structure 

Under appropriate experimental conditions several 
insoluble acid salts of unknown structure can be ob- 
tained. Some of these compounds are listed in Table 
I11 (see ref 56-65). The reader is referred to original 

(49) G. Alberti, U. Costantino, and M. L. Luciani, to be published. 
(50) G. Alberti, U. Costantino, F. Di Gregorio, P. Galli, and E. Torracca, 

(51) R. G. Herman and A. Clearfield, J .  Inorg. Nucl. Chem., 37,1697 

(52) G. Alberti and U. Costantino, J.  Chromatogr., 50, 482 (1970). 
(53) G. Alberti, M. A. Massucci, and E. Torracca, J .  Chromatogr., 30, 

579 (1967). 
(54) G. Alberti, in “Study week on Biological and Artificial Membranes 

and Desalination of water”, R. Passino, Ed., Pontificia Academia 
Scientiarum, Citt l  del Vaticano, 1976, p 629. 

(55) G. Alberti, M. Casciola, U. Costantino, and M. L. Luciani, J .  
Chromatogr., 128, 289 (1976). 

(56) E. Kobayashi, Bull. Chem. SOC. Jpn . ,  48, 3114 (1975). 
(57) S. Allulli, C. Ferragina, A. La Ginestra, M. A. Massucci, and N. 

Tomassini, J .  Inorg. Nucl. Chem., 39, 1043 (1977). 
(58) G. Alberti, U. Costantino, and M. L. Luciani, to be published. 
(59) A. Clearfield, A. L. Landis, A. S. Medina, and J. M. Troup, J. Inorg. 

Nucl. Chem., 35, 1099 (1973). 
(60) A. Clearfield, R. H. Blessing, and J. A. Stynes, J.  Inorg. Nucl. Chem., 

30, 2249 (1968). 
(61) E. Torracca, G. Alberti, R. Platania, P. Scala, and P. Galli, “Ion 

Exchange in the Process Industries”, Society of Chemical Industry, London, 
1970, p 315. 

(62) G. Alberti, U. Costantino, and L. Zsinka, J .  Inorg. Nucl. Chem., 
34, 354 (1972). 

(63) G. Alberti, U. Costantino, F. Di Gregorio, and E. Torracca, J .  Inorg. 
Nucl. Chem., 31, 3195 (1969). 

(64) G. Alberti and M. A. Massucci, J .  Inorg. Nucl. Chem., 32, 1719 
(1970). 

(65) S. K. Sarpal, private communication. 

J.  Inorg. Nucl. Chem., 30, 295 (1968). 

(1976). 
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Table I11 
Some Insoluble Acid Salts of Tetravalent Metals Having a yet Unknown Structure 

Theoretical First x-ray 
ion-exchange diffraction 

Formula capacitv, mequiv of H+/g maximum, A References 

a Needle shaped. 

8.04 
7.25 
7.06 
7.06 
6.27 

5.61 

4.36 
3.75 
3.63 

13.1 

references for particulars on their preparation and 
properties. The crystalline structures being unknown, 
a t  present it is not possible to give a comprehensive 
account of their properties; however, some of these 
compounds exhibit interesting ion-exchange charac- 
teristics for practical application (see later), and 
therefore investigations on their crystalline structure 
are highly desirable. 
Applications 

Insoluble acid salts can find practical application in 
many fields. An important application is their use as 
ion-exchange materials. In fact, compared to organic 
ion-exchange resins they present the advantage of a 
better resistance to temperature, to radiation, and to 
oxidizing solutions; compared to zeolites they present 
the advantage of higher resistance toward acid media. 
Ion exchange in molten and applications in 
nuclear technology1r2 are therefore possible. The dis- 
covery that large cations can be taken up by ionic forms 
with large interlayer distance has opened new devel- 
opments. The selectivity of zirconium phosphate for 
polyvalent cations is very high, and analytical sepa- 
ration or concentration of these cations can be per- 
formed.6 In our opinion practical application of 
ZrHPO4NaPO4-5H20 in water-softening could be also 
possible. Amorphous zirconium phosphate has been 
utilized in kidney machines for the removal of am- 
monium ions from blood.70 Polyhydrated zirconium 
phosphate is a promising compound for removal of both 
the ammonium ion and ammonia from blood or waste 
solutions.71 Owing to the discontinuous phase tran- 
sition during exchange, insoluble acid salts can be also 
employed as solid pH buffers, while their salt forms 
could be used to maintain constant the ionic fraction 
of a pair of cations, such as Na+-K+, in solution.8 

The surface properties of microcrystals of insoluble 
acid salts of tetravalent metals are also very important 
from both a fundamental and a practical point of view. 
It has been mentioned before that large species cannot 
diffuse, or diffuse very slowly, within the layered 
structure especially if it is narrow; as a consequence, in 

(66) G. Alberti, A. Conte, and S. Allulli, J.  Chromatogr., 18,564 (1965). 
(67) G. Alberti, S. Allulli, and A. Conte, J.  Chromatogr., 24 148 (1966). 
(68) G. Alberti and S. Allulli, J.  Chromatogr., 32, 379 (1968). 
(69) G. Alberti, S. Allulli, and G. Cardini, J.  Chromatogr., 45,298 (1969). 
(70) M. Gordon, M. Popvtzer, M. Greenbaum, M. McArthur, J. R. De 

Palma, and M. H. Maxwell, Proc. Eur. Dialysis Transplant  Assoc., 5,86 
(1968). 

(71) G. Alberti, R. Bertami, U. Costantino, and J. P. Gupta, J.  Inorg. 
Nucl. Chem., 39, 1057 (1977). 

9.2 
11.6 

5.6 
9.4 

12.2 

15.9 

10.1 

56 
57-58 
59 
60 
60 
61  
62 
51  
63  

7.05 64 
8.21 65 

many cases the ion exchange and the gas adsorption 
take place mainly on the surface. The number of 
surface fixed charges per gram of Zr(HP04)2.H20 can 
thus be easily determined by replacing the surface 
protons with a large cation72 such as Cs+. This value 
depends on the particle size, which, in turn, depends 
on the preparation method of Zr(HP04)2.H20. In the 
direct precipitation method the surface fixed charges 
are usually 0.07-0.1% of the total ones; however, the 
electrical conductance and the electrochemical prop- 
erties of membranes consisting of Zr(HP04)2.H20 
mainly depend on the surface counter ion^.^^ Fur- 
thermore, it is likely that the catalytic activity of layered 
insoluble acid salts essentially depend on the properties 
and extension of the surface. To date, only a few 
applications of the catalytic activity of layered ex- 
changers are known. Kalman et al. have successfully 
employed the copper form of the zirconium phosphate 
for the oxidation of CO to C02 and potential em- 
ployment in abatement in automobile pollution exists.73 
Recently zirconium phosphate has been loaded with 
several transition metal ions, and these materials are 
promising as  catalyst^.^^^^^ La Ginestra, by partially 
reducing the copper form with hydrogen, has obtained 
a copper-hydrogen form containing dispersed Cu at- 
o m ~ . ~ ~  Interesting applications of dispersed metal 
atoms in zirconium phosphate lattice may be expected. 

Zirconium phosphate has been also employed as a 
support for gas-solid ~hromatography.7~~~~~ Interesting 
separations have been obtained by Allulli et al. with the 
K form of zirconium phosphate.78 

Inorganic membranes consisting of insoluble acid 
salts are interesting from both a fundamental and a 
practical point of  vie^.^^#^^ They present a unique 
possibility of relating their electrochemical and osmotic 
properties to the known reticular arrangement of the 
fixed charges and counterions or to steric factors. On 

(72) G. Alberti, M. Casciola, U. Costantino, and G. Levi, J.  Inorg. Nucl. 
Chem.,  in press. 

(73) T. Kalman, M. Dudukovic, and A. Clearfield, Adu.  Chem.  Ser., 
No. 133, 654 (1974). 

(74) S. Allulli, C. Ferragina, A. La Ginestra, M. A. Massucci, N. To- 
massini, and A. G. Tomlinson, J.  Chem. Soc., Dalton Trans., 2115 (1976). 

(75) S. Allulli, C. Ferragina, A. La Ginestra, M. A. Massucci, N. To- 
massini, J.  Chem.  SOC. Dal ton  Trans. ,  1819 (1977). 

(76) A. La Ginestra, private communication. 
(77) A. Dyer, D. Leigh, and W. E. Sharples, J .  Chromatogr., 118,319 

(78) S. Allulli, N. Tomassini, G. Bertoni, and F. Bruner, Anal .  Chem.,  

(79) G. Alberti, Chromatogr.  Reu., 8, 246 (1969). 

(1976). 

48, 1259 (1976). 
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the other hand, owing to their stability, these mem- 
branes could find applications in particular processes 
in which organic membranes cannot be employed be- 
cause of their higher degradability. Particularly 
promising could be their employment in fuel cells a t  
high temperatures or in the concentration of wastes 
containing fission products. 

Some acid salts with as yet unknown crystalline 
structures possess interesting ion-sieve properties; e.g., 
thorium arsenate behaves as a very narrow ion sieve and 
only H-Li exchange is therefore possible. This in- 
teresting property has already been employed for the 
separation of Li+ from other cations.64 

The very high selectivity of fibrous cerium phosphate 
for Pb2+ and certain other divalent cations is also very 
promising for practical  application^.^^ Finally, im- 
pregnated papers or thin layers of insoluble acid salts 
have been successfully employed for several chroma- 
tographic separations of inorganic cationso9~11~53~s0 

(80) G. Alberti, A. Conte, and E. Torracca, Atti Accad. Naz. Lincei, 
C1. Sci. Fis., Mat. Nat., Rend. ,  35, 548 (1963). 

Future Developments 
In recent years much progress in both fundamental 

and practical aspects of layered exchangers has been 
made; however, further investigations, especially on the 
reticular position of counterions and solvent, on the 
variation of the selectivity with interlayer distance are 
still needed in order to understand in detail their 
ion-exchange mechanism and to make some predictions 
about their ion-exchange properties. 

Concerning fibrous as well as needle shaped acid salts 
the preparation of crystals large enough for structural 
determination is the first important step for future 
progress. 

An understanding of the reasons for which a given 
crystalline structure is formed is of utmost importance, 
and studies in this field will be also very useful for the 
synthesis of new inorganic ion-exchange materials. 

Finally, studies on the surface properties, on the 
catalytic activity, and on the diffusion and electrical 
transport of counterions could lead to some important 
new practical applications of these materials. 
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Much attention has recently been given to the 
phenomena of photochromism and electrochromism 
since their proposed appl i~at ionl-~ in information 
display devices. The phenomena basically consist of the 
ability of certain materials to change their light ab- 
sorbing properties when optically excited (photo- 
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chromism) or while under the influence of an externally 
applied electric field (electrochromism). The induced 
coloration remains even after the excitation source has 
been removed. Technological interests result because 
the material returns to its original state upon either 
irradiation with light of the frequency corresponding 
to  the induced absorption or by reversing the polarity 
of the externally applied electric field. Thus, the 
material behaves in a reversible manner, and it can be 
cycled at will. These phenomena, as first demonstrated 
by Poh14 with alkali halides, led to the present day 
concepts of color centers.j Current concepts of 

(1) 3. F. Drever. US. Patent 3 196743, filed Sept 28, 1961, patented 
July 27, 1965. 

(2) S. K. Deb, Appl. Opt. Suppl., 3,192 (1969); S. K. Deb, Proceedings 
of the 24th Electronic Computer Conference, Washington, D.C., May 13-15, 
1974. n 11. 
~ (3j'C. J. Schoot, J. J. Ponjee, H. T. van Dam, R. A. van Doom, and 
P. T. Bolwijn, Appl .  Phys. Lett., 23, 64 (1973). 

(4) R. W. Pohl, Naturwissenschaften, 20,932 (1932); H. W. Pohl, PPOC. 
Phys. Soc., 48, 3 (1937). 

~ (3j'C. J. Schoot, J. J. Ponjee, H. T. van Dam, R. A. van Doom, and 
P. T. Bolwijn, Appl .  Phys. Lett., 23, 64 (1973). 

!); H. W. Pohl, PPOC. 
Phys. Soc., 48, 3 (1%/). 
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