
Introduction

In the early fifties, in concerning with radiochemical

processes, started the investigations on inorganic ion

exchangers because of their good resistance against

radiation. By the time widely was learning and used

the zirconium phosphate having the best properties

among the materials investigated.

Later, interest began to focus on investigation

more about the behaviour of other metal salts having

similar ion exchange property as the well-known zir-

conium phosphates. Among these materials, hafnium

phosphate and related materials were learned [1–4].

Lately give rise interest to the investigations on

nanoparticles [5] and transition metal salts [6, 7] used

for catalytic and some other purposes. Data relating to

the thermal behaviour of hafnium phosphate and re-

lated materials were presented earlier [8]. Partly these

results, and partly the found electrical resistivity data

[9] generated interest to investigate the thermal be-

haviour of the first-row transition metal containing

hafnium phosphates too. Results of these investiga-

tions are presented here.

Experimental

Sample preparation

All chemicals used were of Merck analytical grade.

To get hafnium phosphate [HfP] the following typical

process was used: 2 g of HfCl4 dissolved in 125 cm3

of 3 M HF solution, then 500 cm3 of 6 M H3PO4 was

added, slowly during vigorous stirring. The solution

was heated to 353 K and the fluor was evaporated

trough 24 h. The precipitate was washed and dried

over P2O5 [8].

Preparation of ion exchange forms

The freshly prepared hafnium phosphate (having

�-crystalline form) was equilibrated with solutions of

various first-row divalent transition metal ions, under

the following conditions:

100 cm3 of 0.1 M M(II)-acetate solution [where

M(II)=Co, Ni, Mn, Cu and Zn, respectively] was

added to 3 g of HfP. The mixtures were stirred and

heated to 353 K and held at this temperature – with

constant stirring and solution level – for 200 h, re-

spectively. After the finish of equilibration the pre-

cipitate washed, filtered and air-dried.

The quantity of added solution was calculated

taking into consideration the exchange capacity of

hafnium phosphate (7.4 meq g–1 at pH=7; T=293 K).

The supernatant liquid was stored for analytical deter-

minations.

Analytical

The M(II) content both of the original and the residual

solutions was checked, by spectrophotometric method

described by Sandell [10], using a Spectromom 195D

photometer and as coloured compound. The quantity

of exchanged ions was calculated from the difference

between the M(II) contents of the initial and the resid-

ual acetate solutions. The concentration values ob-

tained are given in Table 1.
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The samples were subsequently checked by ele-

mental (carbon) analysis to ascertain whether any ac-

etate remained. The hafnium content was determined

through an organic complex [11], while the phos-

phate, using a method described by Sandell [10].

Identification

The samples were identified by XRD method at the

conditions described earlier [12] for zirconium salts.

Thermal analysis

The measurements were carried out with a Mettler

TA-1-HT computer controlled thermobalance that si-

multaneously provided DTA and TG data. The heat-

ing rate was chosen 278 K min–1. The temperature

range was 298–1100 K, the reference material was

Al2O3, ambience: air, the experiments were carried

out in a Pt crucible. The data were evaluated by means

of a computer program, and they are collected in Ta-

ble 2 and showed on Figs 2–7.

Result and discussion

Analysis

The measured values of hafnium and phosphate give a

ratio of 1:2. The elemental (carbon) analysis showed

no carbon (acetate) in the investigated samples. Eval-

uating the analytical data (Table 1) we found that dur-

ing 200 h equilibration 40; 52, 61, 32, and 55% of

Co(II), Ni(II), Mn(II), Cu(II) and Zn(II) were ex-

changed for, respectively. During the shorter contact-

ing time these quantities are strongly decreased. At

the end of the process the ion uptake became slower

and slower and the total (100%) change of hydrogen

to transition metal ions could not be achieved under

the given experimental conditions (Fig. 1). Taking

these data into consideration the following Hf/M(II)

molar ratios could be calculated: 1/0.40, 1/0.52,

1/0.61, 1/0.32 and1/0.55 for Co, Ni, Mn, Cu, and Zn

containing samples, respectively.

In consequence the following compositions are

suggested for the samples:
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Table 1 Analytical data

Solution
Co(II)/ Ni(II)/ Mn(II)/ Cu(II)/ Zn(II)/

mM cm–3

Initial 0.08 0.10 0.10 0.10 0.1

Residual 0.04 0.048 0.039 0.068 0.045

ion uptake
in % 40 52 61 32 55

Table 2 Data of thermal decomposition of transition metal containing hafnium phosphate

Ion exchanged
form

Temperature
range/K

Mass loss/%
DTGmax/K

DTAmax/K
endo exo

Zn(II)

till 450 11.8 11.8/710 – –5.75/400

570–710

above 1100

Mn(II)

till 360 12.8 12.6/685 – –4.85/610

365–485

485–685

above 1100

Co(II)

370–405 10.3 10/1000 – –4.0/980

405–610

above 1100

Ni(II)

till 570 10.2 10.1/1010 – –1.25/595

575–580

580–950 1.8/500

above 1100

Cu(II)

till 455 14.1 12.0/780 – –1.7/590

455–565 2.1/560

770–1010

above 1100



HfCo0.40H1.20(PO4)2�xH2O

HFNi0.52H0.96(PO4)2�xH2O

HfMn0.61H0.78(PO4)2�xH2O

HfCu0.32H1.36(PO4)2�xH2O and

HfZn0.55H0.90(PO4)2�xH2O

Based on these data the following selectivity or-

der was found: Cu�Co�Ni�Zn�Mn, which is in good

correlation with found selectivity sequence of haf-

nium phosphate [13].

XRD analysis was utilised to identify the pre-

pared materials. Their possible structure and some

main crystallographic data were determined [14] and

calculated in each case base on 50 peaks of the given

diffractograms. The calculated data were accepted

only if the results simulated using Ca Rine W 3.1 pro-

gram was concordant with them.

In such a way was found that the investigated sam-

ples have monoclinic layered structure and they are

from crystallographic point of view a two-phase system.

During the thermal treatment the various

first-row transition metal containing hafnium phos-

phates have different behaviour, against the conse-

quent zirconium- and titanium salts investigated ear-

lier [15, 16]. Generally the manganese and zinc con-

taining samples showed similar behaviour as pure

hafnium phosphate. In case of nickel and copper con-

taining materials an addition exothermic process con-

nected with oxygen loss was found, while the curve of

sample containing cobalt showed the same processes

as it was found for zinc and manganese containing

samples, but they are very weak.

As it can be seen on the thermogram of zinc con-

taining sample (Fig. 2) three endothermic processes

with mass loss appear. Based on the data of earlier

work [14] among them the first two connected with

crystal water (till 450 K), while the third one with the

structural water (result of the decomposition of hy-

drogen phosphate part) loss between 570–710 K. In

addition an exothermic process without mass loss was

found (started at about 1200 K), correspond to the

phase transition – from monoclinic to cubic – of re-

sult hafnium oxide. During the treatment 11.8% total

mass loss was found.

Taking into consideration the analytical and

thermal data the following way of thermal degrada-

tion of the original molecule can be proposed:

[HfZn0.55H0.9(PO4)2]�2.2H2O
�� �� ��2 2 2. H O

[HfZn0.55H0.9(PO4)2]
�� �� � ��0 45 2. H O

HfP2O7�0.55ZnO phase trans.� �� � ��

HfO2�0.55ZnO�P2O5

On the Fig. 3 are shown the DTA and TG curves

of manganese containing sample. During the thermal

treatment four endothermic processes with mass loss

and an exothermic one without mass loss occurred.

They result a total mass loss of 12.8%.

The endothermic processes cover both of the

crystal- and structural water loss (the crystal water

loss in two near equal steps), while the exothermic

process adequate with the phase transition of hafnium

oxide [HfO2] (from monoclinic to cubic). Based on

the data the following way of thermal decomposition

can be proposed:

[HfMn0.61H0.78(PO4)2]�2.41H2O
�� �� � ��0 045 2. H O*

[HfMn0.61H0.78(PO4)2]�2.41H2O
�� �� � ��0 41 2. H O

[HfMn0.61H0.78(PO4)2
�� �� � ��0 39 2. H O

HfP2O7�0.61MnO phase trans.� �� � ��

HfO2�0.61MnO�P2O5

*adsorbed on the surface.
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Fig 2 DTA and TG curves of zinc containing hafnium phosphateFig. 1 Ion uptake (exchange) vs. equilibrium time =Co(II);

=Ni(II); =Mn(II); =Cu(II); =Zn(II)



On the next figure (Fig. 4) are presented data

concerned to the cobalt containing sample. As can be

seen on the DTA curve also four endothermic pro-

cesses with mass loss appeared. From them the first

two was identified as crystal water loss, while the

other two as structural water loss. In this case also was

found an exothermic process about 1200 K, belongs

to the phase transition of hafnium oxide. They are

very weak in comparison with that one written above.

During the above processes a total mass loss of

10.3% was found. Taking into consideration the ana-

lytical data the following way of thermal decomposi-

tion is proposed:

[HfCo0.4H1.2(PO4)2���	
�2O] �� �� � ��1 64 2. H O

[HfCo0.4H1.2(PO4)2]
�� �� ��0 6 2. H O

HfO2�0.4CoO�P2O5

In case of nickel and copper containing samples

(Figs 5–6) four endothermic- and an exothermic pro-

cesses with mass loss were found. In addition appear at

1200 K an exothermic process (without mass loss)

cover the phase transition of hafnium oxide. Two en-

dothermic processes form the four can be ordered to

the crystal water loss, while the other two to the struc-

tural water loss. The exothermic process, exist at

450–650 K temperature interval, cover the oxygen loss

result of the transition of MO to M2O. The reverse of

this process goes very fast at about 1000–1100 K. This

presumption is in good correlation with that of made

by Viano et al. [17]. Based on the above mentioned the

following way of thermal decomposition is proposed:

[HfNi0.58H0.96(PO4)2�����2O] �� �� � ��0 58 2. H O

[HfNi0.58H0.96(PO4)2]
� �� �� ��0 26. O

[HfPO4�PO3�0.26Ni2O�0.48H2O] �� �� ��0 48 2. H O

HfO2�0.52NiO�P2O5

The above processes result a total mass loss of

12.8%.

The copper containing sample different from the

earlier one only in the speed of the processes. The

crystal water loss goes in two nearly equal steps at rel-

atively low temperature. It immediately followed by
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Fig. 4 DTA and TG curves of cobalt containing hafnium

phosphate

Fig. 5 DTA and TG curves of nickel containing hafnium

phosphate

Fig. 6 DTA and TG curves of copper containing hafnium

phosphate

Fig. 3 DTA and TG curves of manganese containing hafnium

phosphate



the transition of metal oxide form and the loss of

structural water. During these processes a total mass

loss of 14.11% was registered. Based on the analyti-

cal data the following way of thermal decomposition

is proposed:

[HfCu0.32H1.36(PO4)2�2.3H2O] �� �� � �2 3 2. H O

[HfCu0.32H1.36(PO4)2]
� �� �� ��0 16. O

[HfPO4(PO3)�0.16Cu2O�0.34H2O] – .0 34H O; phase trans.2� �� � � � �

HfO2�0.32CuO�P2O5

Taking into consideration of the above written

results and the structural data of the investigated ma-

terials we conclude that in case of copper and nickel

containing samples the transition metal ions exist in

oxide form after the loss of crystal water. These oxide

forms also have a low symmetry monoclinic structure

[15], possible goes through on a rapid phase transi-

tion, indicate an exothermic peak. As an example is

shown the DTA curves of pure copper oxide and cop-

per containing hafnium phosphate (Fig. 7). Based on

these curves and the given calculations we presumed

that exotherm process exists at about 500–600 K tem-

perature interval cover the CuO–Cu2O phase transi-

tion followed with oxygen loss. The reverse process is

going above 1000 K as is written by Viano [17].

Rightfully arose the question why only these two

metal have such behaviour, and why not the others?

In this moment we only supposed that the presence of

hafnium and/or phosphate influenced them in this

way. Perhaps this idea must be supported with further

detailed investigations (they are in advance).

In case of other samples the thermal degradation

has similar route than that was found for the transition

metal containing zirconium and/or titanium phosphates.

Conclusions

The zinc and manganese containing hafnium phos-

phates have the same way of thermal degradation as

was found for pure hafnium phosphate.

Similar processes were found in case of cobalt

containing sample. The found processes had lower in-

tensity. Presumable this phenomenon is in connection

with the low degree of crystallinity of this material.

In case of nickel and copper containing hafnium

phosphates beyond the endothermic processes an exo-

thermic one (with mass loss) exists. Based on mass loss

and DTA data assumed that the mentioned exotherm

process characterises the MO–M2O phase transition.
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