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PYRIDINE BASED ZIRCONIUM(1V) AND TIN(IV) PHOSPHATES AS
NEW AND NOVEL INTERCALATED ION EXCHANGERS
Synthesis, characterization and analytical applications
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Pyridine based zirconium(IV) phosphate (PyZrP) and tin(IV) phosphate (PySnP) have been synthesized as new and novel interca-
lated ion exchangers. These materials have been characterized using X-ray, IR spectra, TG, DTG and DTA studies in addition to
their ion exchange capacity, elution, pH titration, concentration and distribution behaviour. The distribution studies towards several
metal ions in different media/concentrations have suggested that PyZrP and PySnP are selective for Hg(IT) and Pb(II), respectively.
As a consequence some binary separations of metal ions involving Hg(II) and Pb(II) ions have been performed on a column of these

materials, demonstrating their analytical and environmental potential.
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Introduction

Hybrid ion exchange materials are of recent interest [1]
because of their properties intermediate to the organic
and inorganic ion exchangers. They have shown good
chemical stability in contrast with the organic resins
and good thermal stability, well-known characteristics
of inorganic ion exchangers. In addition to this, vary-
ing the interlayer distances may further enhance the
utility of these materials in separation of metal ions.
Since zirconium(IV) phosphate type ion ex-
changers [2] have layered structures, intercalation of
polar molecules into the structure can alter the inter-
layer distances [3—5]. Many of such compounds like
alkanols, glycols and amines have been added into the
structure of o.-ZrP by earlier workers [6].

In our laboratories we are engaged in the synthe-
sis of a number of fibrous [7-12] and non-fi-
brous [13—17] hybrid ion exchangers, which may
show selectivity for different metal ions. They have
also been utilized in the separation of metal ions of
environmental importance [18-20].

The relationship between the thermolysis and
structure of metal compounds, and the study of the in-
fluence of metal and ligand nature on the process of
thermal decomposition are of a great interest. There-
fore, many authors have investigated the metal and
ligand nature in many metal compounds of several
central atoms, and also studied their thermal, spectral,
structural and many other properties [21-48].
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The present study is an effort to prepare hybrid
ion exchangers intercalated with pyridine, a polar or-
ganic molecule. Following pages summarize the syn-
thesis, characterization and analytical applications of
pyridine based zirconium(IV) (PyZrP) and tin(IV)
(PySnP) phosphates.

Experimental

Materials
Reagents and chemicals

Zirconyl oxychloride (ZrOCl,-8H,0), stannic chlo-
ride (SnCly-5H,0), orthophosphoric acid (H;POy),
pyridine and all other reagents and chemicals used in
these studies were of AnalaR grade.

Preparation of the reagent solutions

Solutions of zirconyl oxychloride, stannic chloride,
orthophosphoric acid and pyridine were prepared in
doubly distilled water.

Synthesis of the ion-exchange materials

A number of samples of PyZrP and PySnP were pre-
pared by adding one volume of 0.05 M ZrOCl,-8H,0
(in case of PyZrP) and 0.3 M SnCl,-5H,0 (in case of
PySnP) solutions in two volumes of (1:1) mixture of
0.1 M H;POy, (in case of PyZrP) and 0.6 M H;PO, (in
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case of PySnP) and pyridine (varying % age),
drop-wise with constant stirring. The resulting slurry
obtained was kept for 24 h at room temperature, then
filtered and washed with demineralized water (DMW)
till the excess acid was removed (pH~6). The materials
were finally dried as usual at 45°C. The dried gel was
then cracked into small granules by putting in DMW
and converted into H' form by treating with 1 M HNO;
for 24 h with occasional shaking and intermittently re-
placing the supernatant liquid with fresh acid. The ma-
terials thus obtained were then washed with DMW to
remove the excess acid before drying finally at 45°C
and sieved to obtain particle of mesh size 50-70. The
ion exchange capacity of PyZrP and PySnP were found
to be maximum for sample PyZrP-5 (Table 1) and
PySnP-3 (Table 2) respectively. These two samples
were selected for further studies.

Instrumental methods

Spectrophotometric determinations were carried out
using UV-vis spectrophotometer Elico model SL 171.

* pH measurements were performed using an Elico
model LI-10 pH meter.

+ X-ray diffraction studies were made on a Philips an-
alytical X-ray B.V. diffractometer type PW-3710.

* IR spectral studies were carried out using a
PerkinElmer FTIR spectrophotometer model RX-1.

« TG-DTG-DTA studies were carried out using a
PerkinElmer instrument, Pyric Diamond model.

+ For atomic absorption studies, a Shimadzu AA-640
model atomic absorption spectrophotometer (AAS)
was used.

+ Elemental analysis was performed on a Vario ELIII
elemental analyzer.

Results and discussion
Composition

100 mg of the samples were dissolved in 3—4 mL of
HF acid for PyZrP and in conc. HCI for PySnP.
Zr(IV) and Sn(IV) were determined by AAS in PyZrP
and PySnP, respectively, while phosphate was deter-
mined spectrophotometrically by the phosphovanado
molybdate method [51] in both materials. Carbon, hy-
drogen and nitrogen were determined by the
elemental analysis.

On the basis of chemical analysis, the molar
compositions of Zr:P:CsHsN  (PyZrP) and
Sn:P:CsHsN (PySnP) were found to be 1:2:4 and
1:2:7, respectively, which tentatively suggest the fol-
lowing formulae for PyZrP and PySnP, respectively:

[(ZrO2)(H3PO4)2(CsHsN)4 ] nH,O

and

[(SnO,)(H3PO4)2(CsHsN)7]-nH,O

lon exchange capacity (i.e.c.), elution and
concentration behaviour

The most important feature of the materials prepared in
these studies is their good ion exchange capacity (i.e.c.)
for Na” ions [2.0 meqg/dry g in PyZtP (Table 1) and
2.10 meq/dry g in PySnP (Table 2)]. It is much higher
than the i.e.c. generally shown by the inorganic ion

Table 1 Synthesis of various samples of pyridine based zirconium(I'V) phosphate

Sample number Zr soluti()jl/ H3PO4/71 Conc. ot; pyridine/ N a+. ion-exchange ;
mMol L mMol L % capacity/meq(dry g)

PyZrP-1 50 100 - 0.3

PyZrP-2 50 100 0.5 0.66
PyZrP-3 50 2000 0.5 0.3

PyZrP-4 50 50 1 0.22
PyZrP-5 50 100 1 2.0

PyZrP-6 50 100 1.5 0.78
PyZrP-7 50 100 2 1.02

Table 2 Synthesis of various samples of pyridine based tin(IV) phosphate

Sample number Sn soluticztl'l/ H3PO4{ 1 Conc. og pyridine/ Na+.ion-exchange ;
mMol L mMol L % capacity/meq(dry g)

PySnP-1 300 600 - 1.4

PySnP-2 200 600 1 1.32

PySnP-3 300 600 2.1

PySnP-4 300 600 0.5 1.17
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Table 3 Ion exchange capacity of pyridine based zirco-
nium(IV) and tin(IV) phosphates for various metal
solutions

Ton-exchange capacity/meq(dry g™')

Metal solution

PyZrP PySnP
LiNO; 1.60 1.63
NaNO; 2.00 2.10
KNO; 2.41 2.21
Mg(NOs), 1.63 1.35
Ca(NOs), 2.85 1.43
Sr(NOs), 1.93 1.65
BaCl,-2H,0 2.10 1.84

exchangers. The i.e.c. for Na" and other metal ions were
determined by the column process as described earlier
[7] for both PyZrP and PySnP. The results are summa-
rized in Table 3. The i.e.c. of alkali metals and alkaline
earths (Table 3) on PyZrP and PySnP shows the follow-
ing trends: Li"<Na'<K" and Mg**<Ca*'<Sr*'<Ba’". It is
in accordance to the decreasing trend in hydrated ionic
radii of these metal ions in the same order.

The elution and concentration behaviour were also
studied on these materials by a similar method described
earlier [7]. Figures 1 and 2 show the elution behaviour
of PyZrP and PySnP, respectively. Table 4 summarizes
the result of concentration behaviour on both materials.
Elution behaviour (Figs 1 and 2) reveals that the ex-
change is quite fast and almost all the H" ions are eluted
out in the first 120 mL (in PyZrP) and 130 mL (in
PySnP) of the effluent from a column of 1.0 g
exchanger. The optimum concentration of the eluant
was found to be 1 M (Table 4) for a complete removal of
H" ions from the PyZrP and PySnP columns as usual.

pH titrations

pH titrations were performed by the Topp and Pep-
per’s method [49] on both PyZrP and PySnP. Fig-
ures 3 and 4 show the results of this study on PyZrP
and PySnP, respectively. The pH titration curves of
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Fig. 1 Histograms showing the elution behaviour of pyridine
based zirconium(IV) phosphate
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Fig. 2 Histograms showing the elution behaviour of pyridine
based tin(IV) phosphate

Table 4 Concentration behaviour of pyridine based zirco-
nium(IV) and tin(IV) phosphates

Ton-exchange capacity/meq(dry g™)

NaNOs/M
PyZrP PySnP

0.2 1.20 1.25
0.4 1.42 1.50
0.6 1.63 1.73
0.8 1.85 1.94
1.0 2.0 2.10
1.2 2.0 2.10

PyZrP (Fig. 3) and PySnP (Fig. 4) were obtained un-
der equilibrium a condition for LiOH/LiCl,
NaOH/NaCl and KOH/KCI systems. Both the materi-
als (PyZrP and PySnP) behave as bifunctional acids
for Na' ions showing its theoretical i.e.c. at equilib-
rium ~3.5 and 3.0 meq g ' for PyZrP and PySnP, re-
spectively. The bifunctional behaviour becomes less
prominent in case of H'~K" exchange. The i.e.c. for
this ion is found to be ~3.5 meq g in both materials.
However, in case of the Li" both the exchangers ap-
pear to be monofunctional acids i.e. the exchange pro-
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Fig. 3 Equilibrium pH titration curves of pyridine based zirco-
nium(IV) phosphate
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Fig. 4 Equilibrium pH titration curves of pyridine based
tin(IV) phosphate

cess is completed in single step. The value of the i.e.c.
further decreases in this case (~2.5 meq g ' in both
materials). The system contains ionogenic group, the
corresponding acid of which i.e. phosphoric acid has
three pKa values (pKa;, pKa, and pKa;) are 2.12, 7.21
and 12.30, respectively. Thus it is evident that the
first ionization of this acid is very much faster com-
pared to the other two. Both the materials appear to be
strong cation exchangers as indicated by low pH
(~2-2.2) of the solutions when no OH ions were
added to the system.

Distribution studies

200 mg of the exchanger in H™ form were kept in
20 mL of the solvent (doubly distilled water) for 24 h,
with intermittent shaking to attain equilibrium. The
initial metal ion concentration was so adjusted that it
did not exceed 3% of total i.e.c. of the materials. The
metal ions in the solutions before and after equilib-
rium were determined by EDTA titration [50] and the
distribution coefficients, Ky, were calculated by the
formula:
I1-FV 4
Ky F M(mL g )

where [ and F are the initial and final amounts of
metal ion in the solution phase, V is the volume of the
solution, and is M the amount (g) of the exchanger.
Tables 5 and 6 summarize the result of this study on
PyZrP and PySnP, respectively. The distribution stud-
ies (Tables 5 and 6) show high selectivity of the mate-
rials PyZrP and PySnP for Hg(Il) and Pb(II) ions, re-
spectively indicating their importance in environ-
mental studies. It was demonstrated by practically
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achieving some binary separations involving Hg(II)
in case of PyZrP for example: Hg(I)-Mg(II),
Hg(II)-Cd(II) and Hg(I)-Ni(Il) as summarized in
Table 7 and Pb(Il) in case of PySnP for example:
Pb(II)-Mg(1I), Pb(I[)-Cd(I1l) and Pb(I)-Cu(Il) as
summarized in Table 8. A binary separation of Pb(II)
from Mg(Il) in case of PyZrP and Cd(II) from Cu(II)
in case of PySnP were also achieved emphasizing the
above facts. The results were found to be quite precise
and reproducible. Figures 5 and 6 show the separation
profiles of PyZrP and PySnP, respectively.

Separations achieved

Several binary separations were tried using column of
i.d. ~0.6 cm containing 2 g of the material. The col-
umn was washed thoroughly with demineralized wa-
ter (DMW) and the mixture to be separated was
loaded on it, maintaining a flow rate of ~2-3
drops min™' (0.15 mL min'). The separation was
achieved by passing a suitable solvent through the
column as eluant and the metal ions in the effluent
were determined quantitatively by EDTA titrations.
Table 7, Fig. 5 (in case of PyZrP) and Table 8, Fig. 6
(in case of PySnP) give the salient features of the sep-
aration.

Thermal stability

1 g samples of the material were heated at various
temperatures for 1 h each in a muffle furnace and their
i.e.c. was determined by the column process [7] after
cooling to room temperature. Table 9 summarizes the
result of this study on both materials PyZrP and
PySnP. The thermal stability (Table 9) of both materi-
als appears to be less than the non-hybrid materials,
due to the organic component present in the system.
PySnP appears to be thermally more stable as com-
pared to PyZrP. On heating up to 100°C PySnP and
PyZrP show the retention of 82 and 70%, respec-
tively. PySnP and PyZrP show the retention of i.e.c.
as 66 and 43%, respectively on heating up to 200°C.
Even heating up to 400°C, these materials show an
appreciable i.e.c., PySnP retaining about 38% and
PyZrP about 23% of the i.e.c. at room temperature.
However, on heating up to 600°C both the materials
show the sharp decrease in their i.e.c., retaining only
the 5% of the total i.e.c.

TG-DTG-DTA studies

TG-DTG-DTA studies were carried out using a
PerkinElmer instrument, Pyric Diamond model.
Figures 7 and 8 show the TG-DTG-DTA curves of
PyZrP and PySnP, respectively.

J. Therm. Anal. Cal., 86, 2006



96T 9T’S 11 01°8 01'8 018 96T 9T'S 9T'¢ st (=
00L 00L 00L 00L 00L 00L 00L 00L 00L 00L (a4
006 006 006 006 006 006 006 006 006 0061 (ID3H
00€ 00% 99'999 00¢ 00% 99'995 00€ 00% 99'99¢ 006 (IDN
009 009 009 009 009 009 009 009 009 00€1 (DD
09¢ SLy 99'99$ 09¢ 09¢ 99'999 SLy 99'999 99'999 0501 (1))
oSt oSt oSt 0r€ 0st 0S¥ 99'99¢C (043 (143 €€°€€9 (Inad
0S¢ 0sT 0ze $'T91 002 0S¢ §791 002 0ze 009 (Ipro
99'99] 00T S8THT 99'991 002 S8THT ov1 99'991 002 00S (IuN
0Tt vI'LSE €eeer 0TT §5°6sT 00¢€ 0Tt $$°6sT 00¢€ 0¥S (In1s
01c $8°TE 0TS 01c iadeqd $'L8T €€°8ST 187181 iadeqd L9 (IDeq
£€°€ET LT 00t 9L°0€1 €EEET SLT 0S1 SLT LS'8TE 00S (IDed
ceeel 002 0S¢ 0S SL 002 06'06 011 002 (143 (IDSIN

N1 NT0 N 100 N1 NT0 N 100 N1 INTO N 100
Tw/MINA SUOT [EJON

YOIOH fONH IDH

NEW AND NOVEL INTERCALATED ION EXCHANGERS

BIPOW pIok OLI0[yo1od pue proe oLnIu ‘proe oLIO[YI0IPAY ‘M INC Ul dreydsoyd (A[)wniuoosiz paseq ouipLiAd Uo suor [ejouwr Jo sonjeA Py ¢ d[qe ],

613

J. Therm. Anal. Cal., 86, 2006



VARSHNEY et al.

9T’s 01'8 8TY1 01’8 111 11t 9T’s 01’8 01’8 1T1¢C (o
99'99] 00¢€ 00€ 99'991 00€ 00€ 99'991 00€ 00€ 00L (a4
00t 00t 00t 00t 00% 00% 00% 00¥ 00% 99'99¢ (ID3H
€E€ET €E€ET 00€ £€°€€T €€°€ET 00¢ €€°€ET £€°€ET 00¢ 00% (IDN
0sT 0sT 99'99¢ 0sT 99'99¢ 99'99¢ 0sT 0sT 99'99¢ 009 (IDnD
09¢ 09¢ SLY 09¢ SLY 99'999 SLY SLY 99'999 0501 (1))
oSt €€€E9 €€°€€9 0st €€°€€9 €€°€€9 0st €€°€€9 €€°€€9 0001 (Inad
$'T91 002 0S¢ 002 002 0S¢ 002 0S¢ 0ze 009 (Ipro
002 $8°THT 00€ 002 S8'THT 00€ 99'991 002 S8THT 00L (IuN
00€ YI'LSE €eeey $§°SsT 00€ vILSE §556T 00¢ vILSE 00L (In1s
adeqd 99'91% L9 adeqd $'L8T $8°THeE 187181 01c $'L8T £€°€€6 (IDeq
SLT LS'8TE 00S 0S1 SLT LS'8TE TLTLL LS'8TE 00t 059 (IDed
ceeel $'T91 002 SL $'T91 0S¢ 011 ceeel 0S¢ (143 (IDSIN

N1 NT0 N 100 N1 NT0 N 100 N1 INTO N 100
Tw/MINA SUOT [EJON

YOIOH fONH IDH

BIpOW PpIoe OLIo[yoIod pue PIoe OLIIU ‘pIoe OLIO[Yo0IpAY ‘MIAN Ut o3eydsoyd (A[)un paseq oulpriAd uo suor [ejow Jo sonjea Py 9 d[qe],

J. Therm. Anal. Cal., 86, 2006

614



NEW AND NOVEL INTERCALATED ION EXCHANGERS

09 IDH W 10 3N - . . : . SN
0 OHN 1 :ad 8¢'C 0 T6'9LST 981°661¢ 8€°SI91 61°661¢ (INSW—(IDad ¥
09 ID'HN N [+IDH W 1 :3H : : . : S
0¢ DH 10 1IN 0 0 99°100T YL YYL 99°100T PLYYL (ID3H-(IDIN €
09 IDYHN N [+IDH W [ :3H . - ) ) . . Sii
05 SONH N 1 :PD ST 8€'C 191561 60°L681 99°100C 9¢° P61 (IDSH-1DPD 4
09 [D'HN N I+IDH I | 3H ) ) ) . .
SH-(1D)3
oL DHIN 1'0 S 0 8€°C 99°100T ¥8'€S91 99'1002 8€°S191 (ID3H~(IDSW !
N—\/_ :\4 Nz :\4 N—Z _E N—\/_ :\4
‘oN o[dureg
Tw/uanyd Jo "[OA pasnjuanjg 0/1011g 31l/punoj junowry 31l/papeo] Junowry paaaryoe uoneredog

deydsoyd (A])wmnIuoonz paseq dUIpLIAd U0 PIASIYIL SUOT [ejowl JO suoneredas Areurqg £ d[qeL,

615

J. Therm. Anal. Cal., 86, 2006



VARSHNEY et al.

0S YOIDH N 1°0 0D . . . . . .
LS S L 1DnO~(11
09 ISH N 1°0 PO € 0 960501 9¢"EH61 LY101 9¢ V61 (IDnD>—1DPD 1%
0S fFONH N T :qd e ) ) . . mn
0¢ *OIOH I 1°0 1 0 LS€ 81'661C 8+'8L6 81°661C wyiol (IDad-(apnd €
0S fONH N T :ad . . . . . .
09 IDHA 10 PO 0 8¢'T 81°6v1C 60°L681 81°661¢ 9¢°EH61 (IDad—1DpPD 4
09 fFONH I T :ad o - ) ) . . (1S
09 "OIOH I 1'0 SN LTT 8¢'T 0T 6¥1T T6'9LST 81°661¢ 8¢°G191 (IDad—(ID3N I
N—\/_ :\4 Nz :\4 N—Z _E N—\/_ :\4
‘oN o[dureg
Tuauan(a Jo JOA pasnjuanjg 0//10119 31l/punoj junowry 31l/papeo] Junowry paaaryoe uoneredog

eydsoyd (AT)un paseq surpriAd uo paadmyoe suor [elow jo suoneiedss Areurq § d[qe],

J. Therm. Anal. Cal., 86, 2006

616



EDTA/mL

EDTA/mL

NEW AND NOVEL INTERCALATED ION EXCHANGERS

10 a b
Mg(Il) )
0.6 ] Ha(1l)
0.2 4
T ’ T 1
0 40 80 120 160
Eluent/mL
: ” ) p
LOq N
0.6 Ha(11)
0.2
T T T 1
0 40 80 120 160
Eluent/mL

1.0 c d
Cd(ily
0.6 4 Hg(11)
0.2
T T I
0 40 80 120
Eluent/mL
1.04 = B h
2 Pb(11}
Mg(1l)
0.6 4
0.2 4
T T T
0 40 80 120
Eluent/mL

Fig. 5 Separation of Mg(II) from Hg(IT); Cd(II) from Hg(IT); Ni(II) from Hg(II) and Pb(Il) from Mg(II) on pyridine based zirco-
nium(IV) phosphate columns: a, e, h— 0.1 M HCL; b, d, f— 1 M HCI+1 M NH,4Cl; g— 1 M HCI; ¢ — 1 M HNO3
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Fig. 6 Separation of Mg(Il) from Pb(II); Cd(Il) from Pb(Il); Cu(Il) from Pb(Il) and Cd(II) from Cu(Il) on pyridine based tin(IV)
phosphate columns: a, e, h— 0.1 M HClO4; b, d, f— 1 M HNO3; ¢, g— 0.1 M HCI
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Fig. 8 TG-DTG-DTA curves of pyridine based tin(IV)
phosphate

The thermal curves (Figs 7 and 8) show the mass
loss of 12.2 and 11.7% on heating up to 100°C for
PyZrP and PySnP, respectively, which is due to the
removal of the external water molecules ‘n’ from the
materials. The value of ‘n” was found to be 5.0 and
6.6 for PyZrP and PySnP, respectively using Alberti’s
equation [52]. The slow mass loss between 100 and
200°C in case of PyZrP and PySnP, respectively is
due to the decomposition of the organic part of the
material. At 200°C onwards the smooth horizontal
curves indicate the formation of pyrophosphate phase
in both materials [53].

IR spectral studies

IR spectral studies were carried out by KBr disc
method. Figures 9 and 10 show the IR spectra of
PyZrP and PySnP, respectively. The IR spectra of
PyZrP (Fig. 9) and PySnP (Fig. 10) confirm the pres-
ence of the external water molecules in addition to the
OH groups and the metal oxides and metal hydroxides
(at the PO} sites) present internally in the materials.
The metal oxide and metal hydroxide bands are ob-
served at 728.25 cm ' in PyZrP and at 721.96 cm ™' in
PySnP. The bands at 515.54 and 1031.36 cm ' in
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Fig. 9 Infrared spectrum of pyridine based zirconium(I'V)
phosphate
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Fig. 10 Infrared spectrum of pyridine based tin (IV) phosphate

PyZrP and 518.69 and 1025.79 cm ' in PySnP indi-
cate the presence of phosphate groups. The absorp-
tion bands at 1629.46 and 3190.0 cm ' in PyZrP and
1632.39 and 3200.0 cm ' in PySnP, correspond to the
water of crystallization. The bands at 1368.90 cm ™' in
PyZrP and at 1377.27 cm ' in PySnP are due to the
C—N stretching. Absorption bands at 1454.63 cm ' in
PyZrP and 1463.24 cm™' in PySnP indicate the pres-
ence of C=N stretching [54, 55].

X-ray studies

Figures 11 and 12 show the X-ray diffraction patterns
of PyZrP and PySnP, respectively. The X-ray
diffractograms (Figs 11 and 12) of the materials ex-
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20/degree

Fig. 11 X-ray diffraction pattern of pyridine based zirco-
nium(I'V) phosphate
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Fig. 12 X-ray diffraction pattern of pyridine based tin(IV)
phosphate

hibit some weak peaks, showing their poorly crystal-
line character, which makes it difficult to evaluate
their structures. Due to the lack of information, a de-
tailed mechanism of the ion exchange behaviour can-
not be given at this stage correlating the metal ion di-
ameter with cavity sizes of the materials.

Conclusions

Pyridine supported zirconium(IV) phosphate and
tin(IV) phosphate are useful ion exchangers with
promising ion exchange behaviour, supported by
some important separations achieved practically.
These two materials may find use in environmental
studies because of their selectivity for heavy metal
ions. Such explorative studies are in progress in our
laboratories.
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