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Abstact: A novel hybrid ion exchange material, zirconium hydroxy ethylidene diphosphonate [ZrHEDP] of the
class of tetravalent metal acid (tma) salt has been synthesized by sol-gel method. The material has been characterized
for elemental analysis (ICP-AES), thermal analysis (TGA, DSC), FT-IR and X-ray diffraction studies. Chemical
resistivity of the material in various media (acids, bases and organic solvents) have been assessed. ZrHEDP has
been further probed for its utility as an ion exchanger. The Na+ ion exchange capacity (i.e.c.) has been determined
and effect of heating on i.e.c. studied. The distribution behaviour of ZrHEDP towards several metal ions has been
studied in different electrolyte media/concentrations. Based on the distribution studies a few binary metal ion
separations have been achieved.
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Introduction

There is currently high interest in engineering mixed
materials of some organic-based inorganic ion ex-
changers, where features of the organic and inorganic
components complement each other leading to the
formation of new solid-state structures and materials with
new composite properties (Clearfield, 1998) to give a
wider range of applications. Such materials may also be
termed as hybrid ion exchangers.

Tetravalent metal acid (tma) salts are the most widely
studied group of inorganic ion exchangers, due to their
excellent thermal stability and chemical resistivity. In this
respect, tma salts have proved to be superior to many
organic resins (Varshney, 1991 and Takahashi, 2002).

Tma salts have the general formula, M(IV) (HXO4)2.
nH2O, where M (IV) = Zr, Ti, Ce, Th, Sn etc. and X = P,
Mo, W, As, Sb etc. The protons present in the structural
hydroxyl groups of these materials can be exchanged for
several cations and thus they act as cation exchangers.

Zr (IV) phosphate, an inorganic ion exchanger of the
class of tma salt, has been widely used as a cation
exchanger and has shown a number of advantages as an
ideal host lattice. In the tetrahedral moiety of phosphoric
acid, PO(OH)3, if H or OH is replaced by R (where R =
alkyl or aryl possessing ionogenic groups), phosphonic
acids are obtained, which when treated with tetravalent
metals such as Zr, Ti, Sn, Th, Ce, etc. give rise to metal
phosphonates (Alberti, 1978; Mar Gomez-Alcantara,
2004). M(IV) phosphonates are of special interest, as they
are very insoluble compounds and possess all the
characteristics of an ion exchanger. Though several metal*Corresponding Author
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phosphonates have been synthesized and characterized,
the focus has been on structure elucidation (Alberti, 1996;
Clearfield, 1996).

In the present endeavour, a novel metal phosphonate
(ZrHEDP) (where HEDP = hydroxy ethylidene diphos-
phonic acid), a hybrid ion exchange material of the class
of tma salt, has been synthesized by sol-gel method and
characterised. Though the potential use of metal
phosphonate as an ion exchanger has been suggested, a
literature survey reveals that no systematic studies have
been carried out on the ion exchange characteristics of
these materials.

The distribution coefficient, Kd towards Pb (II), Bi
(III), Th (IV), Zn (II), Mn (II), Cu (II) and Ni (II) ions in
different electrolyte media/concentrations has been
determined and the utility of ZrHEDP as a cation
exchange material has been demonstrated by carrying
out some binary metal ion separations. The removal and
recovery of toxic/heavy metals being an area of current
interest, as a case study, the removal of nickel from an
effluent has been demonstrated.

Experiment

Synthesis of ZrHEDP
ZrHEDP has been prepared by mixing aqueous solutions
of [0.1 M, 250 mL] ZrOCl2 · 8H2O and [0.2 M, 250 mL]
sodium salt of HEDP, dropwise and with constant stirring
at ~70°C. The gelatinous precipitates obtained was
digested for one hour at ~70°C, filtered, washed with
conductivity water till removal of chloride ions, followed
by drying at room temperature. The material was then
broken down to the desired particle size [30-60 mesh
(ASTM)] by grinding and sieving and further converted
to the acid form by taking 5 g of the material and treating
with 50 ml of 1 M HNO3 for 30 min with occasional
shaking. The sample was then separated from acid by
decantation and treated with conductivity water for
removal of adhering acid. This process (acid treatment)
was repeated at least five times. After final washing, the
material was dried at room temperature. This material
was used for all studies.

Distribution Studies
Distribution studies for Pb (II), Bi (III), Th (IV), Zn (II),
Mn (II), Cu (II) and Ni (II) ions was carried out by batch
method. 100 mg of ZrHEDP was equilibrated with 20
mL of 0.001 M metal ion solution for 24h at room
temperature. The metal ion concentration before and after
sorption was determined by EDTA titrations (Jeffery,
1978). Distribution studies were also carried out in

different electrolyte media like 0.2 M and 0.02 M
NH4NO3, HNO3, HClO4 and CH3COOH. Distribution
coefficient (Kd) was evaluated using the expression, Kd

= [(I-F) x V]/ (F × W) mL. g-1 where I is the initial amount
of the metal ion in the solution phase, F is the final amount
of the metal ion in the solution phase, V is the volume of
the metal ion solution (mL) and W is the weight of the
ion exchanger.

Binary Metal Separations
For binary separations, 1 g of the ion exchanger was taken
in a glass column (30 × 1.1 cm). The column was washed
thoroughly with deionized water and the mixture of the
metal ions (1 ml of each metal ion of 0.004 M
concentration) to be separated was loaded onto it (flow
rate 7-8 drops/minute). The separation was achieved by
passing suitable eludant through the column. Metal ion
concentration in the effluent was determined quan-
titatively by AAS(Chemito Model - 201).

Removal of Nickel from an Industrial Effluent
20 mL of industrial effluent containing nickel was shaken
with 1 g of exchanger in stoppered conical flasks at
different time intervals with increments of 10 min (10,
20, 30, …, 100). The amount of metal ion remaining
was then determined by AAS.

Results and Discussion
ZrHEDP was obtained as colourless transparent granules.
Elemental analysis by ICP-AES (Perkin Elmer ICP-AES
spectrometer) shows zirconium to phosphorus ratio to
be 1:2. The carbon and hydrogen content (Coleman CHN
analyzer) were found to be % C = 7.01, % H = 3.21 in
ZrHEDP. FTIR spectra of Zr-HEDP (KBr wafer on
BOMEM MB) shows broad band in the 3400 cm-1 region,
attributed to symmetric and asymmetric -OH stretching,
while band at 1642 cm-1 is attributed to H-O-H bending.
This indicates the presence of structural hydroxyl protons
in ZrHEDP responsible for cation exchange, which is
further evident from the Na+ i.e.c. value that has been
determined. A broad shoulder at 1058 cm-1 is attributed
to the presence of P=O stretching and bands at 1452 and
1380 cm-1 is attributed to symmetric and asymmetric C-
CH3

 bending (Silverstein, 1991). The Na+ ion exchange
capacity (i.e.c.), determined by column method
(Samuelson, 1953) at room temperature is found to be
3.18 meq g-1. The effect of calcination on i.e.c. was
studied in the temperature range 100 to 500 °C at an
interval of 100 °C and found to be 3.20, 3.00, 3.22, 1.96
and 1.55 meq g-1 respectively. The initial increase in the
i.e.c. value at 100 °C could be attributed to loss of
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moisture adhered to it, thereby increasing the active
exchanger content for same weight of material taken for
i.e.c. determination. However, at 300°C an increase in
i.e.c. value is observed which is attributed to the
decomposition of organic moiety, leading to the formation
of active carbon, as evidenced by the change in colour of
the heated samples to black. Further, decrease in i.e.c.
beyond 300°C is attributed to the complete decomposition
of organic moiety/active carbon in the form of CO2.

TGA of ZrHEDP (Shimadzu Thermal analyzer
DT-30 at a heating rate of 10°C/min) exhibits ~11.0%
weight loss within the temperature range 40-120°C
corresponding to the loss of moisture/hydrated water. A
10.0% weight loss is observed in the range of 220-500°C,
which may be due to the condensation of structural
hydroxyl groups as well as decomposition and dis-
sociation of the organic moieties. DSC of ZrHEDP
(Metler TA 4000 system at a heating rate of 20°C/min)
exhibits endothermic peak at 120°C, which is attributed
to loss of moisture/hydrated water. However, an
exothermic process starts at 300°C, which is attributed
to both decomposition of the organic moiety present in
the framework as well as condensation of structural
hydroxyl groups. The decomposition of the organic
moiety predominates the condensation of structural
hydroxyl groups which is observed as an exotherm. Based
on the zirconium and phosphorous content determined
by ICP-AES, % carbon and % hydrogen as well as
thermal analysis (TGA) data, ZrHEDP has been
formulated as Zr(C2H8P2O7) · 2H2O using Alberti &
Torracca formula (Alberti, 1968).

Absence of sharp peaks in X-ray diffractogram of
ZrHEDP (X-ray diffractometer BRUCKER AXS D8

using Cu-Ká radiation with a nickel filter) indicates that
the material is amorphous in nature. ZrHEDP is stable in
acid medium, maximum tolerable limits being 18 M
H2SO4, 16 M HNO3, and 11.3 M HCl and also stable in
organic solvent media (ethanol, benzene and acetone). It
is however not so stable in base medium, maximum
tolerable limits being 3 N NaOH and 0.1 N KOH.

The presence of electrolytes in metal ion solution
strongly affects the Kd value. When a metal ion pair is to
be separated, using a column, the Kd value of a particular
metal ion in a particular electrolyte medium is very
important as this further gives us a guideline to separate/
elute out metal ions using the particular electrolyte. The
distribution coefficient (Kd) values evaluated for Zn(II),
Cu(II), Ni(II), Pb (II), Bi (III), Th (IV) and Mn (II) has
been presented in Table 1. ZrHEDP exhibits good affinity
for Pb (II), Zn (II), Mn (II), Cu (II) and Ni (II) as compared
to Bi (III) and Th (IV). Kd value of 1760 mL.g-1 for Pb
(II) obtained in the present case is higher than obtained
for titanium molybdate (1000 mL.g-1) (Qureshi, 1969)
and titanium tungstate (1565 mL.g-1) (Chudasama, 1998).
Exceptionally high Kd values exhibited by Pb(II) in 0.02
M CH3COOH (10422.2 mL.g-1) may be due to the
formation of lead acetate which is strongly sorbed onto
ZrHEDP. Zn (II) and Cu (II) also exhibit exceptionally
high Kd value in 0.02 M CH3COOH whereas Ni (II)
exhibits a high Kd value in 0.02 M NH4NO3. Higher Kd
values in electrolyte media as compared to aqueous media
are observed for all metal ions except Mn (II) and Th
(IV). This has also been observed earlier by other workers
(Sharma, 1994; Varshney, 1990 & 2001).

Table 1: Distribution coefficient (Kd) values of metal ions in aqueous and various electrolyte media on ZrHEDP

Metal Taken Distilled 0.02 M 0.2 M 0.02 M 0.2 M 0.02 M 0.2 M 0.02 M 0.2 M
 ion as water NH4NO3 NH4NO3 HNO3 HNO3 HClO4 HClO4 CH3COOH CH3COOH
Zn (II) Acetate 1276 800.00 557.63 1005.82 104.0 593.63 175.10 2300 1123.4
Cu (II) Sulphate 717.30 872.22 491.56 100.92 437.25 3733.33 1973.68 7025 1549.25
Ni (II) Acetate 540.66 2433.31 14.14 225.52 1802.0 107.63 20.17 438.92 435.89
Pb (II) Nitrate 1760 4118.18 201.66 2665.88 334.44 1680 453.66 10422.2 2548.57
Bi (III) Nitrate 32.96 16.66 38.83 14.29 52.27 29.61 43.26 62.50 51.16
Th (IV) Nitrate 10.73 8.47 3.89 7.42 10.45 1.97 6.84 2.46 7.48
Mn (II) Acetate 773.91 52.17 155.15 446.31 22.86 118.86 1.33 511.11 363.55

Based on separation factor a, binary separations for
the metal ions pairs, Pb (II) - Th (IV), Pb (II) - Bi (III)
and Pb (II) - Ni (II) have been performed (Table 2). In
these separations, 0.4 M NH4NO3 is used to elute Pb
(II), 0.02 M HClO4 is used for Ni (II) and Th (IV) and
0.02 M HNO3 is used for Bi (III). The percentage

efficiency of ZrHEDP towards separation of metal ion
pairs studied is in the order, Pb (II) (76.31) - Th (IV)
(95.72) > Pb (II) (71.13) - Ni (II) (84.79) > Pb (II) (65.82)
- Bi (III) (94.58). Though separation factor is very less
in case of Pb (II) - Ni (II), the separation is found to be
quite efficient.
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Lead and lead compounds are widely used in industry.
Lead as a source in water pollution is due to its use in
sheet and lead pipe industries, storage batteries, paints
and pigments, pesticides, preparation of alloys etc. The
biochemical effects of lead is well known and described
in texts (De, 1987; Wright, 2002). The most promising
property of the material ZrHEDP is its high selectivity
for lead. An extremely high affinity of Pb (II) towards
ZrHEDP suggests its possible use for removal of lead as
well as its separation from other metal pollutants.

Nickel and its salts find applications in electroplating
industries, storage batteries, catalyst industry, alloys
(stainless steel manufacture), paints and pigments etc.
Ni (II) in the divalent state is highly soluble in water.
The biochemical effects of nickel is well known and
described in texts (De, 1987 Wright, 2002). ZrHEDP was
used to remove nickel from an industrial effluent
containing nickel with initial concentration 237.5 mg.L-1.
The effluent has been obtained from a catalyst based
industry, which uses a nickel-supported catalyst.
Leaching of Nickel takes place during its use as a catalyst
which we have tried to identify/recover using ZrHEDP.
It is observed that sorption increases gradually with
increase in contact time and reaches a maximum value.
Percentage uptake with 10 mins intervals was found to
be 42.20 (10 mins), 78.95 (20 mins), 84.21 (30 mins),
89.47 (40 mins) and 89.89 (50 mins).

Conclusion

ZrHEDP exhibits the characteristics of a promising ion
exchanger, the most promising property being its high
selectivity for lead, suggesting its use for removal of lead
as well as its separation from other metal pollutants. Its
analytical importance has been demonstrated by
separating several metal ion pairs.
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