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Heats of immersion of amorphous and crystalline zirconium phosphates in water were deter­
mined, and heat of H + jCu2 + exchange on amorphous zirconium phosphate at 298·15 K was 
obtained by direct calorimetric measurement. 

The properties of amorphous and crystalline zirconium phosphates (ZrP) have 
been described by a number of authors1 - 3. The selectivity of zirconium phosphates 
for cation adsorption depends on the structure of these materials1 •2 ,4.S. For amor­
phous ZrP at pH = 2 Palmer and Fuerstenau6 found the sorption selectivity to be 
higher for Cu2 + than for cations with +3 charge (Fe, AI). Alberti and Conte7 

established the following affinity sequence for sorption of cations with +2 charge 
on amorphous ZrP: Mg < Ca < Sr < Ba < Zn < Cu. Structural changes of crystal­
line IX-ZrP in ion exchange reactions with Cu2+ have been studied by Clearfield and 
KalninsB, who found the cations Mn2 +, Co2 +, Ni2 +, and Cu2 + to exchange irrever­
sibly9 on IX-ZrP. For amorphous ZrP the exchange of Cu2+ is reversible, the ad­
sorption isotherm being S-shaped1o, particularly at 298·15 K. 

Enthalpy changes for ion exchange reactions on various types of ZrP have so far 
been obtained mostly in an indirect way, from equilibrium constants determined 
by sorption measurements at various temperatures under static conditions2 •11 ,12. 

So obtained enthalpy changes are endothermic for exchange reactions involving 
alkali metals and alkali earth metals, and exothermic for UO~ +, Ce3 + and Eu 3+ 

(reU). 
In this work we have attempted to determine heats of ion exchange on amorphous 

ZrP by direct calorimetric method, and to compare the results with those derived 
from adsorption isotherms. We also studied the effect of the interaction between 
sorbent and the solution in which the exchange process was occurring. 

The study was performed for H+ /Cu2+ exchange on amorphous ZrP. The choice 
of this system was motivated by literature data10 indicating a surprisingly large 
endothermic effect of 24- 35 kJ per mol of sorbed Cu2 + accompanying the exchange, 
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as contrasted with heats of exchange for other cations of + 2 charge which do not 
exceed 10 kJ/mol. 

EXPERIMENTAL 

Amorphous zirconium phosphate with P: Zr = 1·86 and an exchange capacity of 1·8 mmol 
NHt per gram of sorbent at pH = 3·4 was prepared by precipitating zirconium oxide dichloride 
with phosphoric acid in the appropriate mass ratio l3 . Crystalline cx-ZrP was prepared as described 
by Clearfield and Smith14. The crystallinity was checked by X-ray diffraction of powdered 
samples, and was found to be the same as that of samples 3 and 4 described by Nancollas and 
Pekarekl5 or samples prepared by Clearfield and Stynesl6 . Samples equilibrated in air were 
kept either in a thermostatted room at 298·15 K in the case of measurements on Cal vet calori­
meter, or in non-thermostatted environment in the case of measurements on LKB calorimeter. 
An environment of 52% relative humidity was achieved in the vapour phase above a saturated 
solution of Mg(N03h.6 H 20 at 298·15 K. All measurements on the system CuCI 2-HCI were 
carried out at a constant ionic strength of 0·1. The heats were measured on an LKB 8700-1 calori­
meter (Sweden) using 100 ml reaction cells with a high rate of stirring of the system, and on a Cal­
vet heat-flow microcalorimeter (Setaram, France) using c. 10 ml reaction cells where only occasio­
nal and very limited stirring could be applied. Both calorimeters were calibrated by means of the 
heat of ionization oftris(hydroxy-methyl)-arnino-rnethane (NBS 724a standard reference material) 
in O·IM-HCI (ref.17). All solutions were prepared using water redistilled from a quartz appara­
tus1S . Copper was determined by complexation titration with disodiurn salt of ethylenediamine­
diacetic acid in the presence of urotropine and glycinethymol blue l9 . 

RESULTS AND DISCUSSION 

Based on sorption isotherms measured over a temperature range from 298·15 to 
348·15 K, the H+ leu2+ exchange on amorphous zirconium phosphate was conclu­
ded 1 0 to be an endothermic process. However, trial calorimetric measurements 
on the same system have clearly demonstrated that the net heat effect is exothermic. 
This contradiction may be a consequence of the ion exchange reaction proper being 
accompanied by a markedly exothermic reaction occurring when the sorbent comes 
into contact with the sorption medium. To verify this supposition, we measured 
heats of immersion of zirconium phosphates in the media in which the exchange 
process was studied. In doing this, we used samples with differently developed crystal­
line structures and with various degrees of dehydration. Results of measurements 
of heats of immersion in water using a Calvet microcalorimeter are presented in Ta­
ble 1. 

It can be seen from the table that immersion heats for amorphous zirconium 
phosphates are substantially more sensitive to moisture content than those for crystal­
line ZrP. This is apparently due to the difference in structure: while crystalline 
ex-ZrP is a well-defined compound l4 of the composition Zr(HP04)2.H20, amorphous 
sorbents, particularly those with P : Zr < 2, whose structure has not yet been defini­
tely identified 1, contain various kinds of hydroxide functional groups which may 
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markedly affect the strength of the bond of water to the sorbent. The uncertainty 
in immersion heats of amorphous ZrP, reaching values of about 2 J/g, is probably 
due to fluctuations in moisture content and/or to inhomogeneous distribution 
of moisture in the samples. For amorphous zirconium phosphates equilibrated 
in air it may be concluded that the same mechanism applies to the bonding of water 
molecules removed upon standing over silica gel and P 4010: the heats of dehydration 
agree surprisingly well, being, respectively, 8·51 and 8·45 J/mmol of sorbed water. 
Water adsorbed on samples equilibrated at 52% relative humidity is bound to the sorbent 
much more weakly, the heat of dehydration making only c. 1·9 J/mmol of sorbed 

TABLE I 

Heats of immersion of amorphous and cry,talline zirconium pho,phates (ZrP) containing various 
amounts of bound water, measured on Cal vet microcalorimeler 

------~-- --------

Mass change Average value 

Storage Time of relative to 
Heat of with maximum 

ZrP environment storage sample kept immersion and minimum 
h in air, mg/g Jig deviation 

Jig 
- ------------ -

air >260 -19·73 
-16·26 +2-46 
-- 15-84 -17'27 -1,82 
-15'45 
-19,05 

Amorph. 52% rei at. 93 127·4 - 3·73 
humidity 

silica gel 145 - 14·1 -23,91 

P4 0 10 100 --103,1 -65-66 
-------

air >260 3·14 
2-80 - 3'06 +0·29 
2·96 -0,26 

3'35 

Crys!. 52% relat. 95 41·5 2'67 
humidity 

P4 0 10 125 - 11·9 ~- - 6'61 
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water. Crystalline zirconium phosphates show markedly lower immersion heats 
than do amorphous samples. Also, the scatter of heat of immersion values for samples 
equilibrated in air is distinctly lower. Immersion heats for these samples are about 
5·4 Jjmmol of sorbed water. It might seem that crystalline samples are more suitable 
for the study of heats of ion exchange, as the uncertainties involved are smaller. 
However, there are other factors which rule out the use of crystalline sorbents 
for this purpose. Firstly, sorption capacities of these sorbents for M 2 + cations are 
too low under the conditions considered 8 , making the measurement of the accom­
panying heat effects very difficult. Secondly, the H + jCu2+ exchange on crystalline 
preparations is an irreversible process 9 • 

The measurements were carried out at various concentrations of Cu2 + and at a con­
stant ionic strength of 0·1 maintained by O·lM-HCl. In addition, we examined the 
effect of acidity of the solution on the values of immersion heats using a Calvet 
microcalorimeter. The results, summarized in Table II, show that this effect is unim­
portant: the values are within experimental uncertainty of parallel determinations, 
and the average values compare very well with those given in Table 1. Owing to all 
these facts, and particularly to unsatisfactory consistency of heat of immersion 
values for samples equilibrated in air, samples for measurements of heat changes 
accompanying the ion exchange process on ZrP and for determinations of heats 

TABLE II 

Heats of immersion of air-equilibrated amorphous zirconium phosphate in water and weakly 
acidic solutions of hydrochloric acid, measured on Cal vet microcalorirneter 

Environment 

0·01 molll Hel 

0·05 rnolll Hel 

0·09 mol!1 Hel 

Heat of A verage val ue 
immersion Jjg 

Jig 
-~--. ---_._--

--16,05 
+0·45 

- 17·28 -16,83 
-0·78 

- 17·18 

-17,28 

- 17'94 
15·50 -17,15 +0·79 
17·63 -1,65 

. ··17·52 

-·19'07 
-17'06 -- 17'87 +1·20 
-18'15 -0'81 
-17,21 
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of immersion in the solutions studied were weighed and sealed simultaneously. 
We believe that this measure can partly reduce the uncertainty interval of heat 
of exchange determinations. 

Experimental results obtained on Calvet micro calorimeter for H+ ICuH exchange 
on amorphous ZrP in 0'01M-HCI are listed in the upper part of Table III. Because 
of insufficient stirring of the system, the exchange reaction proceeded for about 
4 h; even then, however, it remained uncertain whether it reached equilibrium, since 
heat effects of this slow reaction may be so small as to become indistinguishable 
from noise level. 

For this reason, further systems were investigated on LKB calorimeter which 
permits a high rate of stirring in the reaction cell, accelerating markedly the overall 
ion exchange process. The samples were kept in a non-thermostatted room and under 
other atmospheric conditions, and so the heats of immel sion are not comparable 
with results presented in Tables I and II. Only systems with low acidities were sui­
table for determination of heats of H+ ICu2 + exchange. Where the HCI concentra­
tion exceeded 0·01 molll, the extent of ion exchange was too small, leading to large 
errors in analytically determined Cu2 + concentrations and in small endothermic 
heats of ion exchange determined against the background of high exothermic heats 
of sorbent immersion. The small exchange capacity of the sorbent in HCl solutions 
of concentrations above 0·01 molll is consistent with the pattern of the adsorption 
isotherm, which is S-shaped 10, the CuH sorption rising sharply only in the region 
of weakly acidic solutions. The average value of the heat of H+ ICu2 + exchange 
calculated from the data measured on LKB calorimeter, +5'12~t~ kJ/mol CuH , 

agrees, within the uncertainty limits, with the value obtained with Calvet micro­
calorimeter. It is clear that the scatter in the values of these heats arises largely 
from uncertainty associated with the determination of heats of immersion, since 
the relatively small endothermic heats of ion exchange are obtained as differences 
between several times higher exothermic heats of reaction and immersion. Our 
calorimetric values of heats of H+ ICu 2 + exchange disagree greatly with results 
obtained indirectly from studies of Cu2 + adsorption isotherms at various tempera­
tures H '. For systems with CuH concentrations between 2.10- 4 and 3'3.10-'-3, 
this was found to be +24·1 kJ/mol when calculated from the temperature depen­
dence of the equilibrium constant10, and +34·9 kJ/mol CuH when the method 
of Ekedahl and coworkers20 was applied. Not only are these values highly discrepant, 
they are also surprisingly high compared with literature data21 •22 for heats of ex­
change of M + - M3 + cations. According to the sources, the heats of exchange 
decrease from about +40 to about +10kJ/mol on going from Cs+ to Na+, and 
show values of + 3·6 and +7·2 kJ/mol for Ca2+ and SrH cations, respectively, 
while assuming a negative value of -4·4 kJ/mol (exothermic reaction) for Ce3 +. 
Even though the uncertainty in the heats of H+ /Cu2+ exchange obtained by direct 
calorimetric measurement is large, the differences between the present results and va-
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lues derived from adsorption isotherms1o by far exceed the limits of uncertainty 
of the direct measurement, making the latter values highly improbable. 
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