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ABSTRACT

The present research forms the first part of

the series on the Investigation of the ion exchange behaviour

of Ferrocyanide Molybdate(FeMo) and Zirconium Phosphate(ZrP)

in water-alcohol and water-dioxane media. Since the above

exchangers are not available indigenously, they were synthe-

sized following published methods. That the reported methods

of synthesis yield products with reproducible characteristics,

were checked. pH titration of these two preparations in

aqueous media showed that FeMo is a stronger acid than ZrP,

the former, moreover, in its Cs and Na forms commence dissol-

ving at pH value,s close to 5 and 2 respectively, and are

completely dissolved at pH values 7.5 and 2.85 respectively.

Titration curves with ZrP further indicated that as the pH

increases, there occurs a reversal in the order of arrangement

of Na and Cs curves, which reversal is attributed to a correspon-

ding reversal of selectivity. Finally, both the chemical

analysis and pH titration of FeMo confirm the existence of 4

replaceable H+ ions corresponding to H.Fe(CH)-, a constituent

of Ferrocyanide Molybdate, while those of ZrP are consistent

with the empirical formula Zr(HP0.)9.4.5 H 0, having two

replaceable H ions.



ION J3XCHAWGJ3 STUDIES WITH FERROCYACTIDE MOLYBDATB AND
ZIRCONIUM PHOSPHATE IN MIXED SOLVENT MEDIA, PART I .

SYNTHESIS OF THJ3 KXCHANG3R3

by
M. Ramaswamy and K . S . S u n d e r Rajan

1 . INTRODUCTION

In recent days, the revival of interest in

inorganic ion exchangers ia taking place particularly because

of their superior thermal and radiation stabil i t ies. These

materials have, moreover, almost rigid and regular three or

two-dimensional network structure and hence the interpreta-

tion of their behaviour is at times basically simpler than

that of their organic counterparts. Although numerous

investigations of the exchange phenomena in aqueous media

are available, hardly any systematic study of inorganic ion

exchangers in mixed solvent(water-alcohol, water-dioxane etc.)

media seems to have been made. The present series is concerned

with research work in this area.

The ion exchangers used in this work, viz.

Ferroeyanide Molybdate (FeMo) and Zirconium Phosphate(ZrP),

are known for their high exchange capacity, and good
(l ?)mechanical and chemical stability . In the results

reported by various authors, however, the agreement i s

always not very satisfactory^ . This is most probably

due to the different conditions of preparation of the

exchangers followed in various laboratories. For example,

the work of Albertssonw/ revealed that by slightly altezing
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the preparat ion procedure, one could get ZrP compounds

having the same P/Zr r a t i o equal to 2 .0 , but exhibi t ing

d i f f e ren t cesium s e l e c t i v i t i e s . In view of the above,

before adoption in the present work, the methods reported

by various authors for preparing PeMo and ZrP were examined

to check i f they gave products with reproducible sorpt ion

proper t i e s under the conditions of preparat ion in our

l abo ra to ry .

2. EXPERIMENTAL WORK

2.1 Preparat ion of FeMo

Baetsle et a r 'prepared Beveral batches of FeMo

by varying the mol r a t i o of Na2Mo04/H4Fe(CH)g (Mo/Fe) in

the so lu t ion from 1 to 8 and found tha t the compound obtained

when the r a t i o was equal to 2 . 0 , waa the most s t a b l e . This

compound had the Mo/Fe r a t i o in the sol id equal to 2.4 + 0 .2 .

Hence the method of preparat ion of only t h i s compound was

examined before adoption.

To 2 dnr' of one day old 0.2 mol/dnr HsigMoO^ in 0.4

mol/dnr HC1 was added with s t i r r i n g an equal volume of f reshly

prepared 0 .1 mol/dnr5 tfa^FefCNjg in 0.4 mol/dnr5 HOI. After

s t i r r i n g the s lu r ry for 4 hours , i t was f i l t e r e d and washed

with 2 dm3 of 0.1 mol/dm3 HC1. The wet sol id wae i n i t i a l l y

a i r - d r i e d a t 25°C and l a t e r a t 50°C in a hot a i r - pven

The dried product was crushed to two su i t ab l e s izes (-60+

100 and - 100 + 200 U.S. Standard Mesh ) , washed free of fineB
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with 0.1 to 1.0 mol/dn? HOI and air-dried once again. I t

was stored over saturated MH.C1 solution at 25°C. One more

batch of PeMo was prepared under identical conditions.

2.2. Preparation of ZrP

During the earlier investigation of ion exchange

phenomenon with £rP, the samples used had a P/Zr ratio

varying in the ran^e 1.0 to 1 .80^ ' . In the year 1964,
(2 9)Ahrland et al ' developed procedure for the preparation

of compounds with definite chemical composition. I t was

further reported'°' that the sample with the limiting P/Zr=

2.0 corresponding to the formula, Zr(HP0.K.xHgO, exhibits

higher capacity than those with P/Zr <, 2.0. Hence the method

of preparation' of the compound having P/Zr = 2.0, was

examined before adoption.

For the synthesis of the exchanger, ZrOCl2 salt

dmre crystallized from 7.0 mol/dnr5 HC1* , was used. One

of one day old 0,33 mol/dm ZrOClp solution in 1.0 mol/dcr

HC1 was added with vigorous stirring to 1.35 dm of a solution

of 0.75 mol/dm5 Ĥ PÔ ^ in 1.0 mol/dm5 HG1. The precipitated

gel was occasionally stirred and kept in contact with the

mother liquor for about 5 days. It was then filtered

and dried partially over a water bath. The dried solid was

then washed with distilled water by decantatlon to a pH

around 3.0 of wash water. The washed sample was air-dried

and ground to two suitable sizes as in the case of PeMo.
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The ground product was washed again with water to make i t

free of fine adhering materials, air-dried and stored over

saturated NH.C1 solution. As in the case of PeMo, one more

batch of ZrP was prepared under identical conditions.

2.3 Apparent Exchange Capacity (ABO) and Equilibrium
Constant ( 1

2.3.1 ABC: A known weight of the exchanger was shaken in

a conical flask with 20 cm' of a solution of MX (MX :CsCl

or KCl) until equilibrium was attained. After draining

out the liquid, the wet solid was shaken once again with

a fresh aliquot of MX. This operation was repeated several

times and the pH of the equilibrium solution was measured

in each case. When the pH of the solution reached a value

of 2.8 - 3.0, further equilibmtion was stopped. The particles

of the exchanger were then quickly washed free of adhering salt

with water. In the case of FeMo, the washed solid was

dissolved in 5 percent NH.0H, and this solution was suitably

diluted for analysis of the alkali metal ion. With ZrP, the

metal ion was eluted with 100 cm5 of 3.0 mol/dm5 HCl. An

aliquot of this eluent was evaporated to dryness, redissolved

in water and diluted to volume for analysis.

2.3.2 Du J The thermodynamic equilibrium constant, IU, for

the uni-univalent exchange system,

HR + tf*5=S. MR + H+ (1)

where H and M are monovalent ions, and R refers to the

exchanger phase, is evaluated using the equation* '
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t
In

i

J i n Kc dNMH + 2 In —It-Mi- (2)
J: - ' x *r <vM X

In (2), Ke is the selectivity coefficient, NMa» the

fractional occupation of the exchanger by M ions and y+,

the mean molal activity coefficient of the electrolyte in

the mixture having a constant ionic strength.

Kc values were calculated using the equation,

Kc = q. (Co-C) / (qo - q ). C (3)

where q = Amount of M in the exchanger phase;

Co= Ionic strength of the mediumV

C = Concentration of M+ in the solution phase;

and

qo» Apparent exchange capacity for M

2.4 Analytical Procedures

Alkalimetals were determined by flame spectra-

photometry using a Beckmann DU instrument.

Half a gram of FeMo was decomposed with concentrated
(12)HgSO. and iron from this solution was determined as the oxide* ,

Mo(VI) present in the combined filtrate obtained from iron

estimation was precipitated with oxine and weighed as
(12)

M Q O ( C O
2

For estimating the Zr content of solid

half a gram of the sample was dissolved in di lute HF. The

solution was diluted to 100 cm; and 15 cnr of concentrated

HC10. was added. Zr from this solution was precipitated with
4
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(12)cupferron, the precipitate ignited and weighed as ZrOg .

Phosphate present in the f i l t r a t e obtained from Zr estimation

was estimated as MgNH.P0.«6H20. Solutions containing

trace concentration of phosphate ions formed as a result

of hydrolysis during pH t i t r a t ion experiments using ZrP

exchanger were analysed by the spectrophotometric method

reported by Michelson^1 .

3. RESULTS AND DISCUSSION
M

2.1 Chemical Composition, Apparent Capacity and DH

The FeMo product obtained i s shining black in

colour and has a crystall ine appearance, whereas ZrP samples

are milky white in colour and granular in appearance. The

two batches of these exchangers were characterised by

determining thei r (a) chemical composition, (b ) AEC and

(c) DJJ f or H - M exchanges in aqueous medium. The relevant

data are presented in Table 1. From the data l is ted in this

Table, i t may be seen that the values obtained for the two

batches of the exchangers agree closely. This shows that

by following the procedure described before, i t is possible

to obtain products with reproducible chemical and ion

exchange character is t ics . In this connection, i t may be

mentioned that X-ray diffraction patterns of these two

batches were also taken, but they were devoid of any interesting

features.

Although Baetsle et al* ' have reported the

preparation of only one batch of FeMo exchanger, their values

of chemical composition (Mo/Fe = 2.4 + 0 . 2 ) and Dfj (2.60)
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agree fairly well with thoBe for the present Bample. Further,

their value of cesium capacity (3«8 mmol/g) for the oven-

dried (100°C) sample is also comparable with our value

(4.16 mmol/g) calculated on the basis of the dried (110°0)

weight of the exchanger. However, an agreement in respect

of values pertaining to H - K exchange (Dg = 1.3 and. AEC=

1.17) is not to be expected because of uncertaintiea in their

values mentioned by these authors* ' »

In regard to ZrP,the available data*5'6' 1 6- 1 8)

were obtained under conditions which were quite different

from those of ours and hence a comparison could not be made.

In this connection, it may be mentioned that when this work
fa)

was in progress, we came across another paper by Ahrlandv '

on the reprod cibility of ZrP gels (P/Zr = 2.0) prepared

under identical conditions. After examining the cesium

Borption (under tracer conditions ) data on the two batches

prepared, thia author concluded that for all practical

purposes, the small differences observed could be neglected.

3.2 pH Titrai;ion Curves

The pH tltration was carried out by shaking to

equilibrium several portions of exchanger samples with a mixture

of MCI and MOH (M = W " or Ce+) having an ionic strength of

0.1 mo.1./dm . In visw of the similar behaviour of the two

batches of FeMo and ZrPprepared by us, for further study,

only the first batch samples were used.
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3.2.1 FeMot The curves obtained are presented in Figure 1.

Por the purpose of comparison, Baetsle and coworkers1 curve

concerning NaCl medium is reproduced in this Figure. Similar

data concerning CsCl medium do not seem to be available in

the literature. Figure 1 contains also a part of the curve

obtained by us in CsCl medium with ZrP,which would be

described later.

Figure 1 shows that, unlike with Zrp, the increase

in pH with FeMo at the initial portion of the curves relating

to both CBCI and NaCl media are relatively small. This

indicates a relatively stronger acidic nature of FeMo than

that of ZrP. Our results concerning NaCl medium with FeMo

are in fact more or less the same as those of Baetsle et al.

The Cs+ form appears to be stable upto pH around 5.0

beyond which the attack by CsOH is visible. The quantity

of the exchanger remaining in the flask gradually diminishes

and at a pH around 7.6 complete dissolution takes place.

The resulting solution changes from colourless to light yellow,

then to dark yellow and finally to yellowish green at a pH

around 10.5. As regards the Na+ form^ partial dissolution

starts almoBt from the very beginning of the titration

thereby giving a slightly coloured solution, complete

dissolution taking place at a pH around ?.0o As observed

by other workers, the results indicate that FeMo is stable

within a narrow range of pH.

In view of the higher selectivity of FeMo for

Cs+ than for Ha+ *1', one may expect that Cs+ titration

curve to be below that of Na+ curve. It is in fact so upto
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pH = 2.4. Beyond this pH, however, the Ha form dissolves

to an appreciable extent, consuming extra alkali in the

process.

The empirical formula of PeMo cannot so well be

established as that of ZrP* '. Nevertheless, from X-ray,

chemical composition and pH titratlon (in NaCl medium) data,

Baetsle et al suggest the following two formulae de; >nding

upon Wo/Pe ratios

PeMo(Il) : H4Fe(CN)g.(Mo03)2t2 t Q ^ . x HgO

and PeMo(IV) : H4Fe(CN)g. (Mo0 3) % Q to 4 > ?. x H20

In any case the common constituent seems to be HJ?e(CN)g

irrespective of the Mo/Fe ratio in FeMo. Now the iron

content of our preparation is 7.1 percent which works out

to be 1.27 mmol g~ of FeMo. Assuming that the whole of Fe

is present as H.Pe(CN)g, the expected H+ content is 4 x 1.27=

5.08 mmol g~ . Agreeing with this expected value, the

actually observed value is 5.0 mmol CsOH added/g of FeMo,

which corresponds to the first break in the CsCl titration

curve occurring near a pH of 4.75. Thus, our results support

the proposal made elsewhere regarding HjFe(CN)g being a

constituent of FeMo.

3.2.2 ZrP; The pH titration curves obtained in both NaCl

and CsCl media are presented in Figure 2. For the purpose

of comparison, the pH titration curve concerning NaCl medium

reported by Ahrland et alv ' 'is included in this Figure.
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3.2.2.1 Mature of the curve obtained in NaCl medium:

Figure 2 shows that the pH of the external solution ia

increasing continuously with increasing amount of alkali

added. Similar behaviour is apparent in the curva reported

by Ahrland et al,, This behaviour indicates the weakly-

acidic nature of ZrP as compared to organic sulphonic acid

resin since with the latter resin, pH of the aqueouB phase

remains essentially unchanged until neutralization of all
(in)

protons from the exchanger is complete* *'. As mentioned

before, ZrP is also less acidic than FeMo. The first break

in the curve seems to occur in the pH range 5.0 - 6.0

corresponding to 2.5 - 3.0 mmol of NaOH added per gram of

ZrP. This quantity of alkali added is very near to the

calculated value of 2.7.5 mmol of alkali required to neutralize

the first proton from our sample of ZrP having the empirical
<p

formula, Zr(HP0.)2 ,4.6H20, and corresponding to the follow-

ing equilibrium:

, 2- +
Zr (HP04)2 5=S ZrH(P04)2" + H ^ Z r ( P 0 4 ) 2 + 2H (4)

This behaviour shows that the first phase of the neutrali-

zation of H from ZrP is complete at pH around 5.5. For th

range 3.0 to 5.5 mmol of alkali added per gram, the pH

Molecular reight = 366.02

H content : For the neutralisation of one proton, it
is equal to 1000/566.02 = 2.73 mmol g"1. For two protons,
the total capacity = 2 x 2.73 =5.46 mmol g~l



-11-

increases linearly to a value of 9.0. On further addition

of alkali there is a sharp rise in pH. This indicates that

the neutralization of the second proton from ZrP is complete

at pH around 9. The amount of alkali added corresponding

to the inflexion at this pH, i.e., 5.5 mmol g~ , must there-

fore reflect the total exchangeable H content of 2rP.

Ahrland et alv ' observed the inflexion at somewhat

higher pH, i.e., between pH = 9 and 10 and their reported

value of the H+ content of ZrP is about 15 percent higher

than the calculated value. This difference has probably

arisen due to a difference in the extent of hydrolysis of

the two preparations. The experiments in support of this

conclusion are described below:

3.2.2.2. Phosphate released during pH titration: The

data on the amount of phosphate released during the pH titra-

tion described before are presented in Figure 3. Ahrland

and coworkers1 data are included in this Figure for comparison.

It may be seen from Figure 3 that upto a value of pH = 9»

the amount of phosphate released in the present case varies

between 0.1 to 0.2 mmol g . This works out to nearly 3

percent of the total phosphate content of the exchanger. Most

probably, the previously seen close agreement between the

calculated and experimental values of the total H content

of ZrP (5.46 and 5.5 mmol/g, respectively) is due to this

negligible hydrolysis of the exchanger. Thus, the region of

stability of ZrP is confirmed to be much broader than that
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of FeMo, towards the side of increasing pH.

The phosphate released data obtained by Ahrland

and coworkers also (Figure 3) are of the same order as ours

only in the pH range of 2.5 to 8.0. At pH>8, on the other

hand, our values of the phosphate released are lower than

theirs . For example, at pH = 10, the respective values

are 0.28^ ando-»1.2 mmol of phosphate/g. At pH = 11, the

difference is s t i l l higher, the values being 0.41™ and'*'2.5

respectively. This behaviour may be due to lower time of

contact (5 hours) in our case as compared to 48 to 72 hourB

in their case.

3.2.2.3 Discussion of the results on pH ti trat iont I t may

be seen from Figure 2 that upto a value of pH = 5.75# the

NaCl curve l ies above CsCl curve, i . e . , at a given pH, below

5.75, the amount of H+ exchanged is greater in CsCl medium

than in NaOl medium. Beyond this pH value, there i s a cross-

over of the&e curves. This crossover occurs after the

addition of nearly 3.0 mmol of alkali per gram of ZrP. That

i s , after half of the proton from the exchanger is nevitrali-

sed. Similar behaviour is observed by Ahrland et alv- / «

For the commercial sample of Bio Rad. ZrP-1, Harvie and

Ifancollas^2 ' also observed a crossover at half neutrali»ation

9 Since these authors have expressed their data in
terms of water free (ignited) gel, for the purpose
of comparison, our values have been multiplied by
1.37 [ =100/l00-27i the figure 27 being the percent
loss on ignition (over a Meker hurner) of our sample].
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in NaCl and KG1 media. Both these group of workers

attributed this order of arrangement of curves below

pH = 6.0 to the known selectivity sequence of these cations^ ,

viz. Cs+>Kf>Na+, for ZrP. However, for the other part
(a)

of the curve obtained at pH>6, 'only Ahrland et al offered

the following explanation: Since the phosphate released

due to hydrolysis was almost same in both NaCl and CsCl

media upto pH = 8 in their experiments and since a t a higher

pH, i t was slightly higher (*+/ 5 percent) in the former

alkali chloride medium, i t was suggested by these authors

that during the second phase of neutralization of ZrP, the

amount of alkali consumed for the hydrolysis reaction in

NaCl medium was, higher and hence the pH of the equilibrium

solution was lower than that in CsCl medium. Since the

crossover of the curves occurs at pH = 6 which is 2 units

smaller than that from which hydrolysis of larger amount

of ZrP starts in NaCl medium, these authors' suggestion

appears to explain only a part of the observation. In this

connection, a comparison of the selectivity behaviour of

organic phosphonic acid resins with ZrP may be relevant.
(?1)With polystyrene phosphonic acid resinv ' whose functional

group, -P0(0H)2, contains two H+ ions like that in ZrP

and where the question of the hydrolysis of this group does

not arise, the affinity sequence of alkali metal ions below

pH J 7, viz.Cs*> Z+>Na+, was found to be reversed in

alkaline solutions. I t is quite possible that such a reversal

might take place in the ct.se of ZrP also and this i s probably
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reflected in the reverr.ul in the order of the arrangement

of pH titration curves in alkaline medium as compared to

(22)

that in acidic medium. Based on Eisenman's theory* this

behaviour of ZrP may be attributed to the increase in the

field strength of the phosphate functional group as the

surrounding medium changes from acidic to alkaline state«

4. SUMMARY AND CONCLUSIONS

Since the two inorganic exchangers used in the

present investigation are not available indigenously, they

were all synthesised in the laboratory. That the reported

methods of synthesis give products with reproducible

characteristies^were checked. pH titration of these two

preparations shoved that FeMo is a stronger acid than ZrP,

the former, moreover, in its Os and Na forms commence

dissolving at pH values close to 5 and 2 respectively, and

are completely dissolved at pH values 7.5 and 2.85 respe-

ctively. Titration curves with ZrP further indicated that

ae the pH increases, there occurs a reversal in the order

of arrangement of Na and Cs curves, which reversal is

attributed to a corresponding reversal of selectivity.

Finally, both the chemical analysis and pH titration of

PeMo confirm the existence of 4 replaceable H ions corres-

ponding to HLFe(CN)g, a constituent of Ferrocyanide Molybdate,

while those of ZrP are consistent with the empirical formula

Zr(HPO^)2>4.5 H^O , having two replaceable H
+ ions.
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ANALYTICAL AHD ION EXCHANGE MIA OH FeMo? AND ZrP9

Serial
aumber

1.

2.

3.

4.

5.

6.

7.

8.

'Quantity determined

Loss of

Loss of

AEC for

ASC for

-

Mo/Pe

P/Zr

weight at 11O°O

weight at 150°C

Cs+ (mmol/g)

t (mmol/g)

i

t

2.

24.

3.

2.

2.

0.

Batch I

52+0

-

92+0

-

11+0

18+0

,78+0

98+0

,05

.8,%

.12

.09

.16

.06

JeMo

{ Batch

2.

25.

3,

2.

2,

0

48+0.

-

,60+0.

-

,02+0.

.22+0.

.64+0.

.93+0.

II

05

8,7.

12

09

16

06

I
I

2

19

1

1

0

0

Batch

-

I

.0+0.04

-

.65+0.

.55+0.

.46+0.

.84+0.

.18+0.

6,%

06

06

05

01

ZrP
[ Batch :

1.

18,

1.

1.

0,

0,

—

,98+0

-

.25+0

.48+0

.42+0

.82+0

.17+0

[I

.04

.6,%

.06

.06

.05

.01

Samples kept over sa turated NH.C1 solu t ion a t 25°C were used.
Al l the values in the above Table are averages from three separate es t imat ions ,
and per ta in to a p a r t i c l e s i ze of -100 + 200 mesh.
In AEC and D,, determinat ions, the ionic s t rength was kept at 0 .1 raol/dm .
ASC values were determined by the s t a t i c method.
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