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Chemically modified mesoporous silica material (SBA-15) was used for the construction of Tl(I) selective carbon paste electrode.
The best response was found with the electrode containing 10% modifier as electrode material. The electrode has a lower detection
limit of 6.0 × 10−9M in a working concentration range of 1.0 × 10−8–1.0 × 10−1M. The selectivity coefficient calculated by match
potential method (MPM) shows the high selectivity of electrode towards Tl(I) over other tested ions.The electrode was successfully
applied as an indicator electrode for the titration of 0.01MTlNO

3

solutionwith standards EDTA solution and for sequential titration
of mixture of different anions.

1. Introduction

Thallium is a soft and pliable metal. The metal is obtained
as a byproduct of refining zinc or lead. The Tl(I) salts are
soluble inwater and easily absorbed in human body.Thallium
compounds are quite toxic and some have been used as rat
poisons [1, 2]. Thus the determination of thallium metal
content in solution is a subject of importance particularly
in pharmaceutical, medicinal, and environmental point of
view.The ion selective electrodes are good candidature of the
traces determination of metal ions because they calculated
the activity of ion instead of concentration. Several potentio-
metric PVC based electrodes have been used for the selective
determination of Tl(I) during the last several years. But most
of them have low concentration range, high detection limit,
slow response mechanism, and small life time [3–5].

Silica is widely used for the synthesis of various meso-
porous materials because it is chemically inert, inexpensive,
and easily available and has high thermal stability. The order
mesoporous silica was first reported in 1992; since then
various mesoporous silica materials have been synthesized.
The SBA (Santa Barbara Amorphous) type silica is a high
order material possessing a regular two-dimensional hexago-
nal arrangement of pores. The SBA-15 exhibits large surface
area, large pore size of the same dimensions, and thick
framework walls, which helps to capture the target species

[6–9]. The presence of active hydrophilic hydroxyl groups
at the surface provides the suitable environment for chem-
ical modification of the material. The covalent interaction
between mesoporous silica and organic binder provides the
extra stability to the material which enhances the life time,
selectivity, sensitivity, and potential response of the material.
The rapid complexation kinetics at electrode solution elim-
inates the ohmic resistance which improves the selectivity,
sensitivity, and potential response of the electrode. Thus a
chemically modified electrode based on mesoporous SBA-15
was constructed for the selective determination of Tl(I) in
various samples.

2. Experimental Section

2.1. Reagents and Instruments. The analytical grade reagents,
2-[5-(chloromethyl)-1,2,4-oxadiazol-3-yl]-3-methylpyridine
(COMP), 3-(triethoxysilyl)propyl amine (TESPA), and SBA-
15, were purchased from Sigma-Aldrich (India). The graphite
powder with 1-2𝜇m particle size, paraffin oil, and metal
salts were purchased from Merck (India). Acetone, NaOH,
ethanol, toluene, and other chemicals were purchased from
local pharmaceutical companies. All the reagents were used
without further purification. The test solutions of various
metal cations were prepared from the corresponding ana-
lytical grade metal salts and were diluted to the desired
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concentration. Double distilled water was used through the
process.

All the potential was measured with the help of digital
potentiometer (Equiptronics EQ-602, Mumbai, India) using
modified carbonpaste electrode in conjunctionwith anECIL,
India double junction Ag/AgCl reference electrode con-
taining 10% (w/w) potassium nitrate solution in the outer
compartment. The pH of test solutions was measured with
a conventional glass pH electrode.

2.2. 3-(Triethoxysilyl)-N-{[3-(3-methylpyridin-2-yl)-1,2,4-ox-
adiazol-5-yl]methyl}propan-1-amine (TMPA). A solution of
2-[5-(chloromethyl)-1,2,4-oxadiazol-3-yl]-3-methylpyridine
(COMP) (0.001 mole) in 50mL THF was added to a solution
of 0.01 mole of 3-(triethoxysilyl)propyl amine (TESPA) in
10mL THF at 0∘C. The solution was refluxed for 1 h at room
temperature producing an oily product.The excess of solvent
and unused reactants were removed at reduced pressure. The
residue was washed with ethanol producing a white solid

(Scheme 1). The structure of solid was analyzed by 1H-NMR
and 13C-NMR spectra.
1HNMR (CDCl

3

): 𝛿 (ppm) = 8.23 (t, 1H, NH), 7.86 (s, 1H,
Ar), 7.83 (t, 1H, Ar), 7.82 (s, 1H, Ar), 3.71 (q, 2H, CH

2

), 3.53 (d,
2H, CH

2

), 1.70 (m, 2H, CH
2

), 1.68 (s, 2H, CH
2

), 1.28 (s, 3H,
CH
3

), 1.22 (t, 9H, CH
3

), 0.71 (t, 6H, CH
2

).
13CNMR (CDCl

3

): 𝛿 (ppm) = (7C, aromatic); 167.2, 166.7,
166.4, 166.2, 165.6, 164.3, 164.2 (11C, aliphatic); 80.6, 40.5, 40.2,
40.1, 39.2, 38.6, 38.5, 38.4, 35.8, 35.3, 35.1.

2.3. Synthesis of TMPA-SBA-15. The organofunctionalized
TMPA-SBA-15 hybrid was obtained by copolymerization of
TMPA and SBA-15 under controlled conditions at 30∘C. A
mixture of SBA-15 (3 g in 100mL of dry toluene) and TMPA
(0.001mol) was refluxed for 10 h.The resultant precipitate was
air dried.The final product was thenwashedwith ethanol and
acetone for 20 h and then dried for 24 h at room temperature
and for 1 h at 100∘C (Scheme 2). The elemental analysis
(weight percentage of N) indicates that 0.912mmol/g of the
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Table 1: Effect of electrode components on response characters of modified carbon paste electrode.

Composition, % (w/w) Slope (mV/decay) Linear range (M)a LOD (M) Response time (s)
TMPA-SBA-15 Graphite powder Paraffin oil

CPE1 0 75 25 10.6 ± 2.5 — — —
CPE2 2 75 23 21.6 ± 1.4 6.0 × 10

−7–1.0 × 10−1 8.0 × 10−6 25
CPE3 3 75 22 24.4 ± 1.2 1.2 × 10

−7–1.0 × 10−1 5.8 × 10−7 22
CPE4 5 75 20 26.3 ± 1.2 1.2 × 10

−7–1.0 × 10−1 4.3 × 10−7 18
CPE5 7 75 18 28.4 ± 1.1 1.4 × 10

−7–1.0 × 10−1 2.5 × 10−7 15
CPE6 8 75 17 31.4 ± 1.1 5.0 × 10

−7–1.0 × 10−1 1.8 × 10−7 12
CPE7 9 75 26 35.6 ± 1.1 2.0 × 10

−7–1.0 × 10−1 1.2 × 10−7 10
CPE8 10 75 15 42.4 ± 1.0 1.0 × 10

−8–1.0 × 10−1 6.0 × 10−9 8
CPE9 10 74 16 42.4 ± 1.0 1.1 × 10

−8–1.0 × 10−1 6.0 × 10−9 8
CPE10 11 73 16 40.8 ± 1.0 5.1 × 10

−8–1.0 × 10−1 7.2 × 10−9 8
CPE11 12 69 19 40.2 ± 1.0 5.3 × 10

−8–1.0 × 10−1 7.3 × 10−9 8
CPE12 15 65 20 38.6 ± 1.0 5.6 × 10

−8–1.0 × 10−1 7.6 × 10−9 8
aMean value ± standard deviation (three measurements).

hybrid was bonded on the surface of the SBA-15. The X-
ray diffraction pattern of TMPA-SBA-15 was found to be of
typical hexagonal centered at 23 ± 1 and 28.4 ± 1 Å, respec-
tively. It was also observed that the structure SBA-15 remains
almost the same after bonding with organic modifier.

2.4. Preparation of Carbon Paste Modified Electrode. The
modified silica based carbon paste electrode was prepared
by mixing fixed amount of graphite powder, paraffin oil, and
TMPA-SBA-15. All the components were added in weight
percentage. The components stir till the homogenous paste
was obtained. The paste was than filled into a glass tube of
2mmdiameter. A copper wire was inserted from the opposite
end to the glass tube for electrical contact. The electrode was
removed from the tube and smoothed with the help of bond
paper. For batter complexation kinetics at electrode surface
a new electrode surface was generated by removing extra
carbon paste and scratching the old electrode surface. The
electrode surface was than conditioned by 0.001M solution of
TlCl at pH 4.8.The pH of solution was adjusted by phosphate
buffer solution [10, 11].

The following cell assembly was used for potentiometric
investigations:

Ag, AgCl(s) |10%, KCl (l)‖test solution|modified car-
bon paste electrode.

2.5. Preparation of Sample Solution. The waste water sam-
ples were collected from the different local areas. Recovery
experiments were conducted by spiking the water samples
with appropriate amount of Tl

2

SO
4

. A test solution of hairs
of cattle crazing around river was prepared as follows.

The hairs (0.05 gm) were washed with THF, ethanol, and
distilled water and burned in a muffle furnace at 460∘C.
The residue was dissolved in concentrated nitric acid and
evaporated till the solid residue was obtained. The obtained
residue was than dissolved in water to get clear solution. The
test solutions of sample were obtained by taking fixed volume
of clear solution of the residue.

3. Results and Discussions

The functionalized mesoporous material is an effective mate-
rial for the determination of metal ions from solution. The
modifier loaded on the surface of themesoporous silica (SBA-
15) material increases the conductivity of the material. The
silica material provides the extra flexibility to the organic
modifier to bind with different metal ions. The use of modi-
fied silica material could also avoid the background potential
caused by direct use of polar binding material. The response
mechanism of modified silica carbon paste electrode is based
on the rapid complexation kinetics at electrode solution
interface. The appropriate amount of electrode material can
give the best possible response mechanism; therefore the
electrodes of varying amount of TMPA-SBA-15, graphite
powder, and paraffin oil were constructed and their response
characters were recorded (Table 1).

The potential generated in absence of electroactive mate-
rial due to some impurities is called background potential
which may affect the potential response of the electroactive
species. Thus the electrode without TMPA-SBA-15 (CPE1)
was prepared and its potential response was recorded. The
electrode CPE1 shows a nonlinear potentiometric response
with the slope of 10.6 ± 2.5 (mV/decay of activity). To investi-
gate the effect of electrode components on potential response
the electrodes of different compositions were prepared. The
data presented in Table 1 indicates that the increasing amount
of hybrid TMPA-SBA-15 improves the slope of calibration
curve; linear concentration range; and lower detection limit
(LOD). The electrode with 2% (w/w) TMPA-SBA-15 (CPE2)
as electroactivematerial has a slope of 21.6 ± 1.4 (mV/decay of
activity) and LOD of 8.0 × 10−6 in a liner concentration range
of 6.0 × 10−7–1.0 × 10−1M. The electrode with 3–7% (w/w)
TMPA-SBA-15 as electroactive material hardly improves the
response characters of the electrode. However 8–10% of the
TMPA-SBA-15 has significant effect on working concentra-
tion range and LODs (CPE6, CPE7, CPE8, and CPE9). It was
also observed that the electrode of the composition of 10%
TMPA-SBA-15, 75% graphite powder, and 15% paraffin oil
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Figure 1: Potential response of CPE8 for different cations.

shows the best possible response in terms of slope, working
concentration range, and LOD.TheCPE8has a slope of 42.4±
1.0 (mV/decay of activity), LOD of 6.0 × 10−9 in a liner con-
centration range of 1.0 × 10−8–1.0 × 10−1M for Tl(I) ion.
The potential response of CPE8 towards different cations for
whole range of activity of cations is shown in Figure 1. After
considering all the factors and response characters the CPE8
was selected as the most optimized electrode and used for
further investigations.

3.1. Response Time and Life Time. The response time of the
electrode assembly (CPE8) was investigated in terms of
change in potential with time for 0.01 and 0.001M solution of
Tl(I) ion. All the measurements were performed at constant
pH (5.2) of test solution. It was observed that the electrode
CPE8 reached to a stable potential in a very short time of
about 6 s. To evaluate the reversibility of the electrode the
effect of concentration on potential response of the electrode
was investigated for whole concentration range. The results
were obtained by changing the concentration from higher
to lower (1.0 × 10−2–10−8M) and then from lower to higher
concentration; the variation of potential with time for CPE8
was studded for whole concentration range from lower (1.0 ×
10−8–1.0× 10−2M) for CPE8.The average response time of the
electrode assembly was almost the same for both sequences.
Thus the electrode CPE8 is sufficiently reversible. The pH
of test solution was maintained with the help of phosphate
buffer solution (Figure 2).

The large surface area and covalent interaction of meso-
porous silica (SBA-15) with modifier TMPA avoids the leach-
ing of electrode components that may occur from physical
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Figure 2: Variation of potential with time for CPE8.

Table 2: Change in slope and detection limit with time for CPE8.

Time (months) Slope (mV/dec. of activity) LOD
1 42.4 ± 1.0 6.0 × 10−9M
2 42.4 ± 1.0 6.0 × 10−9M
3 42.4 ± 1.0 6.0 × 10−9M
4 42.4 ± 1.0 6.0 × 10−9M
5 42.4 ± 1.0 6.0 × 10−9M
6 42.4 ± 1.0 6.0 × 10−9M
7 42.4 ± 1.0 6.0 × 10−9M
8 41.3 ± 1.0 6.0 × 10−9M
9 40.1 ± 1.0 8.0 × 10−9M
10 39.3 ± 1.0 8.6 × 10−9M
11 36.2 ± 1.0 1.2 × 10−8M
12 33.8 ± 1.0 6.7 × 10−8M
13 32.1 ± 1.0 1.5 × 10−7M

encapsulation.Thus electrode based onmodified silica (SBA-
15 or MCM41) can show stable response towards target
species for a very long time. In the present study the life
time of the electrode CPE8 was investigated with the help of
change in LODand slope of calibration curve. It was observed
that the LOD and slope remain the same for a period of 10
months. However after 10 months small change in slope and
detection limit was observed. Thus the CPE8 can be used for
the selective determination of Tl(I) for more than 10 months.
The electrode CPE8 used all the measurements at least three
times in a week for more than one hour (Table 2).

3.2. Effect of pH. The effect of pH on the response of the
carbon paste electrode modified with organofunctionalized
silica was studded in the range of 0–10.6. As shown in Figure 3
the potential of the electrode remains almost the same in a
pH range of 1.6–8.3. However significant drift in potential
was observed beyond this pH range. The sharp change in
potential at pH< 1.6 was due to either protonation of bonding
material of electrode or competition kinetics of binder and
hydrogen ion or both at electrode solution interface. At
higher pH potential decreases due to the formation of
hydroxy complex of Tl(I) ion. The pH of test solution was
adjusted by phosphate buffer (NaH

2

PO
4

-H
3

PO
4

) solution
and hexamine-HCl buffer solution.
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Figure 3: Effect of pH on potential response of CPE8.

Table 3: Selectivity coefficients of various interfering ions (B).

Interfering ion B Selectivity coefficient (𝐾MPM
Ho,B )

Al(III) 4.3 × 10−5

Ga(III) 1.3 × 10−5

Ho(III) 1.3 × 10−5

La(III) 1.6 × 10−5

Eu(III) 1.7 × 10−5

Nb(III) 1.6 × 10−5

Dy(III) 1.8 × 10−5

Bi(III) 1.3 × 10−5

Hg(II) 1.3 × 10−5

Pb(II) 1.3 × 10−4

Cd(II) 1.2 × 10−4

Zn(II) 1.1 × 10−4

Cu(II) 1.3 × 10−5

Ag(I) 1.1 × 10−5

Na(I) 3.0 × 10−4

K(I) 1.3 × 10−4

Li(I) 1.7 × 10−5

3.3. Calculation of Selectivity Coefficient. The selectivity of
electrode is an important parameter which dictates selectivity
of the electrode toward a specific ion in presence of other
interfering ions. In the present study the selectivity coefficient
of CPE8 was calculated by match potential method (MPM)
(Table 3). The potential of the reference solution was calcu-
lated by adding 0.001M solution of Tl(I) (primary ion). In
another experiment, a secondary ion (interfering ion) was
added to the same reference solution of Tl(I) ion, until the
observed potential matches the potential of original reference
solution. The selectivity coefficient, 𝐾MPM, of complexation
kinetics of ligand and Tl(I) in presence of other cations was
then calculated by the following [12–14]:

𝐾
MPM
=

𝑎Tl(I)

𝑎M
, (1)

where 𝑎Tl(I) is activity of Tl(I) ion and 𝑎M is activity of other
tested cations. The selectivity coefficient of CPE8 towards
Tl(I) is compiled inTable 3. It was observed that the selectivity
coefficients of Tl(I) selective electrode CPE8 towards various
tested metal ions are less than 3.6 × 10−5. Thus CPE8 can be
used for the selective determination of Tl(I) ion in presence
of these interfering ions.

3.4. Thermal Stability of the Electrode Assembly. The thermal
stability of the electrode assembly was investigated in terms
of thermal temperature coefficient (𝑑𝐸∘/𝑑𝑇) of the cell
and electrode. The potentials of the cell were calculated at
different temperatures (20−50∘C) and at zero concentration
of Tl(I) ions. The curve of 𝐸∘Cell versus (𝑡 − 25) was found to
be a straight line and has a slope of −2.7 × 10−4 V/∘C:

𝐸
∘

Cell = 𝐸
∘

Cell (25
∘C) +
𝑑𝐸
∘

Cell
𝑑𝑇

(𝑡 − 25) . (2)

The standard electrode potential was calculated by

𝐸
∘

electrode = 𝐸
∘

Cell + 𝐸
∘

reference. (3)

The curve of 𝐸∘electrode versus (𝑡 − 25) also gives a straight line
with a slope of −3.2 × 10−5 V/∘C. The small values of thermal
temperature coefficient of cell (−2.7 × 10−4 V/∘C) and elec-
trode (−3.2 × 10−5 V/∘C) suggest that the electrode (CPE8) is
sufficiently stable within the investigated temperature range.

The response characters of the electrode were compared
with the previously reported best polymeric membrane and
carbon paste electrodes (Table 4).

4. Analytical Application

The electrode (CPE8) was successfully applied as indicator
electrode for the titration of 20mL of 0.01M TlNO

3

solution
with standard EDTA (0.01M) solution at pH 5.0. It was
observed that the electrode potential sharply decreases at the
end point of the titration. Thus the CPE8 can be used as
an indicator electrode for the direct determination of total
thallium content of the solution (Figure 4). The CPE8 was
also applied as an indicator electrode in sequential titration
of binary (Br− + Cl−) or ternary mixtures (Br− + SCN− +
Cl−) of different anions. The successive variation of potential
indicates the equivalent points for different anions. The
equivalence point at titration curves (Figures 5 and 6) was
found to be satisfactory with the solubility products of TlBr,
TlSCN, and TlCl, respectively.

The practical utility of the electrode (CPE8) was investi-
gated by recovery of Tl(I) ion from different synthetic water
samples. The result, as the average of three separate determi-
nations, is shown in Table 5. The data presented in Table 5
clearly shows that the recovery of the Tl(I) ion from different
samples is in good agreement with the added value and the
values obtained by AAS. It is very important to mention here
that the Tl(I) ion is determined as the total metal content of
the solution instead of specific compound of thallium.
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Table 4: Comparison study of CPE8 with previously reported electrodes.

Type of electrode Concentration range (M) Slope (mV/decay) Reference
PVC membrane 1.0 × 10

−6–1.0 × 10−2 55 [15]
PVC membrane 5.0 × 10

−8–1.0 × 10−1 57.27 ± 0.4 [16]
PVC membrane 6.4 × 10

−7–1.0 × 10−2 56 ± 0.2 [17]
Carbon paste 5.8 × 10

−6–2.9 × 10−3 [18]
Carbon paste 1.0 × 10

−8–1.0 × 10−1 42.4 ± 1.0 This work
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Figure 4: Titration curve of Tl(I) with EDTA using CPE8 as indi-
cator electrode.
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Figure 5: Titration curve of 10mL (0.01M) TlNO
3

with 0.003M
NaBr and 0.1M NaCl solutions.

5. Conclusion

Chemicallymodified silica (SBA-15) based electrode has been
constructed and used for the selective determination of Tl(I)
in various synthetic water samples. The mesoporous silica
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Figure 6: Titration curve of 10mL (0.01M) TlNO
3

with 0.003M
NaBr, 0.1M NaSCN, and 0.1M NaCl solutions.

Table 5: Recovery of Tl(I) ion by CPE8 from different water sam-
ples.

Sample Added (M) Recovery (%)
CPE8 AAS

Tap water 1 0.0005 100.2 100.3
Tap water 2 0.0004 100.0 100.1
River water 0.0003 102.3 102.4
Hair sample 0.0003 101.4 101.5

(SBA-15) was chemicallymodified by 3-(triethoxysilyl)propyl
amine (TESPA) and 2-[5-(chloromethyl)-1,2,4-oxadiazol-3-
yl]-3-methylpyridine as electroactive modifier. The electrode
of the composition of 10% TMPA-SBA-15, 75% graphite
powder, and 15% paraffin oil shows the best possible response
in terms of slope (42.4 ± 1.0, mV/decay of activity), working
concentration range (1.0 × 10−8–1.0 × 10−1M) with LOD
of 6.0 × 10−9M. The CPE8 reached the equilibrium valve
of potential in a very short time of about 8 s and could
be used for a period of more than 10 months without any
divergence in response characters. The electrode CPE8 was
also used as an indicator electrode for the titration of 0.01M
TlNO

3

solution with standard EDTA solution and sequential
titration of mixture of different anions.
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