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SUMMARY 

Using the 32P isotope, the exchange of phosphate ions between zirconium phos- 
phate and aqueous solution has been investigated. The exchange proceeds through 
two measurable processes whose rates differ by a factor of about ten, followed by an 
extremely slow third process. Of the two measurable processes, the faster one involves 
the phosphate groups at the surface of the solid while the other can be assigned to 
the interior phosphate groups, The mechanism of the surface process involves the 
hydrolysis of the phosphate groups at the surface followed by exchange betw:en the 
phosphate groups and the hydrolysed material. The mechanism of the second process 
assigned to the interior phosphate groups involves the same chemistry as the surface 
reaction, the process being slower owing to the slower rate at which the aqueous 
phase comes into contact with the internal phosphate groups. 

INTRODUCTION 

The kinetics of the heterogeneous isotopic exchange reaction and ion-exchange 
reaction have been investigated during the last few decades and different mechanisms 
have been proposed by different workers. The kinetics of a heterogeneous reaction 
between a solid phase and solutions have been interpreted in terms of two rate 
processe&J. The faster process is reported to occur by the reaction of the groups at 
the surface of the solidrJ, while the slower process is reported to occur by the reaction 
of the interior groups controlled either by a recrystallization mechanism*-’ or a self- 
diffusion mecbanism7-10. 

BOYD et.&.1 developed equations for evaluating the rate-controlling process in 
heterogeneous ion-exchange reactions and REICHENBJZRG~~~~~~~~~~'&~ work. Some 

limitations of applying the BOYD equations>and RBICHENBERG tests':have recently 

beenobserved,byWErzFERICH andco-worker@-10 and othersl'*l*. In arecentpaperl", 

we reported the heterogeneous exchange reaction ofphotiphateions'betweenaqueous 

l Prcscnt address: Che’mistry Division, Atomic l&orgy Centre, P&i Box No. 164, Dacca, 
Bangladesh. .’ : . 
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solution and solid zirconium phosphate lo, The reactioil was very slow and was 
followed for 250 h; this study revealed two rate processes. Zater, the reaction was 
followed for 2500 h in terms of more parameters and the results are reported in this 
paper. 

EXPERIMENTAL 

Materials 
Zirconium phosphate was a Bio-Rad product of different particle sizes. The 

solid was converted to the H+ or I<+ form by eluting it with 1.0 N WC1 or 1.0 N KCl. 
By chemical analysis, the composition of the product was found to be %rP,07 *2.5&O. 
The aqueous solutions were prepared from analytical grade orthophosphoric acid. 
The radioactive tracer used was the 32P isotope of hi’gh specific activity obtained from 
the Radiochemjcal Centre, Amersham, Bucks., Great Britain. 

Determinzntion qf swfacc ayca 
The relative surface areas of the samples used were determined by measuring 

the extent of adsorption of dye from a sqlution of Brilliant Cresyl Blue, as described 
by PATERSON 20. The samples were previously pre-treated under conditions identical 
with those for the kinetic experiments described below. 

In each experiment, a known amount of zirconium phosphate, after pre-treat- 
ment with either water or an aqueous solution of phosphate, was brought into contact 
with a known amount of a labelled solution of phosphate. The distribution of isotopes 
under different conditions was followed by determining the activity of an aliquot of 
the solution. An Ekco Electronics Ltd. Endwindow G.M. counter wa.s used together, 
with an Isotope Developments Ltd. Scaler 1700 instrument. 

The count-rate was corrected for dead-time and raclioactive decay. The results 
were expressed in terms of the exchange fraction I; with time according to the 
expression 

where F = fraction exchanged at time t, S, = counts/set/ml at t = o, SC = counts/ 
set/ml at t = t, and Sa = calculated counts/set/ml assuming IOO~;/ exchange. If, .in 
this system, Pa and .P, are the initial amounts in moles of phosphtite ion in the 
aqueous and the solid Ijhases,’ respectively, (ip is the total activity of the system, and 
V is’ the volume of the liquid phase, then 

s- 8.x A8 
‘- Pa+Pa'Tr 

The calculated values of Sol were corrected 
system:due to samplings. 

- 

for volume and activity loss from the 
’ ., 

For hydrolysis and the reverse ,exchange, the solid was labelled to different 
extents by allo@ng the direct exchange reaction to occur for different len#.hs of time, 
Then ‘the liquid phase was carefully sucked out and the solid was washed twice with 
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small amounts of distilled water. .The non-active liquid solution was brought into 
contact with the labelled solid ancl the activity was followed with time. 

In the reverse exchange, as the phosphate ions in the solicl phase could not be 
labelled to the extent of roo”h, the activity flows in two opposite directions, whereas 
in the direct exchange the activity .Rows in one direction until isotopic equilibrium 
is reached. Therefore, the amount of the phosphate ions in the solid phase involved 
in the reverse reaction cloes not remain constant. As a result, the calculation of the 
factor (P,)/(J% + PN) is complicated and cannot be evaluated exactly. However, 
calculations have been made for a hypothetical case, considering that IOOO/~ of the 
phosphate ions in the solid phase were involved. 

The rates of the individual process were calculated by applying the reaction* 
half-time for an individual process obtained by resolution of the MCKA’Y ploP as 
shown later in Fig. 2. The rates RI and RII for the processes I and II can be expressed 
by the following equations: 

RI 
(& x FI) x 23, I _- 

= (p,x FI) + P, x 0°6g3 x G 

RI1 = i&-t+‘) x& x o,6g3 x I 
(cl x J5II) + Pa 11th : 

‘ 

where FI and lirr are the exchange fractions for processes I and II and 1~ and IIt* 
the reaction half-times for processes I and II, respectively. 

RESULTS AND DISCUSSION 

That the exchange is reversible is indicated in Fig. T’, which shows the typical 
results of the kinetic runs. The count-rates were normalized so that the total activity 
in the system was the same at the start of the direct, the reverse and the hydrolysis 
reactions. Although in our previous papeP it was reported that the exchange reaction 
involves the contributions of two rate processes only, the resolution of the MCKAY 
plot in Fig. 2 shows that the reaction consists of at least two rate processes followed 
by a extremely slow thircl process, 

* 

Fig. I. Some typical 
phosphate. solution: 

Tlme( h> .’ 

kiniztic runs, 0, ZrP + labollccl phosphstc solution; A, labellcd ZrP ‘A- 
0, InboIled ZrP -i- wntcr. 
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Timef h 1 

Fig. 2. A typical I&Kay plot showing analysis into three straight lines. F = exchange fractior 
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nature of these processes. Process I, which is concerned with the reaction of phosphate 
groups at the surface of the material, may occur by one of the several mechanisms. 

(i) The rate-determining step may be a dissociative process that can be written 
as 

ZrPsurfncc 3 Zr + P,,, @a) 

where Zr represents zirconium phosphate excluding the phosphate groups that are 
taking part in the reaction and P represents any one of the species PO,+, HPO,2-, 
H,PO,- or H,PO, and P* denotes the same species labelled with 32P isotope. The 
exchange would be completed by the reaction 

(rb) 

(ii) A second possible mechanism of the reaction involving the surface of the 
solid may be a bimolecu!ar reaction in which the entry of a labelled phosphate group 
info the solid is accompanied by the simultaneous release of a phosphate group from 
the solid. Thiq rejction can be represented by the equation 

(2) 

(iii) A third possible? mechanism involves the hydrolysis of the phosphate 
groups at the surface. The reaction may be written as 

ZrPsurreoo + H,O (I-W + ~rOE-I(Cl)~~rra~o + &CL 

ZrOH(Cl)s,,r~aoo + PQaq. + %P*sur&, -j- H20 (HCl) 
*. I .*, ,.... .,,.,., 

(3a) 

(3b) 

Cl and WC1 within parentheses indicate “acid hydrolysis”, which may be possible 
under certain condition@. The rate-determining step may be either reaction (3a) 
or (3b)* 

If, as seems ,probable$ the slower process II represents .a chemical reaction 
within the matrix of the material, then there may be possible reactions parallel to 
those for the faster process I. These can be viewed by replacing the suffix “surface” 
by “internal” for the above reactions. A fourth possible mechanism, which is absent 
for process I, is the isomorphous replacement of the phosphate groups at the surface 
by the internal phosphate groups and vice versa. This reaction may be written as 

To decide between the various possible mechanisms postulated for processes I 
and II, it is necessary to discuss the effects of concentration upon the rates and 
equilibria of the exchange reactions. ” 

It, is shown in Fig. 5 that RI as well as RIG ,increases with increasing solution 
concentration:This observation excludes the proposed mechanism given by’ reactions 
xa and xb. ,If reaction Ia is the rate-controlling step, then the reaction rate ‘should 
be independent of the’solution concentration, which is ,found not to be so. A.depen- 
dence of the rate upon solution concentration could be expected for this mechanism 
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Concentration of solution [M] x 10 2 

Fig. 5. Effects of concentration of solution on reaction rates. 0, RI; A# 

only if reaction III were slower than ra and therefore rate-controlling. This is very 
unlikely as reaction za mvolves bond cleavage and reaction xb involves the formation 
of a zirconium phosphate linkage. A dependence of RI and RII upon the aqueous 
phosphate concentration would be expected for reaction 2 and also for the third 
mechanism if reaction 3b were rate-controlling. The kinetic observations of the direct 
exchange reactions are not able to distinguish between reactions 2 and 3a plus 3b 
as the mechanisms of the processes I and 11. The mechanism for process II given by 
reaction 4 can be excluded because this mechanism suggests Rr1 to be independent 
of solution concentration. 

* 
# ti . . 
f 

b 
Q 0 , 

0 2.5 5.0 7.5 

lonCentratlon of solution m] x IO2 

Pig. 6 Effects of concentration of soluf;ion on Fr, FII and I;JII. 0, FI; A, FII; 0, FJII. 

It is shown in, Fig. 6 that the extent of the equilibrium contribution by the 
process: ,I, FI, decreases while EII and .F~xI increase ,with increasing concentration, 
levelling off at higher concentrations. .From this observation, it seems that: with ,.*> 
,increasing-concentration some ,phosphate groups at the surface of the~solid become 
unavailable for ,pkocess ,I, In, other words, with,increasing solution concentration,, the ” 
,phos@hate groups at the surface. are converted to the phosphate .groups related to 
other’ processes such ,as: the internal,process II or the internal process III, or both. 
If such,interconversion occurs, it must do so at a rate that is considerably faster than 
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MECHANISX OF lSOTOPIC EXCHANGE IN A HETEROGENEOUS SYSTEM 267 

the rates of the exchange processes as pre-treatment of the solid with water or phos- 
phoric acid solution does not affect the observed rates or 1; values. 

It is possible that an increase in aqueous phosphate concentration causes 
blockage of the pores of the materials. In this way it is possible to envisage the 
conversion of surface-type groups to interior groups, which then exchange by either 
process II or III. It is also possible that by increasing the concentration of the phos- 
phate groups in the aqueous phase, the extent of hydrolysis of the phosphate ions 
at the surface of the solid is suppressed, thus causing a decrease in the equilibrium 
contribution by process I. Such equilibrium control of the reaction may be the reason 
for the deviation from linearity of the curves in Fig. 5, Further evidence for the 
exchange reaction being equilibrium;controlled comes from the observation that RI 
is approximately ten times higher than Rrr. If the exchange were kinetically controlled 
and processes I and II were competitive, then it would be expected that FI under 
all conditions would be considerably greater than FII and would have a value of 
about 0.9. This has been demonstrated not to be so and kinetic control is therefore 
eliminated. 
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Fig. 7. Effects of tho amount of solid on reaction rates. 0, Rr; A, Rlr. 

Pig. 7 shows that the rates Rr and XII increase with the amount of solid. The 
increase in the rate with the amount of solid is expected for the proposed mechanism 
given by reactions ra and rb if reaction ra were rate-controlling, which is likely to 
be so for the reason outlined earlier. The observed increase in RI and RII with increas- 
ing solid amount is in agreement with the proposed mechanism given by the bi- 
molecular reaction 2. This observation is also expected for the mechanism given by 
reaction 4 for process II. If reaction 3b is rate-controlling, then .the mechanism given 
by reactions 3a and 3b is consistent with the experimental observation of the increase 
in,& and RIG with increasing amount of solid. This is understandable because ‘the 
equilibrium hydrolysis producing %OH (Cl) eurrace is likely to increase witli increasing 
amount of,solid in contact with a fixed volume of the aqueous phase, In fact, VESELEY 
AND’ I?EKAREK~~ have observed that the equilibrium phosphate release, due to hydrol- 
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Q6- 

Amount of solid (g 1 

Fig. 8. Effects of the amount of solid on the exchange fraction. 0, F,; A, FIJ; 0, FIJI. 

ysis increases with increasing weighed amount in contact with a constant volume of 
the aqueous solution of constant PH. 

Fig. S shows that FI increases linearly while FIX and Frr~ decrease linearly with 
the amount of the solid phosphate. If, as has been proposed earlier, there is a process 
in which surface-type groups are converted to interior-type groups, then an increase 
in the amount of solid will be equivalent to decreasing the solution concentration. 
In this way, the increase of FI with increasing amount of phosphate in the solid 
phase can be interpreted in the manner discussed earlier for the effects of solution 
concentration. However, it should be noted that, except when changing the solution 
concentration from 1.1 l IO-3 M to I.1 l IO- 2 M, the change in FI with solution concen- 
tration from 1.1 -10-2 M to 5.3 l xo- 2 M is not sharp, but levels off in this range. It 
therefore seems that in addition to the probable blocking of the pores of solid par- 
ticles, an increase in the amount of the solid selectively hydrolysed at the surface, 
causes FI to increase. If this is the case, then the above observation agrees satisfac- 
torily with the observation of VESELEY AND PEKAREK~~. 

Based on the observed effects of the three variables discussed so far upon the 
rates Rr and Rrr and the corresponding fractional contributions Fr and FIX for 
processes I and II, respectively, it is convenient to summa&e the conclusions concern- 
ing the mechanisms of these processes. The observations are consistent with either 
reaction 2 or with reactions $a and 3b, irrespective of whether or not the diffusion 
process is rate-controlling, while reaction I can be eliminated for process I and reac- 
tion 4 for process II. The mechanism given by reactions xa and lb is reasonably con- 
sistent for process II only if the diffusion process involved in reaction Ib is ratc- 
controlling. 

As with the slower process IJ, process III is concerned with the interior of the 
phosphate groups. Owing to the extremely slow rate of this process, RIII, it is very 
difficult to discuss the mechanism of process III. However, from the extremely slow 
rate observed, it seems that this process involves the internal phosphate groups, 
which are very strongly bound with the solid matrix. These phosphate groups may 
be engaged in crosslinking, assuming that the structure of the solid involves cross- 
linking. The exchange of these groups may involve de-crosslinking under favourable 
conditions followed by reactions similar to those of process II, the 
being the rate-controlling step. 

de-crosslinking 

The study of the reverse exchange revealed further cvidencc for these three 
rate processes and also contributes to the knowledge of the detailed mechanisms of 
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Fig. 0. IXccts of labelling the solid to difhrrnt extents. 0, Zrl? -t labelled H,PO,; l , 29% labcll- 
cd %tP -+ l-l,PO,; 0, 29”/:, labelM ZrP -+- HCI; A, sS?/, labellcd %rP + H,PO,; A. sSs$ labcllcd 
%rP -+ HCI; V, 82:/o bbdied %rl’ $- H,l?O,; V, H-r’+& lalnzllcd %rP, -+ HCL. pH of acid == 1.x in 
each case. ‘,. 

the proccsscs. Fig. cj sliows that the activity release vc~s~ls time plots have maxima. 
It appears that after some time the reaction is reversed and the activity is taken up 
instead of being relea.sed. Such results cannot be explained in terms of a single 
process. 

From an analysis of the direct exchange reaction under the conditions of 
labelling, it could be calculated that of the 29% exchange. 24% had occurred by the 
faster process I and so/u by the slower process II. The corresponding values for 58% 
exchange are ;r14/~ and 17% by processes I and II, respectively. In the short time 
involved in this labelling. it was not possible to determine the extent of exchange by 
the third very slow process, which contributed to only negligible extent. If the direct 
reaction were allciwed to go to compiction, then the contributions to the exchange 
by the three processes wcrc found to be 45%. 37O/: and 18”/, for FI, I;I_I and I;r~r, 
resIw.‘ctively. 

If the J So/, of phosphate groups that arc .assigncd to process III are diskounted, 
then in the labelled material only (5 x ~oa)/(37)~& = 13.5% and (17 x roo)/(37)9/o = 
46TA of the exchangeabk inttirrl,ll groups were in fact labelled at t.he time of the start of 
the reverse reaction for the z9:& and 58 7’0 iabellcd samples, respectively. This means 
that when the reaction was revcrsc’cI, the isotopic equilibrium as far as process I was 
concerned, was in a state of imbalance in that tlrc whole of the activity existed in the 
solid and none in the solution. After approximately 130 11 (c(t. 5 x I, 0, process I will 
have attained a state of imtopic equilibrium. During this time activity will be trans- 
fcrrcd from the solid to the ,wlution phzuw by process I. Process II will not contribute 
to the transfer of the nct.ivity in the same direction. After a certain time, in which 
activity appears in solution, process 11 will contribute to the tr,ansfcr of activity from 
the solution to the very much under-lab&A solid. When the labelling of the internal 
phosphate groups is increased, process II will tend to be a two-way reaction in which 
some activity will be r&asecl into solution and some of the activity in the solution 
(which is mainly present ~WXYUWC of process 1) will enter the solid. Thus, the 
broadening and shifting of maxima with increased lalwrlling can be explained, The 
experimental result can thcrcforc bc cxplaincd in terms of the two processes, one 
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Fig. IO. Exchnnge fractions VEISWZ time for clircct and revcrsc cxchmgc. 0, Zrf’ -f- H3P*0, (direct 
exchange) : A, BP* -+- H,PO, (reverse for zgo/o labcllcd solid) ; V, %rP* -t- H,IW, (rcvcrsc for 58% 
labcllccl solid) ; m, %rP* -j- H,PO, (reverse for 8274, labcllcd solid). 

occurring rapidly on the surface of the material and the other occurring more slowly 
but generally in the reverse direction and accounting for the further exchange of the 
internal phosphate groups. 

Corresponding to the maxima in the release of activity there arc masima in 
F values, which are more than unity, as shown in Fig. IO. This indicates that the 
solid phosphate labellcd by the direct reaction is more than that involved in the 
reverse reactions. This may be due to the complexities that arise from the multi- 
directional flow of the activity, as discussed earlier. By mathematical treatment of 
a hypothetical reaction involving multi-directional flow of the activity, AHELI. el a/.2.: 
showed that the (I - I;) z~ersm time plot can have a minimum negative value, 
which is similar to the present observation. 

It is likely that if solid zirconium phosphate is labclled to the extent of x100(/~ 
or it is prepared using the 32P isotope in the precipitant, thus ensuring the uniform 
distribution of the 32P isotope throughout the solid phase, the plot of the exchange 
fraction I; (calculated in the same way for both the reverse and direct reactions) 
‘JCISZCS time for the reverse reaction might coincide with that for the direct reaction. 

In parallel to the reverse reactions, some hydrolysis reactions have been carried 
out. It has been shown in Fig. 9 that the activity release i’CYStIS time plots for the 

solid in contact with an approximatelyo.~ 11: solution of hydrochloric acid (pH :=: I .I), 

in which the solid samples had been lahelled to different extents by the direct cx- 
change reaction, are of the same pattern as those for the reverse exchange reactions. 
The rate of labelling of the under-labelled solid during the hydrolysis reaction or the 
reverse exchange cannot be expected to be the same as that by the direct reaction 
because activity is flowing in two opposite directions. Hence, it was not possible to 
determine the exact amount of the solid that was labcllcd at any time during the 
hydrolysis or the reverse reaction. However, it is expected that towards the ends of 
such reactions, labelling of the solid samples, which were labcllcc~ to the different 
extents at the start, approaches the same isotopic equilibrium. 

The fraction of the activity released to the total volume of the solution at any 
time of the hydrolysis reaction is not a true measure of the extent of over-all hydrol- 
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ysis but of tfre hydrolysis of the fraction of the solid that is labclled at that particular 
time. Owing to the limitations of determining the exact extent of labclling, it is 
impossible to evaluate the exact extent of hydrolysis at any time during the hydrol- 
ysis reaction. 

Towards the beginning of tbc hydrolysis reaction, activity is released to the 
solution by hydrolysis. When tllc amount of the activity released in this way exceeds 
the amount that would be present in the solution if there were uniform distribution 
of the activity t!lroug!rout the system, then some activity is taken back from the 
solution Ly tile under-labelled solid via the direct exchange reaction. As the extent 
of labclling of the -solid increases, then for the flydrolysis reaction the maximum in 
the plot of activity relez,4_se ;:l*rsIcs time is broadened and s!lifted to longer times after 
the start of t!lc reaction. 

If it is considered that after starting the hydrolysis reactions thcrc wgas no more 
la!=lling of the solid, then the fraction of the activit\’ relca-sed to the total volume 
of the solution, ccjrrcsponding to t!re maxtrnu~n value of released activity, would give 
the amount of the ecluiiibrium !lydrolvsis of that fraction of the solid that had !)een 
labellcd at the start of the liydrol?,sis reaction. If the increases in the estents of 
labelling between t!le start of tlrc individual hvdrol>Gs reactions and the time corrc- 
spondirrg to the ma.ximum value of relea_s& activity are discounted, t!len from Fig. 9 
it is apparent that the rates and estents of llydrol,sis of the z#& labelled fraction, 
58’?,; labe!lcd fraction and Sz‘:,-;, labelled fraction decrease in that order. T!Gs is due 
to t!re increased la!3elling of the internal phosphate ,groups. It i.s therefore clear that 
as wit!1 ttrc exchange reaction, the hydrolysis reaction also consists of different steps, 
t!le rate and cstcnt of lrydrc4vsis of t!le surface groups !xGng faster than tkose of the 
in t&or groups. This ob&rvation, together wit!)- the-ahove a.rgurnents regarding 
different steps of t!le hydrolysis reaction. sug:gests t!lat reactions 3a and 3b 
inv4ved in processes I and 1 I. 

the 
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exchange with ICH,PO, solution of pH = x.1, slight exchange occurred, as shown in 
Pig. II. At such a pH it is likely that there was some conversion of the potassium 
form into the hydrogen form. It is further shown that when the zirconium phosphate 
samples in the potassium form were allowed to exchange with I<H,POI solution of 
pH 4.4, the exchange was negligible. At such a pH there was no possibility of the 
conversion of the potassium form into the hydrogen form. This is a clear indication 
that the replacement of the exchangeable hydrogen ions by the petassium ions 
excludes the exchange of the phosphate ions. 

PATERSON~~ has observed that the extent of hydrolysis is suppressed by a factor 
of about fifty when zirconium phosphate is in the potassium form and is kept in 
contact with potassium ions, This is a correlation between hydrolysis and the ex- 
change of the phosphate ions, which suggests that the mechanism of the exchange 
reaction involving hydrolysis as shown in reaction 3a and 3b is the most probable one 
and that reaction 3b is rate-controlling for both processes I and II, Hydrolysis is the 
precursor for both processes, The diffusion of the phosphate groups within the matrix 
may be responsible for the slower inter& process. 

It is not clear whether the presence of the potassium ions or the accompanying 
crystallinity of the solid, or both, are the causes of the extremely limited hydrolysis 
and exchange capability of the solid. It would be useful to investigate the hydrolysis 
and exchange of crystalline zirconium phosphate in the hydrogen form. 
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