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ABSTRACT

A Pb2+ ion-selective membrane electrode (ISME) based on graphene Th(IV) phosphate com-
posite cation-exchange material was fabricated using solution casting method. The effect of
membrane composition on the proton conductivity was investigated using varying amounts
of electroactive material. The membrane with 250 mg of electroactive material and 10 μL of
plasticizer exhibited highest proton conductivity. The optimized membrane composition
was used for the fabrication of ISME which exhibited a typical Nernstian response towards
Pb2+ ions in the concentration range 1.0 × 10−1 to 1.0 × 10−7 M with a sub-Nernstian slope of
27.65 mV per decade change in Pb2+ ion concentration. The response time of this electrode
for Pb2+ ions was found to be 10 s and the electrode can be used for 120 d without any con-
siderable divergence in response potential and can be used in the pH range from 3.0 to 7.0.
It was found selective for Pb2+ ions in the presence of various monovalent and multivalent
interfering ions. It was also employed as an indicator electrode in the potentiometric titra-
tion of Pb2+ ions using ethylenediamine tetraacetic acid, disodium salt as titrant.

Keywords: Composite cation exchanger; Potentiometric determination of Pb2+ ions; Graphene
Th(IV) phosphate; Membrane electrode; Selectivity

1. Introduction

Lead ion has attracted a lot of attention due to its
adverse and wide spread effects on the environment.
It poses a serious threat to the plant, animal and
human health due to its non-biodegradable and toxic
nature [1–8]. Owing to its persistent and harmful
effects, lead has been placed on the priority list of
environmental pollutants by various environmental
protection agencies [9–12]. An advisory panel (2012) to
the Centre for Disease Control recommended the low-

ering of the current blood lead level of concern in chil-
dren (10 μg/dL); as the harmful effects may occur
even at lower levels [13]. According to the National
Institute for Occupational Safety recommendations,
workers must not be exposed to lead levels greater
than 100 μg/m3 for up to 10 h. The Indian Standard
drinking water specification (Second Revision), recom-
mends the tolerance limit of lead in drinking water as
0.01 mg/L [14]. It is widely dispersed throughout the
environment due to both natural and anthropogenic
activities. It is used in storage batteries, paints, solders,
water pipes and gasoline [15–17]. Lead exposure is
related to several health problems in humans. It*Corresponding author.
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severely affects brain, kidneys, reproductive and cen-
tral nervous system [18–20]. As a result, it has become
more important to monitor and determine the quanti-
ties of lead in environment by developing methods
that are not only sensitive but also selective in nature.
Several analytical techniques have been used for the
determination of lead. These methods include atomic
absorption spectroscopy [21,22], electro thermal atomic
absorption spectroscopy, atomic emission spectroscopy
and inductively coupled plasma [23,24]. However, all
these methods are very costly, time-consuming and
require sophisticated equipment and well-skilled man-
power [25,26]. Owing to these shortcomings, there has
been a continuous need for development of other
methods for easy and on spot determination of heavy
metals. The electrochemical methods have been used
to overcome these limitations. The ion-selective mem-
brane electrodes (ISME) have several attractive fea-
tures as simple operation, high sensitivity and
selectivity, low cost, portability and fast response for
determination of heavy metal ions [27–33].

The ion-selective electrodes consisting mainly of a
perm-selective ion-conducting material are primarily
membrane-based devices/sensors. The membrane
responds more selectively to a particular species; pre-
sent on one side of this membrane while the other side
has the same ion at varying concentrations, giving rise
to the membrane potential. The potential of membrane
is obtained from the electromotive force value of the
complete electrochemical cell, consisting of ion-selective
electrode and the external reference electrode [34].
Membranes with higher selectivity bind the analyte ion,
leaving interfering ions behind. Thus, different materi-
als are used to impart ion-recognition properties to the
membrane electrodes and hence higher selectivity.

Composite materials are the latest development for
making electrochemical sensors for determination of
heavy metals [35,36]. In this study, a Pb2+ ion-selective
membrane electrode (ISME) graphene Th(IV) phosphate
composite cation exchanger is prepared and successfully
used for the potentiometric determination of Pb2+ ions.

2. Experimental

2.1. Reagents and instruments

The reagents used in the synthesis were thorium
nitrate (Th(NO3)4·5H2O) (99%), Orthophosphoric acid
(H3PO4) (85%), Nitric acid (HNO3) (71%) and N-Cetyl-
N,N,N-trimethyl ammonium bromide (CTAB) (98%).
These reagents were purchased from Central Drug
House, India. Graphene was procured from Sigma
Aldrich Pvt. Ltd, USA. All reagents and chemicals
were of analytical reagent grade. The instruments
used during the study were a hot air oven (Biogen,
India), magnetic stirrer (LMMS-300, LABMAN, India),
potentiostat/galvanostat (302N Autolab, Switzerland)
and a digital pH/mV meter (ELICO LI 120, India).

2.2. Preparation of the reagent solutions

A solution of thorium nitrate (0.1 M) was prepared
in nitric acid (1 M) while orthophosphoric acid (2 M)
was prepared in demineralized water (DMW). A dis-
persion of graphene was prepared in CTAB (1 mmol).
A solution of Pb(NO3)2 (0.1 M) was prepared by dis-
solving Pb(NO3)2 in 100 ml of DMW, while other stan-
dard Pb(NO3)2 solutions (1.0 × 10−1 to 1.0 × 10−10 M)
were prepared by stock dilution method.

2.3. Synthesis of composite cation exchanger

Inorganic precipitates of thorium phosphate were
obtained by adding various volumes of thorium
nitrate (0.1 M) slowly at a flow rate of 0.5 mL to a
solution of orthrophosphoric acid (2 M) with continu-
ous stirring using a magnetic stirrer at a temperature
of 90 ± 5˚C for 5 h. Further, a dispersion of graphene
in CTAB (1 mmol) was added to the above slurry and
stirred for 3 h (Table 1). The resultant blue coloured
gel was kept overnight at room temperature (25 ± 3˚C)
for digestion. The supernatant liquid was decanted
and the gel was filtered off and then repeatedly
washed with DMW to remove excess of acid. The

Table 1
Conditions of preparation and the ion-exchange capacity of graphene Th(IV) phosphate composite cation-exchange material

Sample

Mixing volume ratios (V/V)

Graphene dispersion in
1 mmol CTAB (mg)

Appearance of beads after
drying (color)

Na+ IEC (meq
dry g−1)

0.1 M Th(NO3)4·5H2O in
1 M HNO3

2 M
H3PO4

S-1 1 1 50 Light blue 1.48
S-2 1 1.5 100 Light blue 1.56
S-3 1 2 150 Light blue 1.56
S-4 1 2.5 200 Light blue 1.56
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product was dried in an oven maintained at 40 ± 1˚C.
The dried product was ground into small granules
and converted to H+ form by treating with HNO3

(1 M) for 24 h with occasional removal of supernatant
liquid with fresh acid. The excess acid was removed
after several washings with DMW, dried at 50 ± 1˚C
and stored in a desiccator.

The ion-exchange capacity (IEC) of the graphene
Th(IV) phosphate composite cation exchanger was
determined by standard column process as described
elsewhere [37]. Conditions of preparation and the IEC
of the composite cation exchanger are given in Table 1.

2.4. Characterization of the cation-exchange composite
material

2.4.1. Fourier transform infrared study

The Fourier transform infrared (FTIR) spectra of
the inorganic Th(IV) phosphate and composite gra-
phene Th(IV) phosphate in the range 4,000–500 cm−1

were recorded using FTIR spectrometer (Spectrum-
Two, Perkin-Elmer, USA).

2.4.2. X-ray diffraction study

The X-ray diffraction (XRD) pattern of the gra-
phene Th(IV) phosphate (S2) composite cation exchan-
ger was recorded by an X-ray diffractometer (mniflex-
II, Rigaku, Japan) with Cu Kα radiations.

2.4.3. Thermal studies

Simultaneous TGA and DTA studies of the com-
posite cation exchange material (S2) were carried out
using thermogravimetric analyser (Pyris 1-HT, Perkin
Elmer, USA) at a heating rate of 10˚C min−1 from 0 to
600˚C in N2 atmosphere.

2.5. Distribution studies

The selectivity of the material was determined by
the distribution behaviour of the metal. The distribu-
tion coefficient (Kd-values) for various metal ions on
graphene Th(IV) phosphate were determined by batch

method in various solvent systems as discussed
elsewhere [38].

2.6. Preparation of membrane and determination of proton
conductivity

The electroactive material i.e. graphene Th(IV)
phosphate composite cation exchanger was ground to
fine powder and mixed thoroughly with PVC dis-
solved in 10 mL of tetrahydrofuran (THF) and finally
mixed with 10 μL of dioctylphthalate used as a plasti-
cizer [39]. The mixing ratio of the ion exchanger was
varied with a fixed content of PVC to obtain a compo-
sition for best performance of the electrode. The solu-
tions were carefully poured into a glass-casting ring
(diameter 10 mm). These rings were left for slow
evaporation of THF to obtain thin films. In this way,
four sheets of master membranes with varying thick-
ness were obtained.

Proton conductivities of membranes were
determined by an impedance analyzer (FRA32M.X),
connected with Autolab 302N modular poten-
tiostat/galvanostat. The membranes were immersed in
deminerialized water for 1 h before performing the
experiment and proton conductivity (σ) was calculated
using the following equation:

r ¼ L

R� A
(1)

where σ is proton conductivity (S cm−1), L is the mem-
brane thickness (cm), A is cross-sectional area of com-
posite membrane (cm2) and R is the resistance (ohm).

2.7. Fabrication of ion-selective electrode

The membrane sheet (M-2) of 0.30 mm thickness
was cut in the shape of a disc and mounted at the
lower end of a Pyrex glass tube (o.d. 1.6 cm, i.d.
0.8 cm) with Araldite. The glass tube was filled with
Pb(NO3)2 (0.1 M) solution. A saturated calomel elec-
trode was inserted in the tube for electrical contact
and another saturated calomel electrode was used as
an external reference electrode. The whole arrange-
ment can be shown as:

Internal reference 

electrode (SCE) 

Internal electrolyte 

Pb2+ (0.1M) 
Membrane Sample solution 

External reference 

electrode (SCE) 
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2.8. Electromotive force measurement

The response potentials of the ISME were mea-
sured by varying the concentration of Pb(NO3)2 in a
range between 1.0 × 10−10 and 1.0 × 10−1 M. The mem-
brane electrode was conditioned by soaking in a Pb
(NO3)2 (0.1 M) solution for 5–7 d and for 1 h at least
before use. After performing the experiment, mem-
brane electrode was removed from the test solution
and kept in a Pb(NO3)2 solution (0.1 M) to maintain
the activity.

Potential measurements of the membrane electrode
were plotted against the logarithmic function of
selected concentrations of the respective ions. The
characteristics of the electrode were studied by evalu-
ating the following parameters: lower detection limit,
slope response curve, response time, working pH
range, and the effect of interference of various metal
ions.

The response time was measured by recording the
electromotive force (e.m.f.) of the electrode as a func-
tion of time when it was immersed in the solution to
be studied. The electrode was first dipped in
1.0 × 10−3 M solution of the ion concerned and imme-
diately shifted to another solution (pH 4.0) of
1.0 × 10−2 M ion concentrations of the same ion (10-
fold higher concentration). The potential of the solu-
tion was read at zero second, that is, just after
immediate dipping of the electrode in the second
solution and afterwards recorded at the intervals of
5 s. The time during which the potential attains a con-
stant value represents the response time of the elec-
trode. The lifetime of the membrane electrode was
determined by periodically recalibrating the potentio-
metric response to Pb2+ ions in standard Pb(NO3)2
solutions.

The influence of pH of the test solution on the
potential response of ISME was tested at 1 × 10−2 M
concentration of lead over the pH range 1–9. The
standard solutions of 1.0 × 10−2 M concentration of
lead over the pH range 1–9 were prepared using
standard pH solutions. The value of the electrode
potential at each pH was recorded and plotted
against pH.

The cationic interference on the selectivity of
ISME was determined by the mixed solution method
[40]. A beaker of constant volume contained a mixed
solution having a fixed concentration of interfering
ion (Mn+) (1.0 × 10−3 M) and varying concentrations
(1.0 × 10−1 to 1.0 × 10−10 M) of the primary ion. The
potential measurements were made using the
membrane electrode assembly and plotted against
the logarithmic of the concentration of ions under
study.

3. Results and discussion

In this study, graphene Th(IV) phosphate compos-
ite cation exchanger was prepared by sol–gel precipi-
tation method. The material (S2) possessed the ion-
exchange capacity of 1.56 meq dry g−1 determined
through the standard column process (Table 1). The
FTIR spectra of the inorganic phosphate and compos-
ite cation exchanger are shown in Fig. 1. The FTIR
spectrum of the composite (S2) exhibits a broad band
in the region −3,400 cm−1 (O–H stretching) [41], a
band around −2,900 cm−1 (C–H stretching) [42], a
band at −1,620 cm−1 (C=C) [43], a sharp peak around
−1,050 cm−1 (P=O stretching) and the presence of two
bands at −630 and −500 cm−1 may be attributed to the
presence of metal oxygen bond [44,45]. The XRD pat-
tern of this material (S2) shows the absence of sharp
peaks indicating the amorphous nature of the compos-
ite cation exchanger (Fig. 2). TGA curve (Fig. 3) shows
distinct water loss. The TGA curve shows −12% initial
weight loss around 150˚C which may be due to
removal of external water molecules [46]. Around
300˚C, there is again about 8% loss of mass which
may be due to condensation of phosphate to
pyrophosphate group, and after that the sample shows
almost negligible weight loss indicating the good sta-
bility in this region. These structural changes are also
confirmed by the prominent DTA peak with a maxima
of 150˚C and a very small peak at 250˚C. No addi-
tional peaks are observed beyond this temperature
indicating absence of any phase change in the sample
material in the range studied. Table 2 shows the distri-
bution studies of this composite cation exchanger.

Fig. 1. FTIR spectra of as prepared Th(IV) phosphate and
graphene Th(IV) phosphate.

23896 T.A. Rangreez and Inamuddin / Desalination and Water Treatment 57 (2016) 23893–23902



These studies revealed that this composite cation
exchanger is highly selective for lead ions. Thus, the
membrane of this cation exchanger can be selectively
utilized for the fabrication of ion-selective membrane
electrode. The ISME was characterized to optimize the
selectivity and working concentration range. The ISME
was fabricated by preparing various membranes by
solution casting method. The proton conductivity of
the membranes was determined by impedance analy-
sis [47–49]. The proton conductivity was found to be
1.42 × 10−4 S cm−1 at room temperature for membrane
M-2 (Table 3). On the basis of highest proton conduc-
tivity, membrane M-2 was selected for further studies.
It is well known that the extent of proton conductivity
is responsible for the selective exchange of counter
ions with the other metal ions and the exchange takes
place stiochiometrically.

The linear part of the calibration curve is consid-
ered as the measuring range of an ion-selective elec-
trode for the determination of a particular ion. The
measurements of an ion using an ion-selective elec-
trode can be performed in this range only. The mem-
brane electrode prepared by using the membrane
having highest proton conductivity M-2, exhibited a
sub-Nernstian response to the concentration of Pb2+

ions in the concentration range of 1.0 × 10−1 to
1.0 × 10−7 M with a slope of 27.65 (R2 = 0.99) mV/dec-
ade change in concentration of Pb2+ ions as shown in
Fig. 4. Thus, the linear part of the calibration curve of
membrane electrode was considered the working con-
centration range for Pb2+ ions. The limit of detection
for an ion-selective electrode can be determined by
extrapolating the linear part of the ion-selective elec-
trode calibration curve. The limit of detection for this
electrode calculated by extrapolating the two segments
of the calibration curve was found to be 1.0 × 10−7 M
as shown in Fig. 4. The electrode response was found
reproducible within about 120 d without any deviation
in linear range, detection limit and Nernstian slope.
After that period of time, the potential response of the

Fig. 2. Powder XRD pattern of graphene Th(IV) phosphate
composite cation exchanger.

Fig. 3. Simultaneous TGA-DTA curves of graphene Th(IV)
phosphate composite cation exchanger.

Table 2
Kd values of some metal ions on graphene Th(IV) phosphate column in different solvent systems

Kd values (mL/g)
Solvents

Metal
ions DMW

10−2 M
HNO3

10−1 M
HNO3

1 M
HNO3

10−2 M
HClO4

10−1 M
HClO4

1 M
HClO4

10−2 M
HCl

10−1 M
HCl

1 M
HCl

Co(II) 135 137 123 115 155 128 117 140 117 104
Ba(II) 110 100 86 71 116 94 81 110 93 79
Pb(II) 560 580 523 470 640 593 548 500 430 380
Hg(II) 380 390 362 284 470 426 377 360 337 246
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electrode gradually deteriorated which may be due to
the loss of proton conductivity of membrane and also
dehydration as well as the damage of the membrane
electroactive material. The dynamic response time of
an electrode is considered as the time required to
attain steady potential which can be observed after
successive addition in a series of solutions each having
a 10-fold higher difference. The dynamic potential-
time responses of the membrane electrode obtained
upon successive addition of 10-fold higher Pb2+ ion
concentrations from 1.0 × 10−3 to 1.0 × 10−2 M was
measured and plotted against time as shown in Fig. 5.
It was found that the potential response was steady

after 10 s (Fig. 5). Thus, the response time of this elec-
trode is assumed to be 10 s and checked sooner every
time before using it for any analytical purpose. The

Table 3
Characterization of ion-exchanger membranes

Membrane

Membrane composition

Thickness
(mm)

Proton conductivity (S
cm−1)

Graphene Th(IV) phosphate
(mg)

PVC
(mg)

Plasticizer
(μL)

M-1 200 200 10 0.28 1.30 × 10−4

M-2 250 200 10 0.30 1.42 × 10−4

M-3 300 200 10 0.33 1.40 × 10−4

M-4 350 200 10 0.35 1.40 × 10−4

Fig. 4. Calibration curve for Pb2+ ion selective membrane
electrode.

Fig. 5. Response time characteristics of Pb2+ ion-selective
membrane electrode at different time intervals for
1 × 10−2 M concentration of lead.

Fig. 6. Effect of pH of the test solution on the potential
response of Pb2+ ion-selective membrane electrode at
1 × 10−2 M concentration of lead.
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response of this membrane electrode was also signifi-
cantly affected by pH at the Pb2+ ion concentrations of
1.0 × 10−2 M (Fig. 6). Fig. 6 shows that the potential of
ISME was independent of pH in the range 3.0–7.0 and
thus this was considered as the working pH range of
this electrode. However, deviation in response poten-
tial after pH 7.0 is considered due to the formation of
lead hydroxides and below pH 3.0 is accounted for
the competition of H+ ions with the composite cation-
exchanger counter ions. A comparison of response
characteristics of this electrode showed that this elec-
trode is comparatively better in response characteris-

tics compared to those already reported in literature
[50–54] (Table 4).

The interference of other ions on the selectivity of
this ISME was determined at pH 4 by the mixed solu-
tion method [39]. The response potentials in the pres-
ence of interfering ions were observed and plotted
against the logarithms of the molar concentration of
Pb2+ ions as shown in Fig. 7. It is evident from Fig. 7
that alkali and alkaline metal cations like Na(I), K(I),
Ca(II), Mg(II) and Sr(II) would not cause any signifi-
cant interference in the estimation of Pb2+ ions, while
divalent and trivalent heavy metal ions like Cu(II), Cd
(II), Zn(II), Hg(II), Al(III), Fe(III) and Cr(III) caused a
little interference in the estimation of Pb2+ over
1.0 × 10−6 M concentration of lead. Thus, this ISME is
highly selective for Pb2+ ions and there would not be
any interference when the interfering ions are present
in smaller or comparable amount. The optimized
ISME based on graphene Th(IV) phosphate cannot
only be used for the determination of Pb2+ ions using
calibration method, but the analytical utility of this
membrane electrode can also be achieved as an indica-

Table 4
A comparison of previously reported ISMEs with the proposed study

S.
no.

Working concentration
range (M)

Life time
(d)

Response
time (s)

pH
range

Slope (mV)/decade change in
concentration References

1 1 × 10−5 –1 × 10−1 90 15 4.0–6.5 43.8 [50]
2 1 × 10−6 –1 × 10−1 60 <15 3.5–6.5 −29.6 [51]
3 1 × 10−6 –1 × 10−1 120 20 3.0–6.0 29.3 [52]
4 1 × 10−7 –1 × 10−1 90 35 4.0–7.0 29.6 [53]
5 1 × 10−6 –1 × 10−1 60 14 3.0–6.0 28.7 [54]
6 1 × 10−7 –1 × 10−1 120 10 3.0–7.0 27.65 Proposed

assembly

Fig. 7. Response curves of Pb2+ ion-selective membrane
electrode in presence of interfering metal ions.

Fig. 8. Potentiometric titration curve of 10 mL of Pb(NO3)2
solution at 1 × 10−2 M against 1 × 10−2 M EDTA solution.
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tor electrode in the potentiometric titration of various
concentrations of lead solutions against an EDTA solu-
tion as a titrant.

In this study, 10 mL Pb(NO3)2 solutions at
1.0 × 10−2 M concentrations was titrated against
1.0 × 10−2 M EDTA solution and the electrode poten-
tial was measured after each successive addition of
1 mL of EDTA. The necessary adjustment of pH (≈4)
was made before adding the titrant. The addition of
EDTA causes a decrease in potential as a result of the
decrease in free Pb2+ ion concentration due to forma-
tion of a complex with EDTA (Fig. 8). The amount of
Pb2+ ions in solutions can be accurately determined
from the resulting neat titration curve providing a
sharp end point. It is also clear from the figure that
the sharp end point at 10 ml of EDTA corresponds to
the stoichiometry of Pb2+ EDTA complex.

4. Conclusion

In the present study, a Pb2+ ion-selective composite
cation-exchanger graphene Th(IV) phosphate having
an IEC of 1.56 meq dry g−1 of exchanger is used to
prepare ion-selective membrane electrode. The elec-
trode exhibited a fast response time of 10 s for Pb2+

ions with a working concentration range of 1.0 × 10−1

to 1.0 × 10−7 M. The practical utility of the membrane
electrode was demonstrated in the titration of Pb2+

using ethylenediamine tetraacetic acid as a titrant.
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