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a b s t r a c t

Determination of tellurium compounds is of particular interest because of the intrinsic toxicity associ-
ated with its water-soluble oxyanions, tellurite TeO3

2�. Among various analytical approaches, carbon
paste sensors (CPSs) are widely used for the determination of heavy metals, nucleic acids and other
organic compounds due to their simplicity, sensitivity and cost-effectiveness. In this study, chemically
modified carbon paste sensor is developed for the analysis of tellurite ions in pure and in real samples.
The sensor showed nearly Nernstian behavior (30mV) with wide linear range and low detection limit.
Moreover, the sensor was successfully applied to the determination of tellurite in environmental and
biological samples such as wastewater, human serum, tellurite culture media, synthetic tellurite-
cefotaxime and tellurite/tellurate mixtures. The results show high recovery rates, selective and highly
reproducible response, indicating the suitability of the proposed sensor for practical applications. In
addition, we studied how several parameters such as the type of carbon, type of the plasticizer, amount
of the modifier and composition of the sensor affect its electrochemical performance. This was achieved
by tracing the morphology and composition of the electrode using optical and atomic force microscopy.
The combination of these techniques provides valuable information on the physical, mechanical and
chemical properties of the sensor, which proved to be very helpful in understanding its behavior under
different chemical conditions. The study also gives some insights on the optimization of chemical sensors
based on chemically modified carbon paste sensors.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Tellurium is a semimetallic, lustrous and brittle element from
group VIA, yet is considered a toxic element. Although the abun-
dance of tellurium in the Earth’s crust is comparable to that of
platinum (about 0.01 ppm), it is used in a wide range of industrial
applications including semiconductor industry, glass fiber, rubber
manufacture, optical devices, thermoelectric devices, metallurgy,
ceramic colors and solar panels [1]. In addition, tellurium is used in
microbiology where sodium tellurite is added to the growth me-
dium to isolate tellurite-resistant bacteria [2]. It is also believed that
tellurite is toxic tomoremicro-organisms, especially Gram negative
and Biochemistry, University
095, United States.
ed).
bacteria.
Exposure to low concentrations of tellurium may cause serious

health issues due to its intrinsic toxicity [3]. Tellurium accumula-
tion in the body (kidney, heart and liver) seems to account for a
major part of its toxicity whereas the maximum safe concentration
of tellurium in a working setting should not exceed 2.5mg/kg [4].
Tellurium exists in various oxidation states from eII to þ VI while
Te(IV) is the most common. It was also discovered that the toxicity
of tellurium depends on its oxidation state, with tellurite (Te(IV))
being 10 fold more toxic than tellurate (Te(VI)). Since tellurium
exists in trace amounts, researchers have paid great attention for
the development of sensitive sensors for the determination of
minute quantities of tellurium and its hazardous species in real
samples.

In recent years, there has been growing interest in the devel-
opment of colorimetric, fluorescent and electrochemical sensors for
their important potential applications in healthcare and
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environmental monitoring [5,6]. Among these sensors, carbon
paste electrodes (CPE) have attracted enormous interest in elec-
trochemistry because of their unique physical and electrochemical
properties. They are typically prepared by mixing carbon powders
and the proper pasting liquid, which is lipophilic organic liquid
binder. After well mixing of the components, the mixture is packed
in an appropriate electrode body [7]. In all cases, carbon paste and
specially its surface are considered as a complex matrix that de-
pends on the ratio of main components, carbon powder and pasting
liquid, as well as on the physico-chemical properties of constitu-
ents. The surface of CPEs can be described as a group of carbon
particles diffused in a pasting liquid, where the active surface of
carbon particles is coated partly or completely by a microfilm of
pasting liquid and consequently the surface of carbon paste elec-
trode is converted to lipophilic [7]. The hydrophobicity of carbon
pastes is characterized as the most important parameter in elec-
trochemistry because it has a direct impact on the performance of
the electrode [8].

However, only few articles were published with the intension of
studying the microscopic structure of carbon paste sensors and
how it affects their electrochemical performance [9]. Digua et al.
[10] utilized optical microscopy for the characterization of surfac-
tant modified carbon paste sensors. In another work, Alizadeh et al.
[11] explored the surface of molecular imprinted polymer-carbon
paste sensor by means of optical microscopy. Another interesting
study was made by Svancara and his coworkers [12]. They applied
scanning electron microscopy (SEM) to examine the effect of both
pasting liquid and carbon powder on the surface structure of the
carbon paste sensors. Recently, Flechsig et al. [13] used two
different scanning modes of atomic force microscopy to study the
deposition of bismuth film on the surface of oil-graphite carbon
paste electrode.

In our previous paper [14], scanning electron microscopy was
shown to be a strong tool for the characterization of chemically
modified carbon paste sensors. Alternatively, the low cost of optical
microscopes makes them useful in a wide range of different areas.
Generally, optical and electron microscopes have different areas of
application and they complement each other. The two most com-
mon types of optical microscopes are compound microscopes and
stereomicroscopes [15]. Typically, stereomicroscopes are used for
examination of larger and opaque specimens. They do not have the
magnification power of compound microscopes (around 80x-120x
maximum) but provide a truly stereoscopic view. Stereo micro-
scopes do not necessarily require sophisticated sample preparation.
The use of stereo microscope in this work gives clear evidence on
the surface roughness, homogeneity of the sensors and the ability
of the pasting liquid to dissolve the ionophore. It also provides a
good picture for the distribution of the ionophore on the sensor
surface.

Recently, atomic force microscope (AFM) has become an
essential tool for investigating the morphology of chemically
modified electrodes [13]. It is a very high resolution type of scan-
ning probe microscopy with a resolution on the order of a nano-
meter, more than 1000 times better than the optical diffraction
limit. This technique is useful in studying changes in electrode
surfaces as a result of adsorption, etching, etc. AFM reveals that the
polarity and the wettability of the different plasticizers utilized in
this study can have a significant influence on the electrochemical
performance of the sensor.

The current study is focused on developing a new selective
chemically modified carbon paste sensor for determination of tel-
lurite ions in environmental and biological samples. Furthermore,
the proposed electrode was also used as a test model to understand
how the morphology and composition of the carbon paste elec-
trodes influence their electrochemical performance. To our
surprise, this potentiometric ion-selective electrode showed high
selectivity towards tellurite even in the presence of highly inter-
fering species such as NO2

�, NO3
�, F�, Cl�, Br�, I�, S2O8

2�, SeO4
2�,

TeO4
2� and CH3COO�. In addition, nearly Nernstian behavior was

also observed over a wide linear range associated with low detec-
tion limits. It is also worth noting that the active ingredient in the
chemically modified carbon paste sensor is the ionophore which is
responsible for the selective determination of the analyte. In this
study, the ionophore [FephenD2] is composed by the reaction be-
tween iron-phenanthroline [Fe(phen)3]2þ and diclofenac sodium,
that can be directly introduced into the carbon paste sensor [16]. It
was found that the electrochemical performance of tellurite carbon
paste sensor are affected by different parameters such as i) the type
of carbon, ii) type of the plasticizer, iii) amount of the modifier and
iv) composition of the sensor. The measurements were carried out
to study the effect of these variables on the performance of the
electrode. This was achieved by tracing the morphology and
composition of the sensor using optical and atomic force micro-
scopy. The combination of these techniques provides valuable in-
formation on the physical, mechanical and chemical properties of
the sensor which proved to be very helpful in understanding its
behavior under different chemical conditions.

2. Experimental

2.1. Preparation of the sensor

The carbon paste was made as previously described [17]. In a
few words, it was made by dissolving a certain amount of the
ionophore in the required pasting liquid and the resulted mixture
was followed by the addition of graphite powder till the paste
becomes homogeneous. After that, the prepared paste was packed
carefully into the hole of the electrode body in order to ensure
proper filling and homogeneity of the carbon paste mixture. The
carbon paste was smoothed by polishing the sensor against a sheet
of paper until it had a smooth surface and shiny appearance then
the sensor becomes ready for potentiometric measurements after
one day of preparation. A fresh surface can be obtained by gently
pushing the stainless steel screw forward and polishing the new
carbon paste surface with paper to obtain a shiny new surface.

2.2. Electrochemical measurements

The electrochemical behavior of the sensor was investigated by
immersing the carbon paste electrode in a two-electrode cell con-
sisting of 50mL of the buffer solution and a saturated calomel
reference electrode (SCE). This is followed by the addition of
different amounts of standard tellurite solution and the emf values
were recorded by Jenway 3010 digital pH/mV meter and plotted as
a function of the negative logarithm of tellurite concentration
(pTeO3

2�).
A techne circulator thermostat Model C-100 (Cambridge-En-

gland) was used to control the temperature of the test solution
throughout the experiments.

2.3. Microscopic measurements

Microscopic observation of the sensor surfaces was collected by
a stereomicroscope (Leica Microsystems, Germany) operated by the
Central Laboratories at the Faculty of Agriculture, Cairo University.
All observations were carried out using polarized light for better
distinction between insoluble ionophore particles and the carbon
surface. Morphology of the sensors was tested by means of atomic
force microscopy (AFM), which proved to be useful in testing the
wettability and binding of the graphite particles when using
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different plasticizers. All scans were performed by means of a non-
contact mode “wet” scanning probe microscope (Shimadzu, Japan)
operated by the Micro Analytical Center at Faculty of Science, Cairo
University. All measurements were carried out at room tempera-
ture (25 �C).

The hole diameter of the sensors (active surface of the paste)
was 7.0mm. For optical and atomic force microscopy analysis, the
sensor disc was removed from the hole using a pair of tweezers and
attached tightly onto microscope specimen holder.
2.4. Selectivity

The selectivity coefficients were calculated by applying the
separate solution method [18]. In this method, two potential
measurements are required, first, the potential of tellurite solution
with known concentration, and second, the potential of interferent
ion. The two potential values were measured at the same concen-
tration of tellurite and the interferent. These potential values were
used to calculate the selectivity coefficient value elog Ktellurite,J

using the following equation:

log Kpot
tellurite; JZ� ¼

E2 � E1
S

þ log½tellurite� � log
h
JZ�

i1
Z

where E1 and E2 are the sensor potentials of 10�3mol=L solution of
each of tellurite and interferent anion, Jz�, respectively and S is the
slope of the calibration graphs.

Moreover, the matched potential method was used for deter-
mination of selectivity coefficients [19]. In this method, the selec-
tivity coefficient is evaluated from the activity ratio of the primary
ion and the interfering ion which gives the same potential change
in a reference solution. 50mL of 1.0� 10�4mol/L tellurite solution
was used as a reference solution. The values of Ktellurite;J are then
calculated using the following equation

Kpot
tellurite; JZ� ¼

Datellurite
aB

¼ a’tellurite � atellurite
aB

where Datellurite is determined by measuring the change in poten-
tial upon increasing the concentration by a definite amount of the
primary ion activity from an initial value of atellurite to a’tellurite and
aB represents the activity of the interfering ion added to the same
reference solution of activity tellurite which brings about the same
change in potential.
2.5. Analytical applications

In order to determine tellurite ions in pure solution and real
samples, standard addition method was applied. In this method,
the sensor was immersed into a sample solution of 50mL of tel-
lurite solution with unknown concentration and the equilibrium
potential of Eu was recorded, after that small increments of
1.0� 10�3mol/L of standard tellurite solution was added into the
test solution and the equilibrium potential ðEsÞwas obtained. From
the potential change DE ¼ ðEueEsÞ one can determine the con-
centration of the test sample using the equation:

CX ¼CS

�
VS

VX þ VS

��
10nðDE=SÞ � VS

VX þ VS

��1

where CX and VX are the concentration and volume of unknown,
respectively, CS and VS are the concentration and volume of stan-
dard, respectively, S the slope of the calibration graph and DE is the
change in millivolt due to the addition of standard.
3. Results and discussion

In our previous work [16], we have developed tellurite carbon
paste sensors as shown in Fig.1, The sensor was prepared bymixing
different types of carbon such as graphite or nano-carbon with the
pasting liquid (e.g. tricresyl phosphate (TCP), dioctyl phthalate
(DOP)). In order to increase the selectivity and sensitivity of the
sensor, iron phenanthrolin diclofenac (FePhenD2) complex was
used as a selective ionophore for trapping tellurite ions. The sensor
promotes good selectivity in detection of monovalent ions (HTeO3

�)
and divalent tellurite ions (TeO3

2�) depending on the solution pH.
Interestingly, the electrochemical data showed that the perfor-
mance of the sensor is determined by different parameters such as
i) nature and type of plasticizer, ii) type of carbon, iii) amount of
ionophore and iv) composition of the paste. So in this article, we
will study how these parameters affect the surface of the sensor by
using optical and atomic force microscopy.

3.1. Optical microscopic analysis

3.1.1. Effect of the plasticizer on the physical properties of the sensor
3.1.1.1. TCP as a plasticizer. Fig. 2(aec) shows the stereomicroscope
images of the sensor consisting of 48.5% graphite, 48.5% pasting
liquid (TCP), and 3% ionophore. The images show excellent me-
chanical integrity of the sensor, which indicates the excellent
binding properties of the TCP plasticizer. They also reveal that TCP
is a good solvent for the ionophore and causes its homogenous
distribution in the paste, enabling strong interaction between the
ionophore in the CPS and tellurite ions. It is noted that the surface of
the sensor is still shiny, which means that graphite is still exposed
and that the sensor is conductive throughout. The good conduc-
tivity of the sample ensures that the voltage built up at the sensor/
solution interface (the electrochemical signal) gets transported to
the potentiometer for detection. These interesting attributes
explain the excellent electrochemical performance of the sensor
based on TCP.

3.1.1.2. DOP as a plasticizer. Completely different electrochemical
results were obtained when using DOP as the pasting liquid. Fig. 2
(def) shows stereomicroscope images of an electrode consisting of
48.5% graphite, 48.5% pasting liquid (DOP), and 3% ionophore.
These stereomicroscope images are very interesting and explain
the role of the binder very well. First of all, the ionophore particles
can be visibly distinguished from the rest of the sensor. This is
different from SEM results that published in our previous study [14]
where only grayscale pictures were obtained, making it a difficult
task to identify the ionophore particles from the composition of the
sensor. In other words, under these experimental conditions carbon
paste sensors can be better defined from stereomicroscope rather
than electron microscopes. This can be attributed to the different
working principles between the two techniques. SEM uses electron
beam (instead of a beam of visible light) to produce highly
magnified images of the sample. This results in grayscale images
showing the surface roughness of the sample. Optical microscopes,
on the other hand, use a beam of visible light to provide colored
images based on the reflectivity of the composite material. It is
important to remember that the colors seen are often due to stains
rather than the real colors that exist in nature. Graphite and the
ionophore have quite different reflectivity. Conductive graphite
particles reflect light and are bright in the images, whereas, the
ionophore absorbs light, looks darker and is stained in red. These
results confirm the poor solubility of the ionophore in DOP pasting
liquid and are consistent with SEM and electrochemical results
[14,16]. In addition, the reflectivity of the whole surface gives an
idea about the thickness of the pasting liquid layer covering the



Fig. 1. Schematic illustration of a carbon paste sensor for tellurite ions. The carbon paste is made by mixing different forms of carbon, namely graphite and nanostructured carbon
black, with pasting liquids such as tricresyl phosphate (TCP) and dioctyl phthalate (DOP). This paste is then cast into the holder for use as a sensor. In order to increase the selectivity
of this sensor towards tellurite ions, the paste is mixed with inorganic complex iron phenanthrolin diclofenac [Fe(phenD2)]. The sensor was used successfully for the detection of
tellurite in different real samples.
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surface of graphite.
Compared to the previous sample (TCP paste), the surface of this

sample looks darker indicating a thicker layer of the nonconductive
liquid. This affects the overall conductivity of the carbon paste
which has a direct influence on the electrochemical performance of
the electrode. Sensors using DOP as the pasting liquid largely
deviated from Nernstian slope (69mV) and has narrow dynamic
range (see Table 1).

3.1.2. The amount of ionophore
One of the main components of the modified carbon paste

sensor is the ionophore and the question is howmuch ionophore is
optimum for the interaction with tellurite ions. The effect of
different amounts of the ionophore on the performance of the
sensor (from 3 to 10% by weight) was studied and the results are
summarized in Table 2. Sensors with homogenous composition
were observed and excellent electrochemical results were obtained
when using 3% ionophore. The sensor showed nearly Nernstian
behavior (30mV) with wide linear range and low detection limit.
By increasing the amount of ionophore to 10% (shown in Fig. 3), the
ionophore salts out from the paste forming dark crystals that can be
clearly seen in the stereo microscope images. This causes negative
deviation from the Nernstian behavior with slope 17.7mV/decade
(Table 2). These results indicate that 3% by weight is the optimum
mass for the ionophore.

3.1.3. Effect of the composition of the sensor on its performance
3.1.3.1. Increasing graphite ratio. During preliminary experiments,
carbon paste sensor having higher portion of graphite (75%) was
prepared and tested. Results shown in Fig. 4(aec) indicate the
sensor is mechanically robust with flat and bright surface. However,
red crystals appear on the surface that can be attributed to insol-
uble ionophore. This sensor composition shows non-Nernstian
slope of 9.4 mV/decade. Soluble ionophore is necessary for the
interaction between the CMCPS and tellurite ions.

3.1.3.2. Increasing plasticizer ratio. In another experiment, the car-
bon paste sensor was made using higher amount of the plasticizer
and its properties were tested and evaluated. Fig. 4d and e shows
the morphology of the sensor consisting of plasticizer/graphite



Fig. 2. Stereomicroscope images of carbon paste electrodes, one consisting of 48.5% graphite, 48.5% pasting liquid (TCP), and 3% ionophore and other consisting of 48.5% graphite,
48.5% pasting liquid (DOP), and 3% ionophore. Magnification scale is 25x, 50x and 100x.

Table 1
Summary of the electrochemical data showing the effect of the plasticizer on the electrochemical performance of the sensor.

Composition (w/w)% Slope±SE (mV/decade)pH 9.1 Linear range (mol/L) LOD (mol/L) r2

Ionophore Graphite Binder

3.0 48.5 48.5 (DOP) �69.04± 0.82 2.86� 10�5-4.00� 10�4 1.19� 10�5 0.978
3.0a 48.5 48.5 (TCP) �30.08± 0.48 1.92� 10�5-5.00� 10�3 1.42� 10�5 0.993

a The selected plasticizer for subsequent measurements.

Table 2
Summary of the electrochemical data showing the effect of the amount of the complex on the electrochemical performance of the sensor.

Composition (w/w)% Slope±SE (mV/decade) Linear range (mol/L) LOD (mol/L) r2

Ionophore Graphite TCP

3.0a 48.5 48.5 �30.08± 0.49 1.92� 10�5-5.00� 10�3 1.42� 10�5 0.993
5.0 47.5 47.5 �20.82± 0.29 4.68� 10�5-1.32� 10�3 1.76� 10�5 0.995
10.0 40.0 40.0 �17.72± 0.28 1.92� 10�5-1.32� 10�3 1.65� 10�5 0.992

a The selected composition for subsequent measurements.

Fig. 3. Stereomicroscope images of a carbon paste sensor consisting of 45% graphite, 45% pasting liquid (TCP), and 10% ionophore. Magnification scale is (a) 25x, (b) 50x and (c) 100x.
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ratio (65:35%) and 3% ionophore. The sensor can be easily shaped
but is mechanically soft. The surface seems to be flooded with
nonconductive plasticizer which leads to isolation of the sensor/
solution interface from the bulk of the carbon electrode. In this
case, the electrochemical signal due to the interaction of tellurite
ions with the ionophore are transported to the potentiometer only
with great difficulty. Non-Nernstian slope of, 35.98 mV/decade was
observed when a large amount of the plasticizer is used (Table 3).



Fig. 4. Stereomicroscope images of a carbon paste sensors, one consisting of 3% FephenD2/TCP/graphite with TCP/graphite ratio (25:75) and other consisting of 3% FephenD2/TCP/
graphite with TCP/graphite ratio (65:35). Magnification scale is 25x (a,d), 50x (b,e) and 100x (c,f).
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3.1.4. Graphite and nano-carbon particles
Electrochemical studies indicate that the type of carbon

(graphite, carbon black) have a great influence on the performance
of the sensor. In preliminary experiments, graphite and carbon
black were used in the fabrication of the sensor and their electro-
chemical performance was tested.
3.1.4.1. Graphite powder. Fig. S1 shows the structure of the graphite
powder used for the assembly/fabrication of the carbon paste
sensor. The images show the reflective nature of graphite particles.
Graphite is a crystalline form of carbon, conducts electricity very
well and is the most stable form of carbon under standard condi-
tions [20]. Owing to its metallic nature, graphite reflects light under
the optical microscope.
3.1.4.2. Nano-carbon powder. Fig. S2 presents stereo microscope
images showing the structure of the nanostructured carbon black
powder (also known as nano-carbon or acetylene black) used for
the assembly of the carbon paste sensor. While flat and crystalline
graphite particles reflect light and are shiny in the pictures, the
rough surface of the nanoscale carbon particles causes light scat-
tering and appears dark under the microscope. It is possible,
therefore, to use stereo microscope as a quick tool to distinguish
between graphite powder and carbon black. In addition, carbon
black aggregates/clusters can be seen in the images possibly
because of the van der Waals forces between the carbon particles,
which bring the particles together in aggregations.
Table 3
Summary of the electrochemical data showing the effect of the composition of the sens

Composition w/w% Graphite/binder ratio Slope

Ionophore G. TCP

3.0 72.75 24.25 75:25 �9.40
3.0 33.95 63.05 35:65 �35.9
3.0a 48.50 48.50 50:50 �30.0

a The selected graphite/binder ratio for subsequent measurements.
3.1.5. Pure nano-carbon sensor
Aside from graphite whose large crystals and excellent con-

ductivity, we tried a different form of carbon, carbon black, to build
the carbon paste sensor. As shown from the stereo microscope
images, Fig. 5, the sensor is lousy, mechanically soft and electrically
disconnected. The transfer of the paste from the metal disc to the
microscope stage induced additional cracking in the sensor because
of its terrible mechanical properties. This explains the non-
Nernstian behavior of this electrode (Table 4).

3.2. Atomic force microscopic analysis (AFM)

Another property that is necessary to understand the behavior
of the pasting liquid is whether it is capable of wetting the surface
of graphite. Wettability is often tested by measuring the contact
angle formed by the liquid at the three-phase boundary where a
liquid, gas and solid intersect, as shown in Fig. S3 [21]. In this re-
gard, AFM can provide qualitative information on the contact angle
of different plasticizers by measuring the surface roughness of the
sensors. Here, a small contact angle is an indication of good inter-
action between the pasting liquid and graphite (Fig. S3) [22]. In this
case, the pasting liquid serves as a good adhesive for binding the
graphite particles well together in the sensor as shown in Fig. 6.

3.2.1. Effect of the plasticizer on the physical properties of the
sensor

3.2.1.1. Tricresyl phosphate (TCP). Interestingly, AFM analysis
(Fig. 7a) shows that TCP makes a thin and flat layer with small
or on the electrochemical performance of the sensor.

mV/decade Linear range mol/L LOD mol/L r2

8± 1.37 2.33� 10�4-1.34� 10�3 2.16� 10�4 0.977
8± 0.33 1.92� 10�5-5.00� 10�3 1.59� 10�5 0.977
8± 0.48 1.92� 10�5-5.00� 10�3 1.42� 10�5 0.993



Fig. 5. Stereomicroscope images of a carbon paste electrode consisting of 48.5% carbon black, 48.5% pasting liquid (TCP), and 3% ionophore. Magnification scale is (a) 25x, (b) 50x
and (c) 100x.

Table 4
Comparison of the electrochemical performance of the FephenD2/TCP/graphite and FephenD2/TCP/carbon black paste sensors made with 3% w/w of the ionophore.

Composition w/w% Slope mV/decade Linear range mol/L LOD mol/L r2

ionophore. Carbon TCP

3.0a 48.5 (graphite) 48.5 �30.08± 0.48 1.92� 10�5-5.00� 10�3 1.42� 10�5 0.993
3.0 48.5 (carbon black) 48.5 �56.96± 0.91 2.86� 10�5-5.00� 10�3 1.66� 10�5 0.989

a The selected sensor for subsequent measurements.

Fig. 6. Schematic illustration showing how the wetting properties of the different forms of pasting liquids and their effect on the binding and mechanical properties of the sensors.
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contact angle on the surface of graphite. These observations show
the excellent binding properties of TCP. These results also explain
the excellent electrochemical performance of the carbon paste
sensor based on TCP.

3D projection of the AFM pictures shown in Fig. 7b (see other
pictures S4) gives a better idea about wetting the surface of
graphite with the pasting liquid. Again, the coating layer is flat and
smooth indicating very good wettability.
3.2.1.2. Dioctyl phthalate (DOP). Unlike TCP plasticizer, DOP forms
irregular liquid layer on the surface of graphite with lots of clumps
indicating high contact angle and poor wettability, Fig. 7c. This has
a negative impact on the binding properties of the sensor, its
electrical conductivity and overall performance of the sensor.
Again, this is consistent with the electrochemical data of carbon
paste sensor based on DOP.

Results of AFM into 3D images (Fig. 7d) (see other pictures S5)



Fig. 7. Two dimensional (a,c) and three (b,d) atomic force microscope images of a carbon paste electrode consisting of 47.5% graphite, 47.5% pasting liquid (TCP), and 3% ionophore;
(right) and 47.5% graphite, 47.5% DOP, and 3% ionophore (left).
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show the high roughness of the DOP coated graphite particles
forming sensor. The liquid forms agglomerated areas that can be
seen on the surface resulting from the poor wetting properties of
this pasting liquid.
3.3. Optimum condition of the sensor

From the previous results, it is obvious that the sensor
composed of 3% ionophore (FephenD2), 48.5% graphite and 48.5%
TCP with (50:50) graphite/binder showed the best response to
tellurite ions. The sensor exposes Nernstian behavior with
slope �30.08mV, wide linear range 1.92� 10�5-5.00� 10�3mol/L
and low detection limit 1.42� 10�5mol/L. Thus, the proposed
sensor with above composition was used in subsequent measure-
ments such as studying the interference and environmental
application.
3.4. Selectivity of tellurite sensor

In view of the fact that tellurite ions are present in different
biological and environmental samples which contain a number of
anions that may interfere. Thus, the response of the sensor towards
different anions that may be found in real samples was studied.
Here, the selectivity coefficient (-log Ktellurite,J

z� ) was measured by
applying separate solution method (SSM). The selectivity coeffi-
cient values are calculated and compared by values obtained by
matched potential method (MPM) that published in our previous
work [16] as shown in Fig. 8. It can be clearly noticed from Fig. 8,
that the selectivity coefficient values obtained by two methods are
in good agreement and the values ranging from 0.96 to 2.74 and



Fig. 8. Selectivity coefficient values (-log Ktellurite,J
z� ) for tellurite sensor by MPM and SSM.
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these low values suggest that the sensor has a high selectivity to-
wards tellurite ions over a wide spectrum of interfering anions.
3.5. Assay of tellurite ion in real samples

Since accumulation of tellurite ions in human body may cause
serious problems such as degeneracy of the liver and kidney. So,
tellurite content in biological and environmental samples should be
kept under control.

The proposed tellurite selective sensor was successfully applied
for the determination of tellurite content in different real samples
such as waste water, human serum, tellurite culture media, tellur-
ite/tellurate mixture and synthetic tellurite/cefotaxime samples by
applying standard addition method (Table 5). The obtained results
indicate that the sensor gives high recovery values ranging from
94.6 to 106.5%. In addition, the small values of relative standard
deviation (RSD) for 3 replicate measurements (0.6e4.5%) reflecting
the precision of our electrochemical method.

Table 6 compares the results of the current workwith previously
reported data based on solid membrane ion selective electrodes
[23]. The results suggest that the current sensor have great
Table 5
Determination of tellurite in pure solution and real samples using tellurite sensor by
applying standard addition method at pH 9.1.

Sample Taken Found Recovery% RSD%a

mmol/L

Pure solution 99.95 94.58 94.62 2.49
299.99 296.21 98.74 3.16

Spiked waste water 19.99 19.85 99.30 2.89
50.00 51.26 102.52 0.60

Spiked human serum 5.00 5.14 102.88 2.00
10.01 10.19 101.79 3.24

Tellurite culture media 11.05 10.67 96.56 1.31
315.74 319.99 101.34 4.50
475.13 481.63 101.37 2.97

Synthetic tellurite/cefotaxime 0.199 0.212 106.53 2.00
tellurite/tellurate mixture 10.01 9.74 97.30 1.69

49.95 48.87 97.83 1.64

a Relative standard deviation for 3 replicate measurements.
potential for the determination of tellurite ions in different real
samples. The present sensor shows high sensitivity, reasonable
selectivity, fast static response, long term stability and applicability
with minimal sample pretreatment. In addition, the reported
method offers advantages of simplicity, accuracy, automation
feasibility and applicability to turbid and colored solutions.
3.6. Interaction between the ionophore and tellurite ions

The tellurite sensor with optimum composition was chosen to
be scanned via EDX elemental mapping in order to investigate the
interaction between the ionophore and tellurite ions. Note that the
sensor was soaked in tellurite solution and washed before scan-
ning. From Fig. 9, it is noticed that the amount of tellurium present
is directly proportional to the amount of complex modifier present
in the paste. These results show some type of interaction between
the ionophore embedded in the paste and the tellurite ions. This
interaction is schematically explained in Fig. 9e.
4. Conclusions

In this study, chemically modified carbon paste electrode were
developed for the determination of tellurite using FephenD2
ionophore as the active ingredient. The proposed sensor was suc-
cessfully used for the analysis of the tellurite content of different
biological and environmental samples including wastewater, hu-
man serum, tellurite culture media, synthetic tellurite-cefotaxime
and tellurite/tellurate mixtures. The results show high recovery
rates, selective and highly reproducible response, indicating the
suitability of the proposed sensor for practical applications. The
morphology of the resulting electrodes were also systematically
investigated using optical and atomic force microscopes. The re-
sults indicate that the nature and amount of the carbon material,
binder, modifier and chemical composition of the paste have a great
impact on the properties of the electrode. Finally, this work pre-
sents new insights to the characterization of the carbon paste
sensors.



Table 6
Comparison of the proposed tellurite CMCPS with the reported electrode.

Type of the
sensor

Ion-recognition Slope mV/decade Linear range, mol/L LOD, mol/L tres. s pH r2 Application samples Ref.

Solid
membrane

HgTeO3/Hg2Cl2 (1:1) �29 10�5-10�1 4.00� 10�6 e 3.5e10.5 e binary mixtures of tellurite with chlorate,
chromate, borate and arsenate

[23]

CMCPS FephenD2 �30.08± 0.49 1.92� 10�5-5.00� 10�3 1.42� 10�5 �10 9.10 0.993 Pure solutions, waste water,
human serum, biological cultural media,
synthetic tellurite-cefotaxime and
tellurite/tellurate mixture

C.S

tres.: response time, C.S: current study, r2: correlation coefficient.

Fig. 9. EDX elemental distribution maps of FephenD2/TCP/graphite sensor. The results demonstrate (a) backscattered SEM image; (b) Iron, FeK; (c) Carbon, CK and (d) Tellurium, TeL.
In addition, Schematic illustration (e) shows interaction between ionophore in the paste and tellurite ions in solution.
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