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Abstract
Two new redox systems, sym. 1,2,4,1,2,4-hexamethylferrocene/cation sym. 1,2,4,1,2,4-hexamethylferricinium and sym. octamethylferrocene/cation sym. octamethylferricinium
(MenFc/MenFc+, n = 6, 8) were studied by the cyclic voltammetry method. The observed difference between potentials of anodic and cathodic peaks of 0.063 to 0.075 V, and its independence on the potential scan rate, the straight-line dependence of the current value of
anodic (and cathodic) peak on square root of the potential scan rate, as well as shapes of the
recorded cyclic voltammograms indicate that both redox systems in acetonitrile meet the
most important requirement of IUPAC regarding internal reference redox systems (IRRS) electrochemical reversibility of electron transfer reaction. The same method under identical
conditions was used to study the effect of the number of methyl groups on the redox potential
of MenFc/MenFc+ systems, n = 0, 6, 8, 10. It was shown that the successive displacement of
half-wave potential in the series of Fc/Fc+ → Me6Fc/Me6Fc+ → Me8Fc/Me8Fc+ →
→ Me10Fc/Me10Fc+ towards negative potentials is attributed to the electron-donor property
of methyl groups. The location of the redox potentials values of new systems [n=6 (111 mV),
n=8 (23 mV)] between redox potentials of systems of n = 0 (431 mV) and n = 10 (-77 mV)
means that the redox potential of the systems of MenFc/MenFc+(n = 6, 8) has an optimal
position on the electrode potential scale, i.e. meets another of the IUPAC criteria for IRRS.
Keywords
Internal reference redox systems; voltammetry; sym. hexamethylferrocene; sym. hexamethylferricinium; sym. octamethylferrocene; sym. octamethylferricinium.
Introduction
Ferrocene and its derivatives are, from the point of view of internal reference redox systems
(IRRS) in non-aqueous media, one of the most widely studied chemical materials over the past
http://dx.doi.org/10.5599/jese.1032
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10-15 years [1,2]. Currently for this purpose, the ferrocene-ferricinium system is commonly used
[1,3]. Periodic reports on its instability [4,5], however, have initiated numerous researches to find,
from the point of view of the IUPAC criteria [1,6], more promising systems consisting of methyl
homologues of ferrocene and ferricinium cation [7,8].
An advantage of MenFc/MenFc+ (n = 6, 8, 10) systems in comparison with the Fc/Fc+ system arises
from the fact that the potential of MenFc/MenFc+ (n = 6, 8, 10) systems depends to a lesser extent on
the nature of the solvent than the potential of Fc/Fc+ system. This feature of MenFc/MenFc+ (n = 6, 8,
10) redox systems is due to electron-donor properties and spatial dimensions of methyl groups. On
the one hand, electron-donor properties of methyl groups partially compensate for a positive charge
on the iron atom. On the other hand, emergence of several Me groups in cyclopentadienyl rings
noticeably increases spatial dimensions (volume) of the polymethylcyclopentadienyl ring. Both factors
will weaken the interaction of solvent molecules both with the central iron atom and aromatic ring of
the reagents (MenFc and MenFc+). Therefore, the potential of the MenFc/MenFc+ (n = 6, 8, 10) redox
systems is less affected by the solvent than the potential of the Fc/Fc+ system.
Among IUPAC criteria, the most important is the reversibility of the electron transfer reaction
proceeding with the participation of the redox system (eq. 1):
MenFc  MenFc+ + e- (n = 6, 8)

(1)

In our previous work [9 the reversibility of the electron exchange in two redox systems,
Me6Fc/Me6Fc+ and Me8Fc/Me8Fc+ was evidenced by the 1Н NMR method.
The purpose of this work is to define the electrochemical reversibility of the electron transfer
reaction proceeding in the redox systems Me6Fc/Me6Fc+ and Me8Fc/Me8Fc+ by the method of cyclic
voltammetry.
Experimental
Electrochemical study of redox system of MenFc/MenFc+ (n = 6, 8) was conducted in a threeelectrode cell using the potentiostat of IVIUMSTAT Electrochemical Interface. As the working
electrode, a platinum wire was used, platinum plate served as the auxiliary electrode, while
silver/silver chloride electrode (Ag/AgCl in acetonitrile, 0.1 M [NBu4][PF6]) was used as the reference
electrode. The reference electrode was isolated from the cell solution with the Luggin's capillary,
filled with the buffer solution (hexafluorophosphate tetrabutylammonium ([NBu4][PF6]), 0.1 M). The
concentration of the reagent (MenFc) in the solution was 1 mM.
As an electrolyte, hexafluorophosphate tetrabutylammonium ([NBu4][PF6]) (Sigma-Aldrich) was
used. Before using, the salt was dried during an hour at the temperature of 105 °C by a vacuum
pump [3]. The cyclic voltammograms were recorded in the presence of 0.1 M [NBu4][PF6] in
acetonitrile purified from oxygen and traces of water, in the argon atmosphere. Temperature of the
system was kept constant (0.1 K) by a thermostat.
Neutral complexes Me6Fc and Me8Fc were subliminated at temperature of 40 and 60 °C under
the pressure of 0.01 MPa, and recrystallized twice from hexane solution. The salts MenFc+PF6– (n = 6,
8) in the form of acetone solution passed through a column with an aluminum oxide with height of
3 - 4 cm and recrystallized twice from a mixture of acetone with hexane.
Results and discussion
In Figure 1, cyclic voltammograms recorded for the systems of Me6Fc/Me6Fc+ and Me8Fc/Me8Fc+,
recorded at various scan rates of potential,  = 0.02, 0.05, 0.1, and 0.2 V s–1, are shown.
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a

b

Figure 1. Cyclic voltammograms of redox systems Me6Fc/Me6Fc+ (a), and Me8Fc/Me8Fc+ (b) in
electrolyte solution (supporting electrolyte: [NBu4][PF6] (0.1M), solvent: acetonitrile, concentration of Me6Fc, Me8Fc - 1 mM, scan rate: 1- 0.2 V s-1; 2 - 0.1 V s-1; 3 - 0.05 V s-1; 4 - 0.02 V s–1

The characteristics of cyclic voltammograms of the studied redox systems are described in Table 1.
Table 1. The characteristics of cyclic voltammograms of the redox systems of
Me6Fc/Me6Fc+ and Me8Fc/Me8Fc+

 / V s–1

Epa / V*

0.02
0.05
0.10
0.20

0.136
0.142
0.147
0.151

0.02
0.05
0.10
0.20

0.054
0.055
0.057
0.058

Epc / V
Me6Fc/Me6Fc+
0.067
0.071
0.074
0.076
Me8Fc/Me8Fc+
– 0.009
– 0.010
– 0.010
– 0.011

Ep / V

E1/2 / V

0.069
0.071
0.073
0.075

0.102
0.107
0.111
0.113

0.063
0.065
0.067
0.069

0.022
0.023
0.023
0.024

*Potentials were calculated relatively to acetonitrile solution of silver chloride (Ag/AgCl) reference electrode
(buffer solution – 0.1 М [NBu4][PF6])

Here  is the scan rate of the potential, Epa – anodic peak potential, Epс – cathodic peak potential,
ipa/ipc is the ratio of the anodic and cathodic peak current, Ep is difference of potentials of anodic
and cathodic peaks (Epa - Epс), E1/2 is half-wave potential, (Epa + Epс)/2.
Consideration of parameters presented in Table 1 and corresponding cyclic voltammograms
allow distinguishing three general features of voltammograms that confirm reversibility of the redox
reactions of Me6Fc/Me6Fc+ and Me8Fc/Me8Fc+:
1. the value of potential difference of the anodic and cathodic peaks (Ep) is, regardless of the scan
rate of the potential at 25 °C, in the range of 0.063 - 0.075V.
2. Straight-line correlation of the current value of anodic (or cathodic) peak and square root of the
scan rate of the potential shown in Figure 2, supports the correspondence of both redox systems
to the Randles-Ševčik equation.
3. The forms of cyclic voltammograms, as well as proximity of ratio of the anodic and cathodic peak
current to the unit (0.92 - 1.15).
Above mentioned features of voltammograms allow us to make the conclusion that the
heterogeneous reaction of the electron transfer in the redox systems of Me6Fc/Me6Fc+ and
Me8Fc/Me8Fc+ is the one-electron reversible process.
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a

b

Figure 2. Linear dependence of anodic peak current values and square root of potential scan
rate for redox systems Me6Fc/Me6Fc+ (a) and Me8Fc/Me8Fc+ (b)

The main point of this conclusion is that MenFc/MenFc+ (n = 6, 8) systems are quite stable in
acetonitrile during electrochemical studies, whereas the data obtained from the cyclic
voltammograms indicate the absence of the side chemical reactions in the system. Therefore the
systems of Me6Fc/Me6Fc+ and Me8Fc/Me8Fc+ showing the electrochemical reversibility in organic
solvent (acetonitrile) can be used for the development of the reversible IRRS in non-aqueous media.
Similar conclusion on stability of these two systems in other organic solvents and their mixtures
with water was defined in the work on study of kinetics of the electron exchange reaction in
homogeneous systems Me6Fc/Me6Fc+ and Me8Fc/Me8Fc+ by the method of 1Н NMR [9.
In Table 2, the half-wave potential value (E1/2) of redox systems Me6Fc/Me6Fc+ and Me8Fc/Me8Fc+,
along with the values E1/2 for the redox system of Fc/Fc+ and Me10Fc/Me10Fc+ are shown. The values
of the half-wave potential for Fc/Fc+ and Me10Fc/Me10Fc+ [1,10 were obtained from our voltammetric
studies conducted under identical conditions as for the systems of Me6Fc/Me6Fc+ and Me8Fc/Me8Fc+.
Table 2. The half-wave potential values for MenFc/MenFc+ (n=0,6,8,10) redox systems ( = 0.1 V s–1)
Redox system
E1/2 / mV

Fc/Fc+
431

Me6Fc/Me6Fc+
111

Me8Fc/Me8Fc+
23

Me10Fc/Me10Fc+
– 77

It is seen from Table 2 that half-wave potential values of Me6Fc/Me6Fc+ and Me8Fc/Me8Fc+ redox
systems are in the scale of electrode potentials located approximately in the same region as E1/2 of Fc/Fc+
and Me10Fc/Me10Fc+ redox systems which were recommended as IRRS in non-aqueous media [3].
The electrochemical reversibility of Me6Fc/Me6Fc+ and Me8Fc/Me8Fc+ redox systems in an
organic solvent (acetonitrile), and the optimal range of location of their redox potentials indicate
the necessity of the further study on establishing the correspondence of these systems (n = 6, 8)
with remaining criteria for the reference electrode [1,6]. Currently, we are continuing
electrochemical studies of these two systems in various organic solvents, ionic liquids, and mixtures
of organic solvent/water.
It is also seen from Table 2 that in the series of Me6Fc/Me6Fc+ → Me8Fc/Me8Fc+ →
→ Me10Fc/Me10Fc+, E1/2 of the subsequent redox system consistently shifts towards negative
potentials. The shift for the system of Me8Fc/Me8Fc+ relatively to Me6Fc/Me6Fc+ is 87 mV, but for
the system of Me10Fc/Me10Fc+ relatively to Me8Fc/Me8Fc+ is 101 mV. These suggest that appearing
of two additional methyl groups in the composition of each reagent causes the shift of the half-wave
potential for 90–100 mV in the direction of negative potential.
The observed shifts of E1/2 in the series of Fc/Fc+ → Me6Fc/Me6Fc+ → Me8Fc/Me8Fc+ →
→ Me10Fc/Me10Fc+ should be attributed to the electron-donor property of the methyl groups which
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facilitates one-electron oxidation of the corresponding neutral polymethylferrocene. Indeed, a
comparative study of photoelectron spectra of ferrocene and decamethylferrocene [11] showed that
the ionization potential of d-electron of iron atom in decamethylferrocene is approximately 1.0 eV
less than the corresponding ionization potential in the ferrocene molecule. Moreover, as in the sequence Me6Fc/Me6Fc+ → Me8Fc/Me8Fc+→ Me10Fc/Me10Fc+, in the series of Fc/Fc+ → Me2Fc/Me2Fc+ →
… → Me10Fc/Me10Fc+, the electron effect of methyl groups has an additive character: in case of
decreasing ionization potential of d-electron of 1,1-dimethylferocene in comparison with ionization
potential of ferrocene it is equal to 0.2 eV, then this value is 5 times higher for decamethylferrocene
and it is 1 eV, as noted above.
Conclusion
It was shown by cyclic voltammetry method that the electron transfer reaction of redox systems
Me6Fc/Me6Fc+ and Me8Fc/Me8Fc+ in an organic solvent (acetonitrile) is a reversible one. The range
of their redox potential is in the optimal region of electrode potential scale. This means that the
systems of Me6Fc/Me6Fc+ and Me8Fc/Me8Fc+ meet two of seven criteria of IUPAC postulated for an
IRRS in non-aqueous media. Therefore, further studies of these systems as internal reference redox
systems are required.
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Abstract
In this paper, a synthesized organic compound from the family of ketene dithioacetal was
studied as corrosion inhibitor for mild steel in 1.0 M hydrochloric acid by gravimetric
measurements. The aim of this work is to study the effect of inhibitor concentration and
temperature on the corrosion resistance, and to compare the experimental results with those
obtained by mathematical models. The structural properties are characterized using the
scanning electron microscopy technique. It has been found that the inhibition efficiency
increases with increasing inhibitor concentration. The adsorption of studied compound on
mild steel surface follows Langmuir’s isotherm. Taking into account the influence of inhibitor
concentration and temperature on the corrosion inhibition efficiency, obtained data were
analyzed by two mathematical models based on linear and quadratic regression. The
obtained experimental results are in a good agreement with those predicted by the quadratic
regression models.
Keywords
Ketene dithioacetal; hydrochloric acid; gravimetric measurements; linear regression;
quadratic regression.
Introduction
The use of organic inhibitors for the control of corrosion of metals and alloys is of practical
importance for many industrial applications, where acid solutions are commonly used in several
processes. Among these, hydrochloric acid is one of the most widely used for pickling, and chemical
and electrochemical etching of some metals and alloys [1]. Because of acid aggressiveness, the use of
corrosion inhibitors is considered as the most effective method for the protection of many metals and
alloys against acid attack [2-7]. Inhibitors are also employed to reduce the dissolution rate of metals.
http://dx.doi.org/10.5599/jese.1050
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Many authors have reported various types of organic inhibitors used as corrosion inhibitors for steel
in hydrochloric acid solution [8-15]. These investigations revealed that organic compounds are acting
as inhibitors due to heteroatoms such as nitrogen, sulfur, oxygen and phosphorus, which owing to
their free electron pairs are capable to form coordinate covalent bonds with metals. In addition, π
electrons in triple or conjugated double bond also exhibit good inhibitive properties [16-18].
The purpose of this work is to investigate the inhibitory action of the organic compound
1,3-dithianes, substituted with two electroactive groups A1 and A2: 3-(1,3-dithian-2-ylidene)
pentane-2,4 dione (PDDY). The behavior of mild steel in acidic medium in the absence and presence
of the inhibitor at different concentrations (5×10-6 - 10-3 M) and at various temperatures (20-60 oC)
was explored. The chemical structure of PDDY is shown in Figure 1. The assessment of corrosion
behavior is carried out using weight loss measurements and scanning electron micrograph (SEM)
imaging at 20 °C. In the second part of this work, two mathematical models, based on linear and
quadratic regression, are suggested to investigate the effect of concentration and temperature
upon inhibition efficiency of PDDY.

A1

S
C

A2

C
S

Figure 1. Chemical structure of 3-(1, 3-dithian-2-ylidene) pentane-2,4 dione compound (PDDY)

Experimental
Preparation of samples
The composition of mild steel used in this study is: C - 0.09 wt.%; Si - 0.05 wt.%; Mn - 0.13 wt.%;
S - 0.24 wt.%; P - 0.24 wt.% and Fe balance. The mild steel specimens were cut into 1 × 1 × 1 cm
pieces for the mass measurements. The specimens were abraded with a series of SiC papers (grades
320, 400, 500, 800, 1000, 1200 and 2000), washed with distilled water, degreased with acetone, and
dried with a cold air stream at room temperature before use in the experiments.
Electrolytic solution
The aqueous electrolyte solution (1 M HCl) was prepared by dilution of analytical reagent grade,
37 % w/w HCl (Merck) with bi-distilled water. The measurements were carried out in 1 M HCl in the
absence and presence of the inhibitor within the concentration range 5×10 -6 to 1×10-3 M.
Preparation of inhibitor
The inhibitor 3-(1,3-dithian-2-ylidene) pentane-2,4-dione was synthesized using K2CO3 (21 g,
0.15 mol) and active methylene compound, 5.2 ml (0.05 mol) in 25 ml of DMF. The mixture was stirred
magnetically. 4.5 mL (0.075 mol) of carbon disulfide was then added in just one time at room
temperature. The stirring was maintained for 10 min before dropwise addition of reagent
dielectrophile, 7.2 ml (0.06 mol) 1,3-dibromopropane, during 20 min. After seven hours of stirring at
room temperature, 250 mL of ice water was added to the reaction mixture. The formed precipitate
was filtered, dried and then purified by recrystallization from ethanol and used directly in the
experiments in the concentration range (5×10-6, 10-5, 5×10-5, 10-4, 5×10-4 and 10-3 ) mol L-1 [19]. The
studied compound was recovered in the form of orange crystals, exhibiting the following
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characteristics: molar mass, M = 216 g/mol, yield 83 %, M.P. =104 °C. FT-IR (FT-IR spectra of PDDY
in its solid state, 1/ : 1630 cm-1 (C=O), 1725 cm-1 (H3C-C=O), 1173-1234 cm-1 (C-S-C), 1415 cm-1
(C=C). 1H NMR ((CDCl3), 250 MHz)):  = 2.32 ppm (s, 6H, 2CH3),  = 2.25 ppm (m, 2H, CH2),  = 2.95
ppm (t, 4H, 2CH2). The mass spectroscopy analysis revealed that the inhibitor produced fragment
ions m/z 217.
Scanning electron microscopy (SEM)
The morphological structures of mild steel surfaces before and after total immersion for 3 h in a
corrosive solution (1 M HCl) with and without addition of 10−3 M of PDDY at 20 °C, were determined
by the scanning electron microscope, model JEOL JSM-6360 LV.
Gravimetric measurements
Gravimetric experiments were performed according to the standard methods [20-22].
Experiments were conducted under total immersion of mild steel specimens in the stagnant and
aerated conditions, using 250 mL capacity beakers. After being weighed accurately with high
sensitivity balance, the specimens were immersed in 100 mL of 1 M HCl with and without various
concentrations (5×10-6 - 10-3 M) of PDDY at various temperatures (20, 30, 40, 50 and 60 °C) in
aerated conditions. After 3 hours of immersion, the specimens were taken out, rinsed thoroughly
with distilled water, dried and weighed accurately again. The average of three replicates was used
to further process the data. The average weight loss ∆W was calculated using the equation (1):
∆W= W1 – W2

(1)

where, W1 and W2 are respectively the average weight of specimens before and after immersion.
The corrosion rate (CR) in mg cm-2 h-1, the surface coverage () and inhibition efficiency (IEW),
obtained from gravimetric experiments were computed using the equations (2)-(4) [20,23,24]:
CR =

=

W
St

CR0 -CRi
CR0

IEw =

CR0 -CRi
100
CR0

(2)
(3)

(4)

where ∆W is the average weight loss, S is the total surface area of the specimen and t is the
immersion time. CR0 and CRi are corrosion rates in the absence and presence of various
concentrations of PDDY, respectively. Corrosion rates and inhibitor efficiencies were evaluated and
computed at different operating conditions.
Results and discussion
Mass loss measurements
Corrosion of mild steel in 1 M HCl in the absence and presence of various concentrations (5×10-6,
10-5, 5×10-5, 10-4, 5×10-4 and 10-3 M) of PDDY was studied by weight loss experiments at various
temperatures (20, 30, 40, 50 and 60 °C). The corrosion rate (CR) in mg cm-2 h-1 and values of
inhibition efficiency, obtained by 30 test runs of weight loss measurement after 3 hours of
immersion in 1 M HCl solution, are summarized in Table 1. It was found that addition of PDDY inhibits
corrosion of mild steel at all concentrations used in this study. As presented in Table 1, it is clear
http://dx.doi.org/10.5599/jese.1050
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that corrosion rate increased with temperature and decreased with inhibitor concentration. Many
similar results were obtained by other researchers, who already found that corrosion rate and
inhibition efficiency depend on the concentration of the inhibitor and temperature of the medium
[10,11].
Table 1. Corrosion parameters obtained from weight loss measurements of mild steel after 3 h of immersion
in 1 M HCl solution in the absence and presence of different concentrations of PDDY at various temperatures
CR, mg cm-2 h-1

IEW, %

C/M
blank
5×10-6
1×10-5
5×10-5
1×10-4
5×10-4
1×10-3

20
0.897
0.361
0.277
0.194
0.166
0.074
0.062

30
1.983
0.807
0.681
0.552
0.393
0.336
0.187

40
4.751
2.419
2.087
1.649
1.337
0.925
0.776

50
9.774
6.271
5.016
4.354
3.755
2.598
1.943

t / °C
60
20
13.65
-9.510 59.755
8.947 69.119
8.161 78.372
6.860 81.494
4.944 91.750
4.165 93.088

30

40

50

60

--

--

--

--

59.304
65.658
72.163
80.181
83.056
90.570

49.084
56.072
65.291
71.858
80.530
83.667

35.840
48.680
55.453
61.582
73.419
80.121

30.330
34.454
40.212
49.744
63.780
69.487

Inhibition efficiencies are for different concentrations of PPDY at different temperatures
presented in Figure 2, where it is clearly seen that IEw reached the maximum value of 93.09 % for
10-3 M PPDY at 20 °C. It is well known that adsorption of inhibitor at steel surface is primarily
responsible for the reduction of metal dissolution process in corrosive media [23]. The adsorption
is enhanced by the presence of hetero atoms with lone pairs of electrons of the molecule inhibitors
that facilitate the electrostatic adsorption on the steel surface by forming stable insoluble films.
Data in Table 1 show that without inhibitor, the corrosion rate is as high as 0.897 (mg cm-2 h-1), while
in the presence of 10-3 M of inhibitor, CR value is reduced to 0.062 (mg cm-2 h-1). From these
measurements, we can conclude that PDDY is an effective inhibitor for mild steel in 1 M HCl solution.
110
CPDDY/ 104 M
10 M
5M
1M
0.5 M
0.1 M
0.05 M

100
90
80

IEw, %

70
60
50
40
30
20
10
0
20

30

40

50

60

t / °C

Figure 2. Variation of inhibition efficiency with temperature after 3 hours of mild steel exposure
in 1M HCl and various concentrations of PDDY

Adsorption isotherm
Corrosion inhibition process is characterized by adsorption of the inhibitor on the metal surface.
Adsorption of inhibitor is a displacement reaction in which the adsorbed water molecule is removed
from the metal surface according to [13,14]:
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Org(sol) + nH2O(ads) ↔ Org(ads) + nH2O(sol)
where n is the number of water molecules replaced by one organic molecule and H2O(ads) is the water
molecule on the metal surface. Org(sol) and Org(ads) are organic molecules in the aqueous solution
and adsorbed on the metal surface, respectively.
For the effective adsorption of an inhibitor on the metal surface, the interaction force between
metal and inhibitor must be greater than the interaction force of metal and water molecule [15].
Therefore, it is of great importance to find the appropriate adsorption isotherm that fits the
experimental results. The experimental data have been tested with several adsorption isotherms
including Langmuir, Temkin, Frumkin and Freundlich [16,17]. In this work, Langmuir adsorption
isotherm was found as the best description of adsorption behavior of the studied compound. An
expression of the Langmuir isotherm is given by [24,25]:
C



=

1
+C
K ads

(5)

where C is inhibitor concentration, Kads is equilibrium adsorption constant and  is fractional surface
coverage. According to eq. (5), the plot of (C / ) versus C should yield straight line with nearly unit
slope. Best results for Langmuir adsorption isotherm for PDDY on mild steel surface are presented
in Figure 3. It is clear from Figure 3, however, that slopes of the straight lines are slightly greater
than unity (cf. slope data referred in Figure 3). Therefore, it could be concluded that each PDDY unit
occupies more than one adsorption site on the mild steel surface.
0.0016
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-1
L-1 L-1
C -1C/mol
/ mol

0.0012

20 °C R²= 0.9998; Slope= 1.07
30 °C R²= 0.9983; Slope= 1.11
40 °C R²= 0.9996; Slope= 1.19
50 °C R²= 0.9981; Slope= 1.24
60 °C R²= 0.9977; Slope= 1.42

0.0010
0.0008
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0.0004
0.0002
0.0000
0.0000

0.0002

0.0004
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0.0010

C / mol L-1

Figure 3. Langmuir adsorption plots for mild steel in 1 M HCl containing different
concentrations of PDDY at various temperatures

To account for this phenomenon, a modified Langmuir adsorption isotherm could be applied,
which is given by [7,19,20]:
C



=

n
Kads

+ nC

(6)

In eq. (6), n represents the slope of the respective line. The values of Kads obtained from the values
of slopes at different temperatures (Figure 3) were computed and gathered in the second column
of Table 2. The increased values of Kads for PDDY reflect the increasing adsorption capability due to
structural formation on the metal surface [26,27]. Kads is related to the standard Gibbs free energy
of adsorption (∆G°ads) by the following equation
ΔGads0 = - RT ln (55.5 Kads)
http://dx.doi.org/10.5599/jese.1050
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where R is the universal gas constant (8.134 J K-1 mol-1), T is temperature and 55.5 is molar
concentration of water in the solution. The thermodynamic parameters derived from Langmuir
isotherms are listed in Table 2. The values of ∆G°ads for PDDY are all negative, what indicates the
stability and spontaneity of adsorption of the inhibitor on the metal surface. The effectiveness of
corrosion inhibition increases with increasing of negative ∆G°ads values. Adsorption enthalpy and
entropy ∆H°ads and ∆S°ads are determined graphically from the following equation
ΔG°ads = ΔH°ads - ΔS°ads

(8)

Table 2. Thermodynamic parameters of adsorption of PDDY on mild steel in 1 M HCl at various temperatures

T / °C
20
30
40
50
60

Kads / 10-4 L mol-1
0.1374
8.935
9.580
5.424
3.968

∆G°ads / kJ mol-1
-38.604
-38.837
-40.300
-40.060
-40.434

∆H°ads / kJ mol-1

∆S°ads / kJ mol-1 K-1

-24.36

0.049

It is well known that values of ∆G°ads less negative than -20 kJ / mol are associated with the
physical adsorption, characterized by an electrostatic interaction between the charged molecule
and the charged metal. ∆G°ads values around -40 kJ / mol or higher, are associated with the chemical
adsorption where the sharing or transfer of organic molecules charge with the metal surface occurs
[20-24]. The decrease observed for Kads (Table 2), and also for IEw (Figure 3) with increasing
temperature, suggests that the PDDY molecules are physically adsorbed on the metal surface which
favors their desorption processes. The value of ∆H°ads provides further information about the
mechanism of corrosion inhibition. The negative value of ∆H°ads indicates that adsorption process is
exothermic [3,7,23]. An exothermic adsorption process signifies chemical, physical or a mixture of
both [24-27], whereas the endothermic process is attributed to chemisorption [28,29]. Results
obtained from thermodynamic calculations for adsorption are in good agreement with the values
of inhibition efficiency obtained from the weight loss.
Thermodynamic calculations for corrosion reaction
The stability of a corrosion inhibitor in an aggressive medium at some required operating
temperature is very important for its practical applications. In this paper, the corrosion of mild steel
in 1 M HCl was studied in the temperature range of 20-60 °C, in the absence and presence of
different concentrations of PDDY, after 3 h of immersion time. Temperature dependence of
corrosion rate (CR) is described by Arrhenius equation:
CR = Ae

−

Ea
RT

(9)

where A is the pre-exponential factor, Ea is activation energy for metal dissolution (corrosion)
reaction, T is absolute temperature, and R is universal gas constant.
The dependence of logarithm of the corrosion rate (ln CR) on the reciprocal of the absolute
temperature (1 / T) for mild steel in 1 M HCl is presented Figure 4. The corrosion rate of mild steel
in acidic solution increases with rise of the temperature, regardless to the presence of inhibitor in
the corrosive solution. In the case of uninhibited solution, the increase in corrosion rate was
significant compared to inhibited cases involving a decrease in inhibition efficiency with increasing
temperature up to 60 °C. The decrease in inhibition efficiency reveals that the film formed on the
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metal surface is less protective at higher temperatures, since the desorption rate of the inhibitor is
greater at higher temperatures [30].
Thermodynamic parameters of the corrosion reaction, namely activation energy Ea, entropy (∆Sa)
and enthalpy (∆Ha) were calculated using Arrhenius equation (9) and transition state theory
equation [19]:
RT
CR =
Ae
Nh

Sa
R

e

−Ha
RT

(10)

In eq. (10), N is Avogadro's number (6.022×1023 mol-1), and h is Planck's constant (6.63×10-34 J s).
Eq. (10) is plotted in Figure 5 as ln (CR / T) against (1 / T).
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Figure 4. Plots for mild steel corrosion rates in
1 M HCl in absence and presence of different
concentrations of PDDY
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Figure 5. Transition state plots for mild steel
corrosion rates in 1 M HCl in absence and presence
of different concentrations of PDDY

The values of Ea and A, obtained from the slopes (-Ea / R) and intercepts (ln A) of the lines in
Figure 4, are displayed in Table 3, together with values of ΔHa and ΔSa deduced from the slopes
(-ΔHa / R) and intercepts ln (R / Nh) +ΔSa / R of the lines in Figure 5.
Table 3. Thermodynamic activation parameters of mild steel dissolution in 1 M HCl with and without various
concentrations of PDDY

C / 104 M
blank
0.05
0.10
0.50
1.00
5.00
10.00

Ea / kJ mol-1
57.334
69.877
72.741
77.604
78.797
85.139
87.480

ΔHa / kJ mol-1
54.739
67.283
70.147
75.009
76.202
82.545
84.885

ΔSa / J mol-1 K-1
-58.37
-23.7
-16.0
-2.11
-0.0025
16.93
22.09

ln A
23.483
27.655
28.584
30.248
30.504
32.541
33.161

Examination of Table 3 shows that the activation energy values in the presence of PDDY ranged
from 69.877 to 87.480 kJ mol−1, revealing that the activation energy for metal dissolution increased
in the presence of inhibitor. Also, Ea values in the presence of inhibitor are all higher than in absence
of inhibitor, which indicates physical adsorption (electrostatic interaction). It has already been
reported in the literature that inhibitors for which the activation energy in the inhibited solution is
greater than that of the blank solution, Ea(inh) > Ea, are adsorbed on the substrate by electrostatic
http://dx.doi.org/10.5599/jese.1050
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bonds (physisorption). At the other side, inhibitors where Ea(inh) < Ea, adsorb on the metal surface
through strong bonds (chemisorption) [31,32]. The activation energy rises with increasing inhibitor
concentration, suggesting strong adsorption of inhibitor molecules at the metal surface [33-37]. The
values of ΔHa and Ea are nearly the same and are higher in the presence of the inhibitor, indicating
that the energy barrier of the corrosion reaction increased in the presence of inhibitor without
changing the mechanism of dissolution [19]. The negative sign of the activation entropy values
either in absence, or presence of the inhibitor may be explained by activated molecules in a higher
order state than that at the initial stage [38,39]. At higher inhibitor concentrations (5×10-4 and
10−3 M), positive values of the entropy of activation ΔSa were observed in the media. This indicates
that the system passes from a more ordered state to a more random arrangement [40].
Morphological characterization
The scanning electron micrographs (SEM) of the mild steel surface in the absence and presence of
10-3 M of PDDY are presented in Figure 6. Comparison of Figures 6a and 6b shows that the surface
of the sample is heavily damaged and severely corroded after 3 hours of immersion in 1 M HCl.
Damages appear uniform with some lines resulting from polishing made before the testing. In the
presence of PDDY, however, Figure 6c shows that the external morphology appears softer,
indicating a protected surface. These images suggest that protection comes from the formation of
PDDY layer on the mild steel surface that prevents the attack of acids.
a

b

c

Figure 6. SEM micrographs of mild steel surface: before corrosion (a); after immersion in 1 M HCl solution
for 3 h at 20 °C (b); after immersion in 1 M HCl containing 10-3 M of PDDY for 3 h at 20 °C (c)

Mathematical modeling
Mathematical regression analysis can be employed as a powerful tool for data representation [19].
The least squares method is the standard statistical approach in the regression analysis, used to find
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the optimum fit for a set of data points by minimizing the sum of the squares of the residuals of points
from the plotted curve. In this study, two mathematical models were applied to illustrate the inhibition
efficiency of PDDY for mild steel in 1.0 M HCl. The proposed mathematical models are classified into
two groups, linear and quadratic models. Experimental data obtained in this work and presented
above were used to construct the models that describe the relationship between the inhibition
efficiency IEW as a response, and temperature t and inhibitor concentration C as factors. Both models
take into account the individual effect of each variable and the interaction between them.
Linear model
A linear mathematical model was used as a statistical tool aiming to predict the effect of the
variables xi and yi which are respectively the temperature t and the inhibitor concentration to the
function zi which is the inhibitor efficiency IEW. The proposed model is given by the equation (11):
z = a1x + a2y + a3xy + a4 + 

(11)

where  is the error term. The optimal model parameters ai within the meaning of the least-squares
method are these that minimize the quantity:
N

S ( a1 , a2 , a3 , a4 ) =  (a1 x + a2 y + a3 xy + a4 +  − zi )2

(12)

i=1

In this expression, N is the number of experiments, ai are constants representing the model parameters. The minimum of this expression is found when the partial derivatives (∂S/∂ai) are equal to
zero:
S
= 0 i= 1, 2, 3, 4
ai

(13)

This leads to a system of equations. Parameters of the model were estimated based on the least
square method. The data were analyzed using computer program MATLAB that performs these
calculations. Since x = t, y = C and z= IEW, the final model equation is:
IEw = -0.865 t + 17324.609 C + 312.357 TC + 92.125

(14)

Based on the proposed linear model, the predicted values of inhibition efficiency as a function of
temperature and inhibitor concentration are computed and listed in the first part of Table 4.
Quadratic model
The second proposed quadratic model equation was obtained by representing the inhibition
efficiency IEW by the response function z which can be expressed by the following equation:
z = a1x² + a2y² + a3x + a4y + a5xy + a6+ 

(15)

where,  is the error term, x the temperature, °C and y the inhibitor concentration (mol L-1). Similarly,
the optimal model parameters ai within the meaning of the least-squares method are these which
minimize the quantity:
N

S ( a1 , a2 , a3 , a4 , a5 , a6 ) =  (a1 x 2 + a2 y 2 + a3 x + a4 y + a xy + a6 +  − zi )2
5

(16)

i=1

The minimum of this expression is found using the eq. (13). Using MATLAB software, parameters
a1-a6 of the model were estimated and the final model equation is defined as:
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IEw = -0.01143 t² - 5.19673×107 C² + 0.13615 t + 80173.4333 C + 0.01667 TC + 69.6171

(17)

As for the linear model, the predicted values of inhibition efficiency were computed using the
quadratic regression model and gathered in the second part of Table 4.
For analysis of the accuracy of the predicted results obtained with linear and quadratic regression
models, we estimated the coefficient of determination known as R-squared (or R2), using the
equation below
N

R² = 1 −

(z − z )
i

2

mi

i=1
N

(z − z)

(18)

2

i

i=1

In this relationship zi is experimental inhibition efficiency, zmi predicted inhibition efficiency and z̅
the average. The determination coefficient was found equal to 0.802 for the linear model and 0.902
for quadratic regression model, respectively.
In comparison with experimentally determined IEW given in Table 1, data in Table 4 show similar
IEW values at all temperatures and concentrations of PDDY.
Figures 7 and 8 show the relationship between the values of the inhibitor efficiency obtained
from the experimental work and those predicted by linear and quadratic regression models. It is
obvious that almost 80 and 90 % of the data obtained from the linear and quadratic regression
models are located on the line of equality, which means that the experimental and predicted values
of inhibitory efficacy are close.
Table 4. Inhibition efficiencies values computed by linear and quadratic regression models for different
inhibitor concentrations and temperatures
IEW, %
Linear regression

C / 104 M
0.05
0.01
0.50
1.00
5.00
10.00

20
74.944
75.062
76.005
77.183
86.612
98.398

100

30
66.310
66.443
67.511
68.846
79.524
92.872

40
57.676
57.825
59.018
60.509
72.436
87.346

Quadratic regression

50
49.042
49.207
50.524
52.171
65.348
81.820

t / °C
60
20
40.408 68.168
40.588 68.565
42.031 71.647
43.834 75.266
58.261 94.863
76.294 95.975

40
57.185
57.572
60.654
64.273
83.870
84.982

50
48.249
48.646
51.728
55.347
74.945
76.057

60
37.038
37.435
40.517
44.136
63.734
64.845

100

R²= 0.8294

R²= 0.90259
90

Predicted IEw, %

90

Predicted EIw, %

30
63.814
64.211
67.293
70.912
90.510
91.621

80
70
60

80
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Figure 7. Fitting curves of predicted against
experimental inhibition efficiency obtained by the
linear regression model
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This is quite true because the determination coefficients were R²= 0.829 for linear model and
R² = 0.920 for quadratic regression model. According to [19], when R2 is < 0.30 the relationship is
weak, for R2 = 0.50 and 0.70, the relationship is important, while for R2 > 0.90, the relationship is
powerful. Based on correlation coefficients, the present results indicate a strong relationship
between experimental and mathematical data, indicating the concordance between the
experimental and the predicted results.
As shown in Figure 9, examination of data provided by linear and quadratic regression models
and presented as surface plots, reveals that the addition of PDDY at different concentrations
decreases the corrosion rate of mild steel. The inhibition efficiency increases with increasing
inhibitor concentration (red zone) and decreases with increasing temperature (blue zone). This can
be explained by a regression of adsorption induced by temperature rise. At concentration 10-3 M
and temperature 20 °C, PDDY exhibits maximum inhibition efficiency for both models: 98.398 %
(linear model) and 95.975 % (quadratic regression). A comparison with the experimentally found
value of inhibition efficiency of 93.088 % shows more reliability of the quadratic regression model
than the linear model.
a

b

Figure 9. Surface plot for inhibition efficiency, temperature and inhibitor concentration based on:
a) linear regression model; b) quadratic regression model

Conclusion
In this paper, the inhibition effect and adsorption behavior of the organic compound 3-(1,3-dithian-2-ylidene) pentane-2,4 dione (PDDY) on mild steel in 1 M HCl medium were examined, using
the weight loss method, morphological characterization and mathematical modeling. The following
conclusions are drawn:
• The inhibition efficiency of PDDY increases with increasing inhibitor concentration in the range
of 5×10-6 to 10-3 M, and reaches the maximum value of 93.088 % in the presence of 10 -3 M of
PDDY. The thermodynamic study showed that adsorption of this inhibitor on the mild steel
surface is spontaneous and follows the Langmuir adsorption isotherm model. The negative value
of the Gibbs free energy of adsorption (ΔGads) is indicative for a strong interaction between
inhibitor molecules and the surface of mild steel.
• The evolution of the corrosion rate of mild steel in the corrosive solution alone (1 M HCl) shows
a regular and rapid growth, confirming an increasing metallic dissolution with increasing
temperature. The inhibitory efficiency of PDDY decreases, while corrosion rate increases with
temperature in the range 20 to 60 oC for all inhibitor concentrations used. This behavior
illustrates physisorption of PDDY molecules on mild steel surface.
http://dx.doi.org/10.5599/jese.1050
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•
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Formation of a protective layer on mild steel surface by the inhibitor observed by SEM,
confirmed high performance of the inhibitive effect of PDDY.
Linear and quadratic mathematical regression models are found suitable to represent the
experimental data with high correlation coefficients. Experimentally determined inhibition
efficiency of 93.088 % is found closer to the result predicted by the quadratic regression model.
The predicted result also confirm that inhibition efficiency is influenced by temperature,
inhibitor concentration and their combined effect.

Acknowledgements: The authors like to thank the Algerian general direction of research (DGRSDT)
for their support.
References
[1] L. Afia, R. Salghi, A. Zarrouk, H. Zarrok, E. Bazzi, B. Hammouti, M. Zougagh, Transactions of the
Indian Institute of Metals 66(1) (2013) 43-49. http://doi.org/10.1007/s12666-012-0168-z
[2] S. Issaadi, T. Douadi, A. Zouaoui, S. Chafaa, M. A. Khan, G. Bouet, Corrosion Science 53(4)
(2011) 1484-1488. http://doi.org/10.1016/j.corsci.2011.01.022
[3] H. Jafari, I. Danaee, H. Eskandari, M. RashvandAvei, Industrial & Engineering Chemistry
Research 52(20) (2013) 6617-6632. http://doi.org/10.1021/ie400066x
[4] O. Ghasemi, I. Danaee, G. R. Rashed, M. RashvandAvei, M. H. Maddahy, Journal of Materials
Engineering and Performance 22(4) (2013) 1054-1063. http://doi.org/10.1007/s11665-0120348-3
[5] Z. Moallem, I. Danaee, H. Eskandari, Transactions of The Indian Institute of Metals 67(6) (2014)
817-825. http://doi.org/10.1007/s12666-014-0403-x
[6] A. Döner, R. Solmaz, M. Özcan, G. Kardaş, Corrosion Science 53(9) (2011) 2902-2913.
http://doi.org/10.1016/j.corsci.2011.05.027
[7] A. Fiala, W. Boukhedena, S. Lemallem, H. B. Ladouani, H. Allal, Journal of Bio- and TriboCorrosion 5(2) (2019) 42. http://doi.org/10.1007/s40735-019-0237-5
[8] D. Daoud, T. Douadi, H. Hamani, S. Chafaa, M. Al-Noaimi, Corrosion Science 94 (2015) 21-37.
http://doi.org/10.1016/j.corsci.2015.01.025
[9] E. E. Abd El Aal, S. Abd El Wanees, A. Farouk, S. M. Abd El Haleem, Corrosion Science 68 (2013)
14-24. http://doi.org/10.1016/j.corsci.2012.03.021
[10] H. Gerengi, I. Uygur, M. Solomon, M. Yildiz, H. Goksu, Sustainable Chemistry and Pharmacy 4
(2016) 57-66. http://doi.org/10.1016/j.sc2016.10.003
[11] M. Mobin, I. Ahmad, M. Basik, M. Murmu, P. Banerjee, Sustainable Chemistry and Pharmacy
18 (2020) 100337. https://doi.org/10.1016/j.scp.2016.10.003
[12] A. K. Singh, S. K. Shukla, M. Singh, M. A. Quraishi, Materials Chemistry and Physics 129(1-2)
(2011) 68-76. http://doi.org/10.1016/j.matchemphys.2011.03.054
[13] S. Cheng, S. Chen, T. Liu, X. Chang, Y. Yin, Materials Letters 61(14-15) (2007) 3276-3280.
http://doi.org/10.1016/j.matlet.2006.11.102
[14] M. Hazwan Hussin, M. Jain Kassim, Materials Chemistry and Physics 125(3) (2011) 461-468.
http://doi.org/10.1016/j.matchemphys.2010.10.032
[15] E. Ghali, V. S. Sastri, M. Elboujdaini, Corrosion Prevention and Protection: Practical Solutions,
John Wiley & Sons, Chichester, England, 2007. p. 579. http://doi.org/10.1002/9780470024546
[16] S. Manimegalai, P. Manjula, Journal of Materials and Environmental Science 6(6) (2015) 16291637.
[17] M. A. Petrunin, L. B. Maksaeva, T. A. Yurasova, E. V. Terekhova, M. A. Maleeva, V. A. Kotenev,
E. N. Kablov, A. Yu. Tsivadze, Protection of Metals and Physical Chemistry of Surfaces 51(6)
(2015) 1010-1017. http://doi.org/10.1134/S2070205115060179

238

W. Boukhedena and S. Deghboudj

[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]

J. Electrochem. Sci. Eng. 11(4) (2021) 227-239

N. A. Negm, F. M. Ghuiba, S. M. Tawfik, Corrosion Science 53(11) (2011) 3566-3575.
http://doi.org/10.1016/j.corsci.2011.06.029
A. A. Khadom, A. N. Abd, N. Arif Ahmed, South African Journal of Chemical Engineering 25
(2018) 13-21. http://doi.org/10.1016/j.sajce.2017.11.002
F. Bentiss, M. Lebrini, M. Lagrenée, Corrosion Science 47(12) (2005) 2915-2931. https://doi.
org/10.1016/j.corsci.2005.05.034
G. Avci, Materials Chemistry and Physics 112(1) (2008) 234-238. https://doi.org/10.1016/j.
matchemphys.2008.05.036
D. Özkır, K. Kayakırılmaz, E. Bayol, A. Ali Gürten, F. Kandemirli, Corrosion Science 56 (2012) 143152. http://doi.org/10.1016/j.corsci.2011.11.010
M. A. Hegazy, M.F. Zaky, Corrosion Science 52(4) (2010) 1333-1341. https://doi.org/10.1016/
j.corsci.2009.11.043
D.K. Yadav, D.S. Chauhan, I. Ahamad, M. A. Quraishi, RSC Advances 3(2) (2013) 632-646.
http://doi.org/10.1039/C2RA21697C
S. K. Ahmed, W. B. Ali, A. A. Khadom, International Journal of Industrial Chemistry 10(2) (2019)
159-173. http://doi.org/10.1007/s40090-019-0181-8
A. A. Al-Amiery, A. A. H. Kadhum, A. B. Mohamad, A. Y. Musa, C. J. Li, Materials 6(12) (2013)
5466-5477. http://doi.org/10.3390/ma6125466
A. S. Fouda, M. A. Ismail, A. S. Abousalem, G. Y. Elewady, RSC Advances 7 (2017) 46414-46430.
http://doi.org/10.1039/C7RA08092A
P. P. Kumari, P. Shetty, S. A. Rao, Arabian Journal of Chemistry 10(5) (2017) 653-663.
http://doi.org/10.1016/j.arabjc.2014.09.005
Y. Wang, J. Hu, L. Zhang, J. Cao, M. Lu, Royal Society Open Science 7(5) (2020) 191692.
http://doi.org/10.1098/rsos.191692
H. Z. Al-Sawaad, N. T. Faili, A. H. Essa, Portugaliae Electrochimica Acta 37(4) (2019) 205-216.
http://doi.org/10.4152/pea.201904205
M. N. El-Haddad,Carbohydrate Polymers 112 (2014) 595-602. https://doi.org/10.1016/j.
carbpol.2014.06.032
L. Li, Q. Qu, W. Bai, F. Yang, Y. Chen, S. Zhang, Z. Ding, Corrosion Science 59 (2012) 249-257.
http://doi.org/10.1016/j.corsci.2012.03.008
T. M. Lv, S. H. Zhu, L. Guo, S. T. Zhang, Research on Chemical Intermediates 41(10) (2015) 70737093. http://doi.org/10.1007/s11164-014-1799-y
M. A. Hegazy, M. Abdallah, M. K. Awadd, M. Rezk, Corrosion Science 81 (2014) 54-64.
http://doi.org/10.1016/j.corsci.2013.12.010
R. Solmaz, Corrosion Science 81 (2014) 75-84. http://doi.org/10.1016/j.corsci.2013.12.006
S. Umoren, I. Obot, Surface Review and Letters 15(03) (2008) 277-286. https://doi.org/10.
1142/S0218625X08011366
E. Ebenso, Materials Chemistry and Physics 79(1) (2003) 58-70. http://doi.org/10.1016/S02540584(02)00446-7
C. Kumar, K. Mohana, Ionics 21(1) (2015) 263-281. http://doi.org/10.1007/s11581-014-1178-0
A. Y. Musa, A. A. H. Kadhum, A. B. Mohamad, A. R. Daud, M. S. Takriff, S. K. Kamarudin,
Corrosion Science 51(10) (2009) 2393-2399. http://doi.org/10.1016/j.corsci.2009.06.024
A. Al-Fakih, M. Aziz, H. Sirat, Journal of Materials and Environmental Science 6(5) (2015) 14801487.

©2021 by the authors; licensee IAPC, Zagreb, Croatia. This article is an open-access article
distributed under the terms and conditions of the Creative Commons Attribution license
(https://creativecommons.org/licenses/by/4.0/)
http://dx.doi.org/10.5599/jese.1050

239

J. Electrochem. Sci. Eng. 11(4) (2021) 241-245; http://dx.doi.org/10.5599/jese.1069

Open Access : : ISSN 1847-9286
www.jESE-online.org

Original scientific paper

New complex dimensionless variable in cyclic staircase
voltammetry on the rotating disk electrode*
Milivoj Lovrić,
Divkovićeva 13, Zagreb 10090, Croatia
Corresponding author: milivojlovric13@gmail.com
Received: July 26, 2021; Accepted: September 5, 2021; Published: September 9, 2021

Abstract
Cyclic staircase voltammograms of a simple, reversible oxidation on the rotating disk
electrode is analysed by the digital simulation. It is demonstrated that the peak currents and
potentials depend on the single dimensionless variable that considers nonlinear relationship
between peak currents and the potential increment. The reverse, cathodic branch of
voltammograms depends on this variable differently than the anodic one.
Keywords
reversible oxidation; sigmoidal dependence; digital simulation.
Introduction
In the linear scan voltammetry on the rotating disk electrode the maximum current depends on
the product of steady state diffusion layer thickness and the square root of scan rate [1]. However, in
the staircase voltammetry on this electrode, the relationship between peak current and the above
mentioned product depends on the potential increment [2]. This is because in the later technique the
peak current does not depend linearly on the square root of the formal scan rate E /  (where E is
the potential increment and  is the step duration), but on the ratio E0.446 /  0.5 [3]. For this reason,
a new complex variable for the staircase voltammetry on the rotating disk electrode is proposed here.
Model
A simple, fast and reversible electrode reaction is investigated:
Red ↔ Ox+ + e-

(1)

Both components of this redox couple are solution soluble and only Red is initially present in the
solution. On the rotating disk electrode, the mas transport can be described by the following
differential equations and boundary conditions [1,4]:
*

Dedicated to the memory of Dr. Šebojka Komorsky-Lovrić.
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cR / t = D2cR / x2 - vcR / x

(2)

cO / t = D2cO / x2 - vcO / x

(3)

v = -0.5103/2v-1/2x2

(4)

t = 0, x ≥ 0:

cR = cR*, cO = 0

(5)

t > 0, x →:

cR → cR*, cO → 0

(6)

x = 0: cO,x=0 =cR,x=0 exp(F(E-E0) / RT

(7)

D(cR/x)x=0 = I / FS

(8)

D(cO/x)x=0 = -D(cR/x)x=0

(9)

The meanings of all symbols are reported in Table 1.
Table 1. List of parameters
Symbol
cO
cR
cR*
D


E
t
x
E
E0
F
I



R
S
T


v

Meaning
Concentration of product
Concentration of reactant
Bulk concentration of reactant
Diffusion coefficient
Diffusion layer thickness
Potential increment
Time increment
Space increment
Potential
Standard potential
Faraday constant
Current
Kinematic viscosity
Rotation rate
Gas constant
Electrode surface area
Temperature
Step duration
Flow rate of solution

The differential equations (2) and (3) are solved by the finite difference method [1]. A cyclic
staircase voltammetry is applied and the currents flowing at the end of each potential step are
calculated. The following fixed parameters are used: D = 10-5 cm2/s, v =10-2 cm2/s, t = 10-5 s and
Dt / x2 = 0.4. The results are reported as the relationship between the dimensionless current 
and electrode potential:

 = Iss / FSDcR*

(10)

SS = 1.61D1/3v1/6-1/2

(11)

Results and discussion
Cyclic staircase voltammograms on the rotating disk electrode depend on the formal scan rate
and the electrode reaction rate. Two examples are shown in Figure 1. The anodic and cathodic
branches of the response are either separated and characterized by the maximum and minimum,
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respectively, or overlapped and resembling polarographic wave. This transformation is achieved
either by the decreasing scan rate or by the increasing rotation rate.


1
2

1



0.5

0

-0.1

0

0.1

0.2

0.3

E - 0E0 / V

(E - E ) / V

Figure 1. Cyclic staircase voltammograms of the reaction (1) on the rotating disk electrode;
 =10-3 s,  = 40  rad / s and E = 10-3 (1) and 10-5 (2) V

In the analog linear scan voltammetry, the response depends on the complex, dimensionless
variable  = F(dE/dt)ss2 / DRT [1], but in the digital staircase voltammetry this variable cannot be used
because the same formal scan rate E /  can be obtained by combining various E and  pairs.
Figures 2 and 3 show two examples of many in which responses corresponding to the same 𝜎 value
are not identical.

2
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1
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0

-0.1

0

0.1
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0.3

0

(EE- - E / /VV
E0)

Figure 2. CSV on RDE;  = 10-3 s,  = 40  (1) and 4 (2)  rad s-1 and E = 10-3 (1) and 10-4 (2) V
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Figure 3. CSV on RDE;  = 40  rad s-1,  = 10-3 s and 5×10-4 (2) s and
E = 10-3 (1) and 5×10-4 (2) V
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In Figure 2, the experimental conditions are similar only in , but the variable  = 2.8335 is
common by the coincidence. Still, the second anodic peak current is 3.75 % higher than the first one
and the difference between the peak potentials is 3 mV. The curves in Figure 3 have common 𝜔 and
the formal scan rate, but different E and . Again, the difference in anodic peak currents is 1.56 %
of the smaller one. Three different peak currents for the same 1/2 can be ascribed to different E
values, in the agreement with our calculations that the peak currents on the stationary planar electrode depend on E0.446 [3]. For this reason, a new dimensionless variable s = (FE / RT)0.892SS2/D
is proposed here. An advantage of this variable is that various pairs of E and 𝜏 values cannot give
the same s value. The curve 1 in Figures 2 and 3 corresponds to s1/2 = 3.09, while the curves 2 in
these figures correspond to s1/2 = 3.29 and 3.15, respectively. By the variation of  E and  the
relationship between anodic and cathodic peak currents and potentials and the square root of the
variable s is calculated and presented in Figure 4.
A
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1/2
s
s1/2

Figure 4. Dependence of peak currents (A) and peak potentials (B) on the square root of the
complex dimensionless variables s = (FE / RT)0.892 SS2 / D

The peak currents, both anodic and cathodic, vanish if s < 1.8. Under this condition, the response acquires the form of polarographic wave, and its dimensionless limiting current is equal to 1. If
s1/2 > 4, the anodic peak currents tend to the asymptote p = 0.378  + . This means that the
real peak current is not entirely independent of the rotation rate: Ip = FScR* D1/2[0.378 (FE/RT)0.446-1/2 +
+ 0.060 D1/2/SS]. The anodic peak potentials tend to 0.033 V vs. E0 ifs1/2 > 6. As the peak currents
gradually disappear below s1/2 = 3, the peak potentials increase to 0.090 V. The cathodic and anodic
peak potentials are symmetrical versus E0. The cathodic peak currents depend on s1/2 as sigmoidal
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function. Within the interval 3 < s1/2 < 6 the slope p / s1/2 is equal to -0.36 and then the peak
currents tend to the asymptote p = -0.284 s1/2 + 0.160 if s1/2 >9.
The values of parameters E and 𝜏 used in these calculations are rather high with the purpose to
obtain pronounced effects, while in the experiments they can be as much as one hundred times
lower. However, the limit of the ratio (FE / RT)0.892 /  as E and  tend to zero is infinite, which
means that the described effect does not disappear at very low E and  values.
Nonlinear relationship between the peak current and the potential increment can be described
by the function 0.446 / (1 + 0.375(nFE / RT)0.52 [5]. This function and the exponential one fit the
results of simulation equally well [3]. These results are relevant for the application of the rotating
disk electrode in the investigation of electrochemical mechanisms [6-8].
Conclusions
Nowadays the cyclic staircase voltammetry is frequently used electroanalytical technique [9]. Our
calculations explain the difference between this method and the analog linear scan voltammetry
when applied to the rotating disk electrodes. A sigmoidal dependence of the peak currents in the
reverse branch of cyclic voltammogram on the newly proposed dimensionless variable  is
discovered.
Data availability
All relevant data are available on demand.
References
[1] J. Strutwolf, W. W. Schoeller, Electroanalysis 8(11) (1996) 1034-1039.
https://doi.org/10.1002/elan.1140081111
[2] M. Lovrić, Š. Komorsky-Lovrić, To Chemistry Journal 1(3) (2018) 370-375.
https://www.purkh.com/articles/staircase-voltammetry-using-rotating-disk-electrode.pdf
[3] D. Jadreško, M. Zelić, M. Lovrić, Journal of Electroanalytical Chemistry 645(2) (2010) 103108. https://doi.org/10.1016/j.jelechem.2010.04.016
[4] N. P. C. Stevens, M. B. Rooney, A. M. Bond, S. W. Feldberg, Journal of Physical Chemistry A
105(40) (2001) 9085-993. https://doi.org/10.1021/jp0103878
[5] N. Fatouros, D. Krulic, H. Groult, Journal of Electroanalytical Chemistry 625(1) (2009) 1-6.
https://doi.org/10.1016/j.jelechem.2008.07.028
[6] N. P. C. Stevens, A. M. Bond, Journal of Electroanalytical Chemistry 538-539 (2002) 25-33.
https://doi.org/10.1016/S0022-0728(02)01015-X
[7] Š. Komorsky-Lovrić in: Electroanalytical Methods, 2nd ed., F. Scholz (Ed.), Springer, Berlin,
2010. p. 273-290.
[8] Z. Galus, Fundamentals of Electrochemical Analysis, 2nd ed., Ellis Horwood and Polish
Scientific Publishers, New York, Warsaw, 1994. ISBN 978-8301112554
http://www.gbv.de/dms/ilmenau/toc/120513625.PDF
[9] C. Montella, Journal of Electroanalytical Chemistry 796 (2017) 96-107.
https://doi.org/10.1016/j.jelechem.2017.04.048

©2021 by the authors; licensee IAPC, Zagreb, Croatia. This article is an open-access article
distributed under the terms and conditions of the Creative Commons Attribution license
(https://creativecommons.org/licenses/by/4.0/)
http://dx.doi.org/10.5599/jese.1069

245

J. Electrochem. Sci. Eng. 11(4) (2021) 247-261; http://dx.doi.org/10.5599/jese.1005

Open Access : : ISSN 1847-9286

www.jESE-online.org
Original scientific paper

Characterization of graphite-epoxy composite electrodes for
free electrochemical detection of adenine and guanine in DNA
Leodanis Correa Fajardo, Abel Ibrahim Balbin Tamayo and Ana Margarita
Esteva Guas
Department of Analytical Chemistry, Faculty of Chemistry, University of Havana, Zapata s/n
between G and Carlitos Aguirre, Vedado, Plaza de la Revolución, CP 10400. Havana, Cuba
Corresponding author: ibrahim@fq.uh.cu
Received: May 18, 2021; Accepted: September 19, 2021; Published: October 1, 2021

Abstract
Graphite-epoxy composites (GECs) are alternative construction materials for electrochemical
sensors. For these materials, the electron transfer rate constant of some redox reaction
depends additionally on the stoichiometric relationship between the insulating and
conducting phases of the composite. In this work, the influence of different ratios of
araldite/hardener/graphite on the electrochemical properties of GEC electrodes is evaluated
for the simultaneous determination of adenine and guanine in the single chain DNA, using the
square wave voltammetry technique. Six GEC electrodes were prepared with different ratios
of components, and electrochemically characterized by cyclic voltammetry in the presence of
ferri/ferrocyanide redox couple as a redox probe. GEC electrodes that showed the best
electrochemical responses of redox probe were characterized by thermogravimetric analysis
(TGA) and used for the simultaneous determination of free adenine and guanine in a solution,
and DNA oligonucleotides. The best results were obtained for GEC electrodes containing twice
higher volume of araldite resin with respect to the hardener. TGA analysis revealed presence
of 15-26 % of resin for these GEC electrodes. The obtained results revealed potential application of these GEC electrodes as DNA sensors based on the oxidation signal of guanine.
Keywords
electrochemical sensors; DNA oligonucleotides; graphite-polymer; thermogravimetric analysis.

Introduction
In recent years, the interest of scientific community in the development of electrochemical
sensors as an alternative to DNA analysis, has been increased. These devices constitute useful tools
in obtaining reliable genetic information in an economical way and real time. Due to advantages
such as low cost, obtaining of sensitive signals, easy interpretation, short response times, capability
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of working with small volumes, there is also a possibility of their integration into portable devices to
carry out measurements in situ [1].
In this aspect, the development of carbon composite electrodes with polymeric matrices has led to
a significant progress in electroanalytical chemistry. Advantages of polymer composite electrodes
include the possibility of being easily modified, what improves their electrochemical properties,
enhances their sensitivity and selectivity, and even converts them into specific materials [1,2]. These
electrodes can be manufactured into different shapes and sizes, allowing easy adaptation to a wide
variety of electronic configurations and application in different media. Furthermore, they exhibit a
surface that can be renewed with simple polishing without involving the loss of modifiers [3].
Compared to pure conducting materials, polymer composites show better signal-to-noise ratio, since
they behave like a microelectrode array, which generally contributes to lower detection limits [4,5].
Compared to typical voltammetric sensors, polymer composite electrodes have a stable
electrochemical response, lower ohmic resistance, and longer functional life [6,7].
There is a number of literature reports on the potential application of graphite-epoxy composite
electrodes in the analysis of nitrogenous bases in DNA. These electrodes showed higher sensitivity
compared to glassy carbon electrodes and other composite materials [1,8]. The electrical properties
of graphite-epoxy composite materials such as conductivity depend on the nature of each
component, on the insulator/conductor proportions, and their distributions in the matrix of the
material [9]. The electrical conductivity of these composites is determined by the connection of the
conductive particles within the polymer matrix. Therefore, the relative amounts of each component
must be evaluated to achieve the optimal relationship [1,5].
Until now, the investigations of epoxy-graphite composite electrodes have been focused mainly
on their application as electrochemical sensors, leaving aside a study of their electrochemical
properties. In some cases the influence of the percentage variation of graphite [10] or modifiers
such as benzoic acid, stearic acid and graphene oxide [11-13], have been reported in describing
electrochemical responses of graphite-epoxy composite electrodes.
In the study of electrochemical properties of composite electrodes, one of the most widely used
characterization techniques is cyclic voltammetry (CV) technique that allows an investigation of the
redox behavior of an analyte at the electrode surface in a wide range of potentials. The information
on the electrode processes, which is obtained in these cases is qualitative, and allows obtaining of
characteristic parameters such as potential values of oxidation and reduction, and corresponding peak
currents intensities. In addition, some conclusions can be derived about kinetic aspects of electron
transfer at the electrode surface, and interfacial aspects such as adsorption of electroactive species
on the electrode surface [14]. Among other physicochemical characterization techniques,
electrochemical impedance spectroscopy (EIS) [15,16], scanning electron microscopy (SEM) [17,18],
differential scanning calorimetry (DSC) [19], thermogravimetric techniques (TG or DTG)[20,21], and
spectroscopic techniques such as Raman spectroscopy [22] were applied.
The main aim of the present article is to evaluate the influence of araldite/hardener/graphite
ratios on electrochemical properties of graphite-epoxy composite electrodes, applied for the
simultaneous determination of oxidation signals of adenine and guanine of a single DNA strand.
Experimental
Reagents
All reagents used were of analytical quality, while deionized water with a conductivity of
1.26 S cm-1 was used. For the construction of electrodes, pure quality benzyl alcohol (Uni-Chem)
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was used. Araldite from Beschleuniger DY 964 Serva Feinbiochemica, Gmbh, HR hardener from
CIBA-GEIGY polymers, Duxford, and fine graphite powder with a particle size of 50 μm from Merk
(Germany) were supplied. The redox pair [Fe(CN)6]3-/4- of concentration 0.02 mol L-1 was prepared
using potassium hexacyanoferrate(II) trihydrate, and potassium hexacyanoferrate(III) (Merk,
Germany) in equimolar amounts in PBS buffer pH 6.9 from Sigma Aldrich. Sodium hydrogen
phosphate (99 %) and sodium dihydrogen phosphate dihydrate (99 %) from Merk (Germany) were
used for the preparation of phosphate buffer (PB), pH 7 (supporting electrolyte) at 0.02 mol L-1.
Sodium hydroxide (pure for analysis > 99 %) was used. The adenine and guanine used were SIGMA
grade with a minimum purity of 99 %.
Adenine solutions of concentrations between 10-60 mol L-1 were prepared using PB, pH 7.
Guanine was initially dissolved in sodium hydroxide at 0.01 mol L -1 and subsequently, solutions of
concentrations between 10-60 mol L-1 were prepared using PBS, pH 7. Likewise, mixed solutions
of adenine and guanine were prepared.
The single chain DNA (ssDNA) was the ST 36AR oligonucleotide, 100 µmol L-1 from Eurofins MWG
Operon Corp. Canada, with the sequence 5´-TGACTCGTTGTCGATACCGACAGC-3´, which was
acquired from the Center for Protein Studies, Faculty of Biology, University of Havana.
Equipment
The voltammetric method was developed using a PalmSens potentiostat attached to a computer,
managed by the PSTrace Software version 5.2, and operating in cyclic voltammetry and square wave
voltammetry modes for voltammetric analyses. A three-electrode system was used, with graphiteepoxy composite working electrode(s), an auxiliary platinum electrode, and the reference Ag/AgCl
(KCl, 3 mol L-1) electrode, from Basic Analytical Systems (BAS). Thermogravimetric analysis (TGA) was
performed on a NETZSCH model 449 F3 Jupiter thermal analyzer. Deionized water was obtained from
the water purifier, Milli-Q, HPW Pure Water System, Heal-Force (China).
Preparation of graphite-epoxy composite electrodes
For the construction of graphite-epoxy composite (GEC) electrodes, mixtures with the same mass
of the conductive phase (graphite) and different ratios between the polymer (araldite) and HR
hardener (diamine) in the insulating phase were prepared. Replicas of six types of composites (GECI to GEC-VI) electrodes with different ratios of araldite/hardener/benzyl alcohol were constructed
(Table 1). Benzyl alcohol was used to reduce the viscosity of the composite mixture. The theoretical
percentages of graphite in the electrodes are also shown in Table 1.
Table 1. Epoxy resin/hardener/benzyl alcohol volume ratio and theoretical content
of graphite in GEC-I to GEC-VI electrodes
Electrode
GEC-I
GEC-II
GEC-III
GEC-IV
GEC-V
GEC-VI

Epoxy resin
5.8
3.8
2.0
5.4
3.6
2.0

Volume, mL
Hardener
1
1
1
2
2
2

Benzyl alcohol
2
2
2
1
1
1

Graphite content, %
59.6
67.4
77.4
55.8
62.5
71.0

The electrodes were constructed by introducing the composite mixture obtained in each case
into glass capillaries of approximately 1 mm in diameter. For electronic contact, a copper wire was
inserted. The prepared electrodes were heated for 48 hours at 40 oC in an oven to dry. Later, the
electrode surface was polished to perform the corresponding tests [13,22].
http://dx.doi.org/10.5599/jese.1005
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Experimental procedure
For the electrochemical characterization of the constructed GEC electrodes, cyclic voltammetry
(CV) technique was applied. Using a three-electrode system, the electrochemical response of the
redox system [Fe(CN)6]3-/4- at prepared composite electrodes was evaluated. The analytical signal
was obtained by applying a triangular potential sweep between -700 and 700 mV, with an increase
of 4 mV, while scan rate (𝜈) was varied from 20-100 mV s-1.
Square wave voltammetry (SWV) technique was used to determine free purines. The
electrochemical signal was obtained by applying a potential sweep between 500 mV and 1600 mV,
at the frequency of 10 Hz, and a pulse width of 10 mV. To carry out this analysis, the electrodes were
previously mechanically polished [13,22], electrochemically cleaned with several cycles of cyclic
voltammetry (from 500 to 1200 mV, at 50 mV s-1) in 0.1 mol L-1 sodium hydroxide solution, and
finally washed thoroughly with distilled water.
For the electrochemical analysis of DNA, GEC electrodes were mechanically [13,22] and
electrochemically cleaned as explained above. To detect the signs of oxidation of adenine and
guanine in the oligonucleotide, the latter was heated in a water bath to the boiling temperature
(T = 78 oC) in order to achieve elongation of DNA oligonucleotide chains [23]. Subsequently it was
deposited on the electrode by means of wet adsorption, and a square wave voltammetry was
performed in 0.02 mol L-1 PB, pH 7 under the aforementioned conditions.
For the thermal analysis of graphite-epoxy composites by means of thermogravimetric analysis
(TGA), the thermograms were obtained in a temperature range of 25-1000 C, at a heating rate of
10 C min-1 and Ar flow of 20 mL min-1.
Results and discussion
Electrochemical characterization of GEC electrodes by [Fe(CN)6] 3-/ 4- redox system
The reversibility of the redox system [Fe(CN)6]3-/4- was tested on the prepared GEC electrodes by
cyclic voltammetry (CV) technique. From CVs obtained, the influence of the potential scanning rate
(𝜈) on the current intensity values and the potential difference between redox peaks (ΔE) were
evaluated. Figure 1 shows cyclic voltammograms (CVs) of GEC-I to GEC-VI electrodes, recorded at
various potential scan rates.
CVs of composite electrodes shown in Fig. 1 are characteristic for the redox system [Fe(CN)6]3-/4-.
At negative potentials a peak with negative current (cathodic peak), corresponding to the reduction
of Fe(CN)63- (ferricyanide) ions is observed and at higher potentials the anodic peak with positive
current intensity, corresponding to the oxidation of Fe(CN)64- (ferrocyanide) is presented [24]. In all
cases, an increase in the peak current intensity and slight increase in the potential difference between
two current peaks can be observed by increasing the scan rate [14,24-26].
Figure 2 shows the variation of potential difference between redox peaks (ΔE) with the scan rate
for each GEC electrode.
For all GEC electrodes, ΔE values increase more or less with the sweep rate and are generally
higher than the values already reported in the literature for a reversible system [14,24-26]. This can
be influenced by the variation in the composition of the graphite-epoxy composite and its
interaction with possible molecular rearrangements during the electrode processes on the
electrode surface, without bond breakage and mass transfer phenomena occurring [14,26].
For GEC-I and GEC-IV electrodes it is observed that ΔE values are the highest, and also show
greater dependence on the potential sweep rate. This may be due to the fact that the applied
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potential does not create necessary concentrations, according to the Nernst equation at the
electrode surface, and therefore an overpotential is generated.

Figure 1. CVs of GEC-I to GEC-VI electrodes in 0.02 mol L-1[Fe(CN)6]3- / 4-for 0.02 mol L-1 PBS
pH 6.9, at scan rates between 20-100 mV s-1

Figure 2. Variation of ΔE with potential scan rate (𝜈) for GEC-I to GEC-VI electrodes
http://dx.doi.org/10.5599/jese.1005
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In this aspect, the energy required to carry out the electrode processes is much higher than for
other GEC electrodes. This may be associated with an increase in the resistance of the composite, as
a result of a higher content of the insulating phase (lower content of graphite) compared to other GEC
electrodes (Table 1). In contrast, GEC-III, GEC-V, GEC-VI electrodes show lower ΔE values that are
almost independent on the potential sweep rate. In this case, the behavior of the electrodes is
characteristic for the systems that are closer to reversibility, indicating that oxidation-reduction process on the electrode surface occurs with less overpotential and energy cost [14]. GEC-II electrode
showed an intermediate behavior, indicating less electrochemically active surface in this case.
These results can be associated with three levels of graphite percentage (cf. Table 1). The most
dependent on the potential sweep rate are GEC-I and GEC IV electrodes, with percentages of
graphite between 55-60 %. The electrodes which present the behavior closer to reversible are GECIII and GEC-VI electrodes, with percentages of graphite between 71-77 %. Among the remaining
GEC-II and GEC-V electrodes with percentages of graphite around 65 % [10] only GC-II electrode
showed an intermediate behavior, while GEC-V electrode, despite similar percentage of graphite,
showed much better electrochemical response of [Fe(CN)6]3-/4-redox pair. This may be associated
with the influence of the araldite/hardener ratio on the curing of the compound [27] on its
electrochemical properties. Therefore, it can be assumed that when the araldite/hardener ratio is
about 2:1 (Table 1), better electrochemical properties of electrodes are achieved, which can be
independent of the percentage of graphite in a narrow range. Among here manufactured electrodes
this araldite/hardener ratio was accomplished for GEC-III and GEC-V electrodes.
Kinetic parameters of the redox system [Fe(CN)6] 3- /4 - at GEC electrodes
To analyze the influence of the scan rate on the peak current intensity, it was taken into account
that for a quasi-reversible processes controlled by diffusion, the peak current is defined according
to the Randles-Ševčik equation [25,28], which is at 25 oC defined as:
ip = 2.99×105 1/2 n3/2A D1/2 C 1/2

(1)

In equation (1), ip is peak current intensity in A,  is electron transfer coefficient, n is the number
of electrons exchanged, A is area of the electrode in cm2, D is diffusion coefficient of redox species in
cm2 s-1, C is concentration of this species within the solution in mol cm-3 and  is the scan rate in V s-1.
Taking this equation into account, for diffusion-controlled processes, the peak current intensity
would be proportional to the square root of the sweep rate. Figure 3 shows the linear relationship
of the anodic peak current (ip) as a function of the square root of the sweep rate for each GEC
electrode. In all cases, an increase in ip was observed with increasing potential sweep rate. In
addition, since the intensity of the current is proportional to the flow towards the surface of the
electrodes, it can be argued that this magnitude is small at low sweep rates and increases when the
potential is swept at higher speeds [2].
From Figure 3 it is observed that for all GEC electrodes, the anodic peak current values were well
adjusted to straight lines with correlation coefficients greater than 0.98. These results indicate that
the electrode processes that occur on the surface of the electrodes are controlled by diffusion within
the experimental error, and the time scale of the experiment. Additionally, the constant term of the
Randles-Ševčik equation [(2.99·105) α1/2 n3/2 A D1/2 C] was evaluated, as a slope of the linear regression between ip vs. 𝜈1/2, that is a measure of sensitivity of the electrode. Parameters of linear
regression for GEC-I to CEC-VI electrodes are summarized in Table 2.
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Figure 3. Linear regression of anodic ip as a function of 𝜈1/2 for GEC-I to GEC-VI electrodes
Table 2. Parameters of linear regression of ip vs. 1/2 for GEC-I to GEC-VI electrodes.
Electrode
GEC-I
GEC-II
GEC-III

Slope
58 ± 2
99 ± 5
157 ± 6

R2
0.993
0.989
0.995

Electrode
GEC-IV
GEC-V
GEC-VI

Slope
37 ± 3
131 ± 8
148 ± 8

R2
0.982
0.984
0.991

The results shown in Table 2 reveal greater slope values for GEC-III and GEC-VI electrodes, and to
a lesser extent for GEC-V electrode, which is indicative of greater sensitivity of these electrodes
against the redox system [Fe(CN)6]3-/4-.
To identify the possible existence of coupled chemical reaction(s) during the electrode processes,
the ratio of anodic (ipa) and cathodic (ipc) peak current intensities for each type of GEC electrode was
analyzed. For a reversible system without kinetic complications, the peak currents ipa and ipc are equal,
i.e. the ratio ipa/ipc ≈ 1, and independent of the potential sweep rate and diffusion coefficients [25,26].
Figure 4 shows that for all analyzed GEC electrodes, the ratio between peak currents remains
practically constant with the increase of potential sweep rate. Additionally, for all electrodes it can be
seen that at any , the peak current ratio takes value greater than unity, which may indicate possible
coupled chemical reaction carried out during the charge transfer processes [26].

Figure 4. Peak current ratio (ipa/ipc) for GEC-I to GEC-VI electrodes as a function of the potential scan rate 𝜈

Heterogeneous electron transfer rate constants (ko) were determined for each GEC electrode.
From ΔE values obtained in CV profiles, the values of the dimensionless kinetic parameter  were
http://dx.doi.org/10.5599/jese.1005
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estimated, taking into account the relationship between  and ΔEp proposed by Nicholson in 1965.
ko values were determined according to the following equation [29].
nF 

ko =   Do

RT 


1/2

(2)

where Do is diffusion coefficient of the oxidized species (cm2 s-1), n is the number of electrons
transferred during the redox reaction,  is potential scanning rate (V s-1), F is Faraday constant
(96485 C mol-1), R is ideal gas constant (8.314 J mol-1K-1), and T is absolute temperature (298.15 K).
During this analysis it was observed that GEC-I, GEC-II, and GEC-IV electrodes showed a high
resistance to electron transfer, since for these cases, values of the constant ko are below the limit that
can be determined by the Nicholson method (< 4.6×10-3 cm s-1) [14]. On the other hand, the electrochemical reactions that occur on the surface of the remaining electrodes are carried out with appreciable rates, as shown by their ko values (GEC-III: (1.2 ± 0.7)×10-2; GEC-V: (1.0 ± 0.4)×10-2; GEC-VI: (6.6 ±
± 1.7)×10-3 cm s-1). For these latter electrodes, it could be observed that the values of the
heterogeneous electron transfer constant are within the range of the quasi-reversible processes,
considering the limiting scanning speeds (3×10-31/2  ko  2×10-7 1/2) [26].
GEC-III, GEC-V and GEC-VI electrodes showed the highest ko values, indicating that the kinetics of
the electron transfer that occurs on the electrode surfaces during redox process is faster, and typical
for a quasi-reversible system [24]. These results correspond to the higher percentage of graphite
(conductive phase) of these electrodes with respect to the rest. In spite of somewhat lower graphite
content, however, GEC-V electrode showed ko value very similar to that of GEC-III electrode, which
may be associated with the influence of the araldite/hardener ratio on the electrochemical
properties of the electrode.
Individual and simultaneous determination of adenine and guanine at GEC electrodes
Square wave voltammograms recorded for GEC-III, GEC-V and GEC-VI electrodes in adenine
containing PB pH 7 solution, are shown in Figure 5. For each GEC electrode, well defined oxidation
peak of high symmetry is observed at 950 mV.
For GEC-III and GEC-V electrodes, the increase of adenine concentration caused proportional
increase in the current intensity of the oxidation peak for this molecule. The linear regression
between the oxidation peak current and adenine concentration was significant for these two
electrodes, with high values of correlation coefficients (GEC-III: R2= 0.993, GEC-V: R2= 0.994). In
contrast, GEC-VI electrode is obviously less sensitive to changes in adenine concentration, since the
linear regression between the current intensity of the oxidation peak and adenine concentration
was not significant (R2 = 0.927). This result for GEC-VI electrode can be influenced by the surface
passivation that causes reduction of electrochemical activity of the surface, thus establish the
sensitivity of the electrode to change in adenine concentration [30,31].
GEC-III and GEC-V electrodes were used for the simultaneous determination of free adenine and
guanine mixed in PB solution. Figure 6 shows SWVs for each type of GEC electrode, where it is
observed that in both cases, the increase in concentration caused proportional increase in the
intensity of oxidation peaks for both molecules.
It can be seen from Figure 6 that adenine and guanine generate highly defined and symmetrical
oxidation peaks, separated by ΔE of around 270 mV. Almost no difference in the oxidation potential
values for guanine and adenine between two GEC electrodes is observed.
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Figure 5. SWVs of different concentrations of adenine in 0.02 mol L-1PB (pH 7) for GEC-III,
GEC-V and GEC-VI electrodes

Figure 6. SWVs of different concentrations of mixed adenine and guanine solutions in
0.02 mol L-1 PB (pH 7) for GEC-III and GEC-V electrodes

Compared to other electrodes already used for the development of DNA sensors, the oxidation
potentials of adenine (A) and guanine (G) at GEC-III and GEC-V electrodes are somewhat lower than
previously reported. Thus, for glassy carbon electrodes modified with graphene and Nafion, 820 mV
for G and 1180 mV for A were obtained by differential pulse voltammetry [32]. For graphene
electrodes modified with platinum nanoparticles, 830 mV for G and 1190 mV for A, were determined
by linear scanning voltammetry [33]. For carbon composite electrodes and nanoparticles of
graphene oxide modified with poly (L-cysteine), magnetite and DNA (ds-DNA/p(L-Cys)/Fe3O4 NPsGO/CPE), 830 mV for G and 1120 mV for A were determined by differential pulse voltammetry [34].
In benzoic acid modified graphite-epoxy composite electrodes, 620 mV for G and 1260 mV for
adenine, were obtained by square wave voltammetry [22]. All these results suggest that the purine
bases showed the best electrochemical response at here built graphite-epoxy electrodes.
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At GEC-III and GEC-V electrodes, guanine oxidizes at lower potential than adenine, which
indicates that the electrochemical oxidation processes for this molecule occurs with a lower
overpotential and with lower energy consumption, which is in the correspondence with previous
reports [31,35].
Figure 7 represents the graphs of linear regressions between the values of current intensity of
oxidation peaks and concentrations of adenine and guanine, respectively. For both GEC electrodes,
the peak current values are adjusted adequately to straight lines for both adenine and guanine,
giving high correlation coefficient values. Results of regression procedures for adenine and guanine
are summarized in Table 3.

Figure 7. Linear regression between peak oxidation current and concentration of adenine and
guanine for GEC-III and GEC-V electrodes
Table 3. Results of linear regression between ip and concentration of adenine and guanine at GEC-III and
GEC-V electrodes
Electrodes

Slope,
A L mol-1

Standard error,
A L mol-1

GEC-III
GEC-V

0.0116
0.0072

0.0005
0.0002

GEC-III
GEC-V

0.0067
0.0060

0.0004
0.0002

Intercept, A
Adenine
1.1×10-7
6.0×10-8
Guanine
2×10-8
-1.1×10-8

Standard error, A

Equation

2×10-8
7×10-9

ip=0.0116c + 1.1×10-7
ip=0.0072c + 6.0×10-8

10-8
8×10-9

ip = 0.0067c + 2×10-8
ip = 0.0060c – 1.1×10-8

From the results reported in Table 3, it appears that GEC-III electrode, having higher slope values
is more sensitive to the determination of both molecules compared to GEC-V electrode. These
results indicate that the electrochemical oxidation processes at GEC-III electrode surface is carried
out with faster electron transfer kinetics, what corresponds to the determined heterogeneous
electron transfer rate constant (ko) value. As expected, both electrodes are found more sensitive to
adenine determination, since this molecule is more electrochemically active and exchanges larger
number of electrons during oxidation processes [30,31].
Electro-oxidation of adenine and guanine in DNA oligonucleotide
Purine bases were determined in the single-stranded DNA sample (ST 36AR oligonucleotide),
using GEC-III and GEC-V electrodes since they showed better electrochemical responses of the redox
system [Fe(CN)6]3-/4-, and better results in the simple determination of adenine (Figure 5) and
simultaneous determination of adenine and guanine (Figure 6). Figure 8 shows SWVs of singlestranded DNA in PB, pH 7.0 solution at GC-III and GCE-V electrodes.
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Figure 8. SWVs of 100 mol L-1 single-stranded DNA solution (ST 36AR oligonucleotide)
in 0.02 mol L-1 PB (pH 7) for GEC-III and GEC-V electrodes

It can be seen in Figure 8 that for both GEC electrodes, the presence of ST 36AR oligonucleotide
generates two very well defined and highly symmetrical oxidation signals, separated by ΔE of
280 mV. GEC-III electrode showed more intense oxidation peaks compared to GEC-V electrode, as a
consequence of the greater sensitivity of GEC-III electrode in detecting both nitrogenous bases, as
already shown in Figure 7 and Table 3. As can be seen, ΔE that separates two oxidation signals in
the oligonucleotide is very similar to that obtained for free purines (approximately 270 mV in
Figure 6). This was used as a criterion to identify that the signal at 960 mV is due to the oxidation of
guanine, while the signal at 1240 mV to adenine oxidation. Furthermore, in this potential range, the
main oxidation signals are obtained to determine single DNA strands. [30,31].
As shown in Figure 9, the potentials at which the purine bases in the ST 36AR oligonucleotide are
oxidized, are higher than oxidation potentials provided when these nitrogenous bases are in their
free form [30,31].

Figure 9. SWVs of 100 mol L-1 single-stranded DNA solution and 10 mol L-1 mixed solution of
adenine and guanine in 0.02 mol L-1 PB (pH 7) for GEC-III and GEC-V electrodes

The higher oxidation potentials of adenine and guanine in the oligonucleotide compared to the
oxidation potentials of free purine bases is associated with the difficulty of oxidation of these
nitrogenous bases when they are committed within a single DNA chain. This may be associated with
steric impediments due to phosphate groups in the DNA chain and possible interactions that can occur
http://dx.doi.org/10.5599/jese.1005
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between complementary bases in the DNA chain, causing it to fold and at the distance that separates
the purine bases and the electroactive surface of the electrode [30,31]. All these molecular factors can
cause an overpotential to be generated to achieve oxidation of the purine bases.
Thermogravimetric analysis (TGA) of GEC-III, GEC-V and GEC-VI electrodes

(dm/dT) / % oC-1

Residual weight loss, %

The electrodes that showed better electrochemical responses (GEC-III, GEC-V, GEC-VI) for
ferri/ferrocyanide couple, were characterized by TGA. TGA was performed, in order to evaluate the
composition and analyze the stoichiometry of the curing reaction between the epoxy resin and
diamine (hardener). Figure 10 shows TG and DTG curves obtained.

T / oC
Figure 10. Thermogravimetric analysis of GEC-III, GEC-V and GEC-VI electrodes

The thermograms obtained for three chosen GEC electrodes showed fairly similar behavior. Two
losses of mass were generally detected, where the first loss of mass was identified between
100-270 C, corresponding to decomposition of the hardener that remained unreacted. The second
loss of mass took place around 270-480 C, corresponding to thermal decomposition of the epoxy
resin. The decomposition temperature intervals shown in this analysis correspond to those obtained
evaluating the components separately, as is already reported in the literature [36,37].
In compositions of three analyzed GEC electrodes, an excess of hardener was detected, as
expected according to the stoichiometry of the reaction, because the amount of substance of the
equivalent of the epoxy resin initially used for the construction of the electrodes, was greater than
the amount of substance of the equivalent of the hardener.
From TGA results summarized in Table 4, it can be seen that GEC-III and GEC-VI electrodes show
very similar composition. The experimental values obtained from the percentage of residue are
close to the added graphite values. The difference can be associated to the residual carbon product
of the decomposition of the excess hardener and the resin. The greater percentage of excess
hardener detected for GEC-VI electrode can explain its low surface electrochemical activity in the
simple determination of adenine. The lower sensitivity of GEC-V electrode in the determination of
purines with respect to GEC-III electrode, may be associated with its higher content of insulating
phase, which causes lower surface reactivity to the redox process of the nitrogenous bases of DNA.
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Table 4. Composition obtained from TGA data for GEC-III, GEC-V and GEC-VI electrodes
Electrode
GEC-III
GEC-V
GEC-VI

Hardener
7.2
6.2
8.1

Content, wt.%
Resin
15.2
26.1
13.7

Residue
77.6
67.7
78.2

This analysis shows that percentages of resin (insulating phase) between 15-26% ensure
adequate electrochemical response of the graphite-epoxy composite in the determination of
nitrogenous bases in DNA.
Conclusions
Graphite epoxy- composite (GEC) electrodes with different epoxy resin/hardener/graphite ratios
were prepared as sensors for adenine and guanine detection in DNA. The analysis of cyclic
voltammetry experiments performed using the system [Fe(CN)6]3-/4-as a redox probe showed a
quasi-reversible behavior, i.e. the redox reaction controlled by diffusion, for all prepared GEC
electrodes. More detailed kinetic analysis showed, however, that more reversible response of redox
probe is indicated at GEC electrodes having twice higher volume of araldite resin with respect to the
hardener.
The results of thermogravimetric analysis showed that GEC electrodes with best electrochemical
response to redox probe, and best results in detection of free purine bases in solution and singlestranded DNA, possess 15-26 % of insulating phase (epoxy resin).
These GCE electrodes were successfully applied for the analysis of adenine, mixture of free
adenine and guanine in the solution and single-stranded DNA.
The obtained results may serve for the subsequent development of DNA sensors without
electrochemical markers.
Acknowledgement: To the Materials Characterization Department, Phase Analysis Laboratory of
the Research Center for the Mining and Metallurgical Industry (CIPIMM) for thermogravimetric
analysis.
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Abstract
The present study is focused on the electrochemical properties of poly(3,4-propylenedioxythiophene) (Poly(ProDOT)), electrocoated on the single carbon-fiber microelectrode (SCFME)
in different electrolytic media, with different solvent dielectric constants (35.9, 41.7, 47.5,
53.3, 59.1 and 64.9). The highest deposition charge density of 24.49 mC cm-2 and the highest
specific capacitance of 23.17 mF cm-2 were obtained for Poly(ProDOT) synthesized in a
medium with the lowest solvent dielectric constant ( = 35.9). Electrochemical impedance
spectroscopy (EIS) results of Poly(ProDOT) coated SCFME measured at open circuit potential
showed continuously increased impedance magnitudes as ε was increased from 35.9 to 59.1.
For all films, almost capacitive impedance responses at lower frequencies at least were
obtained. The highest capacitance was observed for the polymer film synthesized in the
medium of  = 35.9. The impedance of this film was also measured in different solvent
mixtures with different dielectric constants at open circuit potential.
Keywords
carbon fiber; surface modification; electropolymerization; polythiophene derivate;
electrochemical impedance spectra.
Introduction
Today, electrochromic, optical and thermoelectric properties of conductive polymers used in many
fields continue to be investigated [1-5]. The conductive polymer materials with enhanced properties
can be produced by electrochemical methods [6-8]. Electrochemical properties of electrochemically
synthesized conductive polymers can be investigated by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) [9-12]. Electrochemical impedance spectroscopy can be used both for
volume and interfacial region studies and is associated with time constants ranging from minutes to
microseconds [13].
http://dx.doi.org/10.5599/jese.1035
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ELECTROCHEMICAL PROPERTIES OF Poly(ProDOT)

In conducting polymers of importance for biomedical devices, low interfacial impedance and
enhanced charge storage capacity are generally considered essential. It was already shown that
electroplating with poly(3,4-alkylenedioxythiophene) reduced electrical impedance in biomedical
devices and produced films with sufficient softness and large surface area [14-16]. Due to these film
properties, there is a significant reduction of the electrical impedance of biomedical devices in the
biologically relevant frequency range (around 1000 Hz), and just this frequency corresponds to the
typical pulse width of a neural signal (around 1–2 ms) [17]. Therefore, poly(3,4-alkylenedioxythiophene) and its derivatives are promising electronic materials used in organic bioelectronics for
biosensing [18-21]. Carbon-based electrodes electrochemically coated with Poly(ProDOT) exhibit
enhanced capacitive behavior and are promising materials for supercapacitor applications [22-24].
Micron size carbon fibers having low resistivity, high surface area, and small crystallites formed in
the stacking direction during electropolymerization can improve the interface properties between
polymer and carbon fiber. The approach of using a single carbon-fiber rather than a fiber bundle has
the advantage of precise characterization of the coated film by electrochemical techniques. Conductive polymers electrocoated on CFMEs were previously studied and reported in detail by Sarac and
coworkers [25-27]. FTIR-ATR, AFM and SEM characterizations of Poly(ProDOT) and Poly(ProDOT-coN-phenylsulfonyl pyrrole) films synthesized by electropolymerization in 0.1 M NaClO4/MeCN were
previously studied by the same group, and some characterization details are reported in [28].
In this study, polymer of 3,4-propylenedioxythiophene (ProDOT), a derivative of polythiophene
(PTH) [29-31] was electro-coated specifically on a single carbon-fiber microelectrode (SCFME) in
different electrolytic solutions having different solvent dielectric constants. The effect of the dielectric
constant of the solvent on electrochemical properties of Poly(ProDOT) coated SFCME was investigated
in detail by CV and EIS techniques.
Experimental
Chemicals
3,4-propylenedioxythiophene (ProDOT), propylene carbonate (PC), and tetrabutylammonium
hexafluorophosphate (TBAPF6) were purchased from Aldrich. Acetonitrile (MeCN) and propylene
carbonate (PC) were obtained from Riedel de Haën. Carbon fibers of Aksa Acrylic Co. were used in
all experiments. All chemicals were of high purity.
Electrochemical experiments
Electrochemical polymerization was performed potentiodynamically by CV technique using a potentiostat 2263 Electrochemical Analyser (Princeton Applied Research, USA) interfaced to a PC and
controlled by PowerSuit software package in one-compartment three-electrode cell. The electrochemical behavior of polymer samples prepared in different solutions was examined by the CV
technique with the same three-electrode system. SCFME with an area of 2.19×10-3 cm2, a platinum
wire, and a silver wire were used as working, counter and reference electrodes, respectively. Ag wire
used as the reference electrode was checked and calibrated by ferrocene (0.1 M).
EIS measurements of Poly(ProDOT) coated SFCME in different dielectric media were performed
using potentiostat 2263 Electrochemical Analyser (Princeton Applied Research, USA) within a
frequency range between 100 kHz and 0.01 Hz and AC signal amplitude of 10 mV, at applied
potentials of -0.2, 0.0, and 0.2 V and open circuit potential (OCP) condition. Electrochemical
impedance software (PowerSine) was used to carry out impedance measurements of polymer
coated SCFMEs in monomer-free electrolytic solution with the same three-electrode system.
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Impedance data were analyzed using ZSimpWin (Version 3.1) AC impedance data analysis software
(Princeton Applied Research).
Results and discussion
Electropolymerization
Poly(ProDOT) was obtained from 2 mM ProDOT monomer solution by performing 20 CV cycles
at the scan rate of 50 mV/s in the potential range of -0.5-1.5 V, and the recorded graphical results
were compared. In all experiments, 0.1 M TBAPF6 was used as the supporting electrolyte, while
acetonitrile (MeCN), propylene carbonate (PC), and their mixtures were used as solvents. Equation
(1) was used to calculate dielectric constant values of solvent mixtures:

m = 1x1 + 2x2

(1)

The dielectric constant of solvent 1 is 1, the volume fraction of the same solvent is x1, 2 is the
dielectric constant of solvent 2, and the volume fraction of solvent 2 is x2 [32]. Dielectric constants
of the solvents and their mixtures at room temperature are given in Table 1.
Table 1. Dielectric constants of solvents and their mixtures (at 293.15 K).
Solvent
MeCN
MeCN-PC
MeCN-PC
MeCN-PC
MeCN-PC
PC

Solvent ratio (V / V)
1
4:1
3:2
2:3
1:4
1

Dielectric constant
35.9
41.7
47.5
53.3
59.1
64.9

Electropolymerization of ProDOT in electrolytic solutions with different solvent dielectric constants
is shown in Figure 1. As the number of cycles increased, the oxidation-reduction current values
increased, mostly for the coating obtained at  = 35.9 (Figure 1a). Coatings obtained at solvent
dielectric constants 41.7, 47.5 and 64.9 changed to a much lesser extent (Figure 1b-d), while these
obtained at the solvent dielectric constants of 53.3 and 59.1 did not change at all (not shown). As the
solvent dielectric constant increased from 35.9 to 59.1, the maximum oxidation current value
decreased from 3.1 to 0.003 A and then increased to 0.2 A in the electrolytic solution with a solvent
dielectric constant of 64.9. The inner graphs in Figure 1 show the oxidation-reduction current values
versus scanning rate in electrolytic solutions where coatings were made but without monomer.
Accordingly, the current values increased as the scan rate increased from 50 to
200 mV s-1, except in electrolytic solutions with solvent dielectric constant of 53.3 and 59.1. It can be
said that the system is diffusion-controlled [27,33,34] since the current values of the electrocoating
obtained in electrolytic solutions with solvent dielectric constants of 35.9, 41.7, 47.5 and 64.9 increase
with the increase of the scan rate.
The linear dependence of the peak current with the square root of scan rate occurs with
electrodes dependent on the diffusion limited redox reaction, while for reaction molecules that
adsorb on the electrode surface, peak current will be linearly dependent on the scan rate [35].
The graphs of anodic and cathodic currents against the scan rate and square root of the scan rate
for  = 35.9 are given in Figure 2. The linear dependence of the peak current with the scan rate for
Poly(ProDOT) coated SCFME in monomer-free solution indicates that redox reaction is primarily
dependent on the adsorption of molecules. Note that for the diffusion limited redox reaction, the
linear dependence of the peak current on the square root of scan rate was predicted [33,34].
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Figure 1. Cyclic voltammograms of polymerization (20 cycles, 50 mV/s) at SCFME from 2 mM
ProDOT monomer in 0.1 M TBAPF6 and solvent dielectric constant: a) 35.9; b) 41.7; c) 47.5;
d) 64.9. Inset graphs: CVs of Poly(ProDOT) in monomer-free 0.1 M TBAPF6 at different scan
rates (50 - 200 mV/s). Surface area of WE 2.19×10-3 cm2
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The graph of anodic and cathodic peak potential values against the scan rate is given in Figure 3.
With increasing scan rate, the anodic peak potential is shifted positively, while the cathodic peak
potential is shifted negatively. An increase of the scan rate can limit the time interval of the
electrochemical process, which results in a shift towards more positive potentials (for anodic peaks)
and negative potentials (for cathodic peaks). The shift is mainly due to the delay of the electro266
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chemical reaction due to the shortness of time compared to a lower scan rate that allows more time
for the reaction to occur (Figure 3).
Ea
Ec

0.44

-0.27

0.40

-0.28

0.38

Potential,V

Potential,V

0.42

-0.29
0.36
0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

-1

 / Vs

Figure 3. Anodic (Ea) and cathodic (Ec) peak potential values vs. scan rate for  = 35.9
(inset of Fig. 1a)

Figure 4 presents schematic steps of the electrochemical polymerization of ProDOT on the SCFME.
Electron transfer from ProDOT monomer to SCFME working electrode due to oxidation is the first step
of electropolymerization. In the next step, coupling reactions with the formed ProDOT radical cations,
followed by a dehydrogenation step can be realized. By coupling radical cations, oligomers are formed,
and further oxidation of these oligomeric and polymeric radical cations can interact with electrolyte
anions (PF6-), depending on the solvent medium dielectricity.
Solvent with a high dielectric constant is easily polarized. Polarization allows countercharges to
be placed around an ion, which results in coulombic interactions between solvent and radical
cations of Poly(ProDOT), and reduces the polymerization ability of oligomers of ProDOT during the
radical cation coupling (Figure 4). Therefore, the deposition charge density of polymer (α thickness)
was found to decrease by increasing the dielectric constant of the medium.
Solvents influence the solubility, stability and reaction rates, and choosing the appropriate solvent
allows thermodynamic and kinetic control over a chemical reaction. Stabilization of the intermediates
may occur through different non-covalent interactions with the solvent i.e., H-bonding, dipole-dipole
interactions, van der Waals interactions, etc. Stabilization of radical cations (ProDOT radical cation
and/or oligomeric radical cation) is larger in polar solvents than in less polar solvents. Polar solvent one with a high dielectric constant - will stabilize radical cations by forming interactions and reducing
the reactivity of these intermediates with each other (Figure 4).
The deposition charge density of the polymer electrogrowth (q) and specific capacitance (Csp) in
monomer free solution were calculated from CV measurements according to equations (2) and (3):
q=

 idV

2vA
q
Csp =
dV

(2)
(3)

where idV is the integrated area under the CV curve, ν is the scan rate, V s−1; V / V is the potential
window in CV measurements and A / cm2 is the electrode surface area.
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The graph of the calculated deposition charge density of ProDOT and specific capacitance (Eqs. 2
and 3) versus dielectric constant of the solvent, obtained from CVs of Poly(ProDOT) in monomerfree solution is shown in Figure 5.

68

Dielectric constant
Figure 5. Deposition charge density of electrogrowth (50 mV/s, 20 cycles) of ProDOT (left axis), and specific
capacitance (right axis) vs. dielectric constant of solvent obtained from CV (200 mV/s) of Poly(ProDOT) in
monomer-free 0.1 M TBAPF6. Surface area of WE  2.19×10-3 cm2
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As the solvent dielectric constant increased, the deposition charge density in the system
decreased. Accordingly, the highest deposition charge density value was obtained from the coating
realized in the media with a dielectric constant of 35.9.
The deposition charge density of film electrogrowth can be generally correlated with its thickness
which becomes lower at higher dielectric constants. According to Figure 5, specific capacitance values
of these films show a similar trend with the exception of  = 41.7. The highest deposition charge
density of 24.49 mC cm-2, and the highest specific capacitance of 23.17 mF cm-2, were obtained for
Poly(ProDOT) synthesized in the solvent with the lowest dielectric constant ( = 35.9).
Electrochemical impedance spectroscopy
Impedance (Z) defined by Eq. (4) is the angular frequency () dependent resistance of a system
to the alternating current (AC) flow caused by the application of frequency-dependent potential. In
the limit of zero frequency, impedance becomes frequency independent resistance against the
electrical current, or DC resistance [36].
Z=

E ()
I()

(4)

Solution resistance is an important factor in electrochemical impedance measurements of an
electrochemical cell. In a three-electrode system, the uncompensated solution resistance is
measured between the working and the reference electrode [37].
EIS results are usually presented by plotting the measured impedance against the frequency
(f = /2). Impedance spectrum presentation is the frequency (f) dependence of two real quantities
(absolute impedance value - |Z| and phase angle - ). In the spectrum set as Bode plot, log |Z|and φ
are drawn against log . In Nyquist plot, the imaginary part of impedance (Zim) is put against the real
part of impedance (Zre). For capacitive systems, complex capacitance, C = (iZ)-1, is the most valuable
presentation, where total capacitance can be evaluated directly from a spectrum as Cre for  → 0. The
impedance spectrum is generally studied with equivalent circuit modelling (ECM) containing different
electric elements. Each element in ECM and its connection with other elements point to some specific
physical event. There are three basic elements used in ECM [38-40]. The first is a resistor that appears
in the Bode plot as a plateau having zero phase angle, a capacitor that appears as a straight line with
a slope of -1 and phase angle of -90, and element related to the diffusion of reaction species, showing
a straight line with a slope of -0.5 and phase angle of -45. In the Nyquist plot, resistance appears as a
point at Zre, and capacitance as a vertical line (angle of 90), where capacity value can be calculated
from Zim value at certain  as C = (Zim)-1. The element related to diffusion (Warburg element) shows
a straight line having a slope of 45.
EIS results of Poly(ProDOT) coated SCFMEs measured in monomer-free electrolytic solutions under
open-circuit potentials are given in Figure 6. For each Poly(ProDOT) coated SCFME, EIS was taken in
the same electrolytic solution from which the coating was made but under monomer-free conditions.
According to the EIS results in Figure 6a, for higher dielectric constants (53.3 and 59.1), more or
less inclined capacitive lines are generally observed, with impedance much higher than these measured for low dielectric media (35.9, 41.7, 47.5). Impedance for  = 64.9 lies somewhere between
these two groups. Also, for higher  (53.3 and 59.1), it seems that Nyquist plots are started to bend
with a significant increase of the real resistance at the lowest frequencies, tending to form a semicircle.
For all films, Bode plots in Figure 6b show resistive impedance at higher frequencies and almost
capacitive impedance responses at lower frequencies. Two groups of impedance spectra can be
generally distinguished, a group with lower impedances ( = 35.9, 41.7 and 47.5) and consequently
http://dx.doi.org/10.5599/jese.1035
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higher capacitances and a group with higher impedances ( = 53.3 and 59.1) and hence lower
capacitances. The impedance spectrum for  = 64.9 lies somewhere between these two groups.
Bode phase plots in Figure 6d clearly show that almost pure capacitive impedance response,
characterized by phase angle near -90, are obtained for  = 35.9, and  = 53.3 and 59.1. The other
films, including that for  = 64.9, show more complex behavior, with clear resistive contribution(s)
making peaks in phase angle responses at higher frequencies and almost capacitive impedance
responses at lower frequencies. Anyhow, it is clear that going from films formed at higher dielectric
constants ( = 53.3 and 59.1), there is a continuous change from almost pure capacitive response
showing lower capacitance, via complex impedance response involving some resistance
contribution(s) ( = 41.7, 47.5, 64.9), to pure capacitive impedance response showing higher
capacitance ( = 35.9) (Figure 6c).
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Figure 6. EIS results of Poly(ProDOT) synthesized in solvents with different dielectric constants
and measured in monomer-free 0.1 M TBAPF6 under open circuit potential: a) Nyquist; b) Bode
magnitude; c) complex capacitance; d) Bode phase plots

EIS results of Poly(ProDOT) coated SCFME, measured in monomer-free electrolytic solutions at
different applied potentials (-0.2, 0.0 and 0.2 V), are given in Figure 7. For each Poly(ProDOT) coated
SCFME, EIS was taken in the same electrolytic solution from which the coating was made but without
a monomer. Generally, films formed in solutions of higher dielectric constant ( = 53.3 and 59.1)
showed the highest and almost capacitive impedances, independent of the potential of
measurements (Figure 7a-b). For other films at all three potential values, much lower impedances are
generally observed. Phase angle Bode plots in Figure 7c show that almost pure capacitive impedance
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responses are observed for the films ( = 35.9, 41.7 and 47.5), all measured at 0.2 V. This might be
related to the fact that 0.2 V is closest to the potential of redox peak of the faradic/doping process
recorded by CVs shown in Figure 1. Other films measured at either 0.0 or -0.2 V, showed more complex
behavior involving some clear resistance contribution(s), which is less prominent for films of lower ε
and the most prominent for the film  = 64.9 at both 0 and -0.2 V.
Generally, higher capacitances are obtained for polymer films formed in lower dielectric media
than those from higher dielectric solvent media. In addition to the ordinary double-layer capacitance
formed at interfacial regions of polymer films, high capacitance of conducting polymers originates
from the film's active layer, where fast redox reaction with low charge transfer/transport resistances
results in pseudocapacitance.
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Figure 7. EIS results of Poly(ProDOT) synthesized in solvent mixtures with different dielectric
constants and measured in monomer-free 0.1 M TBAPF6 at -0.2, 0.0 and 0.2 V: a) Nyquist;
b) Bode magnitude; c) Bode phase plots

EIS results of Poly(ProDOT) synthesized on SCFME in 0.1M TBAPF6/MeCN,  = 35.9) measured in
different dielectric media under monomer free conditions at open circuit potential presented in
Figure 8. Bode plots (Figure 8a and 8d), Nyquist plots (Figure 8b) and complex capacitance spectra
(Figure 8c) indicate that the polymer coating on the SCFME is very stable since all measured spectra
are rather similar for different dielectric solvent media.
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complex capacitance; d) Bode phase plots; e) comparison of measured (Fig. 8b and 8d) for  = 35.9, and
calculated (according to ECM in Fig. 8a) Bode phase and magnitude plots

Equivalent circuit modeling
Poly(ProDOT) were synthesized by electrochemical polymerization in electrolytic solutions
containing different solvent mixtures that have different dielectric constants. Electrochemical
parameters of Poly(ProDOT) electrocoated on SCFME were evaluated with ZsimpWin program and
complex nonlinear least squares (CNLS) analysis, using the presumed equivalent circuit model. If χ2
(Chi-squared) value obtained from the comparison between measured and calculated impedance
spectrum is around 10-4, it means that the circuit fits the measured results. The value of 2 is
expressed as the sum of squares of the residuals.
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The model (ECM) drawn within Figure 8a was chosen for the electrical equivalent circuit
modelling procedure. It consists of three resistances (Rs, R1, and R2), two CPE elements (Q1 and Q2)
and a pure capacitor (C). The constant phase element (CPE) is used instead of ideal capacitors (C) to
compensate for the porosity, roughness, and inhomogeneity of the electrode surface in the system
[41]. Rs should be ascribed to the pore, and uncompensated electrolyte resistances, a combination
(Q1 and R1) presents interfacial impedance, characterized by the double-layer capacitance (Cdl) and
charge-transfer resistance (Rct) in the first parallel combination [42]. The second parallel
combination (Q2 and R2 + C) is related to the active interior of polymer film, where R2 comprises ion
transfer/transport resistances within the film of pseudocapacitance (C). R3 was put into ECM in
Figure 8a to account for not ideal capacitive impedance response at the lowest frequencies.
ECM was well fitted to the experimental data for Poly(ProDOT), as is already shown in Figure 8e
by drawing measured and calculated impedance spectra for the film formed in the solvent with  =
39.5 and measured at the open circuit potential. Table 2 summarizes impedance parameter values
obtained after fitting of ECM from Figure 8a to impedance spectra of Poly(ProDOT) obtained at some
 and measured in monomer-free solution at 0.0 V (Figure 7).
Table 2. Values of elements calculated by ECM in Fig. 8a fitted to EIS results of Poly(ProDOT) presented in
Fig. 7 for 0.0 V. Surface area of WE = 2.19×10-3 cm2

35.9
41.7
47.5
59.1

Rs / Ω cm2
17.03
15.96
20.64
23.76

Q1 / S sn cm-2
38.0
11.3
11.2
4.65

n1
0.78
0.89
0.85
0.97

R1 / Ω cm2
26.92
113
136.8
3.73×105

Q2 / S sn cm-2
2610
2930
1150
--

n2 R2 / Ω cm2
0.96
26.25
0.97 4.49×104
0.96 1.45×105
---

C / F cm-2
0.01035
----

R3 / kΩ cm2
65.2
----

Data in Table 2 show well resolved parameters for Poly(ProDOT) formed at  = 35.9. For higher ,
however, a reduced number of parameters was obtained, which is obviously due to higher resistance,
primarily R2 values. For polymer film formed at low , R1 and R2 resistances are relatively low, allowing a
pseudocapacitance (C) of about 10 mF cm-2 to be achieved. R1 and R2 values for Poly(ProDOT) are
significantly increased for higher , but at the same time, a decrease is observed for Q values. Decrease
of double layer capacitance with the increase of  of medium is due to doping of polymer cationic sites
(Figure 4). R1 and R2 increase under higher dielectric constants, where the deposition charge densities
decrease (Figure 5). This indicates that less thickness and less conductive films are obtained at a higher
dielectric constant. Dielectric constant () is a measure of a substance's ability to insulate charges from
each other. By considering solvent polarity, higher ε means higher polarity and greater ability to
stabilize charges. Increasing the polarity of the solvent increases the solvation of the anion of
electrolyte (PF6-). There will be an increase in dipole-dipole interactions between the solvent and
dopant PF6-. As the polarity of the solvent increases, the mobility of PF6- ions is reduced, reducing the
polymer doping, which results in less conductive material than that formed at low dielectric
conditions.
When prepared in favourable conditions of low solution dielectric constant, Poly(ProDOT) shows
low resistance and high capacitance values (Figure 9). Due to these properties, Poly(ProDOT) can be
used in biosensing applications because it has sufficient electronic conductivity and is also
biocompatible and stable. Enzymes can be immobilized on conductive polymer coated electrodes in
several ways, such as physical adsorption [43,44].
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Figure 9. Q1, Q2 and R1 vs. dielectric constant data of Poly(ProDOT) taken from Table 2

Conducting polymers based on thiophene are used as a transducer in lactose biosensor [45],
glucose biosensor [46], vitamin C biosensor [47], and hydrogen peroxide biosensor[48]. The ProDOT
can be used as a new material for neural interfaces [49,50], for flexible supercapacitors [51,52],
capacitive sensors, and charge storage electrodes.
Conclusions
In this study, 3,4-propylenedioxythiophene (ProDOT) was successfully electro-coated on SCFME
in different electrolytic solutions and solvent mixtures having different dielectric constants. The
effect of dielectric properties of solvents on Poly(ProDOT) coating on SFCME was investigated by CV
and EIS techniques in detail.
As the solvent dielectric constant increased, the deposition charge density in the system decreased.
Accordingly, the highest deposition charge density value was obtained from the coating made in the
media with the lowest dielectric constant of 35.9. The deposition charge density of electrogrowth and
specific capacitance values versus dielectric constant of solvent shows a similar trend, indicating both
processes of electrogrowth and that in monomer free conditions are in line. The highest deposition
charge density and specific capacitance were obtained from Poly(ProDOT) synthesized at the lowest
solvent dielectric constant medium ( = 35.9).
All resistance values (charge transfer/transport) are lower, while capacitances (double layer and
film) are higher for Poly(ProDOT) films formed in solutions of lower dielectric constant. An opposite
trend with high resistance and low capacitances is observed for films formed in solutions of higher
dielectric constant where deposition charge densities were decreased.
Increasing the polarity of the solvent increases the solvation of the anion of electrolyte (PF6-). In
these conditions, increased dipole-dipole interaction between the solvent and dopant PF6- will
reduce the mobility of PF6- ions and doping of polymer, resulting in a less conductive material
compared to low dielectric conditions.
This study may help researchers pave the way toward more efficient strategies to optimize
structural properties of Poly(ProDOT) in different application fields, i.e., flexible electronics, sensors,
and organic photovoltaics.
Acknowledgement: The authors acknowledge the suggestions and inputs provided by Dr. Baran
Sarac.
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Abstract
To investigate the performance of microbial fuel cell (MFC) with a single-chamber
membrane, Pseudomonas aeruginosa is used as a biocatalyst for various synthetic
wastewaters rich in carbohydrate and is compared with real dairy wastewater in this
experiment. Therefore, the choice of appropriate carbon, nitrogen, NaCl, inoculum
content, temperature, and pH process parameters used for preparing synthetic
wastewater was agreed upon by one-variable-at-a time approach. Maximum level of
voltage generation attained from the synthetic wastewater was 485 mV when supplemented with 1.5 % of lactose as a source of carbon, 0.3 % of ammonium chloride as a
decent nitrogen source, 0.03 % of NaCl, inoculum concentration of 3 %, the temperature
at 37 oC and pH 7. On the other hand, the maximum voltage attained with real dairy
wastewater was 561 mV with high chemical oxygen demand (COD) value of 801 mg l-1.
The maximum power density obtained from dairy wastewater was 73.54 mW m-2. High
voltage achieved for MFC operating with real dairy wastewater suggests that it can be
used not only for the industrial application to generate more renewable power, but also
for the wastewater treatment carried out at the same time.
Keywords
Green technology; microbial fuel cell; voltage generation; synthetic wastewater; dairy
wastewater.
Introduction
In current years, an expanding emphasis is put on inexhaustible energy sources, which are
substantially biodegradable, can't be depleted, and preserve the valuable conventional power
http://dx.doi.org/10.5599/jese.1030
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sources like coal, oil, and petrol [1]. In previous couple of decades, however, people had consistently
used non-renewable energy sources and utilized them for power generation [2]. As they belong to
the conventional sources of energy, they are exhaustible [3] and are getting depleted at an alarming
rate. Thus, a significant number of petroleum derivatives may never be accessible in only a couple
of years. Henceforth some additional energy sources for the nourishment of the present
advancement have to be discovered [4]. Among them, microbial fuel cell technology is gaining more
attention for industrial applications and attaining more power at a large scale [5]. The utility of the
energy from microbial fuel cells (MFC) is significant to keep attention on their production [6].
Therefore, the performance of MFC can be increased by changing the physicochemical parameters
and these days, research with MFC is also achieving more attention [7].
There is no common medium for the generation of voltage with microorganisms [8], because specific physicochemical parameters and nourishment are necessary for growth and voltage generation by
microorganisms [9]. Thus, perfect process optimization is vital for the reduction of handling costs.
The present paper describes preparation of the synthetic wastewater media for voltage
generation. As per previous reports, there is no sole information on the synthetic wastewater
preparation under dissimilar types of process parameters and a comparison with real wastewater
from the dairy industry was never performed. The experiments were carried out with synthetic
wastewater and dairy wastewater as a substrate to check the performance of MFC for advanced
renewable power generation [10]. The experiments conducted for power generation from
wastewater contribute to green technology by reducing the extent of carbon dioxide and other
gases which cause global warming [11].
Preparing a synthetic wastewater media for voltage generation needs a proper assortment of
carbon sources, nitrogen sources, and salts at first. Then, nutritional necessity can be enhanced by
the statistical methods. One-variable-at-a time methodology might be beneficial for defining
essential inhibitory or stimulation variables before conducting statistical methods. At first,
optimizing process parameters for the maximum voltage generation from the synthetic wastewater
in a single chamber MFC is carried out, and the maximum output voltage with the optimized values
is reported in this paper. Secondly, the same single-chamber MFC operating with real dairy
wastewater is carried out, and the maximum voltage obtained is also reported. Finally, the
maximum voltage outputs from both the synthetic and dairy wastewater are compared.
Methods
Chemicals and reagents
Luria-Bertani broth (Himedia, India), glucose, fructose, lactose, maltose, sucrose, starch
(Himedia, India), sodium chloride (Merck, India), ammonium chloride, soyabean meal, sodium
nitrate, ammonium sulphate, potassium nitrate (Himedia, India), potassium dihydrogen phosphate
(Himedia, India), and di-potassium hydrogen phosphate anhydrous (Himedia, India), were acquired
for the experiment. Other chemicals required in this experiment were of analytical grade [12,13].
Microorganism
The Pseudomonas aeruginosa, which is an exoelectrogenic bacteria was taken from the
bioengineering lab of NIT Agartala, India. Luria-Bertani broth and Agar (LBA) media were used as
maintenance media for sub-culturing and pH of media was kept at 7.4 before sterilization. After
sterilization, LBA media was transferred to the plate and waited for 30 minutes until it became
solidified. Pseudomonas aeruginosa were then transferred to solidified media and incubated at
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37 °C for 24 hours. The synthetic wastewater was prepared in 200 ml conical flask holding lactose
(10 g l-1), ammonium chloride (0.20 g l-1), sodium chloride (0.30 g l-1), dipotassium phosphate
(1.26 g l-1), potassium dihydrogen phosphate (0.42 g l-1) and trace metals solution (1 ml) [14,15]. 2 %
new culture of Pseudomonas aeruginosa optical density at 550 nm ≈ 0.2 was inoculated in MFC on
the synthetic media at pH 7.4. Individually, various carbon and nitrogen sources were used in the
experiments. The dairy wastewater was collected from the local area and further diluted during
experiments. The MFC was examined in batch mode each time for 360 hours (15 days).
MFC arrangement and operating processes
The investigation was run in 300 ml single-chamber MFC of working volume 200 ml, and
cylindrical reactor made from acrylic resin. The anode and the cathode were carbon-cloth with a
surface area of 50 cm2 having cloth thickness 0.37 mm and a diameter of 50 mm. Carbon cloth
cathode was loaded with 0.5 mg cm-2 of Pt. Nafion 117 was used as the membrane. The pipe length
was 110 mm with an outer diameter of 70 mm and 60 mm. The membrane showed only ionic
conductivity of about 0.078 S cm-1. The electrodes were kept at a gap of 175 microns, and membrane
was placed between electrodes. The electrodes were attached by stainless-steel wires and digital
multimeter. The single-chamber MFC and its components are presented in Figure 1.

Figure 1. Single-chamber MFC components and setup

Effects of various process parameters
The carbon source, nitrogen source, inoculum content, temperature, and pH were considered as
process factors for the acquirement of maximum power generation from the preparing synthetic
wastewater. One-variable-at-a time approach was applied to select the values of main factors.
Results and discussion
Choice of appropriate carbon and nitrogen sources for preparing synthetic wastewater
The lactose was replaced by other carbon sources viz. fructose, glucose, maltose, sucrose, and
starch on the base carbon content of 1 % w/v [16]. The maximum voltage was obtained in the
presence of lactose as a simple carbon source, which gives a reading of 410 mV as open-circuit
voltage at digital multimeter and is maximum yield when compared with other selected sources of
carbon (Figure 2). The voltages obtained by other carbon sources is presented in Figure 2, showing
less encouragement on the voltage generation than lactose [17]. The suppressive effect on such an
http://dx.doi.org/10.5599/jese.1030
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event was witnessed when other carbon sources were examined [18]. Catabolite suppression may
be the utmost probable cause for this oppressive outcome [19,20].

Carbon source (1 % w/v carbon content)
Figure 2. Effect of different carbon sources on voltage generation

It was formerly proven that a catabolite control protein was responsible for this controlling
mechanism that transduced signal for enzyme synthesis suppression [21]. In the medium, organic
and inorganic nitrogen sources were used, such as ammonium chloride, soybean meal, sodium
nitrate, ammonium sulfate, and potassium nitrate based on nitrogen content at 0.2 % w/v [22,23].
Maximum voltage was attained in the presence of ammonium chloride as a simple nitrogen source,
producing 415 mV, thus considered maximum yield in assessment among other nitrogen sources as
presented in Figure 3.

Nitrogen source (1 % w/v nitrogen content)

Figure 3. Effect of different nitrogen sources on voltage generation

The selected nitrogen sources presented in Figure 3 significantly affect to voltage generation
when matched with ammonium chloride [24]. It is also witnessed that voltage production
progresses in the presence of lactose and ammonium chloride. The sources of nitrogen other than
ammonium chloride displayed a comparative drop in voltage production [25].
The effect of carbon, nitrogen, NaCl, inoculum content, temperature and pH on voltage generation
The assessment of voltage generation at dissimilar levels of carbon source (lactose) in the
synthetic wastewater media as components is presented in Figure 4.
The outcomes display that the voltage generation is improved with increase of lactose
concentration from 0.5 to 1.5 %. Hence, the upper level of lactose harms voltage generation, as
presented in Figure 4. The voltage upsurges with a rise in ammonium chloride concentration in the
media up to 0.3 %. However, above concentration of 0.3 %, voltage generation is declined (Figure 5).
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Figure 4. Effect of carbon content (lactose) on
voltage generation
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Figure 5. Effect of nitrogen content (ammonium
chloride) on voltage generation

Voltage generation was improved by adding sodium chloride media from 0.02 to 0.04 %. The
voltage generation at 0.03 % of NaCl was observed to achieve the highest voltage, while at higher
sodium chloride content, the generated voltage declined (Figure 6).
Moreover, sodium chloride acts as an inducer for voltage generation. It was shown previously
that microbes utilize sodium-driven solute carriage systems for their existence and adjustment in
high pH environments [26-28]. Hence sodium ions are compulsory for bioenergetics and metabolic
courses of bacterium such as pH homeostasis and ATP synthesis [29].
After the effective media optimization, the remaining physical and chemical process parameters
were improved considering the optimized medium. The assessment of voltage generated by the
impact of dissimilar levels of main physical and chemical factors is presented in Figures 7, 8 and 9.
Voltage generation upswung with rise of inoculum content from 1 to 3 %, and from the maximum
at 3 % of inoculum concentration, the value of voltage started to decrease (Figure 7).

Figure 6. Effect of sodium chloride
content on voltage generation

Figure 7. Effect of inoculum content on
voltage generation.

This may occur due to the restriction of other medium components, which cause a decrease in
voltage generation [30]. On the other side, in the case of temperature, it was observed that voltage
increases with an increase of temperature from 30 to 37 °C (Figure 8).
The obtained results specify that the voltage generation is stimulated by temperature. The voltage
generation decreases at lower temperature, what is due to the inactivation of enzymes and ribosomes
which are directly or indirectly responsible for the growth of the cell [31]. At the same time, it means
http://dx.doi.org/10.5599/jese.1030
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that at temperatures higher than 37 °C, the volatility of membranes can change, which in turn alters
the carriage movement of compounds that are soluble [32]. Thus, the highest voltage generation was
obtained at 37 °C. Voltage generation was progressively improved from pH 6 to pH 7, but beyond pH
7, radical reduction of protease production was obtained and presented in Figure 9.

Figure 8. Effect of temperature on
voltage generation.

Figure 9. Effect of pH on voltage
generation

Thus, the optimum pH value for the generation of voltage is 7. The inactivation of the enzyme at
higher pH is straight or incidentally responsible for the cell growth, which in turn reduces the
voltage [33]. Thus, the catalytic action of these enzymes is governed by pH of the medium. Hence,
the alteration in the media pH is mainly responsible for the variation in the rate of reaction [34].
Voltage generation with synthetic wastewater
The maximum voltage generation of 485 mV was obtained with synthetic wastewater having
lactose of 1.5 %, ammonium chloride of 0.3 %, 0.03 % of NaCl, inoculum content of 3 %, the
temperature at 37 °C and pH 7 after 360 hours of experiment in the single-chamber MFC (Figure 10).
a

b

Time, h

Figure 10. (a) Maximum voltage reached in batch operation of MFC with synthetic wastewater;
(b) voltage vs. time in batch operation of MFC with synthetic wastewater

Voltage generation with real dairy wastewater
Since real dairy wastewater comprises several organic matters with high chemical oxygen
demand (COD) value of 8010 mg l-1, the probable influence was conveyed for open circuit voltage
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(OCV) observation by running a batch process for 360 hours (15 days) [35]. Therefore a full batch
operation was carried out with real dairy wastewater to understand the practicality of OCV
generation in single-chamber MFC [36,37]. The value of COD of real dairy wastewater was adjusted
at 10 mg l-1 and pH to 7, and MFC was operated at the temperature of 37 °C for 360 hours
(15 days) [38]. According to Figure 11 (a), maximum OCV of 561 mV was reached using real dairy
wastewater. It is also marked from Figure 11(b), that OCV is progressively increasing during 48 hours
of operation, reached 573 V at 120 hours, and remained constant for 168 hours. After that, OCV is
gradually declining by duration of the process [39].
Former studies showed that natural dairy wastewater is considered as the most efficient
substrate for MFC to produce renewable energy [40].
a

b

Time, h

Figure 11. (a) Maximum voltage reached in batch operation of MFC with real dairy
wastewater; (b) voltage vs. time in batch operation of MFC with real dairy wastewater

From the above experimental output, we can say that wastewater from the dairy industry
contains a higher amount of lactose related to synthetic wastewater, as the output voltage is higher
with real dairy wastewater. So, scientists and scholars need to put more attention towards the
application of wastewater from organic matter to attain products with added value [41].
In the single-chamber MFC reactor, both energy production and wastewater treatment processes
were provided from single section fuel cells without the need of any mediator, as exoelectrogenic
bacteria Pseudomonas aeruginosa were used [42].
The main challenge in the fuel cell is to reduce the internal resistance of the system. As in an MFC,
there are no rotating parts, so the main contribution of the total resistance in MFC is the internal
resistance caused by the substrate. Thus, if the internal resistance of the system was reduced, more
electrons from the organic substrate would be transferred and more power produced [43]. Therefore,
understanding the origins of internal resistance in MFC seems to be important.
In the following experiment with dairy wastewater, the external resistance was varied from 50
to 15000 Ω, and the gained voltages were plotted vs. current density to achieve the polarization
curve. At the same graph, the power density obtained from the product of current density and
voltage was plotted against current density to achieve the power density curve shown in Figure 12.
Remarkably, three different phases - phase-I, phase-II, and phase III are evident in the polarization
curve [44]. It is clear from phase I of the polarization curve that rapidly reduced voltage is due to the
transfer of charges initially, which contributes to the system resistance. This internal resistance can
be minimized by increasing the surface area of the anode, using a mediator in the substrate for
http://dx.doi.org/10.5599/jese.1030
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better transmission of electrons, and increasing of temperature [45]. Secondly, in phase-II, the
constant drop of voltage is observed due to the solvent resistance, resistance present in the material
used for connecting electrodes, and resistance caused by the membrane. All these resistances
contribute to the increase in internal resistance, which can be reduced using a buffer in the system,
low resistance wires, and highly conductive proton exchange membrane [46]. At last, the phase-III
causes the sudden reduction of voltage at high current density due to activation of biochemical
reaction, the energy requirement for metabolism during bacterial growth, and restriction of mass
transport inside MFC. In this case, the internal resistance can be limited by a suitable membrane [47]. Therefore, from phase-II of the polarization graph, the developed internal resistance of MFC
can be measured. In the above experiment with dairy wastewater, 760 Ω of internal resistance is
obtained during batch operation of MFC.

Figure 12. Polarization and power density graphs

As shown in Figure 12, the power density curve firstly increases with the increase of current
density up to 73.54 mW m-2, and then decreases with the additional increase of current density.
Christwardana et al. [48] reported that the maximum power density of seawater, lake water, and
tap water is about 21.92, 4.69, and 11.79 mW m-2, respectively, which is all much less than our
experimental power density of 73.54 mW m-2 obtained from dairy wastewater. The maximum
power density was attained at 0.364 V, with the maximum current density of 295 mA m-2. Arulmani et al. [50] reported the maximum current density of 185.23 ± 15.10 (P1) and 291.23 ± 7.50 mA m-2
(P2) with bio-slurry, which is less, compared to our current density. The optimum level of cell voltage
can be anticipated from the junction point where the polarization and power density curve intersect,
i.e. 0.539 V. The present investigation clearly showed that comparatively higher power density and
current density can be attained using real dairy wastewater [49].
Conclusion
The conducted experiments showed that the MFC batch process is an active procedure for the
workable generation of sustainable power by exoelectrogenic bacteria (Pseudomonas aeruginosa).
The batch process examined for 360 hours (15 days) with one-variable-at-a-time optimized synthetic wastewater media containing lactose of 1.5 %, ammonium chloride of 0.3 %, 0.03 % of NaCl,
inoculum concentration of 3 %, temperature at 37 °C and pH 7, generated OCV of 485 mV. Secondly,
the experiment was carried with real dairy wastewater containing organic compounds, and the
batch process of MCF generated OCV of 561 mV. The maximum power density and current density
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obtained from dairy wastewater were 73.54 mW m-2 and 295 mA m-2. This experiment pointed to
the workable methodology for removing environmental pollutants using bioreactor (MFC), which
thus provides an added value to its ordinary power generation.
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Abstract
A 3D mathematical model is developed to study effects of various geometrical parameters
such as cathode to anode thickness ratio, rib width, and channel width under various flow
conditions, on the performance of solid oxide fuel cell (SOFC). These parameters represent the
cathode supported configuration of the solid oxide fuel cell. It is observed from simulation
results that performance of SOFC fuel cell is increased at higher cathode to anode thickness.
Simulation results also showed that for different volumetric flow rates, the current density
and fuel cell performance decrease as rib width increases, what is due to higher contact
resistance. It is also shown that by increasing the channel width, the fuel cell performance was
increased due to increase in the reaction surface area. Simulation results are compared and
validated with literature experimental data, showing well agreement.
Keywords
current density; channel width; cathode; cathode to anode thickness.
Introduction
In past several years, solid oxide fuel cells (SOFCs) of planar configurations were established as
some of the most efficient energy conversion devices, convenient for various industrial applications.
Various researchers have worked on different configurations (tubular, planar, …) of solid oxide fuel
cells serving for conversion of chemical energy to electrical energy. Yakabe et al. [1] studied a 3-dimensional mathematical model of a planar SOFC to observe the effect of heat transfer and chemical
reactions in fuel cells of co-flow parallel and counter flow configurations. The authors postulated that
co-flow configurations are better in comparison to counter flow configuration of planar SOFC owing
to lower internal stresses. Sun et al. [2] studied the experimental fabrication of anode supported
single chamber SOFC for various electrolyte and cathode structures. The authors postulated that
the fuel cell performance is better for lower electrolyte thickness and with increment in fuel
(methane and hydrogen) and oxidizer ratio.
http://dx.doi.org/10.5599/jese.1097
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Chinda [3] studied a micro scale model of SOFC in order to study its performance. The author
postulated that an increase of the electrode surface area improves the performance of the fuel cell.
Shichuan et al. [4] studied a 3D numerical model of anode and cathode supported SOFC stack to
observe effects of cell design on the fuel cell stack performance. The authors postulated that for the
optimal rib width, cathode supported fuel cell is more efficient in comparison to anode supported fuel
cell. Zaccaria et al. [5,6] studied a 1D transient model to simulate a co-flow parallel anode supported
SOFC to study the effect of model characteristics on fuel cell degradation. The authors postulated that
the current density, fuel utilization and temperature at inlet are reduced with time, whereas at cell
outlet these parameters increase with time. These authors also studied the fuel cell performance for
ohmic, activation and diffusion losses on degradation of SOFC. Cunio et al. [7] developed a fuel cell
degradation model for SOFC and a gas turbine hybrid system. The authors postulated that the fuel cell
life was increased for hybrid systems in comparison to stand alone configurations. Giosue et al. [8]
developed a computational fluid dynamics model to analyse the thermal effect, and flow rate of a
SOFC system in the fuselage of a hybrid electric mini unmanned aerial vehicle. Khan et al. [9,10]
studied experimentally the effect of applied current density on anode supported tubular SOFC. The
authors postulated that with increasing time, cell voltage and power density decrease at higher
current densities, whereas degradation rate increases with time.
Shen et al. [11] developed a 3D mathematical model to analyse fuel cell performance in channel
flow with consideration on obstacles to see thermal and chemical reaction effect on SOFC. The authors
postulated that the peak temperature of fuel cell with obstacles is lower than fuel cell without
obstacles, and maximum current density is observed at the cathode of fuel cell. Bianco et al. [12]
studied transient degradation of material in the interconnect between anode and cathode in SOFC.
Dwivedi [13] studied the effect of various materials used for anodes, cathodes and electrolytes of
SOFC. The author postulated that among various materials used for efficient electrolytes, Yttriastabilized zirconia (YSZ) is the most efficient. Zhou at al. [14] studied the effect of diffusion of CO and
CO2 between the electrodes in a direct carbon solid oxide fuel cell. The authors postulated that the
fuel cell performance decreases with increase of a distance between electrodes.
Min et al. [15] developed a 1D model for thermodynamic analysis of SOFC stack and its operating
conditions. The authors postulated that an increase in current density is suitable for more power
density and thermal energy utilization. Wang et al. [16] studied a 3D finite element-based model to
study effect of inhomogeneous oxidation on mechanical degradation of anode supported SOFC
where inhomogeneous oxidation induces a large stress gradient in anode. Hussain et al. [17] studied
various electrochemical properties in a 3-dimensional model of SOFC. The authors showed that with
an increase of cell temperature, the overall performance of SOFC increases due to enhanced
electrochemical reaction rate and lower concentration loss. The authors also stated that with
reduced anode thickness and electrolyte thickness, the fuel cell performance increases as result of
reduced ohmic loss and concentration loss, respectively.
In this study, a 3-dimensional mathematical model is developed to study the effect of various
geometrical parameters such as cathode to anode thickness ratio, and the effect of flow conditions
at different rib to channel width ratios on the performance of solid oxide fuel cell (SOFC). To the
best of our knowledge, these have never been studied before.
Model development
Model assumptions
a) All fuel cell reactions are considered under steady state.
292

V. Jha et al.

J. Electrochem. Sci. Eng. 11(4) (2021) 291-304

b) Laminar flow is considered (Reynolds number = 25, based on channel dimensions).
c) Water formation is assumed in vapour form under high operating temperature.
d) All reacted vapour and gases are considered as ideal gases.
Governing equations
At anode:
H2 + O2- → H2O + 2e-

(1)

At cathode:
0.5O2 + 2e- → O2-

(2)

In the channels, gas flow is governed by the Navier-Stokes equations. The mass conservation
equation is given by:
For anode:
(ua ) = 0
(3)
For cathode:
(uc ) = 0

(4)

Momentum equation
For anode (channel flow):
uaua = −(−pIi,j +  i,j )

(5)
2
3

 i,j =  ua + (ua )T  −  (ua )Ii,j

(6)

For cathode (channel flow):
ucuc = −(−pIi,j +  i,j )

(7)
2
3

 i,j =  uc + (uc )T  −  (uc )Ii,j

(8)

In eqns. (3-8), ρ is the density, ua and uc is the inlet velocity vector at anode and cathode, p is the
pressure, τi,j is the viscous stress tensor, Ii,j is identity tensor and µ is the dynamic viscosity.
Secondary current distribution
The electrochemical reactions at the electrodes, and their kinetics responsible for activation
over-potential are described by Butler-Volmer equation[17,18].

 − F  
 − F 
i = i0 exp  R   − exp  0   
 RT 
 RT  


(9)

where i is the current density, i0 is the exchange current density, and R and 0 are transfer
coefficients, T is the operating temperature, F and R are the Faraday and the gas constants, and  is
the overpotential.
When the overpotential is high as for the cathode, Butler-Volmer equation can be simplified to
the Tafel equation [17,18]
 i 

 i0 

 = A ln 

(10)

where A is Tafel slope.
Charge transport in the electrode and electrolyte is based on Ohm’s law, described by:
il = Ql
http://dx.doi.org/10.5599/jese.1097

(11)
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il = − ll

(12)

is = Qs

(13)

is = − ss

(14)

In eqn. (11), il is the current density, Ql is a source term, l is the conductivity and l is the
potential in electrolyte. In eqn, (12), is the current density Qs is a source term, s is the conductivity
and s is the potential in electrode.
The concentrations of hydrogen and oxygen at the electrode-membrane interface can be
determined from Henry’s law equation of the forms expressed in the following two equations [17,18]:
CH2 =

xH pH
KH

(15)

C O2 =

xO pO
KO

(16)

where, xH and xO are mass fraction of hydrogen and oxygen respectively. KH and KO are Henry’s
constants and pH, pO pressure for hydrogen and oxygen in fuel cell channel.
Brinkman equations (anode)
In porous media of the catalyst and diffusion layers, the Navier-Stokes equation is changed into
the Brinkman equations and chemical species transport in ideal gas mixtures is described by the
Maxwell-Stefan equation [17,18].

 
Q 

1
1
2 1
( ua  ) ua =   − paIi,j + ua + ( ua )T −  ( ua ) Ii,j  -   −1 +  f ua + m2  ua +F
p
P
p
3 p
p 

 

(17)

(ua ) = Qm

(18)

(

)

Brinkman equations (cathode)

 
Q 

1
1
2 1
T
(uc ) uc = -pcIi,j + uc + ( uc ) -  ( uc ) Ii,j  -   -1 + f uc + m2  uc +F
p
P
p
3 p
p 

 
(uc ) = Qm

(

)

(19)
(20)

where εp is gas diffusion layer porosity, pc and pa are pressure at cathode and anode, uc and ua is
inlet velocity vector at cathode and anode respectively,  is permeability of porous media, Ii,j is
identity tensor,  is density and Qm is mass source.
Boundary condition
Wall –no slip
ua = uc = 0

(21)

Cathode inlet – pressure inflow


1
2 1
T
nT  − pcIi,j + 
uc + ( uc ) −  ( uc ) Ii,j  n = − p0
p
3 p



(

)

(22)

Anode inlet – pressure inflow


1
2 1
T
nT  − paIi,j + 
ua + ( ua ) −  ( ua ) Ii,j  n = − p0
p
3 p



(

where p0 is inlet pressure.
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Transport of concentrated species for anode and cathode
The equation is given by
ji +  (u)i = Ri

(24)

where ji is flux density, u is velocity vector,  is density and i is mass fraction.
Anode and cathode outlet boundary condition: pressure (p0 = 0).
Numerical methods
A three-dimensional computational domain of a single unit of solid oxide fuel cell (SOFC) is shown
in Figure 1.
In our optimization, various cathode to anode electrode thickness, rib width and channel width
are considered for analysis. To study the effect of all ratios individually, other flow channel
parameters were considered constant. Rib width is considered equal on both sides of channel. In
our analysis, three different ratios of cathode to anode electrode thickness (1, 1.5, 2), and channel
to rib width (0.5, 0.75, 1) are considered to observe fuel cell performance at flow rates of 0.0002
and 0.0003 mm3/s. At the fixed flow rate, rib width is analysed for higher values of 1 mm, 1.25 mm
and 1.5 mm. Structural hexahedral elements are used for meshing of computational flow domain.
Mesh distribution across computational domain is shown in Figure 2.

Figure 1. Schematic of SOFC

Figure 2. Mesh distribution across computational domain of SOFC

Our computational domain consists of 7424 hexahedral mesh elements, 3456 boundary elements
and 572 edge elements. Average skewness quality of our mesh elements is 1. Maximum element
size of 1.6 mm and minimum element size of 0.288 mm is used for meshing. Mesh elements of our
computational domain are adaptive with respect to various cathode to anode thickness ratios and
channel width to channel depth ratios.
http://dx.doi.org/10.5599/jese.1097
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Figures 3(a), 3(b) and 3(c) show mesh distribution across cross section of three different cathode
to anode thickness ratios (1, 1.5, 2) configurations.
a

b

c

Figure 3. Mesh distribution across cross section of SOFC configurations with cathode to anode
thickness ratio: (a) 1; (b) 1.5; (c) 2

Grid independence test is done for 6800, 7424, 8756 and 10512 number of mesh elements. For
various mesh sizes, the fuel cell performance variance is negligible as shown in Table 1. A
mathematical model is developed to analyse our computational domain in Comsol software version
5.3a on performance of solid oxide fuel cell, fluid dynamics, species transport and current distribution.
Table 1. Grid independence test for current density at 101325 Pa pressure and 1073 K temperature
Number of mesh
elements

1

6800
7424
8656
10512

4848.0
4848.3
4847.7
4847.1

Cathode to anode thickness ratio
1.5
Current density, A m-2
5109.8
5110.6
5110.3
5110.2

2
5232.8
5234.1
5233.7
5233.8

Results
Cathode to anode thickness ratio
Solid oxide fuel cell performance is studied under various operating conditions and parameters.
Figure 4 shows the current density variation for different SOFC configurations with respect to cathode
to anode thickness ratio. It is observed from Figure 4 that as the cathode to anode thickness ratio
increased from 1 to 2, the current density increases by 8.5 %, from 4800 to 5250 A/m2. Increasing the
cathode thickness gives rise to several outcomes. The reactive active sites (RAS) for the evolution of
oxygen ions increases with increasing the cathode thickness. The cathode thickness should be
optimized in such a way that there is sufficient RAS for the cathode reaction, but the reactant gas
should be able to diffuse through to the reaction sites. Increasing the cathode thickness also increases
the ohmic resistance across the cell. Thus, optimizing of the cathode thickness is very critical to SOFC
performance. The generation of oxygen ions on the cathode is the driving force for the anode reaction
as per equation 2. Figure 4 indicates that increasing the cathode to anode thickness ratio from 1 to
1.5 causes an increase in the performance of the SOFC, while increasing the cathode to anode
thickness ratio from 1.5 to 2 causes a very limited increase in the performance of the SOFC. Figure 5
shows that as cathode to anode thickness ratio increased from 1 to 2, the average cell power increases
by 13.3 %, from 1280 to 1450 W/m2. However, it is seen that the increase in power density when the
thickness ratio is increased from 1.5 to 2 is lesser than when the thickness ratio is increased from 1 to
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1.5. This indicates that increasing the thickness ratio beyond a certain value does not improve SOFC
performance. It is highly possible that with increasing cathode thickness, RAS increases, increasing the
generation of oxygen ions which drive the power density of SOFC. However, the increasing thickness
of the cathode film increases the ohmic resistance of the cell, causing power density to decrease. The
optimum value of cathode thickness needs to be identified so that the maximum power density of the
SOFC can be obtained. Sun et al. [2] postulated that for the optimum performance of SOFC, the
cathode to anode area should be close to 1. Our simulation results indicate that the cathode/anode
thickness of 1.5 would be ideal for the optimum performance of SOFC. Figures 6 and 7 show the fuel
utilization and hydrogen mole fraction variation across SOFC channel length. It is observed from these
figures that as cathode to anode thickness ratio increases, reactive area increases, and more hydrogen
fuel is consumed per unit length of SOFC channel. Figures 6 and 7 show that increasing cathode to
anode thickness ratio from 1 to 2 leads to 3% increment in hydrogen fuel consumption. Figure 8 shows
oxygen mole fraction along the SOFC channel length. It is observed that with increase in cathode to
anode thickness ratio, fuel oxidation increases, and more oxygen is consumed with increase in the
reaction rate. Sun et al. [2] have postulated that cathode to anode thickness ratio should be close to
1 for efficient performance of the fuel cell. Although in our simulation we further increased cathode
to anode thickness ratio from 1 to 2, which increases cathode reaction area, more oxygen ion
formation for driving force to anode reaction as defined earlier and leads to increase in more current
and power density.

Figure 4. Polarization curve of SOFC for various cathode to anode thickness ratios

Figure 5. Cell power and current density variation of SOFC for various cathode to anode thickness ratios

http://dx.doi.org/10.5599/jese.1097
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Figure 6. Fuel utilization per channel length of SOFC for various cathode to anode thickness ratios

Figure 7. Hydrogen mole fraction of SOFC for various cathode to anode thickness ratios

Figure 8. Oxygen mole fraction of SOFC for various cathode to anode thickness ratios

Rib width
The SOFC performance with various channel and rib widths is also studied. The ribs which
separate and define flow channels make a direct contact with electrodes. To optimize the
performance, there must be a trade-off between the rib and channel sizes. On one hand, wider ribs
and ribs covering bigger fraction of the cell area may reduce the interface resistance to current flow
by increasing the electrode interconnect contact area with electrodes and reducing the current path
through the electrode material [19]. Such ribs will give better conduction of the electrical current
and reduce ohmic losses. However, chemical species do not diffuse very well under wide ribs.
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Narrow ribs are required to facilitate more uniform distribution of the reactive gases across the area
of the electrode surface and promote electrochemical performance. It is very important to
understand this trade-off between rib dimensions and performance of the SOFC. Figure 9 shows
polarization curve of SOFC for various rib widths. It is observed from this figure that as rib width of
SOFC increases from 1 to 1.25 mm, the current density decreases by 10.11 %, from 4450 to
4000 A/m2. Further increasing of rib width to 1.5 mm leads to further reduction of current density
by 10%, from 4000 to 3600 A/m2. Increase of rib width will also lead to larger contact area resistance
which will lead to decrease in the fuel cell performance. When the rib width is higher, due to more
contact resistance, gas concentration is not uniform across fuel cell and lower compared to the
narrow rib width. Hence, lower rib width is better than higher rib width configuration. Figure 10
shows the variation of cell power and current density for different rib widths. It shows that as the
rib width increases from 1 to 1.5 mm, peak cell power decreases by 13.27 %, from 1311 to 1137
W/m2. Figures 11 and 12 show hydrogen fuel consumption across channel length for various rib
widths. These figures show that with increase of rib width from 1 to 1.5 mm, hydrogen fuel
consumption is decreased from 18 to 6 %. Figure 13 shows oxygen mole fraction for various rib
widths along flow channel length. It shows that with an increase in rib width, oxygen consumption
is reduced from 23.80 to 9.5 %.

Figure 9. Polarization curve of SOFC for various rib widths

Figure 10. Cell power and current density variation of SOFC for various rib widths
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Figure 11. Fuel utilization per channel length of SOFC for various rib widths

Figure 12. Hydrogen mole fraction of SOFC for various rib widths

Figure 13. Oxygen mole fraction of SOFC for various rib widths

Flow rate to rib width ratio
Solid oxide fuel cell performance decreases as rib width were increased from 1 to 1.5 mm. For
further analysis, smaller rib width (0.5 mm, 0.75 mm, 1mm) is considered at 0.0002 and 0.003 mm3/s
volumetric flow rates. Figure 14 shows the polarization curve for different flow rate to rib width
ratios. It is observed from Figure 14 that as the rib width was decreased from 1 to 0.5 mm, the
current density increased. Also, the current density increased with the increase of the volumetric
flow rate for the same rib width. Lower rib widths with higher flow rates seem to give the maximum
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current density. Similarly, Figure 15 shows the average cell power along with current density
variation for various flow rate to rib width ratios. For higher flow rate to rib width ratio, the current
density, as well as average cell power increased. With increase of the flow rate, more hydrogen fuel
is consumed during reaction, what leads to higher reaction rate and increase of the current density.

Figure 14. Polarization curve of SOFC for various flow rate to rib width ratios

Figure 15. Cell power and current density variation of SOFC for various flow rate to rib width ratios

Flow rate to channel width ratio
SOFC fuel cell performance is studied for various flow rate to channel width ratios, and
polarization curves are presented in Figure 16. From Figure 16 it is observed that as the channel
width was increased from 0.5 to 1 mm, the current density increased. Increasing the volumetric flow
rate is also seen to increase the current density.

Figure 16. Polarization curve of SOFC for various flow rate to channel width ratios

http://dx.doi.org/10.5599/jese.1097
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Further increase in channel width from 1 to 1.5 mm also increased the fuel cell performance but
with less increment in current density values. Similarly, Figure 17 shows average cell power along
with current density variation for various flow rate to channel width ratios. For higher flow rate to
channel width ratio, current density, as well as average cell power increased. With an increase in
channel width, the reaction area increases what leads to transport of more fuel for reaction driving
the reaction rate.

Figure 17. Cell power and current density variation of SOFC for various flow rate to channel
width ratios

Figure 18 shows the comparison between simulation results and experimental data. Sun et al. [2]
studied experimental modelling of single chamber solid oxide fuel cell at various temperatures and
electrode particles. In Figure 18, simulation results are compared with the experimental polarization
graph at 873 K temperature, showing well agreement.

Figure 18. Comparison of simulation with experimental data 2 at 873 K temperature

Conclusion
A 3D mathematical model is developed to study the effect of various geometrical parameters
such as cathode to anode thickness ratio, rib width, and channel width at different flow rates, on
the performance of 3-dimensional model of solid oxide fuel cell (SOFC). Simulation results show that
performance of SOFC fuel cell is increased at higher cathode to anode thickness. From simulation
results, it is also observed that as the rib width increases, due to increase of the contact area
resistance, the fuel cell performance and average cell power decrease. However, with increase in
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channel width, the current density is increased due to increase of the reaction area and
consequently, the average cell power is also increased. Simulation results indicate that the cathode
supported SOFC show better performance as the cathode to anode thickness ratio was increased. It
is also observed that flow rate plays major role in the fuel cell performance. It is seen that with
increase in the volumetric flow rate at various rib and channel widths, the performance of SOFC fuel
cell increases. Higher cathode to anode thickness ratio, smaller rib widths, larger channel widths
and increasing volumetric flow rate are found to increase the performance of the fuel cell. Model
results are compared with experimental data taken from the literature and found to compare well.
List of parameters [17,18]
xO = 0.21 - Inlet oxygen mole fraction (cathode)
xH = 1 - Inlet hydrogen mole fraction (anode)
wr = 1 mm - Rib width; wch = 1 mm - Channel width; Hc = 1 mm - Channel depth
Hl = 0.1 mm - Electrolyte thickness
Va = 0 V - Anode voltage; Vc = 1 V - Cathode voltage
Ha and Hc = 0.1, 0.15, 0.2 mm - Anode and cathode electrode thickness
T = 1073 K - Cell temperature
l = 5 S m-1 - Electrolyte conductivity; s = 1000 S m-1 - Electrode conductivity
pa and pc = 101325 Pa - Reference pressure for anode and cathode
µa and µc = 3 × 10 -5 Pa s - Anode and cathode viscosity
L = 16 mm - Cell length
a and c = 1×10-10 m2 - Anode and cathode permeability
F = 96847 C mol-1 - Faraday constant; R = 8.314 J mol-1 K-1
l = 0.3 -Electrolyte phase volume fraction
p = 0.4 -Gas diffusion layer porosity
io,a = 0.1 A m-2 - Exchange current density(anode)
io,c =0.01 A m-2 -Exchange current density (cathode)
DO N = 1.9235×10-4 m2 s-1 - O2-N2 Binary diffusion coefficient
2 2

DO2H2O = 2.451×10-4 m2 s-1 - O2-H2O Binary diffusion coefficient
DN2H2O = 2.4477×10-4 m2 s-1 - N2-H2O Binary diffusion coefficient

DH2H2O = 8.5871×10-4 m2 s-1 - H2-H2O Binary diffusion coefficient
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Abstract
The development of microfluidic and nanofluidic devices is gaining remarkable attention
due to the emphasis put on miniaturization of conventional energy conversion and storage
processes. A microfluidic fuel cell can integrate flow of electrolytes, electrode-electrolyte
interactions, and power generation in a microchannel. Such microfluidic fuel cells can be
categorized on the basis of electrolytes and catalysts used for power generation. In this
work, for the first time, a single microfluidic fuel cell was harnessed by using different fuels
like glucose, microbes and formic acid. Herein, multi-walled carbon nanotubes (MWCNT)
acted as electrode material, and performance investigations were carried out separately on
the same microfluidic device for three different types of fuel cells (formic acid, microbial and
enzymatic). The fabricated miniaturized microfluidic device was successfully used to harvest
energy in microwatts from formic acid, microbes and glucose, without any metallic catalyst.
The developed microfluidic fuel cells can maintain stable open-circuit voltage, which can be
used for energizing various low-power portable devices or applications.
Keywords
electrocatalysis; biocatalysis; chemical fuel; biofuel; portable devices.
Introduction
The widespread interest in developing portable and miniaturized devices has led to the
requirement of renewable and sustainable power sources for their operation, especially for critical
http://dx.doi.org/10.5599/jese.1092
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MICROFLUIDIC FUEL CELL WITH THREE FUELS

biomedical and biochemical applications [1]. A miniaturized fuel cell is one of the best alternatives,
capable of generating stable electrical energy and electricity from various fuels [2]. Depending on
the application and power requirement, the catalysts in such fuel cells would be enzymes or
microbes in powering biomedical implants or redox reagents for energizing micropower devices. In
standard redox electrochemical fuel cells called chemical fuel cells (CFC), oxidation and reduction
reactions occur on anode and cathode sides in the presence of fuel and oxidant, respectively [3].
Fuel cells that use enzymes and microbes as biocatalysts for the production of energy are termed
enzymatic biofuel cells (EBFC) and microbial fuel cells (MFC), respectively [4,5]. As both EBFC and
MFC utilize biosamples as electrolytes, they can be jointly termed as biofuel cells (BFC), where
extensively biocompatible materials are used as a substrate for energy harvesting.
In EBFCs, the enzyme immobilized bio-electrodes catalyze fuel oxidation at the anode and the
reduction of oxidant occurs at the cathode to produce power [6]. The power generation from EBFC
can be utilized to power biomedical devices, like implantable devices or artificial organs, where fuel
for the biofuel cell can be derived from physiological fluids [7]. Similarly, MFCs are bio-electrochemical
devices that harness energy from bacterial metabolism to clean energy. The generation of power has
been accomplished by the electrons derived from natural biochemical redox reactions catalyzed by
bacteria oxidant at anode and cathode side, respectively [8,9]. As a result, it was successfully
developed as a miniaturized biosensor and power source by utilizing various fluid resources such as
domestic and industrial wastewater, urine, and soiled water from sewage [10,11]. In CFCs, chemical
conversion of energy happens in the presence of electrolytes [12]. The CFCs are redox flow fuel cells,
where electrolytes are fed continuously. A wide variety of fuel selection, high energy density and
faster reaction kinetics have made CFC a significant energy harvesting device [13].
The operational efficiency and utilization of these fuel cells could be further improvised by the
realization of a microfluidic platform. Microfluidic fuel cells (µFC) have great potential in portable
applications [14,15], which has led to the micro-fabrication of energy conversion devices. The fluid
flow in microscale devices is governed by low Reynolds number, where viscous effects dominate
over inertial forces. Contrary to the conventional fuel cell, these µFC operate based on the concept
of co-laminar flow of liquids at the microscale, eliminating the requirement of an additional cation
exchange membrane or separator [16]. This membrane-free architecture separates the anolyte and
catholyte through a virtual liquid-liquid interface using a laminar fluid flow process [17]. As a result,
the total form-factor and size of the device are reduced, and other related major problems, such as
corrosion, humidification, and fuel crossover, are abridged or eliminated [18]. To maintain the colaminar fluid flow, the fuels and electrolytes are fed by external sources such as syringe pumps or
peristaltic pumps. The inexpensive fabrication method and utilization of low-cost materials make
µFC to be potential fuel cell technology for various applications [19].
Several techniques were used to fabricate portable miniaturized microfluidic devices, such as photolithography, soft-lithography [20], paper-based [21,22], xurography [23] and laser micromachining
[24,25]. Despite their uniqueness and benefits, the development and implementtation of microfluidic
fuel cells have not been utilized for portable electronic applications until now. The time-consuming
procedures such as design and optimization of device parameters, fabrication protocols, selection [26]
and incorporation of advanced electrode materials [27,28] have hindered the microfluidic systems
from being more applicable for real-time applications. This can be overcome by developing a single
multifunctional microfluidic device capable of operating with a wide range of fuels. This will eventually
lead to mass production of microdevices, making the processing time effective and commercially
feasible. These aspects were the key challenges influencing the overall output performance. So far,
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several types of μFC have been successfully developed and reported [29–32] with description of device
architecture for each type of fuel cell.
In this work, a single microfluidic platform incorporated with multi-walled carbon nanotube
(MWCNT) electrodes was demonstrated to function with three different types of fuel cells (chemical,
microbial, and enzymatic). The electrodes were fabricated using drop-casting method, and carbon
nanomaterial as the electrode material. The microchannel was developed using a soft-lithography
technique with the required microchannel height and width. Three different microfluidic fuel cells
have been studied using different electrolytes, such as formic acid, microbes and glucose, on the same
device with similar device parameters. In addition, various electrochemical characterizations were
carried out to understand and analyze the electrocatalysis occurring during the energy harvesting
process in terms of current density, power density and open circuit potential.
Experimental
Chemicals and materials
Glucose oxidase (GOx) (100,000 units/g solid) from Aspergillus niger, Laccase (E.C. 1.10.3.2,
24 U/mg) from Trametes Versicolor and multi-walled carbon nanotubes (>8 % carboxylic acid
functionalized) were procured from Sigma-Aldrich, India and used without any further modification.
Analytical grade reagents, such as polyethylenimine (PEI), was procured from Sigma-Aldrich, India, and
glutaraldehyde 40 %, formic acid 98 % (CH2O2), sulphuric acid, 98 % (H2SO4) were procured from TCI
Chemicals Pvt. Ltd., India. Shewanella putrefaciens bacteria was procured from Microbial Type Culture
Collection and Gene Bank, India and made into glycerol stocks for preservation. The media LuriaBertani (LB) broth, functionalized multi-walled carbon nanotube (MWCNT) and potassium ferricyanide
were purchased from SRL, India. Polydimethylsiloxane (PDMS) was obtained from Dow Corning as
Sylgard 184. Double-distilled (18.2 MΩ cm) Milli-Q water was utilized to prepare all electrolytes. All
electrochemical tests were conducted at room temperature conditions.
Design, preparation, and fabrication of electrodes
The standard photolithography technique has been used to fabricate the electrodes on an indium
tin oxide (ITO) coated glass. The complete fabrication method has been adopted from the previously
published research work [33]. The stepwise 3D schematic illustration of the electrode fabrication is
displayed in Figure 1. In brief, the required electrode design with dimensions (length 20 mm and
width 1 mm) was created using photolithography techniques through a positive photoresist (AZ1512). Thereafter, the standard 98 % HCl chemical etchant was utilized to etch the desired pattern.
This method will help to establish the desired pattern of electrodes with a conduction gap of 1 mm
between them (Figure 1b). To enhance the surface-to-volume ratio and the morphological
properties of the etched electrodes, MWCNT suspension (1 mg/ml in DI water) was coated with the
help of a PDMS stencil (Figure 1c). The detailed PDMS stencil fabrication process using spin coating
was adopted from the previously published research article [34]. Using this stencil, three layers of
MWCNT suspension were coated to achieve better step coverage and uniformity (Figure 1d). After
every coating, the ITO substrate was dehydrated over the hot plate at 120 °C for 1 hour, facilitating
the MWCNT working area of 0.2 cm2 (Figure 1e). For MFC and CFC, the catalyst was used in the
electrolytes which were flushed into the microfluidic device. In the case of EBFC, enzymes were
immobilized on the MWCNT electrodes with the help of cross-linkers following the previously
published work by our group [35].
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Table 1. Detail parameters used for microfluidic fuel cells experimentations

No.

Components

1
2
3

Electrodes
Microchannel
Flow rate, ml/h

4

Anolyte

5

Catholyte

Microfluidic
chemical fuel cell

Formic acid
(0.2-3.5 M)
Sulphuric acid
(0.2-3.5 M)

Microfluidic
microbial fuel cell
Specifications
MWCNT
PDMS
3, 6, 12, 18, 24
Shewanella putrefaciens
(90 µl in 10 ml LB broth)
Potassium ferricyanide
(50 mM)

Microfluidic
enzymatic fuel cell

Glucose (10-70 mM)
in PBS (0.1 M, pH 7)
PBS (0.1 M, pH 5)

Figure 1. Stepwise 3D schematic illustration of etched ITO patterned with MWCNT electrode
(a) ITO coated glass; (b) etched ITO glass with a gap of 1 mm; (c) PDMS stencil aligned with
electrodes; (d) MWCNT pipetting for electrodes; (e) MWCNT electrodes

Fabrication and integration of microchannel
The soft-lithography technique was used to fabricate the Y-shaped microchannel using PDMS
polymer. Prior to microchannel fabrication, a hydrogel mold was created by utilizing the previously
reported protocol [36]. Subsequently, the PDMS microchannel fabrication has been done by using
hydrogel mold with the conventional scientific protocol [15]. The detailed Y-shaped PDMS
microchannel fabrication protocol process was adopted from the previously published research
work [29]. The required inlets and outlets were created using a needle (blunt type) to stream the
electrolytes. Finally, the whole microfluidic fuel cell was realized by integrating the microchannel
with MWCNT electrodes sealed in an acrylic case with screws to prevent leakage. Detailed stepwise
microfluidic fuel cell integration process is depicted in Figure 2.
Electrochemical method
To understand the electrochemical behavior of the fabricated MWCNT electrodes, various
characterizations were carried out using an electrochemical workstation (Biologic Instruments). A
three-electrode system consisting of MWCNT, platinum wire and Ag/AgCl (3M KCl) as working,
counter and reference electrode, respectively. Initially, cyclic voltammetry (CV) was conducted to
find the redox behavior of the fabricated bioelectrode in the voltage range suitable for the working
electrode and electrolytes. Likewise, other electrochemical techniques, such as chronoamperemetry (CA) and linear sweep voltammetry (LSV), were performed to record the performance of the
microfluidic fuel cell at different electrolytic conditions (chemical, microbial, and enzymatic).
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Figure 2. Step-by-step fabrication of membraneless microfluidic fuel cell: (a) bottom support (acrylic); (b)
PDMS support for electrodes; (c) MWCNT electrodes; (d) microchannel with electrodes; (e) top support; (f)
bolt and nut mechanism for preventing leakage; (g) complete fuel cell with inlets and outlet; (h) real time
integrated device

Results and discussion
Microfluidic chemical fuel cell (MCFC)
Here, formic acid and atmospheric oxygen were used as fuel and oxidant, respectively. Further,
sulphuric acid was used as an electrolyte for ionic conductivity. The fuel and electrolyte were fed
into the cell by a peristaltic pump with a flow rate (6 ml/hr) to form co-laminar flow. This co-laminar
flow acts as a virtual membrane for the fuel cell at the liquid-liquid interface.
Electrolyte optimization
Prior to the performance study of the cell, electrochemical investigations were carried out using
the electrochemical workstation. The electrochemical behaviour of anode and cathode (MWCNT
electrodes) was studied with various fuel and electrolyte concentrations.
The fuel and electrolyte concentrations were optimized by the linear sweep voltammetry (LSV)
technique at standard scan rate of 50 mV/s. The detailed experimentation parameters are listed in
Table 1. The fuel and electrolyte optimization is given in Figure 3. As shown in Figure 3a, the fuel
and electrolyte concentrations were varied in a uniform increment (0.2 M - 3.5 M). Correspondingly,
electrochemical activity was observed in terms of current density (CD). As shown in Figure 3a, the
maximum CD was observed at 1 M of formic acid and 1.5 M of sulphuric acid. With a further increase
in concentration, there was no increment observed in CD. This manifests that the electrons transfer
kinetics has been in line with the electrochemical reaction. Subsequently, the cyclic voltammetry
(CV) technique was used to identify the behaviour of MWCNT electrodes with optimized fuel and
electrolyte concentration solutions [37].
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b

Figure 3. The individual fuel and electrolyte solution optimization at various concentrations
(M), (a) optimization; (b) CV responses at optimized concentrations

The optimized fuel and electrolyte CV responses are depicted in Figure 3b. The maximum CD
hysteresis was observed at optimized fuel and electrolyte concentrations. As shown in Figure 3b, no
oxidation and reduction peaks were observed at electrodes with optimized fuel and electrolyte,
meaning that no catalyst was present on MWCNT electrodes. From the literature [38], catalyst
electrodes have shown more redox peaks compare to plain electrodes. Therefore, the fabricated
MCFC with plain MWCNT electrodes has drawn lower performance, but these electrodes are
inexpensive.
Polarization performance
After successful optimization of the electrode parameters, MCFC performance was investigated
by chronoamperometry (CA) technique. Here, 1 M of formic acid and 1.5 M of sulphuric acid were
used as fuel and electrolyte, respectively. Plain MWCNT were used as electrodes and atmospheric
oxygen as the oxidant. The real-time experimentation setup of MCFC is depicted in Figure 2h. To
observe the MCFC performance, anode and cathode were connected to the electrochemical
workstation with external sources. Initially, a stable open circuit potential (OCP) of 510 mV was
observed. Subsequently, the performance of the fuel cell was investigated with stable OCP for a
range of flow rates (3-24 ml h-1). It was found that at particular optimized flow rate (6 ml h-1), the
co-laminar flow of MCFC is very stable, and the diffusion zone has been dominated over depletion
zones. Due to these reasons, MCFC provided the highest performance at 6 ml/h flow rate. The
output polarization of MCFC was measured in terms of current density (CD) and power density (PD).
The MCFC output is depicted in Figure 4 in terms of voltage, CD, and power density (PD). As can be
seen from Figure 5, the optimized MCFC shows the maximum PD of 3.195 µW cm-2 at the maximum
CD of 16.85 µA cm-2 at 6 ml h-1 of flow rate.
Microfluidic microbial fuel cell (MMFC)
Bacterial optical and inoculation study
In the microbial fuel cell, the bacteria Shewanella putrefaciens was used as a biocatalyst. 90 µl of
this bacteria was inoculated in 10 ml of autoclaved in Luria-Bertani (LB) media and incubated for 8
hours at 37 °C. The inoculation study was accomplished at three time periods, such as 6, 8, and 14
hours at a fixed 37 ℃ followed by optical density measurement. Amongst all, the 8-hour incubation
time was ideally selected with an optical density (OD at 620 nm) of 0.73. These optimized
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parameters were referred from the recently published research article [32]. The ideal 8-hour
incubation time exhibited higher metabolic activity and significant replication rates compared to
others. The detailed bacterial optical and incubation study are graphically plotted and elaborated in
previous studies done by our group [32].

Figure 4. Polarization and power performance of
MCFC at optimized fuel and electrolyte solutions with
MWCNT electrodes (1 M of formic acid and 1.5 M of
sulphuric acid), with standard deviation (n=3)

Figure 5. Polarization and power performance of
microfluidic microbial fuel cell with standard
deviation (n=3)

Polarization study
After the successful biofuel preparation, the ITO-based MMFC was continuously tested by
feeding Shewanella putrefaciens as anolyte and 50 mM potassium ferricyanide in PBS (0.1M, pH 7)
as catholyte at a flow rate of 6 ml/hour. During experimentation, initially the open circuit potential
(OCP) was measured. After that, the polarization study was evaluated at the stable OCP. This study
was carried out in a two-electrode configuration using potentiostat where the electrochemical CA
technique was used to calculate the power performance. Detailed comparative results of MMFC are
summarized in Table 2. As shown in Figure 5, the developed MWCNT coated MMFC in the presence
of inoculated S. putrefaciens delivered the maximum OCP of 0.195 V, with maximum power density
(MPD) of 1 μW cm-2 and maximum current density (MCD) of 22.1 µA cm-2. Likewise, the power
performance of media (absence of S. putrefaciens) was observed in the same device to study the
role of MWCNT material [39] and inoculated bacteria for an efficient electrochemical redox reaction.
Although the obtained output power is not too high, it can be improved after amendment in the
design, electrochemistry, and catalyst loading [40].
Microfluidic enzymatic fuel cell (MEFC)
Bioelectrode characterization
The optimum parameters for bioelectrodes and their biocatalytic activity were characterized using
electrochemical techniques. The enzyme immobilization and crosslinking procedures were adopted
from our previously published work to prepare bioelectrodes [20]. In brief, bioanode and biocathode
were prepared by drop-casting 10 µl of glucose oxidase (4 mg ml-1) and laccase (4 mg ml-1) respectively,
on the MWCNT electrode surface. A three-electrode system was used to study the electrocatalytic
behavior of bioelectrodes. An electrode surface of 0.2 cm2 was considered, and all the reactions were
carried out in PBS (0.1 M). Initially, the glucose concentration was determined by the LSV technique.
As summarized in Table 1, various glucose concentrations in the range of 10-70 mM were considered
http://dx.doi.org/10.5599/jese.1092
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and 50 mM was found to be the optimal concentration, as shown in Figure 6a. The current density
after 50 mM decreased and got saturated. With 50 mM fuel concentration, the bioanode was
characterized in the presence and absence of glucose, which provided information about the oxidative
behavior of the electrodes [41]. In the presence of glucose, a visible peak occurred at 0.3 V with a
maximum current density of 0.6 mA cm-2. This corresponds to the oxidation of glucose [42] into
gluconolactone (Figure 6b), denoting the occurrence of efficient biocatalysis. Similarly, biocathode
was also studied using the CV technique.
a

Glucose concentration, mM
c

b

d

Figure 6. (a) Optimization of glucose concentration; (b) bioanode characterization; (c)
biocathode characterization; (d) optimization of flow rate

The biocathodes were tested in the presence and absence of oxygen conditions. In the presence
of oxygen, the maximum catalytic current density of 0.7 mA cm-2 was observed in Figure 6c due to
the cupric ions redox reaction happening during the enzymatic mechanism of laccase at a voltage of
-0.6 V [43]. This confirms the efficient immobilization of enzyme and oxygen prominence during the
cathodic reaction process [35].
Device optimization and analysis
The optimized fuel concentration was incorporated into the microfluidic device to study the
polarization performance of the MEFC. Subsequently, the flow rate, at which the electrolyte should
be flushed into the MEFC was optimized. As it can be seen from Figure 6d, a flow rate of 6 ml h-1
produced higher power density as better co-laminar flow was maintained in comparison to other
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flow rates because of which the power output was high [44]. This is due to the fact that at higher
flow rates enzymes detachment could occur leading to lower biocatalysis [45]. Following the
optimization of flow rate and fuel concentration, the performance of the MEFC was studied using
chronoamperometric technique. The MEFC delivered a maximum open-circuit voltage (OCV) of
325 mV. As shown in Figure 7, the microfluidic fuel cell produced a maximum power output of
5.5 µW cm-2 with the highest current density of 68 µA cm-2. This power output is suitable for a MEFC
without using any mediator.

Figure 7. Polarization and power density curves for optimized bioelectrodes and device
parameters with standard deviation (n=3)
Table 2. Summary of optimized fuel cell parameters and performance

Parameters/Type of fuel cell

MCFC

MMFC

MEFC

16.85
3.195
510

22.1
1.01
195

68
5.5
325

Membraneless microfluidic
device

MCD, µA / cm2
MPD, µW / cm2
OCV, mV
Conclusions

This work demonstrates the successful development and implementation of a single microfluidic
platform for three different types of fuel cells. The novelty of this work lies in the ability to utilize a
single miniaturized platform with optimized cell dimensions for three types of major fuel cells.
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Microfluidic device was fabricated using a soft-lithography process and the MWCNT electrodes were
prepared by the simple drop-casting method. Such fabricated microfluidic devices and electrodes
are very inexpensive (less than $1), yet a single device can function as different fuel cells. With
optimized device parameters, the microfluidic device was capable of operating at electrolyte
conditions of three variant fuels and oxidants with stable open-circuit voltage. The complete
summary of the operating parameters in the different micro fuel cells is given in Table 2. Higher
power output could be achieved by utilizing advanced composite nanomaterials and stacking of
electrodes. This work opens the new scope of development for trilateral fuel cells exclusively on a
single platform in the future using adaptive operating parameters.
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