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Editorial
In the month of August 2014, ECSI organized an International Conference on “Energy,
Environment and Electrochemistry” (ICONEST). It was a grand success in its academic
impact and interaction. A good number of papers were presented and there was good
international participation. A report on the conference will be found elsewhere in the
Journal. After the conclusion of the Conference the technical committee reviewed all the
papers presented and decided to publish several of them in a special issue of the Journal of
the Electrochemical Society of India (JECSI). Authors of papers presented at the ICONEST
were requested to indicate if they agreed to publish their paper in the Special Issue of
JECSI. Papers of authors who agreed to this suggestion were then put through the detailed
review procedure to accept papers for publication. The technical committee further grouped
the papers into three groups: (a) Corrosion and related topics; (2) Energy and energy
related and (3) Electrochemical Science and Technology. Accordingly, this issue of the
Journal contains papers in the area of corrosion science and technology. Future issue of
the Journal will publish papers in the other two areas.
There has always been a dilemma about publishing the hard copies of Journals.
On the one hand, it is rather expensive to publish. It also takes a much longer time to see
the print. With advent of technology, most journals have gone on to Electronic Publishing
in which dissemination of information is rather fast. JECSI has also taken a decision in
this regard and is putting in efforts to convert JECSI into an electronic journal. You will
see this change very soon. As a first step in this direction, authors ae being requested t
submit their papers in the soft copy format only. Reviewers are being sent the soft copy
requesting eviews to be sent by email, etc. One very important outcome of the electronic
publishing is the greater clarity in the publication of micrographs and figures.
I wish to add here that the Journal has completed a landmark of having been
ublished continuously for 62 years. The present running is volume 63. It has had its ups
and downs, but has managed to keep continuity. One of the major impediments is the
finance required to sustain it. The Governing Council of the ECSI would like to invite
suggestions as to how this can be met and the Journal sustained for the next several years.
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There were about 200 papers presented in ICONEST 2014 which was held in JN Tata Auditorium on August
7-9, 2014. Editorial board of JECSI had received about 120 papers (full manuscript) for the possible
publication. The governing council of ECSI at its meeting held on December 19, 2014 took a decision to
refer all the papers to a reviewing committee consisting of the following:

Prof. E.S. Dwarakadasa

Chief Editor

Dr J.N.Balaraju

Special Editor

Dr U. Kamachi Mudali

Editor

Dr P. Bala Srinivasan

Editor

Dr Guruprasad Sundararajan Editor
Dr Alka Sharma

Editor

Mr V.K. William Grips

Editor
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Report on the Conference
Electrochemical Society of India (IISc, Campus) along with Inorganic and Physical Chemistry Department,
IISc, Bengaluru has organized as a part of the Golden Jubilee of the Society a three-day International
Conference on Electrochemical Science and Technology (ICONEST 2014) at JN Tata Auditorium during
the period 7 – 9 August 2014. The main purpose of the conference was to exchange ideas and experiences
among the researchers, scientists and technologists to establish and strengthen their research network.
ICONEST-2014 has created a centre of attention for delegates of National and International levels. It
attracted academicians and technologists from various organizations. About 340 delegates were attended
and 120 contributed papers were presented. This conference was very well supported by various government
and private organizations such as BRNS, ISRO, KSPCB, Metrohm, Cornet, Avasarala, Akza noble, Balambiga
Metal Finishers etc.
In the inaugural function on 7th August 2014, Prof. Dwarakadasa, Chairman, ICONEST gave welcome
address to the gathering. Mr. Rajeeva Deekshit, Secretary, ECSI, spoke about ECSI. Dr U.Kamachi Mudali,
Co-Chairman, articulated about ICONEST. Dr Prabhat Kumar, Managing Director, Kalpakkam, Chief
Guest has delivered his inaugural address. After the brief address by both plenary speakers Dr Manthiram
and Dr Krishnan Rajeshwar to the gathering, ECSI awards such as Mascot, NM Sampat, Life Time
Achievement and Honorary Fellowship were presented. During the inaugural function, Chief Guest has
released the Souvenir and a CD containing full manuscripts of contributed papers. Vote of thanks was
given by Dr J.N.Balaraju, Convener. Later, the Chief Guest inaugurated the Exhibition Stalls and Poster
Presentations.
After the inaugural function, two plenary talks were arranged. Dr. Manthiram, Director Texas Materials
Inst. and Materials Science and Engineering Program, The University of Texas at Austin spoke about the
important topic of Electrochemical Energy Storage: Challenges and Prospects. Whereas Dr. Krishnan
Rajeshwar, Distinguished University Professor at the Univ. of Texas at Arlington, Vice President of the
J. Electrochem Soc. India
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Electrochemical Society, USA deliberated on the ideas about the intricate self-assembled architectures that
Nature has evolved over millions of years. Prof. V Lakshminaranyanan, Raman Research Institute delivered
Prof. T L Ramachar lecture in the afternoon session on the topic “Nanomaterials for Electrocatalysis
Applications”. After this lecture, three parallel sessions were organized under important themes Electrochemistry
and Environment, Energy and Corrosion. According to the themes various Keynote and Invited talks were
deliberated in the current research areas by various distinguished speakers from India and abroad. Apart from
this no. of oral presentations were made by professionals from academic and research organizations. A separate
session was arranged specifically for Exhibitors to present the details about their products. A cultural program
was arranged in the evening followed by a grand dinner.
Recent state of the art electrochemical instruments were exhibited and it created a curiosity in the student
communities. Various intricate and skilled metal finishing products were very well exhibited by M/s E-Parisara.
M/s Eureka Forbes exhibited their latest products apart from providing water dispensers at various locations
of ICONEST 2014.
On 2nd and 3rd days of conference, special lectures like Prof.SM Mayanna Endowment lecture, Mascot and
NM Sampat award lectures were delivered by Dr Taramani, IIT Ropal, Prof. N.Rajendran, Anna Univ., Chennai
and Dr TM Sridhar, Univ. of Madras, Chennai, respectively. Experts from the relevant fields were given their
remarks about the posters presented by interacting with the authors. In each theme, 3 best posters were selected
in each theme and prizes were distributed to 9 best posters during Valedictory Function.
Finally, ICONEST2014 was a well organized and well attended International Conference.

Inauguration
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Souvenir Release
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Electrocatalytic Determination of α 2-Adrenergic Agonist Tizanidine in
Solubilized System
Rajeev Jain*, Dhanjai and Ankita Sinha
School of Studies in Chemistry, Jiwaji University, Gwalior – 474011, India
*Corresponding author e-mail: rajeevjain54@yahoo.co.in
Abstract
A novel graphene/silicon dioxide nano-composite modified glassy carbon electrode (GR/SiO2/GCE)
sensor has been developed for the sensitive determination of an adrenergic agonist muscle relaxant
drug tizanidine (TZ) in solubilized system. The morphological characteristics of the developed GR/
SiO2/GCE sensor were studied by scanning electron microscopy (SEM). The influence of optimization
parameters such as pH, effect of different solvents, critical micelle concentration and effect of loading
of GR/SiO2 suspension at GCE on analytical performance of the developed sensor was investigated.
GR/SiO2/GCE sensor exhibits excellent electrocatalytic performance towards reduction of tizanidine
in Britton Robinson buffer at pH 6.5 in solubilized system of 0.1% cetyltrimethyl ammonium bromide
(CTAB). Under optimized conditions, square wave cathodic peak current shows a linear response for
tizanidine reduction over a concentration range of 5 (ng mL-1) to 10 (µg mL-1) with a correlation
coefficient (r2) of 0.9928. The detection limit (LOD) and quantification limit (LOQ) were found to be
40.05 ng mL-1 and 133.50 ng mL-1 respectively. The fabricated sensor shows great promise for simple,
sensitive, quantitative screening and detection of tizanidine using voltammetric techniques.
Keywords: Tizanidine (TZ), Graphene/silicon dioxide nano-composite modified glassy carbon electrode
(GR/SiO2/GCE), CTAB, Voltammetry, Solubilized System.
1. Introduction.
Tizanidine hydrochloride chemically, 5-chloro4- (2- imidazolin-2-ylamino)-2, 1, 3
benzothiadiazole hydrochloride (scheme I), is a
short acting drug for the treatment of spasticity
[1, 2]. It is an 2-adrenergic agonist and centrally
acting skeletal muscle relaxant. It has been found
to be useful in relieving spasms [3-7].
Analytical techniques for the determination of the
drugs in bulk form, tablets and biological fluids
are generally based on HPLC [8], LC/MS [9],
spectroscopy [10] and microbiological analysis
[11]. These methods involve sophisticated
instrumentation and complicated procedure.
Simpler, faster, cheaper and sensit ive
electroanalytical techniques which have
instrumental simplicity, low cost and portability
can be an interesting alternative to these analytical
methods which need certain time consuming
extraction procedures or some derivatisation
processes. In recent years much attention has been
given to the speciûc applications of voltammetric
sensors. Gupta et al. [12] reviewed applications
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of voltammetry to pharmaceutical analysis.
Electroanalytical techniques have been proved to
be an excellent tool for the determination of
pharmaceuticals. In electroanalytical techniques,
the use of various electrodes and chemically
modified electrodes [13-20] has gained attention
in recent years.
Chemically modified electrodes in voltammetric
analysis offers several advantages like lowering
of the peak potential, increase in sensitivity and
selectivity towards the electrocatalytic redox
performance of the analyte with a very short
response time [21-32]. Carbon based electrodes
have been extensively used now a days in
voltammetric studies because of their low cost,
stability, easy availability and their ability to
modify the morphology of carbon. There are a
number of carbon-based electrodes including
glassy carbon (GC), carbon nanotubes (CNTs),
polycrystalline boron doped diamond (pBDD)
and most recently graphene [33]. Graphene has
been the focus of much research in the ûeld of
electrochemical sensors because of its unique
properties [34, 35]. Graphene has been proven a
J. Electrochem Soc. India Vol: 63 (4) Octoer 2014 11-20
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novel electrode material as it possess a very high
surface area of 2630 m2g -1 which is much more
than graphite (10 m2g -1) and carbon nanotubes
(1315 m2g -1) and also it has a very high electrical
conductivity of 64 mS cm-1 which remains stable
over a wide range of temperatures [36]. Shang et
al. [37] were the first to apply graphene based
sensors for electrochemical sensing for the
simultaneous det erminat ion of dopamine,
ascorbic acid and uric acid. Li et al. [38] used
graphene based nanomaterials for the sensitive
detection of dopamine in presence of ascorbic
acid. Wang et al. [39] studied the electrocatalytic
analysis of some toxic ions like Pb2+ and Cd2+
using graphene based composites. Schedin et al.
[40] investigated the gas sensing properties of
graphene for gaseous molecules and pH sensing
properties of graphene based sensors were studied
by Ang et al. [41] using hydroxyl & hydroxonium
ions over the pH range 2-12. Further, Zhu et al.
[42] showed the promising electrochemical
sensing application of graphene for detection of
biomolecules like catecholamines. Kang et al.
[43, 44] studied the electrochemistry of glucose
oxidase using graphene-chitosan nanocomposite
and also behaviour of paracetamol on graphene
based sensor using voltammetry. Jain et al. [4547] determined the redox properties of various
pharmaceuticals using various voltammetric
techniques. Wu et al. [48] prepared chitosandispersed graphene nanoflakes and immobilized
on a GCE to construct a graphene modified
electrode and successfully applied for
electrocatalysis of cytochrome c. Wang et al. [49]
doped graphene sheets with nitrogen and
developed biosensor was used to study the
electrocatalytic effects of glucose. Silver
nanoparticles decorated SiO2-graphene oxide has
been reported for H2O2 and glucose sensing [50].
SiO2 coated graphene oxide imprinted polymer
composite for electrochemical sensing of
dopamine has been studied [51].
Surfactant s have been widely used in
electrochemistry for
enhancing the
electrocatalytic processes of various
pharmaceuticals [52-57]. However, literature
survey reveals no comprehensive studies have
been undertaken concerning the redox behaviour

of tizanidine at graphene/silicon dioxide nanocomposite modified glassy carbon electrode
sensor (GR/SiO2/GCE) in solubilized system.
NH
N

NH

Cl

N
S
N

Scheme I Structure of tizanidine hydrochloride
In the present work a graphene/silicon dioxide
nano-composite modified glassy carbon electrode
for hitherto uninvestigated electrocatalytic
reduction of TZ in solubilized system of CTAB
is reported. Results obtained at the fabricated GR/
SiO 2 /GCE sensor are compared with t he
individual GR/GCE, SiO 2 /GCE and GC
electrode. The fabricated sensor shows a great
promise for simple and sensitive determination
of tizanidine in solubilized system of CTAB.
2. Experimental
2.1 Reagents and chemicals
Graphene (97% purity) was obtained from
Graphene Laboratories USA. SiO2 nanoparticles
(99.5% purity, <15 nm particle size) were
procured from Sigma-Aldrich, USA. Tizanidine
(99% purity) was obtained from Veeda Clinical
Research Pvt. Ltd., Ahmedabad India. Tizanidine
tablets labeled 2 mg (Sun Pharmaceuticals Pvt.
Ltd., India) obtained from commercial sources.
All reagents were of analytical grade and used as
received without further purification. KCl (1.0
mol/L) was prepared in double distilled water and
used as supporting electrolyte. Stock solution of
tizanidine (1 mg mL-1) was prepared in 0.1%
aqueous solution of CTAB. The analyte solution
for recording voltammograms was prepared by
mixing appropriate volumes of 1.0 mol/L KCl
solution, buffer solution of appropriate pH and
stock volume of TZ. All chemicals were procured
at Jiwaji University, Gwalior (M.P.), India.
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2.2 Apparatus
Electrochemical measurements were performed
using a μ-AUTOLAB TYPE III (Eco- Chemie
B.V., Utrecht, The Netherlands) potentiostatgalvanostat with 757VA computrace software.
The GR/SiO2/GCE was employed as working
electrode, Ag/AgCl (3.0 mol/L KCl) was used as
reference electrode and graphite rod as an
auxiliary elect rode. The morphological
characteristics of GR/SiO2/GCE electrode were
studied by scanning electron microscope using
ZEISS EVO 50 instrument. All the pH-metric
measurements were made on a Decible DB-1011
digital pH meter. All the solutions examined by
electrochemical techniques were purged for 10
min with purified nitrogen gas.
2.3 Fabrication of working electrode
The glassy carbon electrode surface was modified
with GR/SiO2 nanocomposite. Prior to electrode
surface modification the GCE surface was rinsed
properly with deionized water and polished with
alumina powder of different particle sizes (0.050.1 µm) on microcloth pads. A suspension
solution of the mixture of GR and SiO2 in the
mass ratio of 2:1 and target concentration 1.0 mg
mL-1 was prepared by ultrasonication in N, Ndimethylformamide (DMF) for several hours.
About 8 µL of the prepared suspension was casted
onto the clean GCE surface and kept at the room
temperature till the electrode surface is
completely dried. Similar suspension of GR and
SiO2 nanoparticles of 1.0 mg mL-1 concentration
were also prepared to have GR/GCE and SiO2/
GCE electrodes for comparative study.
3. Results and discussion
3.1 Optimization of experimental conditions
3.1.1 Effect of pH
The influence of pH on the electrocatalytic
reduction of tizanidine was studied in Britton
Robinson buffer in the pH range 2.5 to 10.5. The
results showed (Fig. 1A) that the cathodic peak
current increases with increase in pH until it
reached 6.5. A decrement in the peak current was
observed with further increase in pH after 6.5.
Therefore, pH 6.5 was selected for the reduction
studies of TZ at GR/SiO2/GC electrode. With the
J. Electrochem Soc. India

increase in pH the peak potential shifts towards
more negative potential indicat ing the
involvement of protons in the electrode process.
A linear relation was observed between reduction
peak potential Ep and pH of the medium ranging
from 2.5 to 10.5 which can be expressed by the
following equation,
SWV; pH 2.5–10.5, Ep/V (Ag/AgCl); =
0.0103 pH + 0.7963, r2= 0.9892

(i)

3.1.2 Effect of different solvents
The voltammetric behaviour of tizanidine in
different solvent systems including surfactants
was studied employing square wave voltammetry.
TZ exhibits maximum peak current in CTAB as
compared to other surfactants and solvents and
therefore CTAB was selected as the system for
the electrocatalytic studies of tizanidine.
3.1.3 Effect of surfactant concentration
The cathodic peak current increases steadily with
increase in concentration of CTAB till it reached
0.1%. However peak current decreases after 0.1%
of CTAB which can be clearly seen in Fig. 1(B).
This may be due to the aggregation of micelle at
the electrode surface which reduces the electron
transfer rate that results in a significant decrease
in the peak current.
3.1.4 Effect of nanomaterial composition
The effect of different composition of electrode
on TZ reduction was studied using square wave
voltammetry. Different suspensions of GR and
SiO2 of concentration 1.0 mg mL-1 in different
mass ratio were prepared in DMF. It is clear from
Fig. 1(C) that the maximum current was obtained
for GR: SiO2 composition in the mass ratio 2:1.
Therefore GR/SiO2/DMF suspension in the mass
ratio of 2:1 was selected as electrode composition
for modification of glassy carbon electrode.
3.1.5 Optimal loading of GR/ SiO2 onto GCE
The reductive peak current of TZ increases
significantly with increase in the loading amount
of GR/ SiO2 upto 8 µL and starts decreasing with
further increase in the loading amount (Fig. 1 D).
This can be explained on the fact that when the
film coated on the electrode is too thin the current
is less but as the thickness of the film increases,

14
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the conductivity is reduced and hence the peak
current. Therefore 8 µL is optimized as the
loading amount of GR/ SiO 2 for electrode
fabrication.

Figure 1
(A) Effect of pH (pH 2.5-10.5).
(B) Effect of surfactant concentration.
(C) Effect of nanomaterial composition for
fabrication of working electrode.
(D) Effect of varying GR-SiO2 dosage.
3.2 Characterization of the modified electrode
Surface morphological studies of the GR/SiO2/
GCE were characterized by scanning electron
microscope (SEM) using ZEISS EVO 50
instrument. Fig. 2 represents the scanning electron
micrographs of GR/GCE (2A), SiO2/GCE (2B)
and GR/SiO2/GCE (2C). It is clear that SiO2
particles form wrinkled lumps with GR on GCE
surface making it to appear more compact and
retained the morphology of graphene.
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was studied by square wave voltammetry and
cyclic voltammetry. Fig. 3 (B) show SWV and
Fig. 3 (C) show CV of TZ (300 ng mL-1) in
solubilized system of CTAB at GR/SiO2/GCE,
GR/GCE, SiO2/GCE and bare GCE in britton
robinson buffer (pH 6.5). It is observed that the
GR/SiO 2 /GCE sensor exerts much more
enhanced catalytic effect on TZ reduction as
compared to GR/GCE, SiO2/GCE and bare GC
electrodes. It can be assumed that the combined
effect of GR and SiO2 enhances the sensitivity of
the fabricated GR/SiO2/GCE sensor towards TZ
reduction at its surface.
Figure 2 Scanning electron micrograph of (A)
GR/GCE, (B) SiO2/GCE, (C) GR/SiO2/GCE.
The surface area of the developed electrodes were
calculated taking 1mM solution of K3Fe(CN)6 in
0.1 M KCl as redox probe. It was calculated from
the slope of the plot of I and ν1/2 which possess a
linear relationship obtained from cyclic
voltammetric studies given by Randles-Savcik
equation [58],
I = (2.69×105) ACD1/2 n3/2 ν1/2

(ii)

In the above given equation, A represents the
effective surface area of the electrode in cm2, n
represents the no of electrons taking part in the
electrode process, D is the diffusion coefficient
of the analyte in the solution, C is t he
concentration of the drug sample in the solution.
The value of n and D for K3Fe(CN)6 are 1 and 7.6
× 10-6 cm2 s-1 respectively [59]. Fig. 3 (A) shows
the CV studies of different electrodes in 1mM
solution of K3Fe(CN)6 at 100 mV s-1(Fig. 3 A).
The effective surface area for GR/SiO2/GCE was
0.46 cm2 compared to 0.35 cm2 for GR/GCE, 0.20
cm2 for SiO2/GCE and 0.10 cm2 for bare GCE.
Herein, the electrocatalytic effect of GR/GCE was
greatly enhanced after incorporating SiO2 and the
fabricated GR/SiO 2/GCE showed bett er
electrocatalytic activity in comparison to the
individual GR/GCE, SiO2/GCE and bare GC
electrodes.
3.3 Electrocatalytic performance of GR/SiO2/
GCE sensor for tizanidine reduction
The electrocatalytic reduction behaviour of
tizanidine (300 ng mL-1) at GR/SiO2/GCE sensor
J. Electrochem Soc. India
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The obtained slope 0.4820 is very near to 0.5
which conûrms diffusion controlled electrode
process. For a typical diffusion controlled
electrode process, the peak potential (Ep) and scan
rate (v) are deûned by the equation [59]:
Ep = E°+(RT/αnF) ln (RTk°/αnF)+(RT/αnF) ln ν (v)

Where k° represents the standard rate of reaction,
E° is the formal potential, n is no of electrons
involved in the electrode process, α is transfer
coefficient and ν is the scan rate. In the reduction
process of TZ, E p linearly depends on the
logarithm of the scan rate in the range of 10–100
mVs”1 which can be expressed by the following
equation:
Figure 3
(A) Cyclic voltammetric behaviour of 1mM
K 3Fe(CN)6 at bare GCE (curve a), at SiO2/GCE
(curve b), GR/GCE (curve c), at GR/ SiO2/GCE
(curve d).
(B) Square wave voltammograms, Blank (curve
a), at GCE (curve b), at SiO2/GCE
(curve c), at GR/GCE (curve d), at GR/ SiO2/
GCE (curve e).
(C) Cyclic voltammograms, Blank (curve a), at
GCE (curve b), at SiO2/GCE
(curve c), at GR/GCE (curve d), at GR/ SiO2/
GCE (curve e).

Ep = 0.0273(ln ν)+0.8603, r2 = 0.9805

(vi)

From equations (v) and (vi) we get,
(RT/αnF) = 0.0273

(vii)

Where, T=298 K, R=8.314 J K-1 mol-1 and
F=96,500 C, the value of αn can be calculated
from eq. (vii) which was found to be 0.940. The
value of charge transfer coefficient for irreversible
diffusion controlled process is assumed as 0.5,
thus no of electrons (n) involved in the reduction
process of TZ is calculated as 1.880 which is
theoretically close to 2. Thus two electrons are
involved in the reduction of TZ on the fabricated
sensor.

3.4 Effect of scan rates
To show the effect of scan rate on electrocatalytic
reduction of 300 ng mL”1 TZ at fabricated GR/
SiO2/GCE sensor, cyclic voltammetric behaviour
was studied at different scan rates (Fig. 4). It was
observed that the cathodic peak current (I)
increases linearly with the square root of scan rate
(ν1/2) in the range of 10–100 mV s”1, and can be
expressed by the equation:
I(µA) = 0.4436 (mVs-1) - 0.0711; r2 = 0.9739 (iii)
The diffusion controlled behavior was conûrmed
by plotting log I vs. log ν given by the equation:
logI(µA) = 0.4820 log ν (mV s-1)-0.3343; r2 = 0.9804
(iv)

Figure 4
Cyclic voltammetric behaviour of TZ at GR/ SiO2/
GCE in BR buffer 6.5 at different scan rates (ae): 10, 25, 50, 70 and 100 mVs”1, Inset: plot of
log Ip vs. log ν.
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3.6 Validation of the proposed method
3.6.1 Linearity
The effect of increasing amount of tizanidine on
cathodic current was studied using square wave
voltammetry. The voltammograms obtained (Fig.
5) show that the reductive current increases
linearly with the increasing amounts of TZ. It
further signifies the enhanced electrocatalytic
performance of GR/SiO2/GCE sensor towards
reduction of tizanidine. A linear calibration curve
was plotted for tizanidine and can be expressed
by the following equation:
I/µA = 0.0493 (ng mL-1) + 7.892, r2 =

0.9928
(viii)

3.6.2 Detection and quantification limit
Limit of detect ion (LOD) and limit of
quantification (LOQ) were calculated as 3S/m
and 10S/m respectively where S represents the
standard deviation of the intercept and m is slope
of regression line. The LOD and LOQ for the
proposed voltammetric study are obtained as
40.050 ng mL-1 and 133.503 ng mL-1 respectively.

a

Found
(ng mL-1)
29.58
101.32
401.77

3.6.3 Accuracy and precision
Accuracy and precision of the proposed method
was evaluated by adding the three different
concentrations (30, 100, 400 ng mL-1) of TZ
standard. The accuracy of the proposed method
was veriûed by calculating the percentage relative
error between the found mean concentration and
the added concentration. The precision was
expressed in terms of the relative standard
deviation (% R.S.D) and coefficient of variation.
The precision and the coefficient of variation
around the mean should not exceed 5%. Results
obtained (Table I), indicates the good accuracy
and precision of the developed method.
3.6.4 Reproducibility, stability and interference
studies
The reproducibility of the developed GR/SiO2/
GCE sensor was investigated by analysing 300
ng mL-1 TZ at three different electrodes fabricated
independently using square wave voltammetry at
different times. The results obtained (Table II)
show acceptable reproducibility with 1.70 %
relative standard deviation. The stability of the
developed sensor was analyzed by measuring the
cathodic current response of 300 ng mL-1 TZ for
14 days. In between the fabricated sensor was
stored at 5«%C. After 14 days the sensor exhibits
84% of its initial current response.

Figure 5
Added
(ng mL-1)
30
100
400

Square wave voltammograms of TZ at GR/
SiO2/GCE sensor at different concentrations
(b-j), (a) blank, (b) 5 ng mL-1, (c) 35 ng
mL-1 (d) 75 ng mL-1, (e) 200 ng mL-1, (f)
300 ng mL-1 (g) 400 ng mL-1, (h) 520 ng
mL-1 (i) 650 ng mL-1, (j) 775 ng mL-1, Inset:
Plot of peak current, I vs. TZ concentration.

Precisiona
(ng mL-1)
29.58 ± 1.14
101.32 ± 2.41
401.77 ± 2.03

Coefficient of variation
(%)
3.85
2.38
0.50

Accuracyb
(%)
-0.41
1.32
1.77

Mean ± S.D
Accuracy = [ found –added/added] × 100
Coefficient of variation = S.D./Mean × 100
Table I
Accuracy and precision for determination of TZ by SWV (n=3).
b

J. Electrochem Soc. India

18

Electrocatalytic Determination of α 2-Adrenergic Agonist Tizanidine in Solubilized System

Sensor reproducibility
Mean current

Single sensor repeatability

RSD

Sensor

(I/µA)

(%)

Sensor 1

4.772a

0.72

Sensor 2

4.666a

1.80

Sensor 3

4.616a

1.06

Average

4.684b

1.70

a

Mean of eight replicate readings

b

Mean of three sensors

Mean current

RSD

(I/µA)

(%)

4.772a

0.72

Table II
Reproducibility data for 300 ng mL-1 tizanidine at GR/SiO2/GCE sensor
3.7 Analytical application of the proposed
method
The analytical utility of the proposed method was
assessed by analyzing TZ in commercially
available t ablets Tizan (labeled 2 mg) at
developed GR/SiO2/GCE sensor. After crushing
the tablets, sample was weighed to 10 mg and
dissolved in solubilized system of 0.1% of CTAB.
The mixture was then ultrasonicated for 30 min
and centrifuged at 500 rpm for 15 min. The
recovery of TZ in dosage form was calculated by
standard addition method. A series of TZ (30, 100,
400 ng mL-1) was added to measure percentage
recovery using square wave voltammetry.
Percentage recovery was based on mean value of
three replicate measurements ranging from 98.76
% to 100.11 % with relative standard deviation
0.65% to 3.27%. The results obtained (Table III)
shows high selectivity and good recovery limits
for analysis of tizanidine in pharmaceutical
formulation.

A versatile electrochemical GR/SiO2/GCE sensor
was developed for the determination of a muscle
relaxant drug tizanidine in solubilized system of
CTAB. The analytical performance of the
developed sensor was studied using square wave
voltammetry and cyclic voltammetric studies. The
fabricated sensor showed an excellent
electrocatalytic performance in lowering the
cathodic overpotential and increasing the cathodic
current of TZ with fast response, good
reproducibility and stability as compared to the
electrochemical performances obtained at GR/
GCE, SiO2/GCE and at bare GC electrode. The
analytical utility of the proposed method for
quantification of TZ in commercial dosage form
was evaluated with acceptable limits. The
proposed voltammetric study reveals that the
developed method shows high sensitivity and
selectivity towards electrochemical quantification

Founda

RSD

Recovery

(ng mL-1)

(ng mL-1)

(%)

(%)

30

29.63

3.27

98.76

100

100.11

1.57

100.11

400

399.60

0.65

99.90

Added

a

4. Conclusion

Mean of three replicates
Table III
Recovery study of TZ in pharmaceutical formulation.
J. Electrochem Soc. India

Electrocatalytic Determination of α 2-Adrenergic Agonist Tizanidine in Solubilized System

19

of tizanidine. The use of cationic surfactant CTAB
in the proposed study minimizes the involvement
of hazardous solvents.

[15] P.B. Desai, R.M. Kotkar, A.K. Srivastava,
J. Solid State Electrochemistry, 12, 1067
(2008).
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Abstract
A novel ûuorinated β-diketone ligand such as 1,4-bis-(3-hexafluoroacetylacetonate)benzene (L) was
synthesized and used to construct a metal-organic framework, i.e., ML, with Cu(II) ions at room
temperature. Both L and ML were found to be soluble in a wide variety of solvents including
tetrahydrofuran, dichloromethane, chloroform, ethyl acetate, acetone, and isopropanol. Thus, the ML
was characterized thoroughly by infrared spectroscopy, powder X-ray diffraction, cyclic voltammetry,
thermal analysis, field emission scanning electron microscopy, energy dispersive spectroscopy, atomic
force microscopy and electron paramagnetic resonance spectroscopy. The preliminary electrochemical
studies revealed that the 4-coordinated Cu(II) ions of ML can be used conveniently for electrochemical
sensing of caffeine.
1. Introduction.
Coordination polymers[1] constitute an important
class of compounds in the exploratory research
area of advanced materials design. In this
connection, recently researchers have shown
interest into the possibility of synthesizing
ûuorinated met al–organic frameworks [2]
(FMOFs) due to FMOFs tend to have exceptional
chemical and biological inertness to the hydrogen
analogues.[1] While compared to the CH bond,
the CF bond is stronger (bond-dissociation
energy, 130 ± 3 kcal/mol),[3] more polarized and
possess low-lying HOMO levels[4] that were
demonstrated possible reasons for FMOFs greater
constancy even at elevated temperatures.
Accordingly, FMOFs are often being employed
as zeolite-like materials [1] for molecular
selection, [4] adsorpt ion, [5] ion exchange, [3]
heterogeneous catalysis[2] and so on. However the
elaboration of FMOFs has been an ongoing
challenge[2]-[5] because of limited solubility of
these polymeric materials in common solvents,
thus restricting the usages in sensor and catalysis
fields.[6]
The replacements of highly conjugated and rigid
organic linkers of a coordination polymer by less
conjugated and ûexible analogues were proved
to exhibit an improvement in the chemical
solubility.[7] For example a semi-rigid ligand,
J. Electrochem Soc. India

benzene-1,4-dioxylacetate, leads to the soluble
coordination networks when reacted with metal
ions, whereas the rigid naphthalene-2,6dioxylacetate linker yielded insoluble polymers.[1]
Likewise the flexible bis-(3-acetylacetonates)
ligands, tetraacetyl ethanes,[8] lead to soluble
coordination polymers with metal ions of the ûrst
transition series and lanthanides. Nevertheless,
very few publications dealing with the metal
complexes of flexible- or semi-rigid ligands are
available.[7] Moreover, the use of substituted
hexafluoro-1,3-diketone linkers for creation of
FMOFs has not been reported despite the fact that
hexafluoro- -diketones have shown unusual
solubility and chelating ability with metal ions.[9]
These findings fostered us to study t he
coordination properties of the novel 1,4-bis-(3hexafluoroacetylacetonate)benzene (L, Scheme
1) toward Cu(II) ions. The complex, ML,
obtained has been fully characterized by several
techniques such as infrared spectroscopy (IR),
powder X-ray diffraction (PXRD), cyclic
voltammetry, thermogravimetric analysis, field
emission scanning elect ron microscopy
(FESEM), energy dispersive spectroscopy (EDS),
atomic force microscopy (AFM) and electron
paramagnetic resonance spectroscopy (EPR). In
addition, we report the electrochemical sensing
of caffeine by ML (Scheme 1) at ambient
conditions. To our knowledge, this is the first
J. Electrochem Soc. India Vol: 63 (4) Octoer 2014 21-27
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soluble fluorinated polymeric network based on
the bis-3-hexafluoro-β-diketonate linker reported
until to date.
Scheme. 1. A synthetic route to L and ML (top)
and their simulated structures (bottom)
CHO

F3 C
F3 C

CHO

O OCH 3
P OCH3
O OCH 3

CH3OH, 80 oC, 2 h
(37%)

CF3

F 3C

HO

CF3
O
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OH CH 2Cl2-H2O, rt, 3 h
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F 3C

O
Cu2+
O

O
Cu2+
O
CF3

L

F 3C

ML

n

vacuum and the residue was dissolved in 40 ml
of anhydrous methanol and refluxed for 2 h. The
solvent was evaporated to afford a yellow oil that
was purified by column chromatography over
silica gel using 20% ethyl acetate in n-hexane,
followed by recrystallization from ethyl acetate
and n-hexane gave ligand L as a colorless solid
(yield 37%): 1H NMR (400 MHz, CDCl3)  16.8
(s, 2H, OH), 7.52 (s, 4H, Ar); 13C NMR (100
MHz, CDCl3)  192.6, 146.8, 132.2, 131.9, 119.7,
117.2; Anal. Calcd for C16H6F12O4: C, 39.20; H,
1.23. Found: C, 39.21; H, 1.21.
Synthesis of ML

L

ML

Experimental Section
General Information. All reactions were
performed under a nitrogen gas atmosphere in
oven-dried glassware. The solvents were freshly
distilled prior to use. Raw materials were
purchased from commercial source, and were
used as received. The powder X-ray diûraction
patterns were recorded on a Siemens D500
di ûractometer with graphite monochromated and
Cu Kα radiation (λ = 1.54056 Å). FT-IR spectra
were recorded using a Perkin Elmer spectrum 100
instrument by using KBr pellets. Thermal
analyses were performed in a Mettler DSC7 DSC
under nitrogen gas atmosphere. NMR spectra
were recorded on a Bruker Avance 400 MHz
spectrometer in deuterated solvents. AFM images
were done by a Nanoscope III Veeco (Digital
Instrument, NY). Elemental analysis was
measured using an Elementar Vario EL III. All
measurements were carried out at ambient
conditions unless stated otherwise.

To a solution of CuSO45H2O (0.35 g, 1.42 mmol)
in water (5 mL) was added solut ion of
concentrated aqueous ammonia until a clear dark
blue solution formed. Then, the ligand (L, 0.42
g, 1.36 mmol) in dichloromethane (10 mL) was
added slowly. Resultant two-phase solution was
stirred under N2 for 3 h. Subsequently, the reaction
mixture was extracted with dichloromethane (2
 100 mL) and dried over anhydrous Na2SO4 and
evaporated. The pure product was obtained after
recrystallization from methanol-dichloromethane
solution furnishing ML as a blue solid (yield,
91%): IR (KBr, cm”1) 3426, 2987, 2896, 2888,
1663, 1613, 1564, 1537, 1483, 1350, 1225, 1147,
1098, 808, 756, 729, 683, 666, 581.
Results and Discussion
The reaction of Cu(NH3)42+ with L in a mixture
of dichloromethane-water solvents at room
temperature gave ML (scheme 1) in a yield of
91%, cf. Experimental Section. The stoichiometry
and the purity of synthesized materials were
conûrmed by elemental analysis, IR, and EDS
measurements. As L and ML were found to be
stable to air and moisture, the measurements were
conducted without any precaution unless stated
otherwise.

Synthesis of L

Solubility of ML

To a solution of terephthalaldehyde (4.0 g, 30
mmol) in 20 ml of dry CH2Cl2 at 0 C was slowly
added 2,2,2-trimethoxyhexafluoromethyl-1,3dioxaphospholene (13.9 g, 66 mmol) under
nitrogen gas atmosphere. The resultant colorless
solution was stirred at room temperature for 24
h. Subsequently, all volatiles were evaporated in

We determined the solubility of ML in different
solvents ranging from non-polar to polar medium.
We found that the ML was readily soluble in
toluene, chloroform, dichloromethane,
isopropanol, acetone, THF and so on. However
it was insoluble in water and aqueous alcohols.
Thanks to good solubility of complex in non-polar
J. Electrochem Soc. India
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solvents, as allowed us to characterize ML by
different techniques in a convenient manner. We
noticed that the CH2Cl2/CHCl3 solutions of ML
show an olive green color, whereas a blue color
was observed in tetrahydrofuran/acetone/
acetonitrile. This color change was probably due
to the solvent coordination to the Cu(II) centers
as similar behaviors were reported previously for
several Cu(II) complexes.[10]
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similar to the value estimated from PXRD pattern
(Figure 1).[11]

PXRD of ML
To investigate the crystalline properties of ML
in the solid state, X-ray diffraction was performed
in the reflection mode. As shown in Figure 1, the
solids of ML are primarily crystalline in nature.
Since high intensity Bragg diffraction peaks are
observed at 2θ = 10.34, 11.21, 14.48, 25.01, 28.98
and 32.97 in addition to a few low intensity peaks.
The peak of highest intensity in diffractogram at
2θ = 14.48 is indexed as the d200 for Cu(II) ions.[11]
Interestingly peaks for Cu 2 O, a common
byproduct of Cu(II) ions, were not detected
indicating the high purity and stability of the ML
examined.[10]

20000

Figure 2. FESEM images of the ML shown in
different magnifications.
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Figure 1. PXRD pattern of solids of the ML
measured at ambient conditions.
FESEM of ML
The morphology of particles of the ML was
studied by FESEM after drop casted on a metal
stub. As shown in Figure 2, the ML has
nonuniformly distributed eclipse shape flakes
with the average diameter of 3.5 m, which is
J. Electrochem Soc. India

The chemical composition of ML was established
by EDS measurements and the results are
presented in Figure 3. Quantitative analyses of
the EDS result show that the ML consists of
24.76% weight of carbon with atomic percentage
of 25.56, and 18.82% weight of oxygen with
atomic percentage of 14.44, and 45.19% weight
of fluorine with atomic percentage of 48.13, and
11.23% weight of copper with atomic percentage
of 11.87. Clearly, the EDS study confirms the
presence of carbon, oxygen, fluorine and copper
as the elements assembled in ML, thereby
supporting the complex format ion in t he
synthesis.
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Thermal Stability of ML

Figure 3. EDS analysis of the ML carried out at
ambient conditions.
AFM of ML
AFM provides very useful information on surface
roughness, distributions and particle size of an
either conductive or non-conductive matters.[12]
In Figure 4 has shown the typical AFM images
of ML measured on a glass slide. The topology
images were obtained by scanning of an area of
51 × 51 µm2. Notice that the ML has a rougher
surface with arithmetic mean deviation thickness
or lateral dimensions of lumps of complex is
about 0.178 m. Thus, the ML consists of large
size sharp edges as is in good agreement with
FESEM images shown in Figure 2.

To establish the thermal stabilities as well as any
solvent inclusion in the lattice of the ML, TGA
and DTA analyses were carried out under nitrogen
gas atmosphere. TGA of ML showed a singlestep weight loss between 440460 °C, which is
attributed to the decomposition of the ligand, L.
After decay, about 12.5% of the starting weight
remains, and this residual material could
correspond to the formation of copper oxides or
metallic copper at high temperature. [13] It is
worthy to mention that, no solvent or water
molecule trapped in the crystal lattice as no weight
loss until 440 °C has been noticed. This is in good
agreement with EDS and IR data described above.

Figure 5. TGA and DTA curves of the ML
recorded under nitrogen gas atmosphere at 10 C/
min.
Electrochemical Sensing of Caffeine by ML

Figure 4. AFM images of the ML measured in
the tapping mode. Height analysis versus distance
shows a uniform thickness of about 0.178 m.

Generally, a four coordinated first row transition
metals have one or two additional coordination
sites for more labile ligands.[10] As a result, an
appropriate heterocyclic compound should be
able to bind at these free coordination sites
result ing in a change of the electronic
environment of the complex and a change of the
redox properties.[13] The change in redox potential
should allow electrochemical detection of such
organic compounds in solution. [14],[15] The
dichloromet hane solution of ML was
voltammetrically titrat ed with various
heterocyclic compounds, which are having
det rimental effects on humans and t he
environment.[16] The cyclic voltammogram in the
presence of caffeine displayed the anodic signal
at +0.71 V, significantly shifted from the signal
J. Electrochem Soc. India
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at +0.93 V that appeared in the absence of caffeine
(Figure 6). Thus, the voltammetric response
against the quantity of caffeine was investigated
intricately to gain insight on the interactions
between the caffeine and ML (Scheme 1) as
taking caffeine above 400–500 mg at a time
causes increased urination, muscle twitching,
irritability, irregular or rapid heartbeat, anxiety,
insomnia and so on.[16]

Normalized Current (A)
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ML
ML+caffeine (2 eq.)

0.0

0.3

0.6

0.9

1.2

1.5

Potential (V)

As mentioned already, the shift of oxidation
potential may result from a binding of caffeine at
the free axial sites of Cu(II) ions of ML.[15] The
basicity of caffeine increased the electron density
of Cu(II) ions, resulting in the negative shift of
the anodic signal.[17] Also, caffeine sensing by ML
was proved by EPR analysis due to paramagnetic
nature of Cu(II) ions.[10] Figure 7 shows typical
EPR proûles of dichloromethane solution of ML
with and without having caffeine (2 mole). Notice
that the g value (2.1465 ± 0.0006 for ML and
2.1646 ± 0.0001 for ML+caffeine) and profile
shape varied significantly with the addition of
caffeine. Of course, the g values observed are in
good agreement with the values reported for other
four- and six coordinated Cu(II) complexes.[18],[19]
Thus, the electrochemical as well as EPR studies
imply that the ML is a novel sensor for caffeine.
A mechanistic understanding may help to design
a series of new cost-effective electrochemical
probes for detection of other alkaloids such as
cocaine, retronecine, cytisine, nicotine and so
on.[16]
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Figure 6. In left: the cyclic voltammograms of
ML in dichloromethane solution in the absence
and presence of 2 equiv of caffeine. In right: the
plot between the potential shift of anodic signal
and the concentration of caffeine for the
dichloromethane solution of ML.

Normalized Intensity

Typical voltammetric characteristics of the sensor,
i.e., ML, in response to caffeine are shown in
Figure 6. One observed that, the initial oxidation
potential of ML shifted gradually with the
addition of caffeine, and attains a constant value
at 0.21 M concentration of caffeine. The potential
shift of the anodic peak was linearly correlated
to the concentration of caffeine and saturated at
+0.71 V after the addition of 2.0 equivalences of
caffeine revealing that the complex system has a
1:2 stoichiometry (Figure 6). Remarkably, a
substantial shift in the potential was examined
under the presence of micromolar amounts of
caffeine thus suggesting the high sensitivity of
the ML towards caffeine detection.

ML
ML + caffeine (2 eq.)

1.8

2.0

2.2

2.4

2.6

Magnetic Field (Gauss)

Figure 7. EPR proûles of ML in the absence
(blue) and presence (red) of caffeine recorded in
dichloromethane solution.
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Conclusion
The conformationally flexible linker, 1,4-bis-(3hexafluoroacetylacetonate)benzene, seems to be
a versatile coordinating ligand that promptly react
with Cu(II) ions yielding a coordinatively
unsaturated network. The developed FMOF
shows good solubility as well as electrochemical
responses to caffeine a xanthine alkaloid at
ambient conditions. Thus, we believe that the
FMOFs based on flexible ligands surely will
exhibit interesting functional behaviours in
addition to the neat solubility and redox stability.
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Abstract
Simple nitrate-citrate based sol-gel route was used to synthesize Ni/NiO nanocomposites. The obtained
samples were characterized by X-ray diffraction (XRD), scanning electron microscope (SEM), energy
dispersive X-ray analysis (EDX) and Fourier transformed infra-red (FT-IR) spectroscopy. The influence
of citric acid on the formation of Ni/NiO composition was primarily studied by varying the mole ratios
of nickel nitrate to citric acid, 1:1, 1:2, 1:4, 1:6 and 1:8 (N:C mole ratios). It was observed that Ni/
NiO mixture was obtained from 1:1 and 1:2 N:C mole ratios and pure NiO from above 1:4 mole ratios.
The investigations revealed the significant role of citric acid on the formation of Ni/NiO composition.
Yttria-stabilized zirconia (YSZ)-based electrochemical gas sensor device was fabricated using NiO as
sensing electrode obtained from 1:8 N:C mole ratio and its gas sensing performances were investigated
in the operating temperature of 600-850oC for detecting toxic gases such as NO2, CO, propane and
propene.
Keywords: Sol-Gel; Citric acid; Ni/NiO nanocomposite; YSZ; Gas sensor
1. Introduction.
In the recent decades, human have gained a
notable rise in their living standards due to
increased and modernized industrialization
including automobile industries. Although a lot
of positive impacts for standard of living, the
increased and modernized industrialization lead
to severe environmental issues, especially air
pollution, caused by the expanding usage of
automobiles. Among the various types of
pollutions, air pollution poses a challenging factor
in the living environment. In fact, various toxic
air pollutants such as, NOx (NO + NO2), CO, SOx,
and unburnt hydrocarbons (HC s) including
methane, propane, propene etc., are released from
industries and automobiles, leading to adverse
effects on human health problems, acid rain,
ozone depletion, green house effect,
photochemical smog, etc [1]. It is well known
that, combustion of fossil fuels in chemical
industries and automobiles is the major source
of air pollution [2]. The best way to control the
toxic emission is by adopting the emission
monitoring systems, especially in automobile

exhausts equipped with feedback control system
which will make sure the presence of required
air to fuel ratio for efficient combustion.
Moreover, stringent emission legislations such as
Euro VI (Europe), Tier-3 (USA) and BS-IV
(India) should be enforced in the automobiles to
reduce the emissions [3, 4]. In this regard, it is
important to develop high performance NOx, CO
and HC s sensors which should work well at
elevated temperatures of above 500oC under harsh
conditions (varying CO2 and O2 concentrations).
Toxic gases can be detected by using hightemperature solid elect rolyte, YSZ-based
electrochemical sensors [5-7]. The YSZ-based
sensors are promising candidates because they
can work well even in the harsh environments
mentioned above. Currently, several reports on
YSZ-based sensors operating at different modes
such as, mixed potential, impedancemetric and
amperometric are available. Among them, mixedpotential type sensor is preferable due to its better
performances such as high operating temperatures
even above 700oC. As a sensing electrode (SE),
metals, metal oxides and composites have been
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utilized and their sensing performances were
reported [8-11].
In the present investigation, Ni/NiO
nanocomposites were synthesized by using solgel process by varying the mole ratios of nickel
nitrate to citric acid such as 1:1, 1:2, 1:4, 1:6 and
1:8 (N:C mole ratios) and characterized by Xray diffraction (XRD), Fourier transformed infrared (FT-IR) spectroscopy and scanning electron
microscope (SEM). It was observed that the N:C
ratio had strong influence on the formation of Ni/
NiO nanospheres. Then YSZ-based
electrochemical gas sensor device was fabricated
using NiO as SE obtained from 1:8 N:C mole
ratio. The detailed studies of characterization as
well as gas sensing properties are reported here.

29

2.2 Fabrication of Sensor Device
The sensor was made up of a one-end-closed YSZ
tube (8 mol.% Y2O3-doped zirconia), Ni/NiO as
SE and Pt as reference electrode. For fabrication
of NiO-SE and Pt-RE, each of NiO and Pt
powders were mixed with α-terpineol in an agate
mortar to make a uniform paste. The obtained
pastes were applied on the outer surface of the
Y SZ tube and dried for 6 h in air and subsequently
sintered at 1300°C for 2 h in air to form NiO-SE
and Pt-RE. Fig. 1 shows the photograph of the
fabricated Y SZ-based sensor device.

Pt-RE

NiO-SE

2. Experimental
2.1 Synthesis and Characterization
Facile citrate based sol-gel route was adopted to
synthesize Ni/NiO nanocomposite. The mole
ratios of nickel nitrate to citric acid (N:C mole
ratios) was varied from 1:1-1:8 (1:1, 1:2, 1:4, 1:6
and 1:8). An appropriate quantity of nickel nitrate
was dissolved in deionized water and stirred at
800C for one hour for complete dissolution. A
sol was formed when citric acid solution was
added in drop wise to nitrate solution as
temperature was increased to 130 0 C, and
continued for about 5 hours to form gel. Then,
the gel was allowed to dry at t he same
temperature. Finally, the dried gel was calcinated
at 5000C in a furnace for 3 hours in air.
The crystal structure and phase purity of the assynthesized samples were characterized by
powder X-ray diffraction (XRD) analysis by using
diffractometer (Bruker D8 Advanced) equipped
with Cu Kα radiation (wavelength, λ=1.5418 Å).
Fourier transformed infra-red spectroscopy data
were recorded by using FT-IR spectroscopy
(Thermo Nicolet 6700) in the frequency range of
400-4000 cm-1. The surface morphology and
elemental analysis of the samples were studied
by using scanning-electron microscope equipped
with elemental microanalysis system (SEM/EDX
- Hitachi S3400N).
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Fig. 1 Photograph of the fabricated YSZ-based
sensor device.
The evaluation of gas sensing characteristics were
carried out in a homemade gas-flow apparatus
equipped with a furnace operating in the
temperature range of 500-900°C. The required
concentration of propene sample gas was
prepared by diluting a commercially-available
standard propene (1000 ppm propene gas + N2
balance) with nitrogen and oxygen, and was
allowed to flow over the sensor surface at a
constant flow rate of 100 cm3 min-1. The ppm
refers to the volume concentration of the gaseous
mixture. The potential difference (emf) between
NiO-SE and Pt-RE of the YSZ tube was measured
with a digital electrometer (GWINSTEK, GDM8261). The base gas was composed of 5 vol.%
O2 (+ N2 balance). Cross sensitivities to each of
NO2, CO, propane and propene were measured
at 400 ppm concentration in the temperature range
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of 600-850°C. All the measurements were
performed under dry condition.


3. Results and Discussion
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3.1 Structure and morphology
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Figure 2 shows the XRD patterns of the samples
obtained from each of the various N:C mole
ratios. In all samples, XRD pattern consists of
distinct Bragg peaks which indicate that the
samples are crystalline in nature. For the samples
obtained from lower N:C mole ratios (1:1 and
1:2), the set of Bragg peaks observed at diffraction
angles (2θ), 44.5, 52.0 and 76.4 ° could be
conveniently indexed to the cubic phase of Ni as
per the standard JCPDS PDF # 897128, while
the set of Bragg peaks appeared at 37.4, 43.3,
62.9, 75.62 and 79.5° could be assigned to cubic
phase of NiO as per the standard XRD pattern of
JCPDS # 731519. On the contrary, for the samples
obtained from the higher N:C mole ratios (1:4,
1:6 and 1:8), the set of peaks appeared at
diffraction angles of 37.4, 43.3, 62.9, 75.62 and
79.5° could be indexed to a single phase of NiO
(JCPDS PDF # 731519). It is interesting to note
that at lower N:C mole ratios (1:1 and 1:2), the
sample consisted of a mixture of Ni and NiO,
while at higher N:C mole ratios (1:4, 1:6 and 1:8),
only single phase of cubic NiO was resulted.
Thus, it is confirmed that citric acid concentration
had strong influence on the formation of Ni/NiO
composition in the sol-gel process. So far only
nickel oxide was reported with insignificant
amount of Ni at high citric acid concentration.
Interestingly, in the present work, the formation
of Ni along with NiO almost in equal amount is
observed in the sol-gel process. So, it is proposed
to use of lower N:C mole ratio to obtain Ni/NiO
composite and higher N:C mole ratio for getting
pure NiO. The crystallite sizes of each of NiO
and Ni were calculated from their respective
Bragg peaks by using Scherer formula given in
eqn. (1).
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Fig. 2 XRD pattern of Ni/NiO composites
synthesized by sol-gel route using each of
various mole ratios of nitrate and citric acid.
where, Lhkl denotes crystallite size, λ is X-ray
wavelength, β is the full width at half maximum
(FWHM) of the Bragg peak (in radians), and θ is
the Bragg angle. It was found that the average
crystallite size was about 50 nm for Ni and 60
nm for NiO.
FTIR is a useful technique to confirm the
functional group of organic molecules. For metal
oxide samples, it gives absorption bands below
1000 cm-1 resulting from inter-atomic vibrations.
Fig. 3 shows the FTIR spectra of each of Ni/NiO
samples. The strongest broad peak ranging from
400-800 cm-1 confirmed the presence of Ni-O
bond in all the samples. The strong peak appeared
at 570 cm-1 confirms the presence of Ni-O bond
in all the samples. Peak present at 1000 cm-1 was
due to C-H bond which may be due to presence
of partially decomposed products of citric acid.
It is noteworthy that as the N:C mole ratio
increased, the intensity of the peak at 1000 cm-1
is increased significantly. This could be due to
the presence of more amounts of partially
decomposed products of citric acid. There were
no peaks in the frequency range of 4000-2000
cm-1 which confirmed that there were no adsorbed
H2O in the samples.
J. Electrochem Soc. India
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Fig. 3 FT-IR spectra of Ni/NiO composites
synthesized by sol-gel route using each of various
mole ratios of nitrate and citric acid.
The surface morphology of as-prepared Ni/NiO
samples was observed by SEM analysis. Figure
4 shows the representative SEM images of the
samples obtained from N:C mole ratios, 1:1 1:2,
1:4 and 1:8. It can be seen that the surface of the
sample obtained from (1:1) N:C mole ratio
consisted of almost uniform shape of spherical
grains with average size of about 70 nm. Also, it
is noted that the surface of the sample obtained
from higher N:C mole ratio (1:8), the grains are
interestingly lower in size (about 40 nm). The
elemental composition studied by EDX analysis
confirmed the presence of Ni as the only metallic
element in all the samples. Based on the
aforementioned XRD, FT-IR and SEM/EDX
results, it is confirmed that the N:C mole ratio
had strong influence on the formation of Ni/NiO
composition. Lower N:C mole ratios lead to a
mixture of Ni and NiO, and higher N:C ratios
lead to the single phase of NiO.
3.2 Explanation for the formation of Ni/NiO
composition
It was observed that the concentration of citric
acid on nickel nitrate (N:C, mole ratio) had strong
influence in t he formation of Ni/NiO
compositions. At lower N:C mole ratios (1:1 and
1:2), the sample consisted of a mixture of
nanosize Ni and NiO. As the N:C mole ratio
J. Electrochem Soc. India

increased (1:4 and above), the sample consisted
of almost single phase NiO. It is usually reported
that the sol-gel process lead to the formation of
metal oxides rather than metal. Interestingly, in
the present investigation, at lower N:C mole ratio,
a mixture of Ni/NiO was obtained. The formation
of Ni could be due to reduction of some amount
of NiO by the residual carbon (from citrate
decomposition). It is expected that higher citric
acid concentration would lead to formation of Ni
metal, as more amount of residual carbon can
reduce NiO to Ni. So, it is believed that at higher
N:C mole ratios, the high residual carbon content
would have led to complete reduction of NiO to
Ni with reduced grain size (40 nm). Since nano
metal grains are highly reactive, the formed Ni
seemed to be completely oxidized to NiO. Thus,
at higher N:C mole ratios (1:4 and above), single
phase of NiO was resulted.
(a)

(b)

100 nm

(c)

100 nm

(d)

100 nm

100 nm

Fig. 4 SEM images of Ni/NiO composites
obtained by sol-gel route using (a) 1:1 and (b)
1:2, (b) 1:4 and (b) 1:8 N:C mole ratios.
3.3 Gas sensing performances
Figure 5 compares the cross sensitivities to the
various gases such as NO2, CO, propane and
propene for the sensor attached with NiO-SE at
each of operating temperatures, 600°C, 700°C,
800°C and 850°C under dry condition. It is seen
that the sensor showed high sensitivity and
selectivity to propene in each of the examined
operating temperatures. It is noted that the cross
sensitivities to all other gases are much less than
that of the propene. As the operating temperature
is increased, the cross sensitivity to each of the
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gases are decreased. It can be seen that the
sensitivity and selectivity to propene is high at
700 o C. However, at this temperature, the
response/recovery rates were very slow which is
not desirable for the actual application. For an
actual application, quick response/recovery rates
with high selectivity and sensitivity are highly
indispensible. The sensor showed relatively quick
response/recovery rates at 800oC with passable
sensitivity and selectivity to propene. Thus,
among the various operating temperatures
examined, 800°C seemed to be optimized
temperature to obtain passable sensitivity and
selectivity with quick response/recovery rates.
The sensitivity (emf) was defined as the
difference between the emf value in the sample
gas and that in the base gas.

mixed-potential-type sensor, as has been reported
elsewhere [12-14]. Fig. 6 inset shows the emf
response transients to 10 ppm propene at 800°C
for the sensor attached with NiO-SE. The emf of
the sensor in the base gas was 20 mV and changed
quickly from the base value to -100 mV then it
reached the steady-state value. The sensor
returned to the base value upon passing of the
base gas. The estimated 90% response time was
as quick as 10 s, while the recovery time was
about 180 s. It is noted that the sensor exhibited
very quick response to propene with high
sensitivity of about -70 mV which is highly
desirable. The sensor exhibited excellent response
to very low concentration of propene (10 ppm)
with good repeatability which shows good
sensing ability of NiO-SE.

Since the sensor exhibited selectivity to propene,
response transients to various concentration of
propene was recorded at 800°C. From the
response transients, the sensitivity to propene was
calculated as given below,

Based on the aforementioned results and the
literature reports, t he sensing mechanism
operating in the present sensor is mixed potential
mechanism. Though the YSZ tube was used, the
sensor configuration of the present work can be
best described to a planar type electrochemical
cell as shown below:

Δemf = emfpropene - emfbase gas

… (2)

5 % O2, NiO |YSZ| Pt, 5 % O2

(base gas)

C3H6 + 5 % O2, NiO |YSZ| Pt, 5 % O2 + C3H6 (sample gas)
850°C
NiO-SE
400 ppm each
5 vol % O2
800°C

700°C

NO2
Propene
Propane
CO
-150

-100

-50
Δ emf / mV

600°C

0

50

Fig. 5 Cross sensitivities to various gases of the
sensor attached NiO-SE at each of various
operating temperatures.
Figure 6 shows the variation of Δemf to different
concentrations of propene at 800oC for the sensor
attached with NiO-SE. It can be seen that Δemf
varies linearly with propene concentration on
logarithmic scale which is characteristics for

Fig. 6 Variation of sensitivity to different
concentration of propene for the sensor attached
NiO-SE at 800°C. Inset: Response transients to
10 ppm C3H6.
At the Pt-RE, the following electrochemical
reaction will be equilibrating under base gas.
O2- = ½O2 + 2e-

… (3)
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On the other hand, in the sample, the following
two competitive electrochemical reactions would
be occurring simultaneously at the interface of
NiO/YSZ.
C3H6 + 9O2-  3CO2 + 3H2O + 18e(Anodic)
… (4)
½O2 + 2e-  O2- (Cathodic)
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4.

M.E. Schuster, M. Havecker, R. Arrigo, R.
Blume, M. Knauer, N.P Ivleva, D.S Su, R.
Niessner, R. Schlogl, J. Phys. Chem. A 115
(2011) 2568-2580.

5.

Y. Liu, J. Parisi, X. Sun, Yu Lei, J. Mater.
Chem. A, 2 (2014) 9919-9943.

6.

N. Miura, T. Sato, S.A. Anggraini, H. Ikeda,
S. Zhuiykov, Ionics, 20 (2014) 901-925.

7.

U. Guth, J. Zosel, Ionics 10 (2004) 366-377.

8.

J.W. Fergus, Sens. Actuators B: Chem., 122
(2007) 683-693.

9.

G. Lu, Q. Diao, C. Yin, S. Yang, Y. Guan, X.
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As the rate of these electrochemical reactions are
different at dissimilar electrodes (NiO-SE and PtRE), mixed-potential appears when the rate of
the anodic reaction is equal to that of the cathodic
reaction which is recorded in the response
transients. As the concentration of the sample gas
is increased, the mixed-potential appeared at
higher emf values. Considering the high
sensitivity and quick response of the sensor, the
sensor attached with NiO-SE could be a potential
sensor, still further optimizations are required
which are under investigation.
4. Conclusions
Nanocomposites of Ni/NiO were synthesized by
simple sol-gel rout. Citric acid concentration had
a strong influence on the formation of Ni/NiO
composition. YSZ-based gas sensor device was
fabricated using NiO as sensing electrode
exhibited passable sensitivity and selectivity with
quick response to propene at 800 oC. The
sensitivity to various propene concentrations was
varied linearly on the logarit hmic scale
confirming mixed-potential mechanism. The
sensor could able to sense even very low
concentration of propene (10 ppm).
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Abstract
Conductance of glycine bis-1-amidino-O-ethylurea cobalt(III) bromide have been measured in various
methanol(M) + water(W) mixtures, i.e., Xmethanol = 0.000-1.000 at 283.15-318.15K. The limiting molar
conductance (E0) and the association constant (KA) have been analyzed by Shedlovsky technique for
the electrolytes. The influence of the mixed solvent composition on the solvation of ions has been
discussed based on the composition dependence of the Walden product (E0η0). For this chosen salt,
limiting equivalent conductances have been increased with raise in temperature and also ion association
constants have been increased with increase in the mole fractions of methanol. Based on the KA and
temperature dependence E0, the thermodynamic parameters viz., changes in free energy (“G0), enthalpy
(“H0 ) and entropy (“S0) and Arrhenius activation energy (Ea) of transport processes have been
determined. The results have been discussed in terms of ion-ion, ion-solvent and solvent-solvent
interactions.
Key words: Electrical conductance, Shedlovsky technique, glycine bis-1-amidino-O-ethylurea cobalt(III)
bromide, thermodynamic parameters, Walden product, Arrhenius activation energy.
1. Introduction.
Electrical conductance of mixed solvents enable
the variation of properties such as dielectric
constant or viscosity and therefore the ion-ion and
ion-solvent interactions can be st udied.
Furthermore different quant ities st rongly
influenced by solvent properties can be derived
from concentration-dependence of the electrolyte
conductivity. The theories of conductance have
revealed one feature in common that the solvent
is assumed as a continuum of permittivity D and
viscosity η. This assumption is hardly valid when
discussing strong ion- solvent interaction, since
the size of solvent molecules are comparable to
those of solute molecules, since the size of solvent
molecules are also considered as rigid uniformity
charged unpolarizable sphere [1,2]. Mohondas et
al had evaluated the thermodynamic parameters,
Walden Products of different complexes, effective
radius, Arrhenius activation energy and the
comparison of transition metal complexes like
CoIII, NiII and CuII among the halide groups in
aqueous, methanol-water and acetonitrile mixed
solutions at different temperatures for ion-ion,

ion-solvent and solvent-solvent interactions [311]. The present work aims at determining the
molar conductance values of the solutions of the
title electrolyte in methanol + water mixtures at
283.15-318.15 K to examine the validity of
Shedlovsky technique. The K A and Walden
products for CoIII complex have been evaluated
in these solvents at experimental temperatures.
These computed values have been discussed
qualitatively the nature of ion-ion, ion-solvent and
solvent-solvent interactions of the CoIII complex
in M-W mixed solvents. Temperature dependence
of the K A has also been studied to get the
thermodynamic parameters, viz. “G0, “S0, “H0
and Ea as a function of the solvent composition.
Experimental
Molar conductivity measurements of glycine bis1-amidino-O-ethylurea cobalt(III) bromide was
prepared by following the reported procedure
[12]. The purity of the sample was determined
by conventional chemical analysis and spectral
measurement s. The values were in good
agreement with the literature values. Water of
specific conductance of the order < 2 × 10-6 S
J. Electrochem Soc. India Vol: 63
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cm-1 was used. All the solutions were prepared
by dissolving weighed samples of the electrolyte
in solvent mixtures. All the viscosity, dielectric
constant and density values were interpolated
from literature values [13]. For preparing aqueous
solution of methanol XMeOH = .0588-1.0000, water
of specific conductance of order 2x10-6 Scm-1were
used. The electric conductivities were measured
by Orion Star A112 Conductivity Bench top meter
with Epoxy 2 cell (K=1.0) digital conductivity
bridges with a dip type immersion conductivity
cell were used. The observed conductivities were
connected for the conductivity solvent. The
experiment was performed between 10-45 ºC.
The temperature was controlled in a thermostatic
bath- Model D-G of HAAKE Mess-technik.

R is the maximum centre to centre distance
between the ions in the ion-pair. There exists at
present no method of determining the value of R
precisely [15]. In order to treat the data in our
system the R value is assumed to be R = a + d,
where a, the sum of crystallographic radii of the
ions, is approximately equal to 5A0 and d (A0) is
given by [2]
(3)
where M is the molecular weight of the solvent
and ρ is the density of the solution. For mixed
solvent M is replaced by the mole fraction average molecular weight,

Results and discussion
The limiting molar conductances (Λ0) and ion
association constants (KA) have been computed
using Shedlovsky method[14]. Shedlovsky
method involves the linear extrapolation using
equation (1):
(1)
Where Λ is equivalent conduct ance at a
concentration c (g.mol.dm-3) , Λ0 the limiting
equivalent conductance and KA the ibserved
association constant. The other symbols are gien
by

Z and λ are the valence and conductance of the
ions respectively, excluding their signs. D is the
dielectric constant of the medium, η the viscosity (c.p). The degree of dissociation () is
related to S(z) by the equation,  = ΛS(z) /Λ0
f± is the activity coefficient of the free ions was
calculated using equation (2)
(2)
where
J. Electrochem Soc. India

X1 is the mole fraction of methanol of molecular
weight M1 and X2 that of water of molecular
weight M2.
As per Shedlovsky method, an initial value of λo
was obtained from the intercept of the linear
Onsager plot of Λ versus c1/2, λo is obtained from
the literature at 25oC and at other temperatures it
was obtained by using the following equation
[16]:
(4)
α’ is constant. Using these values of Λo, λo--, λo-+,
z, s(z) and r values were calculated. The mean
activity coefficient f was determined by equation
(2) for the above chosen complex salts. From the
linear plot of 1/ΛS (Z) versus C Λf±2 S(Z);  o
and KA was evaluated from the intercept 1/Λ0
and the slope K A /Λ02 respectively . The procedure
was repeated using these new values of Λ0 and
KA. All calculations were carried out by IBMPC-AT/386.
From the experimental data, the values of E0
increased invariable with increase in temperature
in all solvents irrespective of XMeOH, indicating
less solvation or higher mobility of ions (Fig.1).
This is attributed to the fact that increased in
thermal energy results in greater bond-breaking
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Table 1. The values of limiting molar conductance (

), association constant (KA), Walden product

(
) and effective radius r (Å) obtained by Shedlovsky technique for glycine bis-1-amidino-Oethylurea cobalt(III) bromide have been measured in various methanol+ watermixtures at 283.15318.15K.
XMethanol

KA

r

KA

Scm2mol-1 dm3mol-1

Scm2mol-1 dm3mol-1

T=283.15K

T=288.15K

r

0.0000

108.14

478.63

140.91

1.33

115.08

398.11

130.96

1.41

0.0588

104.71

512.86

169.32

1.11

109.14

416.87

157.82

1.17

0.1233

99.54

549.54

195.39

1.04

104.95

457.09

184.83

1.00

0.1942

93.76

588.84

204.38

0.92

99.54

489.78

194.99

0.94

0.2727

89.33

616.60

209.03

0.90

96.16

524.81

197.90

0.93

0.3600

86.30

645.65

214.97

0.87

95.06

562.34

198.88

0.92

0.4576

90.99

676.08

194.72

0.96

100.00

575.44

185.27

0.99

0.5676

96.16

707.95

190.40

0.98

105.93

602.56

168.90

1.09

0.6923

96.38

758.58

158.55

1.18

108.93

660.69

138.45

1.33

0.8351

100.69

794.33

106.83

1.75

108.14

691.83

104.36

1.76

1.0000

104.47

851.14

72.29

2.59

111.17

707.92

69.26

2.66

T=293.15K

T=298.15K

0.0000

122.74

346.74

122.99

1.47

133.05

275.42

118.55

1.50

0.0588

115.35

371.54

144.53

1.60

128.82

295.12

141.44

1.26

0.1233

111.43

389.05

168.93

1.07

120.50

331.13

158.58

1.12

0.1942

108.64

426.58

182.52

0.99

115.88

363.08

167.33

1.06

0.2727

104.71

457.09

185.34

0.98

112.2

380.19

168.53

1.06

0.3600

103.99

467.74

186.97

0.96

107.89

398.11

169.60

1.05

0.4576

105.20

489.78

176.84

1.02

108.14

416.87

157.99

1.13

0.5676

105.68

537.03

159.89

1.13

111.94

446.68

149.49

1.19

0.6923

113.76

562.34

135.60

1.33

117.75

478.63

127.29

1.40

0.8351

114.81

588.84

100.35

1.80

121.06

501.19

97.45

1.83

1.0000

115.34

616.60

68.86

2.62

124.45

537.03

67.70

2.63

T=303.15K

T=308.15K

0.0000

144.21

239.88

115.08

1.52

147.23

204.17

106.01

1.62

0.0588

136.14

257.04

133.69

1.31

143.88

218.78

125.90

1.37

0.1233

130.32

275.42

149.22

1.17

139.96

229.09

141.23

1.22

0.1942

125.90

302.00

158.26

1.11

133.05

257.04

147.82

1.17
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0.2727

119.67

323.59

159.04

1.10

128.23

281.84

148.36

1.16

0.3600

116.95

346.74

159.40

1.09

124.45

302.00

149.09

1.15

0.4576

117.22

316.23

149.69

1.17

125.89

316.23

145.28

1.18

0.5676

118.85

389.05

140.72

1.24

129.72

338.85

137.24

1.25

0.6923

124.45

407.38

119.97

1.46

133.35

346.74

116.28

1.48

0.8351

125.88

426.57

91.39

1.91

134.90

363.08

90.79

1.90

1.0000

131.22

457.10

66.92

2.52

135.83

371.54

66.56

2.59

T=313.15K

T=318.15K

0.0000

161.44

177.83

105.58

1.60

167.49

151.36

99.82

1.67

0.0588

154.88

190.55

122.82

1.38

161.06

162.18

109.84

1.52

0.1233

147.23

208.93

132.80

1.28

157.76

181.97

127.94

1.30

0.1942

141.25

223.87

139.70

1.21

153.46

199.53

128.45

1.29

0.2727

140.28

234.42

140.70

1.20

146.89

214.00

133.66

1.25

0.3600

136.77

257.04

142.92

1.18

145.21

223.87

139.98

1.19

0.4576

137.09

263.03

136.68

1.24

145.55

234.42

122.69

1.36

0.5676

137.40

288.40

129.98

1.30

145.88

245.47

114.66

1.45

0.6923

141.58

309.03

110.99

1.53

147.91

275.42

102.21

1.63

0.8351

144.54

323.60

89.62

1.89

151.36

288.40

86.58

1.92

1.0000

145.55

346.74

66.37

2.55

152.24

257.05

64.11

2.60

in vibrational, rotational and translational
energies of the molecules that lead to higher
frequency and hence higher mobility of ions. The
variation of
η0 and η with mole fraction of
methanol is shown in Fig.1. The viscosity of M
+ W mixtures increases upto XMeOH = 0.36 and
thereafter it decreases. Values of E0 of salts
decrease upto this mole fraction and then increase
in methanol rich region at all temperatures as
expected from Walden rule (Table 1). The
maximum in η versus mole fraction indicates
maximum int eraction bet ween wat er and
methanol in such solvent mixtures. η0 increases
upto mole fraction of 0.36 in methanol and then
decreases. If change in salvation is reflected by
the variation in
η0 [3], the increase of the
Walden product indicates the weak salvation of
the ions. The decrease of the product indicates
an increase of the hydrophobic salvation with
increasing concentration of methanol. As the
J. Electrochem Soc. India

methanol content increases, progressive
disruption of water structure occurs and the ions
become solvated with the other component of the
solvent mixture [14]. Then effective radius(r) of
ion or solute can be calculated as
η0 = 1/6 πrT

(7)

It has been possible to derive the values of r for
the cation of the octahedral CoIII complexes. From
the calculated values of r decrease with increase
in met hanol cont ent upt o x MeOH = 0.36 and
thereafter increase in methanol rich regions. The
smaller η0 values in methanol rich region may
be due to the large effective radius of the cation,
whereas the maximum values of xMeOH = 0.36
correspond to minimum values of r. The Walden
products in these are solvents increase and then
decrease after passing through a maximum [45]. It is thus apparent that its variation with the
solvent composition is due to an electrochemical

38

Ion Association Of Gycine .......... Methanol + Water Mixtures- A Conductance Method

equilibrium between the cations with the solvent
molecules on one hand and the selective solvation
of ions of the mixed solvents and temperature of
the solution. Since the conductance of an ion
depends on its mobility, it is reasonable to treat
the conductance data similar to the one that
employed for rate processes taking place with
change of temperature, i.e., [3]
=A.

or ln

= ln A-Ea/RT (8)

Where A is the frequency factor, R the ideal gas
constant and Ea is Arrhenius activation energy of
transport processes. Ea values can be computed
from the slope of the plot of log
versus 1/T
are shown in Table 2.
Table 2. shows that the values of Ea increases with
increase in X1 upto about X1=0.36 and therafter
decreases rapidly. It follows that in water rich
region upto X1=0.36, the chosen complex ion

Table 2. Thermodynamic parameters ΔG0(kJmole-1), ΔH0(kJmol-1), ΔS0(kJK-1mol-1), Ea (kJmol-1) and
10-3 A of Shedlovsky techniques for glycine bis-1-amidino-O-ethylurea cobalt(III) bromide have
been measured in various methanol+ water mixtures at different temperatures.

ΔG0
ΔH0
103 ΔS0
Ea
10-3A
0

ΔG
ΔH0
103 ΔS0
Ea
10-3A
0

ΔG
ΔH0
103 ΔS0
Ea
10-3A
0

ΔG
ΔH0
103 ΔS0
Ea
10-3A
0

ΔG
ΔH0
103 ΔS0

100C

150C

200C

-14.53
-24.64
-35.70
09.59
6.37

-14.34
-35.74

-14.69
-24.43
-34.40
09.84
6.70
-14.85
-23.90
-31.96
10.05
7.00
-15.02
-23.51
-29.98
10.49
8.04
-15.13
-23.28
-28.78

300C

350C

400C

-14.27

250C
X1=0.0000
-13.93

450C

-13.81

-13.63

-13.49

-13.28

-35.37

-35.92

-35.72

-35.73

-35.61

-35.71

-14.46

-14.43

X1=0.0588
-14.10

-13.99

-13.81

-13.67

-13.46

-34.60

-34.11

-34.65

-34.44

-34.46

-34.36

-34.48

-14.68

-14.54

X1=0.1233
-14.33

-14.16

-13.92

-13.91

-13.77

-32.00

-31.93

-32.09

-32.13

-32.39

-31.90

-31.84

-14.84

-14.76

X1=0.1942
-14.61

-14.40

-14.22

-14.10

-13.95

-30.09

-29.84

-29.85

-30.05

-30.15

-30.21

-30.05

-15.01

-14.93

X1=0.2727
-14.73

-14.57

-14.46

-14.21

-14.19

-28.70

-28.48

-18.68

-28.73

-28.62

-28.96

-28.57
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Ea
10-3A
0

ΔG
ΔH0
103 ΔS0
Ea
10-3A
0

ΔG
ΔH0
103 ΔS0
Ea
10-3A
0

ΔG
ΔH0
103 ΔS0
Ea
10-3A
0

ΔG
ΔH0
103 ΔS0
Ea
10-3A
0

ΔG
ΔH0
103 ΔS0
Ea
10-3A
0

ΔG
ΔH0
103 ΔS0
Ea
10-3A

10.63
8.22
-15.23
-23.00
-27.44
10.76
8.43
-15.34
-22.75
-26.17
10.19
6.79
-15.45
-22.48
-24.83
09.65
5.57
-15.61
-22.29
-23.59
08.88
4.28
-15.72
-22.00
-22.18
08.60
3.90
-15.88
-21.75
-20.73
08.31
3.54

-15.17

-14.99

X1=0.3600
-14.84

-27.17

-247.32

-27.37

-27.25

-27.16

-27.30

-27.83

-15.23

-15.10

X1=0.4576
-14.96

-14.92

-14.75

-14.51

-14.44

-25.72

-26.10

-26.13

-25.83

-25.96

-26.31

-26.12

-15.34

-15.32

X1=0.5676
-15.13

-15.03

-14.93

-14.75

-14.56

-24.78

-24.42

-24.65

-24.58

-24.50

-24.68

-24.89

-15.56

-15.44

X1=0.6923
-15.30

-15.15

-14.99

-14.93

-14.86

-23.36

-23.67

-23.44

-23.55

-23.69

-23.50

-23.35

-15.67

-15.55

X1=0.8351
-15.41

-15.27

-15.10

-15.05

14.99

-21.97

-22.00

-22.10

-22.20

-22.39

-22.19

-22.03

-15.72

-15.66

X1=1.0000
-15.58

-15.44

-15.28

-15.23

-15.17

-20.93

-20.37

-21.41

-20.81

-21.00

-20.49

-20.68

requires higher activation energy for transport
processes as methanol content in the mixed solvent increases but reverse is the case beyond
X1=0.36. A reaction which requires higher activation energy is slow at ordinary temperatures
J. Electrochem Soc. India

-14.74

-14.63

-14.45

-14.32

indicating the lower mobilities of the ions in the
solutions and hence lower E0 values. Beyond
X1=0.36, as the activation energy decreases the
E0 values increases with X1 (Fig.2). The experimentally determined of KAs (table 1) of the com-
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plex are found to increase with increase in x1
which indicate an increased association as methanol is added to water. Large values of KA and
exothermic ion pair formation indicates the presence of specific short range interaction between
ions which is again indicated by positive value
of enthalpy change (Table 2). As expected that
the values of “G0 become more negative at higher
percentage of methanol which indicate that ionpair association are favoured with lowering dielectric constant of the medium

increase with the composition of the mixed
solvents (Fig.3). The entropy of change is
calculated from Gibbs-Helmholtz equation, ΔG0
= ΔH0-TΔS0. The values of these thermodynamic
in nature in all solvent mixtures at all temperature
are given in Table 2. At all temperatures, ΔG0
values become more negative with increase in
X1 indicating that the ion pair formation is
favoured with lowering of permittivity of the
medium.

Conclusion

The free energy change (ΔG0) for association
processes is evaluated from the relation [14] ΔG0
=-RT ln KA. The heat of association (ΔH0 ) is
obtained from the slope of the plot of log KA
versus 1/T. ΔH0 values obtained are found to

The experimentally determined of KAs of the
complex are found to increase with increase in
X1 which indicate an increased association as
methanol is added to water. Large values of KA
and exothermic ion pair formation indicates the
presence of specific short range interaction
between ions which is again indicated by positive
value of enthalpy change. As expected that the
values of ΔG0 become more negative at higher
percentage of methanol which indicate that ionpair association are favoured with lowering
dielectric constant of the medium. And the values
of Ea increases with increase in X1 upto about
X1=0.36 and therafter decreases rapidly. It follows
that in water rich region upto X1=0.36, the chosen
complex ion requires higher activation energy for
transport processes as methanol content in the
mixed solvent increases but reverse is the case
beyond X1=0.36.
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Abstract:
This Paper reports the results of studies on the conductivity of glycine , acetyl glycine[A] and
benzoyl glycine[B] in water , different composition of water + methanol (5% to 20%) / acetonitrile
(5% to 20%) and Lysine HCl in different composition of water + methanol (5% to 50%) , acetonitrile
(5% to 30%) and water +D M F (5% to 50%) in the temperature range 293 to 318K. Measurements
were made on basis of electrical conductivity principle. Experimentally obtained specific conductance
data were analyzed by Kraus-Bray and by Shedlovsky model of conductivity to obtain limiting molar
conductivity value at infinite dilution, dissociation and association constant, Walden product and
corrected Stoke’s radius values of the species. The exothermic and endothermic nature of solvation
was studied on the Thermodynamics of solvation based on Born model. Thermodynamic parameters
of solvation of the species such as free energy, enthalpy and entropy are evaluated and reported. Ion
pair formation ‘KP’ and triple ion pair formation constant ‘KT’ were determined from Fuoss-Acascina
equation. The existence of ion-pair/complexes i.e., ion-ion and ion-solvent interactions in the present
system has been identified.
1. Introduction.
Conductivity study is one of the important
simplest tools to understand the transport
behaviour in general and solvation behaviour ,
in specific of ionic species involved in that
electrolytic system under existing conditions1-4.
The behaviour of electrolytes in solution can be
revealed by conduct ance and viscosity
investigations, which makes one to understand
in detail about the nature of ion-ion and ionsolvent interactions.5-8 The effect of dielectric
constant on the conductance of an electrolyte has
formed the basis of a number of studies on the
solvation behaviour of a molecule13-17.
Amino acids are low molecular weight
compounds extensively used as models to
understand hydration behaviour of more complex
molecules like proteins .Several workers have
reported volumetric and ultrasonic studies of
 and    amino acids in aqueous solutions,
but such conductivity studies 18 in different
compositions of aqueous and partially aqueous
media are scanty. Hence, an attempt has been
made here to study conductivity behaviour and

thermodynamic parameters of acetyl glycine,
benzoyl glycine in various concentrations of water
+ MeOH / acetonitrile at the temperature range
293-318K and Lycine HCl in different
composition of water+ methanol (5% to 50%) ,
acetonitrile (5% to 30%) and water+D M F (5%
to 50%) at temperature range 293 to 318K.
MATERIALS
Acetyl Glycine, benzoyl glycine , glycine and
Lysine HCl (Merck, G R grade) was used without
further purification. Triply distilled water
(conductance less than 10-6 Scm-1) was used
throughout the study. The solvents MeOH ,
acetonitrile and D M F were purified as per
standard procedure.The aqueous solutions were
prepared as and when needed to avoid bacterial
decomposition.
INSTRUMENT AND MEASUREMENT
TECHNIQUES
1 Conductance measurements were made with
a digital direct reading conductivity meter (Model
CM-180, Elico Pvt. Ltd, Hyderabad). A dip type
conductivity cell with platinised electrodes were
caliberated5 (with cell constant 0.1 cm-1) and used
J. Electrochem Soc. India Vol: 63
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in the entire work. All the measurements were
made at constant temperature. The instrument was
standardized with the standard solution of
potassium chloride of known specific
conductivity at 250C.
2 The density and viscosity of different solvents
and solvent mixtures were measured at four
different temperatures using pyknometer of 10
cc capacity and Ostwald’s viscometer as per
standard procedure.
RESULTS AND DISCUSSION:
1. LIMITING MOLAR CONDUCTANCE
The specific conductance k of different
concentrated solution of glycine in water and its
mixture with (5%, 10% and 20% v/v) MeOH and
(5%, 10% and 20% v/v) acetonitrile were read
directly from the instrument at a temperature
range of 293-318K . The values are available up
to 20% MeOH and 20% Acetonitrile in water.
Beyond this composition, the conductivity values
were not fully dependable, due to solubility
problems. This specific conductance values have
been made use to calculate the molar conductance
(λm) as,
1000k
......1
C
The extremely low conductance value of glycine
is presented as such and was not subjected to
rigorous treatment of KB and Shedlovsky models
of conductivity. So, acetyl and benzoyl glycine
were subjected to the conductivity treatments,
since the conductivity values were sufficiently
convincing. The molar conductance obtained in
both the cases of electrolytes acetyl glycine[A]
and benzoyl glycine[B] at varying compositions
of water + MeOH and acetonitrile, (both 5%, 10%
and 20% v/v) and Lysine HCl in different
composition of water + methanol(5% to 50% ,
acetonitrile (5% to 30%) and water+D M F (5%
to 50%) in temperature range 293-318K have
been analysed first by Debye-Huckel-Onsager 4
[D H O]equation ;

m 
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m  m0   A  Bm0  C
where, A 

82.4

 T 

1

2

................................2

and B 



8.2 105

 T 

3

2

C is the concentration in moldm3 ,  is the di electric constant
 is the viscosity coefficient of the solvent ,T is absolute temperature

This equation suggests a linear plot with

m vs C with a negative slope. But the non
linearity observed in all cases indicate the non
applicability of D H O equation. Therefore K B
equation was used for further analysis.
Kraus-Bray model (KB20) of conductivity, which
can be represented as shown below:
1

mC
1
m  m0  0 2
 m  Kc

...........3

The representative plot of m Vs 1/ m based on
the above equation is shown in Fig ( 1) [AG,10%
Methanol] . From the intercept of the above plot,

m0 , limiting molar conductance was obtained
and from the slope, the dissociation constant KC
was obtained. m0 values obtained are shown in
Table [1]A.1[AG in Me and AN] , Table[3] [BG
in Me and AN] .
A representative plot of has been shown in the
case of lysine HCl ; Fig (2)[Ly in 30% D M F] .
Kraus-Bray model has been made use to obtain .
Shedlovsky equation of conductivity21, which is
the variant of Fuoss-equation of conductivity, was
used. This model accounts for the above
limitations. Shedlovsky equat ion can be
represented as,
A representative plot of m vs C has been
shown in the case of lysine HCl ; Fig (2)[Ly in
30% D M F] . Kraus-Bray model has been made
use to obtain m0 . Shedlovsky equation of
conductivity21, which is the variant of Fuossequation of conductivity, was used. This model
accounts for the above limitations. Shedlovsky
equation can be represented as,
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S m

 1

m0



(ii)

2
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C m S f k
m0 2

........4

  C m
 2C m
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1
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 2m
8.204  105 m0
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1
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2
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3
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1

.......4 c
2

.......4d

Where q is the inter nuclear distance as per
Bjerrum’s theory and f  is the mean activity
coefficient. m0 obtained from KB model is utilized
in the valuation of  (Eqn. 4 (b)) of Eqn. 3.
Computed values of Onsager slopes, and mean
activity coefficient in the case AG , BG and
Lycine in 10% MeOH and acetonitrile in water
are shown in Tables [2][AG] as representative
values. The plot of , gave a straight line, the slope
of which gave Ka, the association constant and
the reciprocal of the intercept gave the , limiting
molar conductance. The Shedlovsky plot is
obtained for Acetyl glycine Fig 17 [BG,10%Me]
values for Shedlovsky are shown in Table
[3][2,shedlovsky;BG in Me and AN]. Values are
available upto 20% acetonitrile in water in both
the cases of electrolytes. The Ka values are shown
in Table[4] [Ly in Me, AN and D M F].The
limiting molar conductance values obtained by
both the models were well comparable at all
temperatures within the experimental error.
values decreased sharply for the addition of cosolvents .The decrease in the conductivity may
be attributed to
(i) The intera ction of the co-solvent [Me, AN,
DMF] with water brings about solvent-solvent
interaction. This leads to higher size solvent
mixture molecule. Hence conductivity decreases.

 55  ci ns
 so ln  80 
 55

ci ns

6
55


Where ns is the total number of water molecules
held by the ion, ci is the ionic concentration in
moldm-3 .The first term35 represent s t he
contribution from the bulk water molecules and
the second term from the bounded waters. On
addition of co solvents , it is the specific
conductivity at a finite concentration becomes
valid rather equivalent conductivity at infinite
dilution(Ë0). It is therefore in D H O equation
,with decrease in dielectric constant stronger inter
ionic interactions arises as both parameters A and
B of DHO equation increase.22,23
In case of Acetonitrile, which is non-coordinating
with water, breaks the structure of water at all
proportions, forms a new structure with the left
over water molecule. Hence forms acetonitrile
H 2O mixed molecule 24 ,so ion-solvent and
solvent-solvent interactions increases leading to
decrease in conductivity.
2. DISSOCIATION / ASSOCIATION
CONSTANT
Dissociation constant Kc was obtained from the
slope of Kraus-Bray plot for the electrolytes at
all temperatures and compositions, but was found
to be very small. Association constant, Ka was
obtained in all the cases from the slope of
Shedlovsky plot. Ka values found to be high.
Electrolytes subjected to study are of weak in
nature hence; association should be
predominating compared to dissociat ion
constant.25
Now another aspect to be noted
here is, the present decrease in conductivity hints
at the ion-pair formation. Therefore, theory
related to ion-pair formation was tried as follows.
Solvation numbers obtained for [AG in Me H”0.6
and AN H”0.52] , [BG in Me H”0.58 and AN H”
0.52 to 0.65 ] and [Ly in D M F H” 0.50 to 0.37
, AN H” 0.55 to 0.61 and Me H” 0.46 to 0.61] , is
a fractional one. Therefore it is the case of solventshared ion-pair.[SSIP]. To identify this
association Fuoss 26 suggested the following
equation
C m  K c (mo ) 2

........5
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According to Fuoss, the slope of the plot log λm
Vs log C ; [AG,10%Me] is around -0.5, it is an
indication of the presence of ion-pairs in
equilibrium with the salt. Whereas the slope of
the plot log λm Vs log C ; for [Ly,20%Me] a lower
value of -0.162 is obtained, which indicates less
favorable formation of ion pairs .To identify the
magnitude of association following equation 17,27
was used,

m C  mo k 1  k 1

o 2
m

 
k

C

.......6

Where k1 is the dissociation constant and k is
the mass law constant. According to above
equation, the plot of  C Vs C should be
linear ; and it is found that, k1 is very small
compared to mass law constant k. Since, limiting
molar conductivity is decreasing with increasing
in percentage composition, it is expected that
the association of the species of glycine is
predominating in the system. In that case, k, the
mass law constant (equilibrium constant) should
be higher than the dissociation constant k1 ,
because, k1 is the ratio of k and Ka (where Ka is
the association constant). Calculation tells that
association constant K a is higher than k 1 .
Therefore, the proposal made earlier of the
predominating nature of association is upheld.
Further to prove this situation FuossAccassina26,28 equation is made use as shown
here,

m g (C )C

1

2



mo
1

Kp2



(mo )  m 
1  0  C .........7
1 
2 
m 
Kp

Where g(C) is a factor that incorporates all
the inter-ionic interaction terms28, KP and KT are
the ion-pair and ion-triplet formation constants
respectively.
From them above expression it is clear that

 m 
1/2
the plot of m g  C  C Vs  1  o  C should
 m 
be linear and its intercept has to give the value
of triple ion constant (KP) and slope has to give
the value of triple ion constant (K T). In the
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present case, the value of g(c) was taken as
unit y 28 and

T

 
0
m

, the limiting molar

conductance of triple ion is taken as m0 28. The
above plots were drawn and found to be linear ,
from the intercept and slope of which, the value
of KP and KT were calculated [AG in Me KpH”1.2
to 2.1 and KT H”1.1 to 3.2 and for AN [KpH”0.7
to 1.2 and KT H”0.17 to 1.3 ] and [BG in Me; Kp
H” 0.8 to 2.2 and KT H” 0.7 to 2.5 and for AN
[Kp H” 0.7 to 1.2 and KT H” 0.5 to 2.5 ] at 293K
to 318K.
Bjerrum36 argued that it is only the short range
coulombic interactions that lead to ion pair
formation and further, when a pair of opposite
charged ions are situated at a distance apart of
r > q , it is more appropriate to consider them
free ions. The quantity “ θ ” yields a definite
e
idea of the fraction of ions that are associated
in ion pairs in a particular electrolytic solution
at a given concentration.
Applying the law of mass action to the following equillibrium
A  B 

AB
KA 



1   

2

1 f IP
c f 2

........... 7 a

this equation can be further derived to
KA 

4 N A
1000

 z ze02 


  kT 

3



b

2

e y y 1 dy ......... 7b

Suppose that the electrostatic forces are
sufficiently strong , then it may well happen that
the ion pair “dipoles “ may attract ions to form “
triple ions”
M   ( A  M  ) ion pair  [ M    A    M  ] triple ion

Charged triple ions are formed from uncharged
ion pairs. These charged triple ions play an
important role in determining activity
coefficients. Since conductivity is decreasing with
increase in the compositions, it is difficult to
expect higher value for KT, whereas KP has to
increase due to the formation of uncharged
association species formed in the system. In
other words, KP has to be higher than KT, which
is observed in all the cases.
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3. WALDEN PRODUCT
The

Stoke’s-Einstein

equation


kT
(u abs) is
kT
6 r 
absolute mobility of diffused particles) relates
the diffusion coefficient and viscosity, whereas,
Nernst-Einstein’s
equation 3 ,

at all compositions from the following
expression,



u abs  D



, (where D 


ZF 2
(D  D ), (WhereD  u abs KT; D  u abs kT)
RT

relates the diffusion coefficient to conductivity,
by eliminating diffusion coefficients , the product
of  0 m and 0 of the solvent for a particular
electrolyte at a given temperature is constant
and is known as Walden Product29
Constant
 
r

or

Constant
 n 
.......8
r
0
m 0

If the radius of the solvated ion can be
considered the same in solvents of various
viscosities. Then,

  constant 

ZFe0
6 r

........9

Walden product is calculated at all compositions
(H2O + MeOH/ acetonitrile) and is presented in
Table [5] [Ly in Me, AN and DMF] . As can be
seen from the Table , the Walden product
increased with increase in temperature for Acetyl
glycine in MeOH. It is higher at 10% methanol
and 5% acetonitrile compositions. Moringa et
al 30
observed
that
the
ratio
RX 

0
m o

  solvent mix
m00 water

can represent the

nature of preferential solvation, when a nonaqueous solvent is added to an aqueous solvent.
Here, the exact constancy of the walden’s
product is not to be expected. Because, the
deduction of the Stoke’s law is based on the
assumption of a spherical particle moving in a
continuos37 medium, and this condition can be
approximated only if the moving particle is large
in comparision with the molecules of the
medium. Walden product is inversely related to
Stoke’s molecular radius ri. Corrected Stoke’s
molecular radius of the molecule was calculated

ri 

0.82 Z
 0.0103  ry ........10
m0 n0

where r y=0.85 A0 , for dipolar unassociated
d
solvent s and r y=1.13 for protic and other
associated solvents and rest are with usual
meanings. The calculated values of r i are
reported in Table [6] [AG in Me and AN]
.Variation of ri is on expected line, ri decreases
with % composition and decreases with
temperature. This ri is used in the determination
of the Thermodynamic parameters of solvation.
4. THERMODYNAMICS PARAMETERS
Since, the conductance of an ion depends on its
movement; it is quite reasonable to equate the
conductance process with the rate process and
is given by, all with usual notation.

m0  Ae

 Ea

RT

..........11

Ea is energy of activation of the rate process,
which is characteristic of rate of movement of
ions in solution. Plot of log m0 Vs 1/ T wass
found to be linear . The slope and intercept of
the above plot gives the value of Ea and log A
and the values are shown in the Table [7] [BG in
Me and AN] . The positive values indicate the
higher mobility of ions in solution and hence
conductivity decreases .
5 .THERMODYNAMICS OF SOLVATION
The free energy (“ Gss ), enthalpy (“Hs-s) and
entropy (“S s-s) of solute-solvent interaction
resulting from the transfer of a species from one
media to another i.e., vacuum /gas phase into
solution or from one solvent to another is
calculated using Born2 equation and results
obtained for all the cases are given in Tables [8]
[AG in Me (a) and AN(b)]
Change in free energy Gss can be calculated
d
as,
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Gs  s 

N A ( Zi e0 )2
2ri

 1
1   

..........12

Where e0 is the electronic charge, ri is corrected
Stoke’s molecular radius,  is the dielectric
constant of solvent and rest are with usual
notation. The value of Gss is found to be
negative indicating the spontaneity of the
process. A plot of Gss Vs 1/ ri is obtained ,
found to be linear in all the cases of study and
clearly indicates that the system follow Born
model. The change in entropy, Sss of the
system also was calculated using another Born
relation36,38 as,
Ss  s

N A (Z i e0 )2 1 

. 2.
2ri
 T

.........13

‘All the terms in the above equation are with
usual meanings.  /  T  is the temperature
e
coefficient of dielectric constant. values are
found to be very small, decreased with increase
in % composition of the added co-solvent. The
small positive values have been considered to
decrease in orientation of solvent molecule and
ion pair bonds.

percentage composition of the co-solvent with
water, the plot of was drawn and found to be
non-linear34. The slope gave the value of from
which the value of intermolecular distance dA-B
is determined. Corrected Stoke’s molecular
radius16 value obtained earlier was used while
calculating solvation number.
If ri is the corrected Stoke’s radius, then dA-B - ri
gives the radius of the total number of left over
solvent molecule. Then is calculated,
corresponds to the number of solvent molecules
surrounding the particular ion or this is the
solvation number. The calculated values of
solvation number Table [10][Lycine in Me (a) ,
AN(b) and D M F(c)] found to be fractional and
suggests that, single solvent molecule or solvent
mixture molecule is involved in separation of [IP]
ion – pair 17 or forms solvent separated ion
pair.[SSIP] So, it is the case of solvent – shared
ion – pair, also supports the decrease in
conductance value.
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Abstract
The Gibbs energy of formation of Gd2Ru2O7(s) has been determined using solid-state electrochemical
technique employing oxide ion conducting electrolyte. The reversible electromotive force (e.m.f.) of the
following solid-state electrochemical cell has been measured:
Cell:(-)Pt/{Gd2O3(s)+Gd2Ru2O7(s)+ Ru(s)}//CSZ// O2(p(O2) = 21.21 kPa)/Pt(+)
The Gibbs energy of formation of Gd2Ru2O7(s) from elements in their standard state, calculated by the least
squares regression analysis of the data obtained in the present study, can be represented by:
{fGo(Gd2Ru2O7, s)/(kJ×mol-1) ±1.7}= - 2549.1 + 0.6438× (T / K); 1030.9 £ T/K £ 1193.6).
The second law method gave the value of standard enthalpy of formation and entropy, of the compound
from elements at 298.15 K.
Keywords: pyrochlore, electrochemical cell, rare earth ruthenates, Gibbs energy of formation
1. Introduction.
The solid state chemistry of metal oxides containing
both lanthanides and 4d transition metals has
attracted a great deal of interest [1]. Ruthenium
based oxides, with the pyrochlore structure, with
the general formula Ln2Ru2O7 (Ln = rare-earth)
show a variety of interesting transport and
magnetic properties [2]. This is because the Ru 4d
electrons show behavior that is borderline
between localized and itinerant that leads to many
surprising properties. [3]. The pyrochlores are good
refractory materials and have good chemical
resistivity making them prospective candidates for
nuclear waste matrices [4,5]. Pyrochlores are also
geometrically frustrated magnetic systems
exhibiting spin-ice behavior [6,7]
Though structural studies, magnetic
measurements and theoretical simulations [8] of
a few rare earth ruthenate pyrochlores have been
carried out thermodynamic data is scarce.
Knowledge about the thermodynamic stability of
these compounds is essential to determine their
behavior in various process conditions. This
information is also important for the design of
processes for the recovery of rare-earth and
precious metals from scrap. In the Gd-Ru-O system,
the ternary compounds Gd3RuO7(s) [9], Gd2RuO5(s)
J. Electrochem Soc. India

[10] and Gd2Ru2O7(s) [11] exist. The orthorhombic
phase Gd3RuO7(s) was prepared by van Berkel and
the precise structure was determined by Groen et
al. [12] by neutron powder diffraction data.
Gd2Ru2O7(s) was synthesized by and magnetic
susceptibility and specific heat measurements
were determined for the pyrochlore Gd2Ru2O7(s)
by Taira et al. [13]. The thermal stability of the
pyrochlore Gd2Ru2O7(s) has been determined in this
study.
Based on the phase relations, a solid-state
electrochemical cell was designed to measure the
Gibbs energy of formation of the ternary oxide
Gd 2Ru 2O 7(s) using 0.15 mole fraction calcia
stabilized zirconia (CSZ) solid electrolyte, in the
temperature range from 1030.9 K to 1193.6 K.
Other thermodynamic parameters were evaluated
from these experimental data.
2. Experimental
2.1. Materials
Gd2Ru2O7(s) was synthesized from stoichiometric
proportions of preheated Gd2O3(s) (0.9985 mass
fraction) and RuO2(s) (0.997 mass fraction). The
oxides were intimately ground and the mixture was
then pelletized. The pellets were then sealed in an
evacuated quartz ampoule and heated to T = 1400
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K for twenty four hours. Interaction of the sample
material with quartz ampoule was prevented by
stacking pellets in the ampoule and using the pellet
in contact with the quartz as the sacrificial pellet.
The formation of the compound was confirmed
by X-ray diffractometry. The values of the
interplanar spacing d obtained for Gd 2Ru2O7(s)
using STOE diffractometer with Cu-K radiation (λ
=1.5406 ϊ) is in good agreement with those
reported in JCPDS file number # 830245 [11]. The
cationic ratio of Gd/Ru of the compound
Gd2Ru2O7(s) was confirmed to be 1 by energy
dispersive X-ray fluorescence (EDXRF).
In the Gd-Ru-O system, the oxides Gd2Ru2O7(s),
Gd2RuO5(s) and Gd3RuO7(s) have been reported,
and the former two lie on the tie line between
Gd 2O 3(s) and RuO 2(s). Phase relations were
explored involving different phase mixtures of oxide
phases and metal, by equilibration at 1200 K and
phase analysis of quenched samples. The phase
composition of {Gd2O3(s) + Gd2Ru2O7(s) + Ru(s)}
remained unaltered by equilibration. Hence a
phase mixture of {Gd2O3(s) + Gd2Ru2O7(s) + Ru(s)}
in the molar ratio of 1:1:2 was pelletized into a
pellet of dimension 10 mm diameter and 3 mm in
thickness using tungsten carbide die at a pressure
of 100 MPa and used for e.m.f. measurements.
2.2. The oxide cell assembly
A double compartment cell assembly with 0.15
mole fraction calcia-stabilized-zirconia (CSZ) solid
electrolyte tube with one end closed and flat was
used to separate the gaseous environments of the
two electrodes. A schematic diagram of the inhouse fabricated experimental set-up used and
experimental details is shown in an earlier
publication [14]. Purified argon gas served as the
cover gas over the working electrode and was
bubbled out at a steady rate through an oil bubbler
without disturbing the equilibrium at the working
electrode. A Faraday cage was placed between the
furnace and cell assembly and grounded to
minimize induced electro-motive force (e.m.f.) on
the cell leads. Alumina sheathed Pt leads was used
to measure the e.m.f. Synthetic dry air from an air
generator was used as the reference electrode. The
sample pellet was made by compaction of a
mixture of Gd2O3(s) + Gd2Ru2O7(s) + Ru(s) at a
pressure of 100 MPa. The temperature of the cell
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was measured by a calibrated chromel-alumel
thermocouple located in the vicinity of the pellet.
E.m.f. was measured using a high impedance
Keithley 614 electrometer after initially
equilibrating the galvanic cells at 1000 K for at least
24 h. The following cell configuration was employed
in the present study:
Cell: (-)Pt/{Gd2O3(s) + Gd2Ru2O7(s) + Ru(s)}//CSZ//
O2(p(O2) = 21.21 kPa)/Pt(+). (1)
The reversibility of the solid-state electrochemical
cell was checked by micro-coulometric titration in
both directions. The range of permissible oxygen
partial pressures for purely ionic conduction for CSZ
electrolytes is about 10-20 Pa at 1000 K and 10-13 Pa
at 1273 K [15]. The oxygen partial pressure of the
above designed cell falls within this range.
3. Results and Discussion
3.1. Solid-State Electrochemical Measurements
using oxide cell:
E.m.f. of the solid state oxide electrochemical cell
is related to the partial pressure of oxygen at the
two electrodes and is given by the relation:
p (O )
2

’’

E = (RT / nF)   t(O2-)  d ln p(O2)

(2)

p (O )
2

‘

E, is the measured e.m.f. of the cell in volts, R =
8.3144 J K-1 mol-1 is the universal gas constant, n
is the number of electrons participating in the
electrode reaction, F = 96486.4 Cmol-1 is the
Faraday constant, T is the absolute temperature,
t(O2-) is the effective transference number of O2ion for the solid electrolyte and p’’(O2) and p’(O2)
are the equilibrium oxygen partial pressures at the
positive and negative electrodes respectively. The
transport number of oxygen ion in the present
electrolyte cell arrangement is nearly unity (t(O2-)
> 0.99) at the oxygen pressures and temperatures
covered in this study. Hence, the e.m.f. of the cell
is directly proportional to logarithm of the ratio of
partial pressures of oxygen at the electrodes:
E = (RT / nF)  ln { p’’(O2)/p’(O2) }.

(3)

Thus,
nFE = RT ln p’’(O2) - RT ln p’(O2),

(4)
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where, RT ln p’’(O2) is the oxygen chemical potential
over the positive electrode and RT ln p’(O2) is the
oxygen chemical potential over the negative
electrode.

Gd2O3(s) + 2 Ru(s) + 4 O2- = Gd2Ru2O7(s) + 8 e-, (at
the anode)
(6)

of formation of Gd2Ru2O7(s) from elements in their
standard state is: {fGÚ(Gd2Ru2O7, s) / (kJmol-1) 
1.7} = - 2549.1 + 0.6438 (T / K). The decomposition
temperature of Gd2Ru2O7(s) in air from the Gibbs
energy of formation data obtained in this study was
found to be 1843 K and that of RuO2(s) calculated
from the data of Cordfunke [17] was found to be
1647 K. The decomposition temperature of
Gd2Ru2O7(s) was found to be higher than that of
RuO2(s) at all partial pressures of oxygen and hence
will be more stable than RuO2(s) at all partial
pressure of oxygen.

The overall cell reaction can be represented by:
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The reversible e.m.f.s of the cell measured as a
function of temperature is shown in Fig. 1. The halfcell reaction at the cathode and the anode for the
cell can be given by:
2 O2(g) + 8 e- = 4 O2- , (at the cathode)

(5)

(7)

The least square regression analysis of the e.m.f.
gives:
E / V( 0.0022) = 0. 9238 - 5.02 10-4 (T / K);
(1030.9  T / K 1193.6).
(8)
The uncertainties quoted are the standard
deviation in e.m.f. The rGÚ(T) for the reaction
given in equation (7) involves the transfer of eight
electrons and hence from Nernst equation we get:
 rGÚ(T) = - 8FE =  fGÚ{Gd 2Ru 2O7(s)} fGÚ{Gd2O3(s)} - 2 RT ln p(O2).
(9)
From eqs. (7), (8) and (9) and literature value of
fGÚ{Gd2O3(s)} [16], fGÚ of Gd2Ru2O7 ( s) has been
obtained as:
{fGÚ(Gd2Ru2O7, s) / (kJmol-1)  1.7} = - 2549.1 +
0.6438 (T / K).
(10)
The error includes the standard deviation in e.m.f.
and the uncertainty in the data taken from the
literature. The Gibbs energy of formation is a linear
function of temperature within the investigated
temperature range. The intercept and the slope of
this linear equation correspond, respectively, to the
average values of the standard molar enthalpy and
entropy of formation in the temperature range
covered by e.m.f. measurement.
4. Conclusion
The pyrochlore Gd2Ru2O7(s) in the Gd-Ru-O
system was prepared by the solid-state reaction
route and characterized by X-ray diffraction
method. The Gibbs energy of formation of the
ternary compound was obtained by using solidstate electrochemical oxide cell. The Gibbs energy
J. Electrochem Soc. India
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Fig. 1: Plot of e.m.f. as a function of temperature
for the cell :
(-)Pt/{Gd2Ru2O7(s) + Gd2O3(s) + Ru(s)}//CSZ//
O2(p(O2) = 21.21 kPa)/Pt(+).
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Abstract
Molten salt electrorefining is a high temperature electrochemical process for treating the spent metallic
fuel from fast reactors aimed at the separation of U and Pu from fission products. U and Pu are
electrotransported from a perforated anode basket containing spent fuel,through molten LiCl-KCl
eutectic salt, to a solid cathode and liquid Cd cathode. A high throughput electrorefiner needs to be
designed for the success of the process at the industrial scale. In the present study, a 2D geometry was
created with liquid cadmium anode and perforated anode basket for electrorefining of uranium. The
electrode behavior was evaluated for various electrode configurations: 1) solid cathode with insulation
at the bottom 2) solid cathode without insulation at the bottom 3) two perforated anode baskets and
two solid cathodes with parallel arrangement 4) two perforated anode baskets and two solid cathodes
with staggered arrangement using finite element package COMSOL Multiphysics. The potential and
current density distributions in the electrorefining cell were computed. The cell resistance was calculated
for these electrode arrangements and validated with literature data.
Keywords: Molten salt, Electrorefining, Liquid Cd cathode, Liquid cadmium anode, Perforated anode
basket, COMSOL Multiphysics, Cell resistance.
1. Introduction.
Electrorefining process is a key step in a
pyrometallurgical process development to treat
spent nuclear metal fuel. The eutectic mixture of
LiCl-KCl (59mol%-41 mol %) is used as the
electrolyte at 773K in an electrorefining process.
In this process the first step is to chop the spent
fuel rods and the chopped pieces are kept in a
perforated basket immersed in the eutectic LiClKCl melt containing actinide ions. During the
electrorefining process uranium dissolves from
the perforated anode basket and deposits on the
solid cathode. On the liquid cadmium cathode
co-deposition of uranium and transuranium
elements takes place. The fission products, alkali,
alkaline earth and rare earth elements accumulate
in the electrolyte salt as metal chlorides and the
noble metals are left behind in the anode basket
as metals [1].
The cell resistance for molten salt electrorefining
cell for various electrode configurations was
investigated using finite element method for
optimizing the design of electrorefiner [2].
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A code DEVON (Detailed EValuat ion of
pOtential distributioN) was developed to estimate
the effects of polarization on cell resistance as
well as ion current density. Polarization effects
can be expected for lower concentrations (0.5 and
2 wt %) of uranium in the molten salt and they
can be neglected for the concentration of uranium
above 5 wt% in the molten salt [3].
The redox mechanism of U (III) to U metal has
been deduced by cyclic volt amet ric
measurements to be quasi reversible and a 3
electron transfer process. Thediffusion coefficient
of U (III) is 9.8×10-6cm2/s in LiCl-KCl eutectic
at 770 K asderived fromchronopotentiometric
measurements The uranium deposit on the solid
cathode will be dendriticin nature and it is
occluded in the electrolyte salt [4].
The liquid cadmium pool maintained at the
bottom of the electrorefiner collects the dendrites
from cathode deposits which fall due to poor
adherence.Any uranium that is collected in the
cadmium pool can be recovered using
electrorefining with the liquid cadmium pool as
anode and a solid rod as the cathode [5].
J. Electrochem Soc. India Vol: 63 (4) Octoer 2014 53-57
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To avoidthe concentration polarizationof the
electrolyte will be stirred during electrorefining
process. It has been reported that due to the
rotation of the anode, concentration polarization
has been observed to occur below 3 wt% of UCl3
in the molten salt and above a concentration of 6
wt% polarization is found to be absent as
concluded from the variation of cell resistance[6].
Design optimization of the electrorefiner is
required for an efficient electrorefining process.
The cell resistance is a characteristic of the
electrorefiner which can be used for optimizing
the electrorefiner.
In the present study, cell resistance is calculated
for various electrode configurations by using
COMSOL Multiphysics package. One of the
modules of COMSOLpackage deals with the
electrochemical process applicationsand it is very
easy to be adopted for different electrochemical
investigations. A primary current density
distribution model was applied to evaluate the
performance of molten salt electrorefiner. In
particular, the behavior of a solid cathode with
or without insulation at the bottom, behavior of a
pair of solid cathodes and a pair of perforated
anode baskets with parallel and staggered
arrangement was performed. The potential and
current density distributions were evaluated. The
calculated cell resistance is compared with
available literature data.
Model details
In this study, a 2D electrochemical cell was
created to find out the potential and current
density distribution on the working electrode for
various electrode configurations. The details of
geometryand dimensionsas well as ot her
experimental conditions of the molten salt
electrochemical cell are similar to that mentioned
in the paper by Kobayashi et al., The detailed
experimental geometry is shown in Fig. 1.
The primary current distribution was modeled
using COMSOLMultiphysics[7]. The primary
current distributionin an electrolyte is dictated by
the transport of charged ions in the electrolyte of
uniform composition and that in electrodes is
computed using ohm’s law in combination with
a charge balance. Using this interface, the ohmic

losses were estimated in simplified models of
electrochemistry and theinterfaceyields a good
estimate of the current and potential distribution
in a cell showing that the activation and mass
transport losses are small compared to the ohmic
losses
The general equation for primary current
distribution interface model is according to the
following:
and
where,
denotes a general source term, k
denotes an index that is l for the electrolyte or s
for the electrode, denotes the conductivity (SI
unit: S/m) and
the potential (SI unit: V).
The electrode kinetics for the charge transfer
reaction can be described very accurately by using
arbitrary expressions or by using the predefined
Butler-Volmer and Tafel expressions. The charge
transfer reactions can be defined as sources or
sinks in a domain or as boundary conditions for
balancing the charge in the electrodes and
electrolyte in electrochemical cells. These
balances are described under the assumption that
the electrolyte composition is uniform.
The interfaces define two dependent variables,
one for the potential in the electrolyte and one
for the electric potential in the electrode. The
conduction of current in the electrolyte is assumed
to take place through transport of ions, while
electrons conduct the current in the electrode. For
uniform electrolyte composition, the sum of the
fluxes of all charged species yields the following
expression for the current density vector:

where, denotes the electrolyte conductivity and
the potential in the electrolyte. The analogous
equation is defined by the interfaces for current
conduction in the electrodes:

The difference between the interfaces lies in the
description of the electrochemical reactions. The
rate of electrochemical reactions can be described
by relating it to the activation overpotential. For
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an electrode reaction, with index m, the activation
overpotential, denoted ηm, is the following:

where,
denotes the equilibrium potential for
reaction m.
In the primary current distribution interface, the
electrochemical reactions are assumed to be fast
enough so that their influences on the losses in
the cell are negligible. Consequently, the
activation overpotential, ηm, in this interface is
equal to zero. Therefore, the difference between
the potentialsof the electrolyte and the electrode,
measured against a reference, is always equal to
the one at equilibrium, Eeq, m.
The total current I is calculated by integrating the
current density i. The cell resistance R is
calculated from the total current and applied cell
voltage V as follows
R = V/I

Figure 1: Schematic of electrorefiner in which
uranium metal is dissolved at perforated anode
basket/Cd anode and deposited at solid/Cd
cathode
Results and discussion
Electrode behavior in a molten salt electrorefiner
was observed for uranium electrorefining from
liquid cadmium anode to solid cathode and also
solid anode to solid cathode with various
electrode configurations. Electrolyte conductivity
was 205 S/m at 773 K for 5 wt% of uranium
present in LiCl-KCl eutectic mixture.
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Effect of insulation plate at the bottom of the
solid cathode
In this study a 2D axis symmetry electrorefiner
was modeled because of the symmetry in the
electrochemical cell. The electrochemical cell
consists of a cadmium anode at the bottom and
solid cathode at the center of the electrorefiner.
The effective electrolyte region is 38 cm deep
and 72.4 cm in diameter. The solid cathode 4.4cm
diameter is immersed to a height of 25 cm in the
electrolyte and placed at the center of the
electrochemical cell. A ceramic insulation plate
of 12cm diameter and 2 cm thick was placed at
the bottom of the solid cathode to prevent the
uranium deposit from growing towards the Cd
anode. The above mentioned dimensions were
similar to that report ed in Ref. [2].The
electrochemical vessel wall acts as an insulator.
The value of the potential value at the surface of
the Cd anode was arbitrarily set to be -1.2, as it
was the value measured usually by an Ag/Ag+
reference electrode. A cell voltage of 0.4 V was
imposed by setting the cathode potential to be 1.6 V. The finer mesh was created, electrorefining
of uranium was performed and the potential and
current density distributions were calculated with
twodifferent electrode configurations. The first
one is the solid cathode with insulation at the
bottom and the other is solid cathode without
insulation at the bottom. The computed potential
distributionsfor these two configurations of the
solid cathode arecompared in Fig. 2 and the
current density distributions for both
configurations in Fig.3. The results revealed that
the solid cathode with insulation had an advantage
of avoiding uranium dendrites growth towards
liquid cadmium anode. Otherwise short circuiting
the electrochemical cell could occur. The increase
of cell resistance is only 11% for the solid cathode
with insulation compared to that without
insulation. The cell resistance was calculated for
the solid cathode with and without insulation and
compared with the available literature in Table1.
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Table 1.Computed Cell resistance for Solid cathode with and without insulation
Experiment
Calculated Cell Resistance with Insulation
at the bottom of the solid cathode

Parameter

Kobayashi

Cell Voltage, V

0.4

Total Current, A

46.89

Cell Resistance, Ω 0.0085
Calculated Cell Resistance without
Insulation at the bottom of the solid cathode

Cell Voltage, V

0.4

Total Current, A

54.54

Cell Resistance, Ω 0.0073

Effect of parallel and staggered arrangements

Present data
0.4
46.64
0.0085
0.4
52.78
0.0075

uranium present in LiCl-KCl eutectic molten salt.
The dimension of electrolyte region is 88 cm x88
cm and the two pairs of anode and cathode, each
of 256 cm2were positioned 40cm apart which are
similar to the dimensions of Kobayashi et al. [2].
Finer mesh was created and computations carried
out for electrorefining of U by dissolution at the
anode and deposition of uranium at the cathode
by primary current density distribution. From the
potential distribution as shown in Fig.4, it was
observed that for the parallel arrangement only
one side of the electrodes is effective but for the
staggered arrangement t wo sides of the
electrodesare effective for Uranium
electrorefining. The current density distributions
for the two arrangements areshown in Fig.5. The
calculated cell resistance was 0.157 Ω/cm for the
parallel arrangement. But it dropped to 0.0939
Ω/cm for the staggered arrangement. The reason
for this reduction (41%) can be understood by
comparing the current distributions explained
above. The calculated cell resistances were
compared with the data from literature in Table
2.

In this study 2D electrorefiner cell geometry was
created in COMSOLMultiphysicsand primary
current distribution for deposition of uranium
from spent nuclear fuel is modeled. In this study,
a pair of perforated anode baskets and a pair of
solid cathodes were configured in two different
arrangements to optimize electrode configuration
for increasing the throughput of electrorefiner.
The first one is parallel arrangement and the
second one is the staggered arrangement. Input
parameter for this study is the electrolyte
conductivity of 205 S/m at 773 K for 5 wt%
J. Electrochem Soc. India
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Table 2.The cell resistance for parallel and staggered arrangements
Experiment
Two perforated anode baskets and two
solid cathodes with parallel arrangement

Two perforated anode baskets and two solid
cathodes with staggered arrangement

Parameter

Kobayashi

Present data

Cell Voltage, V

0.4

0.4

Total Current, A/cm

2.56

2.54

Cell Resistance, Ω/cm

0.1563

Cell Voltage, V

0.4

0.4

Total Current, A/cm

4.24

4.26

Total Current, A/cm

0.0943

0.1574

0.0939
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Abstract
Nano-Gold clusters embedded polyaniline (PANI) modified GCE was efficiently synthesized through
electrochemical polymerization of aniline on GCE surface followed by the in situ electro deposition of
nano-gold clusters over PANI/GCE. FESEM images, CV and EIS studies established the incorporation
of nano-Au clusters into the PANI matrix. The modified electrode exhibited excellent electro catalytic
activity towards the detection of dopamine (DA) in neutral pH. The enhanced electro catalytic response
for DA is attributed to a synergistic functioning between the PANI film and embedded nano-Au clusters.
The nano-Au/PANI/GCE also exhibited a superior electro sensing capability to detect DA at a much
lower concentration of 8µM. Further, DPV studies revealed that the electrode was able to selectively
detect DA in the presence of large excess of uric acid (UA), with the separation between the two
oxidation peaks being 368mV. Thus, a promising electrochemical biosensor with good stability and
reproducibility was developed for the detection of the neurotransmitter, DA in presence of UA.

1. Introduction.
Dopamine (DA) among other catecholamine
neurotransmitters has received substantial
attention in the recent past, owing to the key role
it performs in the mammalian central and
peripheral nervous systems [1]. DA is also
responsible for the proper functioning of renal,
hormonal and cardiovascular systems [2].
Abnormal levels of DA are associated with
several neurodegenerative disorders such as
Schizophrenia, Parkinson’s disease (PD) and
Alzheimer’s disease [3, 4]. Excessive amount of
DA leads to Schizophrenia, whereas a decrease
in the level leads to PD [5]. Different methods
are available t o determine DA, such as
spectrophotometry [6], chromatography [7], mass
spectrometry [8] and electrochemistry [9].
Among these, electrochemical detection of DA
is preferred as it is simple, sensitive and
reproducible. However the major challenge of
electrochemical detection of DA is its selective
det ermination among other chemical
interferences such as epinephrine, serotonin,
ascorbic acid and uric acid (UA) [10]. Bare
electrode surfaces are unable to resolve the

voltammetric response of DA and UA in a
mixture. This problem, has been addressed
through modification of electrode surface using
several materials such as polymers [11],
graphene[12], carbon nanotubes [13], ionic
liquid[14], metal nanoparticles [15].Among
them, conjugated conducting polymer such as
PANI is one of the potential materials for surface
modification, as the electronic properties can be
reversibly controlled by protonation and by
changing its oxidation state [16,17]. However,
PANI requires an acidic pH(<4) for its redox
activity. This greatly restricts its application, as a
typical bioanalysis method requires a neutral pH.
Several strategies have been employed to widen
the redox activity of PANI in neutral pH.
Incorporation of Au nanoparticles over the
conducting polymer is one of the methods to
enhance the catalytic activity of the polymer film
[18]. Many attempts have been made to
efficiently incorporate AuNPs into polymer
matrix. Wang and co-workers prepared PANI
nanotubes and Au nanoplates by mixing
simultaneously aniline and chloroauric acid in
CTAB[19].PANI-Au nanocomposites with coreshell structure were obtained by Peng and co
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workers by direct oxidation of aniline using auric
chloride as the oxidant [20]. Feng Li proposed
the synthesis of AuNPs@PANI nanocomposites
by polymerization of aniline using AuNPs as the
seeds and HAuCl4 as the oxidant[21]. Zhonghua
Lin employed surface-graft polymerization
method to modify Au nanoelectrodes with PANI/
Au nanocomposite[22]. Chepuri R.K. Rao
prepared PANI-PDDMAC-gold(0) ternary
nanocomposites where the high concentration of
PDDMAC acted as medium of reaction[23].
In the present study, a facile synthetic route is
adopted, which involves electropolymerisation of
PANI over GCE followed by in situ electro
deposition of nano-Au clusters over PANI/GCE
surface, to enhance the electro catalytic activity
of a bare GCE surface. The modified electrode
surface exhibits excellent electrochemical
behavior towards detection of DA in presence of
UA in neutral pH. The as-prepared electrode
surface is robust and stable with good
reproducibility.
2. Experimental
2.1 Chemicals and reagents
Dopamine, uric acid, auric chloride, aniline were
purchased from Sigma-Aldrich. Aniline was
distilled under reduced pressure. All other
chemicals were of analytical grade and used
without further purification.0.1M Phosphate
buffer solution (PBS) was used for preparing 1 x
10-3M stock solution of DA. 1 x 10-2M stock
solution of UA was prepared by dissolving in
0.1M Sodium hydroxide solution. Freshly
prepared solutions of DA and UA were used each
day. All experiments were performed using
Millipore water at room temperature. Purging of
the samples was done by passing high purity
nitrogen.
2.2 Apparatus and instruments
Linear Sweep Voltammetry(LSV), Cyclic
Voltammetry(CV),
Differential
Pulse
Voltammetry(DPV) and Elect rochemical
Impedence Spectroscopy(EIS) were carried out
with a CHI model 660C (Austin, TX, USA)
Electrochemical workstation. The experiments
were performed in a three compartment cell with
J. Electrochem Soc. India

glassy carbon as a working electrode, a platinum
wire as counter electrode and an Ag/AgCl as a
reference electrode. Field Emission Scanning
Electron Microscopy (FESEM) images were
obtained using FEG Quanta 250 instrument.
2.3 Fabrication of the nano-Au/PANI modified
electrode
Prior to modification, the bare glassy carbon
electrode (GCE) was polished in 1µM, 0.3µM
and 0.05µM alumina slurry successively and
rinsed with Millipore water. The fine alumina
particles were removed by ultrasonicating the
electrode in millipore water for one minute. The
electrode was later dried at room temperature.
Electro polymerization of aniline was carried out
in 0.1M H 2SO 4 containing 0.05M aniline by
cycling the potential from -0.4V to 1.4V at a scan
rate of 50mV/s(vs Ag/AgCl) for twenty cycles.
The electrode was rinsed with Millipore water
and denoted as PANI/GCE.
In order to efficiently load AuNPs over PANI/
GCE surface, LSV technique was adopted.
Typically, 0.5mM HAuCl4 solution in 0.5M
H2SO4 was scanned in the potential range of 0.3V to 1.3V at a scan rate 50 mV/s for fifteen
cycles. The formation of Au nanoclusters was
indicated by the cathodic peak at 0.690V which
is in well accordance with that reported by David
W. Hatchett[24]. The modified electrode was
rinsed with water and represented as nano-Au/
PANI/GCE.
3. Results and Discussion
3.1 Characterization of nano-Au/PANI/GCE
The morphological features of the modified
electrodes were studied by FESEM. Figure 1A
and 1B shows the FESEM images of PANI and
nano-Au/PANI. As observed in Figure 1A, the
PANI film is densely distributed with flake-like
morphology over which Au nano clusters are
dispersed. (the bright tiny spots as seen in Figure
1B). The surface coverage of AuNPs over PANI/
GCE is calculated from the following equation:
 = Q/nFA
where Q is the charge obtained by integrating the
cathodic peak current obtained during the electro
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deposition process, n is the number of electrons
transferred(For Au+3 to Au(0) , n=3), A is the area
of the electrode surface(=0.09cm2). In this work
the calculated value of  is 2.04 x 10-10 mol/cm2.

Figure 2. CVs of (a) bare GCE, (b) PANI/GCE,
(c) nano-Au/PANI/GCE in 0.1M PBS(pH7.4) at
a scan rate of 50mV/s.

Figure 1. FESEM images of (A) PANI-GCE (B)
nano-Au/PANI/GCE
3.2 Electrochemical Characterization of nanoAu/PANI modified GCE
The electrochemical behavior of bare GCE,
PANI/GCE and nano-Au/PANI/GCE was
investigated in 0.1M PBS (pH 7.4) from -0.4 to
0.7V at a scan rate of 50mV/s. No redox peaks
appeared for bare GCE (Figure 2, curve a). For
PANI/GCE(Figure 2, curve b), an oxidation peak
was seen at 0.028V with a broad reduction peak.
However at nano-Au/PANI/GCE, an oxidation
peak at 0.113V and a reduction peak at 0.075V
were observed. These peaks are characteristic of
the redox reaction of AuNPs on the PANI matrix
in pH 7.4 which is in accordance with the report
by L. Yang et al[25]. Thus the modified electrode
showed electro activity and conductivity even at
neutral pH.

Further, EIS st udies were performed to
understand the electron transfer capability of the
modified electrodes. Figure 3 shows the Nyquist
plots for the different electrodes in the presence
of the redox probe 0.6mM Fe(CN)64-/3- in 0.1M
KCl. At the bare GCE, (inset) a semicircle realm
at high frequencies and an almost straight line at
low frequencies are observed. Whereas for the
PANI/GCE (curve a) and nano-Au/PANI/GCE(
curve b), the semicircle domain decreased
significantly. This indicates that a bare surface
of GCE offers a very high resistance for the
electron transport, which gets dramatically
decreased upon modifying the surface with a
PANI matrix followed by incorporation of Aunanoclusters into the PANI matrix. Thus a
synergistic mechanism exists between PANI and
Au nano clusters in which PANI matrix offers a
continuous conduct ing medium and t he
embedded Au nanoclusters (which are uniformly
distributed throughout the matrix probably at the
imine/amine sites of the emeraldine structure)
substantially enhances the electron transport
process at the modified electrode surface.
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The subsequent decrease in the E value indicates
an improvement in the reversibility of the process
and an increase in the redox current depicts a
faster electro kinetic phenomena. The -
interaction between the aromatic rings of DA and
PANI, followed by the incorporation of AuNPs
may act synergistically for the nano-Au/PANI /
GCE electrode to exhibit improved electro
catalytic reaction of DA.

Figure 3. EIS plots of (a) PANI/GCE; and (b)
nano-Au/PANI/GCE in 0.6 mM K3Fe(CN)63-/4solution in 0.1M KCl; Inset EIS plot of bare GCE.
Frequency range is from 0.1Hz to 100kHz.
3.3 Electrochemical Behavior of DA at the
modified electrodes
The electrochemical response of the different
electrodes towards the redox property of DA was
studied using CV. Figure 4 shows the CVs
obtained for 40µM DA in 0.1M PBS (pH 7.4) at
bare GCE(curve a) , PANI/GCE(curve b) and
nano-Au/PANI/GCE(curve c). At bare GCE,
oxidation and reduction peaks were observed at
0.17V and 0.072 respectively. For PANI/GCE,
these redox peaks are seen at Epa=0.169V, Epc=
0.084V and for nano-Au/PANI/GCE, the anodic
peak potential was located at 0.168V and a
cathodic peak potential at 0.103V. Thus the peakto-peak potential sequentially gets reduced from
98mV for bare GCE to 85mV for PANI/GCE and
further to 65mV for nano-Au/PANI/GCE. Also,
when compared to bare GCE, nearly 2.5-fold
increase in the oxidation peak current was
observed for DA at the nano-Au/PANI/GCE.
These results indicate that the redox reaction of
DA is sluggish at the bare GCE which is improved
significantly at the nano-Au modified electrode.
J. Electrochem Soc. India

Figure 4. CVs of (a) bare GCE, (b) PANI/GCE,
(c) nano-Au/PANI/GCE for 40µM DA in 0.1M
PBS (pH 7.4) at a scan rate of 50mV/s.
3.4 Effect of scan rate on the electrochemistry
of DA
To furt her explore the electrochemical
characteristics of DA, the effect of scan rate on
the redox currents of DA at the nano-Au/PANI/
GCE was studied. Figure 5A shows the CVs for
100µM DA in 0.1M PBS (pH 7.4) at the nanoAu/PANI/GCE in the increasing scan rates from
50 to 250mV/s. It can be observed that the redox
peak current steadily increases with the increase
in scan rate.
A plot of Ipa vs square root of scan rate (Figure.
5B) is linear with the correlation coefficient of
0.996 and the equation being y=4.38x-0.230. This
suggests that the electrochemical oxidation of DA
is a diffusion-controlled process which is much
required for analytical applications. Based on the
equation, Ipa = 2.69 x 105n3/2ACDAD1/21/2[26], the
average diffusion coefficient was calculated to
be 5.67 x 10-5 cm2/s for 100M over the scan rate
50-250mV/s-1. This value is greater than that
reported in the literature [27]. Hence the nanoAu embedded PANI film exhibits a superior
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electro catalytic performance when compared to
bare GCE.
Further, to calculate the transfer coefficient α,
Laviron’s procedure [28] was adopted. A graph
of Epa versus log  (Figure. 5C) was plot which
yielded a straight line with a slope of 0.044 and
the Tafel slope of 0.088. Thus, α was calculated
from the Tafel slope which is equal to (2.303RT/
((1-α)nαF). Substituting the values, and assuming
the number of electrons transferred in the rate
determining step (nα) to be 2 for DA, α was
estimated to be 0.67 which falls well within the
acceptable range of 0.75 and 0.25[29].
transferred in the rate determining step (nα) to be
2 for DA, α was estimated to be 0.67 which falls
well within the acceptable range of 0.75 and
0.25[29].

Figure 5C. A plot of Epa vs log of scan rate.
3.5 Electrochemical Determination of DA
Cyclic voltammetry was employed to study the
electro catalytic activity of DA at various
concentrations in 0.1M PBS (pH 7.4) at the nanoAu/PANI/GCE. Figure 6A shows the CVs for DA
at increasing concentrations from 8 to 100M at
a scan rate of 50mV/s. The oxidation peak current
is directly proportional to the concentration of
DA in the range of 8-100 M. A plot of Ipa vs
concentration (Figure 6B) gives a correlation
coefficient value of 0.983 with a linear equation
y= 0.051x+2.587. The limit of detection was
calculated to be 8µM based on the S/N ratio of 3.

Figure 5A. CVs for the oxidation of 100µM DA
at nano-Au/PANI/GCE in 0.1M PBS (pH 7.4) at
50, 80, 100, 130, 160, 190, 220, 250 mV/s scan
rates.

Figure 6A. CVs for DA at 8, 10, 20, 40, 60,
80,100M concentration at nano-Au/PANI/
GCE in 0.1M PBS (pH 7.4).
Figure 5B. A plot of Ipa vs square root of scan
rate.
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Figure 6B. A plot of Ipa vs various concentration
of DA
3.6 Selective determination of DA in the
presence of UA
An accurate determination of DA in the presence
of other electro active species such as Uric Acid
still remains a challenging problem for analytical
applications due to the overlapping potential
window of DA with the interfering species. In
biological environment, the concentration of UA
is large compared to DA. Hence, it is important
to investigate the electrochemical response of DA
in the presence of excess amount of UA. The
ability of nano-Au embedded PANI/GCE towards
DA detection in presence of one of the potential
interferences, UA was studied using DPV. Figure
7 depicts the DPV recordings of various
concentrations of DA(15-40 µM) in the presence
of 2 x 10-4M UA. At the modified electrode, DA
oxidation takes place at 0.128V and UA oxidizes
at 0.496V. Thus a peak separation of 368mV is
achieved. Morover, the peak current response for
the oxidation of DA increases linearly with the
increase of DA concentration while the peak
current for UA oxidat ion remains nearly
unchanged. Thus UA does not interfere with the
detection of DA. A plot of Ipa vs concentration
indicates linearity in the studied concentration
range of 15 to 40 µM. Thus these results imply
that the modified nano-Au/PANI/GCE can
successfully be employed to determine DA in the
presence of UA.
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Figure 7 depicts the DPV recordings of various
DA concentrations(15-40 µM) at nano-Au
modified PANI/GCE in the presence of 2 x 104
M UA.
3.7 Stability and Reproducibility studies of
the modified electrodes
For bioanalytical applications, the reproducibility
and stability of the modified electrodes are of
utmost importance. The nano-Au/PANI/GCE
showed good reproducibility when tested for
40M DA in 0.1M PBS. The redox peak currents
almost remained constant for 10 measurements
after which the value started decreasing. The
shelf-life of the modified electrode was examined
by recording the current response of DA
intermittently for a period of 20 days. It was
observed that the modified electrode was able to
exhibit the same electrochemical behavior up to
15 days. After 15 days there was a dip in the
current response indicating the degradation of the
electrode surface. Thus the fabricated electrode
exhibited a reasonably good stability and
reproducibility for the determination of DA.
4 Conclusions
Nano-Gold clusters embedded polyaniline
(PANI) modified GCE was successfully
fabricated by electrochemical polymerization of
aniline on GCE surface followed by the in situ
electro deposition of nano-gold clusters over
PANI/GCE. The as-prepared electrode exhibited
good electrochemical behavior in neutral pH and
thus is suitable for sensing a species in biological
fluids in physiological environment. The nano-
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Au/PANI/GCE showed excellent electro catalytic
activity towards the electro-oxidation of DA. This
enhanced electro activity is due to the synergistic
effect of nano-Au clusters and conjugated
conducting PANI. Moreover, the modified
electrode successfully detected the voltammetric
signals of DA in the presence of large excess of
UA. It also exhibited a reasonably good
reproducibility and stability. Thus the fabricated
electrode offers a good candidature for detecting
DA in real time samples.
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Science Of Safe, Tasty And Healthy Water, The Eureka Forbes
Way
by Dr. Abhay Kumar & Dr.Anil Kumar

1. Introduction.
Water is the most abundant compound; majority
of the substances dissolves in it and is often
referred as the universal solvent. Wat er
contamination and its scarcity are alarmingly
increased due to the increasing population,
industrial operation, rapid urbanization,
agriculture etc. Our health depends upon the
quality of water we drinks; so it is very essential
to drink safe water with essential minerals to stay
healthy. When insoluble solid particles, soluble
salts, sewage, garbage, low-level radioactive
substances, industrial wastes, algae, pathogenic
microorganisms, etc. go into water, water gets
polluted. In developing countries, almost 80% of
the diseases were caused by consuming water
contaminated with pathogens and pollutants.
Safe drinking water is essential to human beings
and other life forms. Access to safe drinking water
has improved over the last decades in almost
every part of the world, but approximately one
billion people still lack access to safe drinking
water and over 2.5 billion lack accesses to
adequate sanitation.

dwellers depend upon the tanker water which they
are getting from far places and its sources may
be unknown to the users.
Eureka Forbes first launched its water purifier
Aquaguard in 1984 and over the period of 29
years, the brand Aquaguard become the synonym
for water purification systems in India. Eureka
Forbes offers safe and healthy water to its
customers and become the superbrand trusted by
10 million mothers in India.
Eureka Forbes has mapped the water quality of
India by pin code wise and recorded the data. We
understand the water quality widely and designed
the products which suits to treat the water based
on its impurities. We are not just selling the
product but we educate the customers to own the
product to suit their water quality so that we
ensure the customer is benefited drinking safe and
healthy water. Our water research laboratories are
constantly monitoring the performance of the
products and quality of water across the country.
PRODUCTS WITH A PURPOSE.
AQUAGUARD ENHANCE UV:

Safe water means the water is free from physical,
chemical or microbial impurities. Safe, tasty and
healthy water ensure the water is free from
pollutants and adequate natural minerals which
provide the natural taste. These natural minerals
are required for our body functions, especially
for the growth of children or elderly for keeping
their ideal bone density. Eureka Forbes’s
philosophy is to provide safe, tasty and healthy
water to the people across the globe.
Water quality differs from place to place and its
sources as well. Some places people get surface
water, some are depending upon bore wells or
wells. In case of severe water scarcity, the
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Normally the surface water (lake or river water)
is utilizing effectively for domestic purpose in
India. But it is not sufficient to cater the needs of
all Indians. Surface water is having less Total
Dissolved Solids (TDS) and mostly it will be
below 200 ppm range. The impurities which
degrade its quality are mostly the organic load
and microbial impurities. It may or many not
contain traces of heavy metals based on the
industrial activities in that particular area.
Enhance UV is designed in such a way that it
takes care of the organic load, traces of heavy
metals and microbial impurities. Enhance UV
provide the safe water and maintaining the
essentials minerals 100 % in it. Enhance UV
designed for the surface water with TDS less than
200 ppm and maintaining the essential minerals
in it.
AQUAGUARD ENHANCE GREEN RO

AQUAGUARD ENHANCE NORMAL RO

Normally the ground water TDS is high in many
places. If the TDS is in between 500 to 2000 ppm,
we have an Enhance Normal RO, which can reduce the TDS in higher percentage and provide
the safe water with required minerals in the water. This process enhances the taste of water as
well as gives safe and healthy water.
AQUAGUARD GENEUS

Some instances, the TDS is in betweens 200 to
500 ppm and customers feels the water is not tasty
or hard, we suggest installing Enhance Green RO
with a special membrane. It removes excess of
TDS and maintains the essential minerals in the
out put water. Below 500 ppm TDS range we
never recommend to use a normal RO water
purifier because it removes all the necessary
minerals and make water unhealthy. Less TDS
water with lack of minerals may affect the bone
density and become fragile. Enhance Green RO
saves water wastage and with an improved flow
rate save operational time. This is the distinctive
feature in Enhance Green RO and hence the name
GREEN.
J. Electrochem Soc. India

Many places water quality is a challenge. Some
time the residents get surface water, some day
they depends upon ground water or even
unknown tanker water. The breakthrough
technology in Aquaguard Geneus maintains the
minerals whatever the input TDS may be and
provide safe, tasty and healthy water. This is a
fully equipped water purification system which
electronically operates and maintains the desired
TDS in the output water. Aquaguard Geneus is
the great help to those who gets the frequent
transfers and the new place with an entirely
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different water quality. A single product can use
globally.

in leading laboratories in India and abroad. We
have mapped more than 7000 pin code water
quality and a customer can select the water
purifier
from
visiting
the
site
www.waterwonderfulworld.com, where we have
uploaded the data. Ultimately our health depends
upon the quality of water we drink.

Water specialists from Eureka Forbes test the
water first and suggest the right purification
technology to the customer. This process ensures
the customer drinks safe, tasty and healthy water.
All these products are endorsed by Indian Medical
Association and the technologies are evaluated
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Abstract
1

The present work emphasizes the efficiency of acid treated Prosopisjuliflorabark (TPJB), an agricultural
waste for the adsorption of Cr(VI) from aqueous solutions.The physio-chemical characteristic studies
of sorbent material are performed to determine the pH, conductivity, density, moisture content (Xylene
method), ash content, specific gravity and porosity of the chosen material. The raw
Prosopisjuliflorabarkis treated (TPJB) using 0.1N Hydrochloric acid to enhance the sorption efficiency.
TPJB is characterized by Fourier Transform Infrared (FTIR), Scanning Electron Microscopy (SEM),
Energy Dispersive X-ray Analysis (EDAX), Brunauer-Emmet-Teller(BET) and Barrett-JoynerHalenda(BJH)analyses. The presence of carboxylic, amino, phenolic and hydroxyl groups, surface
morphology, elemental constitution and determination of surface area, pore structures are evident
from the corresponding analyses. The experimental set up for operating factors viz., particle sizes/
doses of the sorbent material upon a range of initial concentrations of Cr(VI) at different temperatures,
agitation time and the pH of the Cr(VI)- TPJB system are carried out to assess sorption capacity of the
chosen sorbent. Langmuir and Freundlich isothermal curves at various initial concentrations are
plotted for Cr(VI)-TPJB system wherein the straight line fit is best suited for Langmuir model. The
maximum sorption capacity of TPJB is found to be22.63 mg/g which indicates its efficiency to be 3
fold times more than the Cevalues reported by other researchers for varied sorbent materials in the
trapping of Cr(VI).
Keywords: adsorption,chromiumions, agricultural waste, characterization, parameters
1. Introduction.
Contamination of drinking water, especially with
heavy metal ions is a serious ongoing problem.
The wastes from metallurgical/mining sectors, in
general, create destabilization in the ecosystem,
as most of the heavy metal ions are toxic to the
living organisms. The discharge of Cr(VI) into
the water bodies is increasing alarmingly because
of its extensive use in various metallurgical,
textile, chemical and tanning industries. Cr(VI)
pollution is one of the major environmental
problems due to its non-degradable nature[1]. If
proper control method is not developed in
treatment and disposal of wastes, contamination
of natural waters occurs, leading to significant
threat to public health. The permissible potable
limit of Cr(VI) in drinking waters is 0.1 ppm and
in irrigation waters is 100 ppm as perUSEPA
[2].Cr(VI) pose dangerous threat to human health,
J. Electrochem Soc. India

mainly for people who work in steel and textile
industry. It is known to cause various detrimental
health effects. When it is a compound in leather
products, it can cause allergic reactions, such as
skin rashes. Inhaling Cr(VI) can cause nose
irritations and bleeds.Absorbed Cr(VI) readily
passes through the membrane of red blood cells
and bound to t he globin fract ion of t he
haemoglobin [3]. Research on toxicological effect
of chromium on water bodies concluded that high
concentration of Cr(VI) in water is lethal to
various fishes. Generally Cr (VI) is removed from
wastewater by various methods such as chemical
precipitation, electrochemical reduction, sulphide
precipitation, concentration, ionexchange, reverse
osmosis, electrodialysis, solvent extraction and
evaporation etc [4]. All these methods are not
effective and are having disposal problems.
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In recent years, the application of agricultural
wastes for the removal of metal ions from
aqueous solutions has stimulated a lot of interest
in extended research. Several studies on the use
of agricultural by-products in the modified and
unmodified forms for Cr(VI) removal from
aqueous solution have been reported [5].
A detailed lit erat ure survey shows that
Prosopisjuliflora bark has not been reported
elsewhere as an adsorbent material for the
removal of Cr(VI). The Prosopisjuliflora is a fast
growing small tree in India. It is mainly cultivated
and consumed for timber and furniture industries
of the developing nations. This tree is widely
grown in dry lands, arid regions and other parts
of India. It is one of the most tolerant species for
saline, alkaline soils and also capable of growing
in water logged areas. Prosopisjuliflorabark
(PJB) can be used as a low-cost adsorbent
material for t he removal of Cr(VI) from
wastewater [6].
Material and Methods
Chemicals
All the chemicals used were of analytical reagent
grade. Doubly Distilled (DD) water was used to
carry out the experimental studies. Stock Cr(VI)
solution of 1000ppm was prepared by dissolving
2.828g of K2Cr2O7 in 1000 ml water. Aliquots of
the adsorbate solutions of varying Cr(VI) ions
concentrations (10-100 ppm) were prepared by
progressive dilutions of stock Cr(VI) solutions.
0.1 N HCl and NaOH solutions were employed
to adjust the pH of the aliquots.
Preparation and treatment of the Adsorbent
material
Prosopisjuliflorabarkswerecollected washed well
with distilled water and sun dried. Then the
material was pulverized using electrical mixer.
The pulverized material was later sieved into
different mesh sizes using scientific t est
molecular sieves. The categorized material
(Prosopisjuliflorabark - PJB) was treated with 0.1
N HCl to modify the nature of the sorbent
materials, thereafter being referred as Treated
Prosopisjuliflorabark (TPJB). The material with
different mesh sizes were subjected to image
microscopic analysis in order to determine the

particle sizes of the TPJB using Binocular
Microscope (OLYMPUS make, Model- CX21I).
Fifteen different granular particles of each mesh
sizes were chosen for the measurement of lengths
and breadths to arrive at an average, as no two
single particles are alike. By applying
multiplication factors, the particle sizes were
calculated. The plates of the microscopic structure
of five different calculated particle sizes
corresponding to the mesh sizes of 85BSS,
72BSS, 52BSS, 36BSS and 22BSS are 0.18mm,
0.21mm, 0.30mm, 0.42mm and 0.71mm
respectively.
Physio- chemical Characterization
The physio chemical characteristic studies viz.,
pH (DELUXE pH Meter (LABTRONICS),
Conductivity (ELICO (CM 180) Digit al
Conductivity Meter), Moisture content (Xyleneextraction test method (ASTM D 2867-95), Bulk
density, Specific gravity, Porosity and ash
content were determined and the values are given
in table 1
Surface Characterization
The surface characterization was performed using
Scanning Electron Microscopy (SEM) coupled
to energy-dispersive X-ray spectroscopy (EDX)
(JEOL JFM- 6390). This analysis also allows
the overall chemical composition of a sorbent to
be identified and qualified. The surface area and
volume of the pores were obtained by
N2physisorption at 77 K. These analyses were
performed with a MicromeriticsBEL,Japan,Inc
Surface Area Analyzer using the BET method.
Fourier transform infrared spectral data
(Shimadzu Infrared Spectrophotometer) were
recorded (within the range of 400-4000 cm-1 )
for unloaded and metal(s) laden materials to
determine the functional groups present in the
sorbent that might have been involved in the
metal(s) uptake.
These analyses were performed to assess the
physicochemical properties of the chosen
material.
Batch Mode Adsorption Studies
Batch equilibration method was carried out for
the removal of chromium ion using the TPJB.
The agitation of Cr(VI) ion with the adsorbent
J. Electrochem Soc. India
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material in a mechanical shaker (KEMI) was
experimentally verified to define the role of
variable parameters viz., particle sizes (0.71 mm,
0.42 mm, 0.30 mm, 0.21 mm and 0.18 mm) and
dosages (200 mg, 300 mg, 400 mg and 500 mg )
of the modified adsorbent, initial concentrations
of the aqueous Cr(VI) ion solutions (20 ppm, 40
ppm, 60 ppm, 80 ppm and 100 ppm) agitation
time interval between the sorbate and sorbent
species (30 min, 60 min, 120 min) pH of the
medium ( 3, 5, 7, 9 and 11) and temperature of
the system (293K, 303K, 313K, 323K and 333
K) to assess the suitability of the modification
under laboratory conditions.
The metal ion concentrations in the collected
samples pertaining to the specific metal ion under
study before and after adsorption were registered
using Shimadzu (AA 6200) Atomic Absorption
Spectrophotometer.
Removal Efficiency
The percentage of adsorption of metal ions from
aqueous solutions were estimated by using the
following equation [7]

% adsorption =

(Ci - Ce )
 100
Ci

…. (1)

The amount of metal ions sorbed by adsorbents
(q) in the sorption system were calculated using
the mass balance
V(C i - C e )
…. (2)
W
where, V is the volume of the solution (L), m is
the mass of the adsorbent (g), Ci and Ce are the
initial and equilibrium metal concentrations (mg/
L) respectively.
q=

Results and Discussions
Surface Characterization
The sorption activity of the material mainly
depends on its chemical nature and pore structure.
Table 1 shows the various physiochemical
properties of TPJB. The ash content of the carbon
gives very low value, indicative of the low
quantity of inorganic matter and high quantity of
the carbon content. The low bulk density value
shows that the carbon has a large number of pores.
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Table 1 Physicochemical Characteristics of
the Adsorbent
Properties

TPJB

pH of 1 % solution

5.62

Conductivity

43.23

Moisture (%)

5.97

Bulk density (g/L)

0.63

Specific gravity

1.45

Porosity

56.55

Ash content (%)

3.93

Surface area (m2/g)

3.28

Mean Pore diameter (nm)

6.56

FTIR Spectral Studies
FTIR spectrum of both unloaded and Cr(VI)
loaded TPJB is shown in figure 1. It can be
ascertained that the figure indicates the presence
of amino, carboxylic, hydroxyl and carbonyl
groups. It can be noticed from the figure that a
strong peak 3400-3700 cm-1 shows the presence
of hydrogen- bonded hydroxyl group. A strong
absorption at 1050 cm-1shows the stretching of
C-O in polysaccharides [8]. It was also observed
that there were two peaks at 2919 cm-1and 2852
cm-1related to the C-H groups of the aliphatic
chain. The region between 1800- 1200 cm-1, refer
to characteristic peaks of cellulose and lignin. The
peaks at 1737 cm-1 are characteristic of C=O of
aldehyde group present in the lignin [9]. The
region between 1300 and 700 cm-1 showed the
characteristic peaks of aliphatic ethers at 1154
cm-1and 1105 cm-1 and aromatic ethers at 1031
cm-1. A decline of the peak intensity in the region
of the characteristic groups was perceived as the
difference between unloaded and loaded material.
This decrease may be attributed to the adsorption
of chromium ions.
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EDAX Analysis

Fig 1: FTIR Spectrum of unloaded and
Cr(VI) loaded TPJB

The EDAX spectra were recorded to analyze the
elemental constitution qualitatively for the
modified adsorbent. The spectra of TPJB before
and after adsorption are depicted in figures 3a
and 3b and it shows the presence of O, C, Ca and
Cl in the adsorbent. These have been reported as
the principle elements of any adsorbent [10].
These are summarized in Table 2. The presence
of peak for Cr(VI) at the energy range of 5-6 KeV
in figure 2b, confirms the metal adsorption onto
TTCSS.

SEM Analysis
The surface morphology of the unloaded and
metal-loaded biosorbentinvestigated by SEMare
depicted in figures 2a & 2b. The SEM image of
unloaded sorbent shows a highly porous
morphology and a coarse surface texture with
pores of different shapes and sizes. After
adsorption, the effect of Cr(VI) binding to the
adsorbent surface indicate the changes caused in
the morphology. It is observed that the pores on
the surface (as evident in figure 2a) are not distinct
in figure 2b, this is due to the adsorption of
Cr(VI).

Fig 3a: EDAX spectra of unloaded TPJB

Fig3b: EDAX spectra of Cr(VI) loaded TPJB
Effect of Particle size
Fig 2a: SEM image of unloaded TPJB

Fig2b: SEM image of Cr(VI) loaded TPJB

Adsorbent particle size has a significant influence
on the kinetics of sorption due to change in
number of adsorption sites. The dependence of
adsorption onto the adsorbentis shown in figure
4.
The experimental results for the adsorption of
Cr(VI) at five different part icle sizes
viz.,0.18mm-0.71mm of TPJB indicated that the
decrease in particle size has a favorable effect on
Cr(VI) removal. This is because adsorption being
a surface phenomenon, smaller adsorbent surface
offers larger surface area for metal binding [11].
J. Electrochem Soc. India
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Table 2: Data for the elements presented in TPJB and TPJB-Cr
Element

App
Conc..

Intensity
Corrn

Weight%

Weight%
Sigma

Atomic%

CK

77.66

1.2211

52.2

1.62

59.46

OK

31.35

0.5462

47.13

1.61

40.3

Cl K

0.09

0.8243

0.09

0.11

0.04

Ca K

0.7

0.9775

0.58

0.12

0.2

TPJB

Totals

100

TPJB-Cr
CK

38.76

1.1682

50.54

2.71

59.64

OK

16.06

0.5614

43.68

2.77

38.7

Ca K

0.67

0.9966

1.02

0.22

0.36

Cr K

2.49

0.7973

4.76

0.49

1.30

Totals
Thus, adsorbents with 0.18 mm particle size were
found to be optimum showing a higher percentage
removal for the employed adsorbate
concentration. The microscopic structure of TPJB
0.18mm particle size is depicted in figure 5.

Fig 4: Effect of Particle Size

Fig 5: Microscopic view of TPJB
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Effect of Agitation Time
The agitation periods for the adsorption of Cr(IV)
ionby the sorbent were investigated and the results
are shown in figure 6. It is evident that the
attainment of equilibrium time at 60 min for initial
concentrations of 20, 40, 60, 80 and 100 mg/L of
Cr(VI) solutions. Similar results have been
reported for low cost adsorbents [12].
The data shows that the metal uptake rises with
increase in metal ion concentration. This is due
to the increase in the driving force i.e.
concentration gradient. The amount adsorbed
registered a maximum (22.6 mg/g) at an initial
concentration of 100 mg/L, further increase in
concentration (200 mg/L) registered a decline.
This may be due to the saturation of the sorption
sites on the adsorbent as the concentration of the
metal ions increased [13].
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Fig 6: Effect of agitation time and Initial
Concentration
Effect of Dosage
Adsorbent dose seems to have a great influence
on sorption process. Variations in dose of
adsorbent ion determine the number of binding
sites available for adsorption. The adsorption
density decreased from 22.6 to 11.7 mg/g for the
removal of Cr(VI) ionswhen the adsorbent dose
was increased from 200mg to 1000mg at 100mg
intervals as evident from Figure 7. It is obvious
from the figure that 200mg of TPJB had
maximum adsorpt ion of Cr(VI), t he
corresponding curve being atop in the graph. The
decrease in adsorbent density is basically due to
the adsorption sites remaining unsaturated during
the adsorption process. This may be due to the
overlapping and aggregation of adsorption sites
which occurs as a result of overcrowding of
adsorbent particles due to increase in the dose
[14].

Maximum uptake for Cr(VI)- TPJB system was
observed at pH 2.5. At increasing pH
environments, a sharp decline in uptake was
observed (figure 8), which is in good agreement
with previous reports [15, 16]. The speciation
studies of Cr(VI) in aqueous solution shows that
H2CrO4 predominates at pH less than 1.0, HCrO4"
for pH between 1.0 and 6.0 and CrO42" at pH
above 6. Adsorption of Cr(VI) at pH 2.5 is due to
the electrostatic attraction between the positively
charged surface of the adsorbent with HCrO4"
ions. But in highly acidic medium (pH=1.0),
H2CrO4 (neutral form) is the predominant species
of Cr(VI). Hence, percentage removal decreased
due to the involvement of less number of HCrO4"
anions to the positive surface. At higher pH value,
the reduction in adsorption may be due to the dual
competition of both OH” and CrO42" ions to get
adsorbed on the surface of the adsorbent among
which OH”predominates[17].

Fig 8: Effect of pH
Effect of Temperature

Fig 7: Effect of Dosage
Effect of pH
The pH of the aqueous solution is one of the most
important parameters controlling uptake of heavy
metals from wastewaters and aqueous solutions.
The acidity of the medium affects the competition
ability of hydrogen ions with metal ions towards
the active sites on the adsorption surface.

Temperature has marked effect on adsorption
process. It is observed from the figure that the
adsorption capacities of all the adsorbents towards
Cr(VI) increased slightly with temperature upto
333K, after which the percentage removal was
not appreciable under optimal conditions. The
enhancement of adsorption capacity at higher
temperature may be attributed to the desolvation
of adsorbing species, increase in the number of
active sites available for adsorption, enlargement
of pore size of the adsorbent or due to decrease
in the boundary layer thickness surrounding the
sorbent, so that the mass transfer resistance of
adsorbate in the boundary layer is retarded [18,
19].
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intercept of 1/bqm (table 4). Higher the value of
b, higher is the affinity of adsorbent for the metal
to be sorbed [25]. The R2 values from the plot
suggests maximum linearity and the fit in of the
Cr(VI) on Langmuir adsorption isotherm.
Separation factor (RL)

Fig 9: Effect of Temperature
Adsorption Isotherm Models
Adsorption Isotherm equations that are applicable
to single – solute were employed to describe the
experimental sorption data obtained in this study.
These isotherm models are characterized by
parameters, which state the surface properties and
affinity of the adsorbent [20]. These parameters
can be evaluated from graphical plotting of the
experimental data using Excel Microsoft Office
tool. The best fit of the isotherm equations were
further determined using linear regression and
their suitability is validated with values of the
correlation coefficients (R2) obtained [21]. Thus,
the data obtained in this study were fitted to
Freundlich, Langmuir isotherms in order to
understand the adsorption process under the
influence of varying initial concentrations.
Langmuir Isotherm
The mostly used Langmuir model assumes that
[22]Sorption occurs at specific homogeneous
adsorption sites each of which can hold only one
molecule. The adsorption is limited to
monolayerLangmuir Isotherm model can be
written as follows [23, 24]

Ce Ce
1


q e q m bq m

RL =

1
(1 + b Ci )

…. (3)

where, Ci is the initial metal ion concentration
(mg/L). The parameter RL indicates the shape of
the isotherm and the nature of the sorption process
[27] shall be
RL> 1 Unfavourableisotherm, RL = 1
isotherm

Linear

R L = 0 Irreversible isotherm, 0 < R L< 1
Favourable isotherm
The Langmuir isotherm data for Cr(VI) system
is given in table 2 and the plot in figure 10. The
correlation coefficients (R2) for the metal with
two adsorbent is approximately 0.99. The RL
values for all the system is between 0.01 and 0.74
(Table3) indicating favourable adsorption.

…. (2)

whereq e is the equilibrium met al ion
concentration on the sorbent (mg/g), Ce is the
equilibrium metal ion concentration in solution
(mg/L), qm is the maximum monolayer adsorption
capacity of the sorbent (mg/g) and b is the
Langmuir sorption constant (L/mg) related to the
free energy of sorption. The Langmuir constants
qm and b were determined from the linear plot of
Ce/qe versus Ce, which has a slope of 1/qm and
J. Electrochem Soc. India

The linearity of the Langmuir isotherm can be
used to predict whether a sorption system is
favourable or unfavourable. Accordingly, the
essential characteristics of Langmuir isotherm can
be expressed in terms of a dimensionless
parameter called the separation factor or
equilibrium parameter RL, which is defined by
the following relationship [26]

Fig 10: Langmuir Isotherm for the sorption
of Cr(VI) by TPJB
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Table 3: Equilibrium Parameter RL for
Cr(VI) system
Conc. of metal ion
(mg/L)

Conclusion
From the experimental results, it is obvious that
the chemically treated Prosopisjuliflora bark is a
potential adsorbent, being abundant, eco-friendly
and cost effective for the removal of Cr(VI) ions
from aqueous solutions. The changes in the FTIR
spectra pertaining to the functional groups
confirmed the sorption of Cr(VI) ions onto the
chosen material. Also, the surface morphological
differences, elemental constitutions and surface
area (SEM, EDAX and BET studies respectively)
supported the characteristic changes occurred on
the treated Prosopisjuliflora bark. The optimum
conditions for maximum percentage removal
(93%) of Cr(VI)- TPJB system : 0.18mm particle
size, 200 mg dosage, 60 minutes agitation time,
100 mg/L initial concentration of Cr(VI) ions, pH
2 of the solution mediumat room temperature.
Also, the correlation coefficient value implied that
Langmuir isotherm has best fitted performance
than the Freundlich model. The R L
valuesindicated the favourable adsorption
process.

Cr(VI)- TPJB

20

0.74

40

0.59

60

0.49

80

0.42

100

0.37

Freundlich isotherm
The Freundlich equations commonly used for
mathematical description of adsorption in
aqueous system. Batch isothermal data fitted to
the linear form of the Freundlich isotherm is
represented by the equation,
Log qe = log k + 1/n log Ce

......... (4)

where,
qe = amount of metal ions sorbed per unit weight
of the sorbent (mg/g)
Ce = equilibrium metal ion concentration (mg/
L) of the metal ions in the solution
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Kfand 1/n are Freundlich constants related to
adsorption capacity and adsorption intensity,
respectively. Both Kf and1/n are empirical
constants being indicative of sorption capacity
and adsorption intensity, respectively [28]. From
the slope and intercept of plots log qevs log Ce
(figure11), values of Kf and R2 were determined
(Table 4).
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Call for Nominations

S. K. SESHADRI Memorial Mascot National Award 2015
With a view to stimulate interest among Scientists, Engineers and technologists and to recognize
meritorious work in the field of Corrosion, the Electrochemical Society of India has Instituted the Dr.
S. K. Seshadri Memorial MASCOT National Award to be presented at the annual National Convention
on Electrochemical Science and Technology, which will be normally held in the middle of July every
year. Nominations are invited and may be submitted by Heads of Institutions, earlier MASCOT Award
winners, Research Supervisors, Fellows of ECSI and nationally recognised persons. Nominations may
be submitted at any time of the year, but before the 30 May of the year for that year’s award (30 May
2015). Self-nomination is discouraged.
The Award carries a scroll of honour and a cash prize.
Details of earlier winners of this Award may be obtained by sending a request to the Hon. Gen. Secretary

Guidelines for Nomination for eh above Awards
1. Nomination should be specific and sent along with detailed CV of the nominee highlighting the
significance of the work carried out and the impact on the Indian Industry
2. For the MASCOT Award, work in the area of Industrial Corrosion, Corrosion prevention and
allied subjects would be relevant
3. The work should be meritorious and should have promise of industrial applicability
4. The work should have been carried out to make it suitable for Industrial application. The process
of development and test schedules may have been carried out during the preceding couple of
years, but should have culminated in a fruitful result during the year.
5. The work need not necessarily have been published
6. Membership of the ECSI of the person nominated is not necessary, but would be encouraged to
become a Member of ECSI.

Nomination complete in all respects should reach the Hon. Gen. Secretary, Electrochemical Society of
India, Indian Institute of Science Campus, Bangalore 560012 on or before 30 May 2015.
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Call for Nominations

The N. M. SAMPATH Award 2015
With a view to recognize outstanding services rendered to the Electroplating Industry and Technology,
the Governing Council of the ECSI has accepted a Corpus of the Award Fund of the Society and has
Instituted the N. M. SAMPATH Award. Nominations are invited for the N. M. Sampath Award 2015,
which can be made by Heads of Institutions, Industries and other organizations, earlier Award winners,
Fellows of ECSI, persons in outstanding positions, etc. Nominations may be submitted at any time of
the year, but before the 30 May of the year for that year’s award (30 May 2015). Self-nomination is
discouraged.
The Award carries a scroll of honour and a cash prize.
Details of earlier winners of this Award may be obtained by sending a request to the Hon. Gen.
Secretary
Guidelines for Nomination for the Award:
1. Nomination should be specific and sent along with detailed CV of the nominee highlighting
the significance of the work carried out and the impact on the Indian Industry
2. Work in the area of Industrial Metal Finishing, Electroplating, Surface Finishing, and allied
subjects would be relevant
3. The work should be meritorious and should have promise of industrial applicability
4. The work should have been carried out to make it suitable for Industrial application. The
process of development and test schedules may have been carried out during the preceding
couple of years, but should have culminated in a fruitful result during the year.
5. The work need not necessarily have been published
6. Membership of the ECSI of the person nominated is not necessary, but would be encouraged
to become a Member of ECSI.

Nomination complete in all respects should reach the Hon. Gen. Secretary, Electrochemical Society of
India, Indian Institute of Science Campus, Bangalore 560012 on or before 30 May 2015.
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