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of Cd(II) against EDTA and oxalic acid.

INTRODUCTION

Cadmium is used as a barrier in nuclear fission, as neutron
absorber, in steel galvanization, paints, pigments, cosmetics,
nickel cadmium batteries, in television screens, lasers and in
welding of seals along with zinc. In United States, 600 tonnes
of cadmium is produced annually and about 150 metric tonnes
of cadmium is imported [1,2]. Cadmium enters in human body
through inhalation or ingestion. The most significant source
of cadmium exposure is cigarette smoking. The people working
in welding and soldering industry are more significantly
exposed to inhalation of cadmium and it can cause severe
chemical pneumonitis [3-5]. About 30 % of absorbed cadmium
is deposited in the liver and 30 % in the kidneys [6]. Cadmium
initiates tissue injury by creating oxidative stress and it also
changes DNA epigenetically [7-9]. Cadmium interferes competi-
tively with physiological action of zinc [10-13]. Cadmium
prevents formation of heme and it blocks the functioning of
mitochondria and causes apoptosis [14-18]. The main target
of cadmium toxicity is kidney where the reabsorption of
protein, amino acids, bicarbonates and phosphate (Fanconi
syndrome) is affected to a large extent. Cadmium poisoning
also affects diabetic’s patients more drastically as it leads to
renal tubular damage [19,20]. Cadmium reduces level of
osteocalcin. It interferes with calcium channels and leads to
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constriction of blood vessels [21-25]. Cadmium increases rates
of autoimmunity and synthesis of non-specific antibodies. It
reduces production of antigen-specific antibodies [26,27].
Keeping in view all harmful effects of cadmium, it becomes
manadatory to check the presence of cadmium in the environ-
ment. The novel sensor titanium(IV) tungstovanadate has been
successfully used for the detection of cadmium.

Titanium based ion exchangers have excellent ion
exchange properties. These exchangers are prepared using
different composition of materials so as to increase their
selectivity. Three component based ion exchangers of titanium
have been reported in literature i.e. titanium(IV)iodovenadate
[28], polyaniline titanotungstate [29], sodium irontitinate [30],
titanium antimonite [31], titanium phosphate [32], titanium
tungstosilicate [33], titaniummolybdo silicate [34], titanium-
molybdate [35] have been synthesized. The present work deals
with the synthesis, characterization, ion exchange properties
and analytical applications of a novel three component based
exchanger i.e. Ti(IV) tungstovanadate.

EXPERIMENTAL

A digital pH-conductivity meter-101 (Sr.No.-1402046)
was used to measure pH and temperature was measured with a
temperature meter -18. The sample was dried with a temperature
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controlled electric oven (Universal). Digital potentiometer-118
(Sr.No0.1312575) was used for EMF measurement.

Titanium chloride (TiCls), sodium tungstate and ammonium
metavanadate were used. All the chemicals were supplied by
CDH, Qualikems and S.D. Fine Chemicals Pvt. Ltd. The reagents
used were of highest purity.

Synthesis of titanium(I'V) tungstovanadate: Titanium(IV)
tungstovanadate was synthesized by adding solution of titanium
tetrachloride to a mixture of sodium tungstate and ammonium
metavanadate at 60 °C in different volume ratios. The pH of
the mixture was maintained by adding conc. HCI (Table-1).
The mixture was stirred continuously. Yellow coloured gel was
obtained which was filtered and washed with double distilled
water so as to remove any traces of chlorides and sulphates.
The ppts. were dried and converted in the form of granules by
putting them in the distilled water. The granules were kept
overnight in 0.1 M HCI to convert them into H"ion form [36].
The exchanger was washed with double distilled water and
dried finally at 50 °C.

Physico-chemical characterization

Ion exchange capacity (IEC) and distribution coeffi-
cient studies: Column operation method was used to find ion
exchange capacity of the exchanger [37](Table-1). It was found
to be maximum for the S-1. So, S-1 was selected for further
potentiometric studies.

Distribution coefficient studies i.e. (Kq) values for different
metal ions like Sm*, Mn*", Ni**, Co**, Pb*, La**, Cu**, Cr**, Cd*,
Hg?* and As™ were calculated by the formula given below [38]:

_a-H Vv
¢ F W
K, values are summarized in the Table-2.
TABLE-2

DISTRIBUTION COEFFICIENT (K,) VALUES FOR
DIFFERENT METAL IONS ON SENSOR

Infrared spectra: Infrared spectroscopy was recorded
using KBr pellet medium and was used to find different
attacking sites of heteropolyacids salts. Structure elucidation
of polyoxometalate chemistry was characterized by four types
of metal oxygen linkages exhibiting characteristic vibrational
bands (Fig. 1).
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Fig. 1. FTIR of titanium(IV) tungstovanadate
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M-O-X (weak and long bands i.e. X-M bonds containing
4 internal oxygen atoms).

1 M atom connected to 12 terminal oxygen atoms having
almost double bond character (M-O bonds).

Metal atoms connected to 12 edge sharing oxygen atoms
(M-O-M) (12 edge-sharing oxygen connecting M’s).

M;0,; units containing 12-corner sharing oxygen (M-O-M).

The metal oxygen bonding present in heteropoly acid was
explained by infrared spectroscopy.

Thermal gravimetric, X-ray diffraction, SEM and EDS
analysis of Ti(IV) tungstovanadate: To find the number of
water molecules in Ti(IV) tungstovanadate, the exchanger was
heated at a constant heating rate of 10 °C/min. A TGA curve
was obtained between 10 °C and 800 °C maintaining the
nitrogen flow at a rate of 20 mL/min. The thermal stability,
number and nature of water molecules present in the Ti(IV)
tungstovanadate can be calculated with the help of the TGA
(Fig. 2).

The nature of the heteropoly acid i.e. whether the com-
pound is amorphous or crystalline as well as the orientation of

bl o Ly vtz bleiall fois L6 v crystallites was deduced with the help of XRD analysis using
i) S0 (Culity 4(5)'0 powder diffraction method (Fig. 3).
I\I:I]?((IIII)) 25(3) gd((IIIII)) 5700% SEM technique was used to. show the extemal~ textu.re,
Co(Il) 25.0 Hg(ID) 100.0 topography, morphology, crystalline structure and orientation
Pb(ID) 60.0 As(IID) 50.0 of materials where as EDS technique was used to determine
La(Il) 333
TABLE-1
PREPARATION AND PROPERTIES OF TITANIUM(IV) TUNGSTOVANADATE USING DIFFERENT CONDITIONS
Sample No. ccl:ﬁisrtrilteuzi o Volume ratio 001;1421?;4) Temp. (°C) pH Morphology CI(_)II,,O?;:H IEC (meq/g)
TC 2 1.0
S-1 ST 1 1.0 40 1.0 Amorphous Yellow 0.520
AMV 1 1.0
TC 1 0.5
S-2 ST 1 0.5 60 0.0 Amorphous Yellow 0.320
AMV 1 0.5
TC 2 1.0
S-3 ST 1 1.0 60 1.0 Amorphous Yellow 0.240
AMV 1 1.0
TC 1 0.5
S-4 ST 1 0.5 60 1.0 Amorphous Yellow 0.300
AMV 1 0.5

TC = Titanium tetrachloride, ST = Sodiumtungstate, AMV = Ammoniummetavanadate
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Fig. 2. TGA curve of Ti(IV) tungstovanadate
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Fig. 3. XRD of titanium(IV) tungstovanadate

the chemical composition and elemental analysis of Ti(IV)
tungstovanadate (Fig. 4).

BOOPmM Electron Image 1

Fig. 4. SEM image of titanium(IV) tungstovanadate

Potentiometric studies

Preparation of membranes and measurement of EMF:
For potentiometric studies, membranes were prepared by
mixing exchanger and epoxy resin in different amount (w/w).
The prepared membranes were diced in circular shape of
diameter 2 cm. The finest membrane that gave reproducible
results and best performance was selected for further poten-
tiometric studies [39].

To measure EMF, the selected membrane was attached to
one end of the glass tube with 1.8 cm internal diameter using
araldite [40]. The membrane was equilibrated by keeping it in
0.1 M Cd* ions solution and washed with double distilled
water. All EMF measurements were carried out by using the
following cell assembly:

Hg-Hg,Clys, | KCI (sat)ll 0.1M Cd** || membrane I
test solution Il KClI (sat), Hg,Cl,-Hg

The potential was measured at 25 °C. Debye-Huckel equation
[41] was used to calculate the activities. 0.1 M Cd** ion solution

was diluted to obtain the test solutions of concentration from
10® to 10" M. Unbuffered solutions were used to measure EMF.

Effect of internal solution and pH: To check the effect
of internal solution on the response of the electrode, the EMF
was measured by varying the concentration of the internal
solution from 1 x 10"M to 1.0 x 10°* M.

The response of the electrode was also studied under
different pH conditions. For this purpose, few drops of HCl
(0.01 M) or NaOH (0.01M) was added as needed and EMF
was measured.

RESULTS AND DISCUSSION

IR spectrum: The presence of external water molecules
along with —OH groups and other metal oxides were identified
with the help of IR spectrum. IR spectrum of the exchanger
was studied in the H* ion form.

In FTIR studies, the interstitial water molecules and V-OH
group stretching was confirmed by a strong band at 3229 cm’
[42]. In all TiO, spectra, stretching vibrations of hydrogen
bonded surface water molecules and —OH group were charac-
terized by a strong band at 3826.22 cm™' [43]. A band at 1618.9
cm™ was due to bending vibrations of coordinated water as well
as due to Ti-OH group [44,45]. A peak around 487.23 cm™ was
due to vibrations in the rutile crystalline structure of Ti-O [46].
A small peak at 2368.12 cm™ was due to Ti-O vibrations [47].

There are four kind of oxygen atoms and four Ti-O bonds
in Keggin structure of [TiW,0O4]4 by which the oxygen atom
get bonded with the exheteroatom (Ti), 12 W-O,-W oxygen
bridging, corner sharing oxygen bridges and 11 W-O, terminal
oxygen atoms. In general the symmetric and asymmetric stret-
ching vibrations were observed. A band at 893.11 cm™ was
due to W-Ob-W, a band at 955.11 cm™ was due to W-O, and a
band at 458.23 cm™ was due to (Ti-O) or (O-Ti-O) [48]. All of
which correspond to the spectrum of Ti(IV) tungstovanadate
complex of Keggin structure previously reported. Results are
shown in Fig. 1.

The vibration bands were either broadened or shifted from
their normal modes due to coupling of outer valence electronic
states with the vibrational states of the molecules.

Electron diffraction spectra of the Ti(IV) tungstovanadate
showed that it contains Ti, W and V and O which were charac-
terized by the respective peaks in the spectrum. Atomic ratio
of these elements was Ti:W:V:O was 4.90:9.78:1.44:83.88,
respectively. The oxygen content in the empirical formula
includes the molecular water, hydroxyl group and oxide. Based
on the data, the empirical formula of the synthesized exchanger
can be represented as:

[(TiO1)3.41(H3VO3)3;(HsWO4) 16,802 ] nH,O

The external water molecules were consistent only upto
200 °C as shown by thermogravimetric studies. The sensor
lost a 18 % weight up to 200 °C. When sensor was heated
above than recommended temperature, the sensor lost external
water molecules. To calculate the number of external water
mole-cules (‘n’), Alberti ‘n’ formula [49] was used which is
given as:

18 n = X (M+18n)/100
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where X =loss in weight (%) at 200 °C, (M+18n) is the molar
mass of the exchanger and ‘n’ represents external water mole-
cules. The value of ‘n’ was calculated as 24. So the formula of
the sensor would be

[(T102)34 1 (H3VO3)3(H3WO4) 1 6.802] : 24H20

The molecular weight of the exchanger was deduced and
it was 2447.62 a.m.u. The weight loss of 16 % was further
observed upto 550 °C. This weight loss was due to rearrange-
ment of coordinated water, hydroxyl molecules and other
functional groups. A regular trend in the weight loss was
noticed even upto 800 °C i.e. 21 % which was due to loss of
coordinated water and hydroxyl groups.

X-ray diffraction studies proved lack of particular angle
of diffraction line and it was concluded that the heteropoly
acid salt is amorphous in nature. Scanning electron microscopic
studies revealed that the particles of heteropoly acid i.e. Ti(IV)
tungstovanadate (a) have an irregular shape, (b) don’t have
crystalline structure and (c) are broad in size.

Effect of membrane composition: The electrode is charac-
terized on the basis of different parameters like response time,
measuring range and slope of calibration curve. The results
are given in Table-3. As seen from the results, the best response
was shown by the electrode with 60 % composition having
very less response time (< 10 s) and measuring range of 107
to 107" M.

Calibration curve and statistical data: The selected
electrode was used to measure EMF for different concen-
trations of Cd* ions. The best response was shown by the
electrode with Ti(IV) tungstovanadate (60 %) and epoxy 40 %
in the concentration range of 107 to 10" M Cd* ion with a
slope of 21 mV/decade. The electrode shows a fast response
time of less than 10 s. Whereas the electrode with composition
40 % and 50 % shows a Nernstian slope in the range of 18-19
mV/decade in the concentration range of 10 to 10" M with
response time of 14 and 15 s. A standard deviation of £+ 1.0
mV/decade was observed. EMFs were plotted against log of
activities of the cadmium ion. The intersection of the two
extrapolated linear portions of the curve [50] shows the detec-
tion limit of the electrode. The measurement range remains
the same whether the EMF is measured from higher to lower
or lower to higher concentration.

Effects of internal solution concentration and pH of the
solution: It is clearly visible from Fig. 5 that behaviour of the
electrode remains unaffected by change in the concentration.

log ,Cd"™"
-10 -5 "
-0.05
sl EMF 0.1 M

010 | &
©
sl EMF 0.01 M 3
3
-0.15 E
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L
=
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Fig. 5. Effect of internal solution on the electrode (60 %) based on
titanium(IV) tungstovanadate selective for Cd** ions

There is an expected change in the intercept of the calibration
curve which is same as observed by Kumar et al. [51]. Results
are given in Table-3.

To check the effect of pH on the performance of electrode,
few drops of 0.01 M HCl and 0.01 M NaOH were introduced
in the testing solution and the potential was determined over a
pH range of 2-12 with 1 x 10> M external concentration of
Cd* ion. It was found that the sensor works well in the pH
range of 2.62 to 8.66. The potential remains the same even
with change of pH from acidic to basic (Fig. 6).

Selectivity coefficient of Cd* selective electrode: Values
for selectivity coefficient helps to find the response of elecro-
active material even when other interfering metal ions are
present. Selectivity coefficient of electrode was determined
with fixed interference method (FIM) [52,53]. The interfering
ion solutions with concentration 2 x 10°Mand 2 x 10* M
solutions were mixed with 2 x 10" to 2 x 10®*M solutions of
Cd* ions. The equation used for calculating values for selectivity
coefficient is as below:

POT _ s
N CYS VIR
The selectivity coefficient values (Table-4) indicate that
the developed sensor exhibits highest selectivity for Cd(II)
ions over a number of cations but it is only moderately selective

in the presence of Mn(Il) ions.

TABLE-3
EFFECT OF INTERNAL SOLUTION CONCENTRATION ON THE RESPONSE OF
ELECTRODE BASED ON TITANIUM(IV) TUNGSTOV ANADATE

Solution No Concentration of Membrane Slope Response time Detection limit

. internal solution (M) composition (%) (mV/decade) (s) (M)

1.0x 10" 60 21 10 107

1 1.0x 10" 50 18 14 10°¢
1.0x 10" 40 19 14 104

1.0x 107 60 17 12 10°?

2 1.0x 107 50 10 16 107
1.0x 107 40 12 17 1042

1.0x 10? 60 19 15 102

3 1.0x 10?3 50 12 15 103
1.0x 10?3 40 15 13 1054
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Fig. 6. Effect of change of pH on the response of Cd
based on titanium(IV) tungstovanadate

> selective electrode

TABLE-4
SELECTIVITY COEFFICIENT FOR Cd** SELECTIVE
ELECTROACTIVE SENSOR BASED ON
TITANIUM(IV) TUNGSTOVANADATE

Selectivity coefficient KroT
Interfering values 5
ion (B) Interfering ion solution | Interfering ion solution
2 x 10°M) @ x 10*M)
Pb* 0.445 0204
Ni** 0.301 0.230
Cu* 0.334 0.230
Sm** 0.494 0411
La™ 0.398 0369
cr* 0.754 0.376
Co* 0.301 0.176
Mn** 0.361 0.010
He* 0.345 0245
As** 0.338 0.289

Effect of partial non-aqueous solutions and analytical
applications: The working of electrode was also studied in
solvents like methanol, ethanol and acetone with water (partially
non-aqueous medium). The calibration curves are plotted to
check the response of the electrode with 10 %, 20 %, 30 %
methanol, ethanol and acetone (Fig. 7, Table-5). Results show
that there is no change in the slope with partially non-aqueous
solvents so the electrode can be successfully used in partially
non-aqueous solvent also. The sensor was also used as indicator

log, Cd*
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-0.10
e 20 % Acetone
-0.15

e=filf= 20 % Methanol

-0.20
e, 20 % Ethanol
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-0.30

-0.35

-0.40

Fig. 7. Effect of partially non aqueous solvents on Cd** selective electrode
based on titanium(IV) tungstovanadate

TABLE-5
EFFECT OF PARTIALLY NON-AQUEOUS SOLVENTS
ON Cd** SELECTIVE ELECTRODE BASED ON
TITANIUM(IV) TUNGSTOVNADATE

Name of % (VIV) Slope (m/V) Range of
solvent used decade measuring (M)

10 % 19.8 107 to10!

Acetone 20 % 19.9 107to 10"
30 % 20.0 107to 10™

10 % 20.0 107to10™

Ethanol 20 % 20.0 10°to 10"
30 % 19.3 107to 10™

10 % 20 107 to 10™

Methanol 20 % 20 107to 10™
30 % 20 107to 10™

electrode in the potentiometric titrations for EDTA and oxalic
acid solutions. For this purpose 5.0 x 10~ oxalic acid/5.0 x
10 M EDTA was used (Fig. 8). The sharp inflection point at
the titrant volume confirms the presence of 1:1 volume.

Volume of EDTA/Oxalic acid added

-0.270 2 4 6 8 10 12 14 16

-0.275
-0.280
-0.285
-0.290
= -0.295

F (mV/decade)

2 -0.300
-0.305

-0.310

Fig. 8. Potentiometric titration curve using proposed sensor as an indicator
electrode (5 x 10 M oxalic acid/5 x 10° M EDTA)

Response time and life time: Response time is the
average time required time for the sensor to reach a potential
with in + 1 mV/decade for final equilibrium value and was
found to be < 10 s. For the determination of the life time of the
electrode, the potential measurement were made each and
every day by keeping the electrode in standard solution. The
slope of the calibration curve was determined every time. It
was found that the slope remained the same for a period of 6
months for the detection of cadmium(Il)ions. It can be also
used as an indicator electrode.

Conclusion

Titanium(IV)tungstvanadate can be successfully used as
an electrode for making a cadmium(II) selective membrane
electrode. The electrode has reasonably good lifetime, detec-
tion limit, pH range, selectivity coefficient and can be used as
an indicator electrode also.
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