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Abstract: A multichannel potentiostat of the type DY2100 was used to conduct a
comprehensive thermodynamic/kinetic study on the redox activity of the VO(II) cation
in the absence and presence of the synthesized N-3-phenylallylidene nicotinohydrazide
HNP ligand. The cyclic voltammetry experiment was operated at a glassy carbon
electrode surface as a working electrode and at a room temperature of 305°K. NaClO,
sodium perchlorate solution with a concentration of 0.1 M was prepared to act as an
electrolytic medium. Various Kinetic/thermodynamic parameters were provided, which
exhibited a linear increase with increasing VO(II) concentration. The reaction
mechanism was suggested depending on Nicholson’s theory, whereas the VO(II) ion’s
redox activity in the absence and presence of HNP underwent a reversible chemical
reaction preceding a reversible electron transfer mechanism. Furthermore, the
thermodynamic characteristics expressed in Gipps free energy and the stability constant
of the complexation process were assessed. After the end of the addition of the HNP,
the Gipps free energy and the stability constant were estimated to be -19.5 kJ and
2264.13, respectively, and these findings revealed that the process occurred

spontaneously
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1.Introduction

Vanadium ion spreads naturally as a trace
element in the soil, water, and different
biological systems in the environment.
Typically, vanadium ions exist in the form of
oxides, carrying different oxidation states IlI,
IV, and V. However, these oxides play the role
of the metal cations. Among these common
oxides are vanadyl sulfate VOSQO, and sodium
metavanadate NaVVOs, which can act as insulin
mimetic agents [1-4]. Particularly, vanadium
ions can be concentrated to higher
concentrations because they can be strongly
complexed with numerous organic ligands.
This method succeeded in pre-concentrating of
vanadium ions in lakes, rivers, and oceans.
According to these facts, it is convenient to use
appropriate analytical methods such as cyclic
voltammetry to detect VO(II) in the
environment. It is also appropriate to take
advantage of its ability to form multi-metallic
complexes with different ligands to do several
studies and applications [5-7]. Cyclic
voltammetry was first employed by Randless in

1938 and occupied great important among other
analytical strategies. Cyclic voltammetry
enables the oxidation and reduction of different
organic and inorganic substances if the
appropriate energy is provided. Herein, the
redox activity of the VO(II) cation either in the
absence or presence of the HNP was
investigated at the surface of the glassy carbon
electrode, applying a potential difference
ranging from -0.8 to 1.2 V. Various Kkinetic and
thermodynamic parameters were evaluated
such as ks (rate of charge transfer), I'; (surface
concentration during anodic reaction), T
(surface  concentration  during  cathodic
reaction), Q. (charge quantity estimated during
cathodic process), and Qg(charge quantity
estimated during anodic process). Moreover,
the Nicholson theory and Randless equation
were applied to suggest the reaction mechanism
[8-9].
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2. Materials and methods

The used chemicals in this research were
VOS0,4.5H,0, NaClO4, nicotinohydrazide,
cinnamaldehyde, and absolute ethanol. These
chemicals were obtained from Sigma Aldrish
Company and were used without any
purification.

2.1preparation of HNP ligand

The preparation of HNP ligand is described
in scheme 1. The method of preparation and
characterization was reported by Nageeb, Alaa
S., etal. [10].

Cinnamaldehyde Nicotinohydrazide

0.5 ml glacial acetic acid
Heating under reflux in absolute
ethanol for 2-3 hr

~
S

N'-3-phenylallylidenenicotinohydrazide

2
=
e
&2
o
|72}
S
=

[VO(HNP)(SO,)].H,O
Scheme 1: The outline strategy of the HNP
preparation and its VO(I1) complex

2.2.Cyclic voltammetry measurements

A three electrode electrochemical cell with a
50-ml cell volume was connected to a
multichannel potentiostat. The used electrodes
were of the type glassy carbon with an area of
0.07 cm? as the working electrode,
Ag/AQCI/KClsat. as the reference electrode,
and platinum wire as the counter electrode. The
employed electrodes were immersed in a 50 ml
of NaClQO, solution with a concentration of 0.1
M, acting as an electrolytic media. The cyclic
voltammetry scanning was operated at 305°k
and a potential range of -0.8 to 1.2 V. To

remove any dissolved oxygen, nitrogen gas was
passed through the solution before each
measurement [11-12].

3. Results and Discussion

3.1.The employed equation in the kinetic
thermodynamic study

The redox system of the VO/VO* couple
was studied by applying several equations as
follows:

AEp = Ep, — Ep. (1)

E1/2 = (Epqa + Epc)/z (2)

Where, Ep, refers to the anodic peak
potential, Ep. refers to the cathodic peak
potential, AEp refers to the difference between
anodic and cathodic potential, and Ej, refers to
the half wave potential.

Ip = 0.4463 nFAC (nFvD/RT)** (3)
['=Ip4RT/n’F?Av  (4)

Ks =
2.18 (Dc ana Fv/RT)Y? exp (a?nF (Ep, — Epy)/RT)
()

Q = nFAT (6)

Where, Ip refers to the current peak

(ampere), Ip, refers to the anodic peak current,
Ip. refers to the cathodic peak current, R refers
to the gas constant and equals 8.314 J/mol.K, n
refers to the number of electrons involved in
the redox process, T refers to the temperature in
kelvin, v is the applied scan rate in V/s, C refers
to the concentration of the electroactive species
in mol/cm®, F refers to faraday constant and
equals 96485 C/mol, A refers to the electrode
area in cm’ T refers to the surface
concentration in mol/cm?, ks refers to the
heterogeneous charge transfer rate constant in
cm/s, o refers to the charge transfer parameter,
which is regarded as 0.5 for a quasi- reversible
reaction, and Q is the amount of electricity that
was consumed during the redox process in
coulomb.

AE1/, = (E12)c — (E12)m =
2.303% (LogBc + jLogC,) (7)
AG = —2.303 RT Log B, (8)

Where, Bc refers to the stability constant for
the complex formation, (Ei2)m refers to the half
wave potential of the metal cation. Upon the
final addition, (Ei;)c refers to the half wave
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potential of the complexation upon each
addition of the HNP, and AG refers to the
Gibbs free energy of the complexation reaction
[13-20].

3.2.Cyclic voltammetry of VO(II) ion

On applying cyclic voltammetry of 19.6 x10°
* M VOS0,.5H,0, it was observed that one
cathodic peak appeared ~0.18 V referred to the
VO + 2e -VO and one anodic peak appeared
at approximately 1.12 V referred to as the
VO-VO?* +2e reaction, as depicted in Fig. 1.
As a result, a quasi-reversible reaction
mechanism was proposed for the VO/VO(II)
redox couple.

0.00003

—— 0.1 M NaClO,
e 19.6 x 10°*M VO(Il)

0.00002

0.00001 -

0.00000 -

Current(A)

-0.00001

-0.00002

-0.00003 -

-0.00004

-0.00005 T T T
1.5 1.0 0.5 0.0 -0.5 -1.0

Potential V Vs. Ag/AgCI

Fig.1: Cyclic voltammogram of 19.6 x 10™M
V0OS04.5H,0 ina 0.1 M NaClO4 as supporting
electrolyte.

3.21The impact of increasing
concentrations on the kinetic parameters

(3.9, 7.9, 11.8, 15.7, 19.6) x 10* M were

employed as various concentrations of the
VO(II) ion to study the impact of increasing

VO(Il)

concentration on the current, kinetic parameter,
and reaction mechanism. Upon increasing
VO(II) concentration, both the cathodic and
anodic current exhibited a gradual increase, as
depicted in Fig. 2,3. According to Randless
Sevcik equation EQ.3, a linear plot of peak
current against the employed con.

centrations was obtained. So, a diffusion
controlled mechanism was suggested for the
VO—-VO* + 2e reaction. The Kkinetic
parameters, including I'c, Qc, T'a and Qa, as
listed in Table 1, increased linearly with the
increase in current. In addition, both Da and Dc
increases with the progress of the oxidation
reduction reaction. The peak current ratio
doesn’t equal wunity, indicating a quasi-
reversible process. The rate of electron transfer
increased with the increase in concentration,
favoring the charge transfer process [21].

0.00003

e 3.9 x 10°M VO(I1)
s 7.9 x 107'M VO(Il)
e 11.8 x 10°"M VO(I)
e 15.7 x 10°“M VO(I)
19.6 x 10“M VO(II)|

0.00002

0.00001

0.00000

<
=
$ -0.00001 s
5
o
-0.00002 -
-0.00003 - "/
-0.00004
-0.00005 : T T T 1
1.5 1.0 05 0.0 05 1.0

Potential V Vs. Ag/AgCl

Fig.2: Cyclic voltammogram of various
concentrations of VOSO4.5H,0 ina 0.1 M
NaClO, as supporting electrolyte

Table 1: The impact of increasing concentration of the VO(II) ion on the evaluated Kinetic

parameters.
2+
VOD | WX | X L ipanipe | Epa | Epe | aE | En | D5 DO0| AN | TX | X X | ke
mol/L (A) (A) A) V) V) V) M | ems | emrs | moliem? | moliem? (&) (©) cm/s
3.98 33 | 11 | 306 | 0531 | o0, | 0531|0265 | 25 | 2.7 5.2 042 | 35 | 057 | 0.95
7.94 44 | 34 | 127 [ 0827 | 0191 [ 06350509 | 1.1 | 6.7 6.8 13 46 | 1.8 | 043
11.86 57 | 47 | 1.21 | 0715 | 0.172 | 0543 | 0444 | 0.83 | 5.7 8.8 18 59 | 24 | 007
15.75 69 | 65 | 1.05 | 1.074 | 0.182 | 0.891 | 0.628 | 0.69 | 6.2 | 10.7 2.5 72 | 34 56
19.6 104 | 8.04 | 1.29 | 1.098 | 0.191 | 0.906 | 0.644 | 8.1 | 6.1 | 16.1 31 | 109 | 42 70
Table 2: The impact of employing different scan rates on the evaluated kinetic parameters
[VO¥] ()pa | Ipc Da Dc Ta I'c Qa Qc
x 10 % st X10° | X10° 'p;‘/A')pc E\F};‘ ?\"/’g X108 | X100 | x10%° | Xx10% | X10° | X10° C*n(js
mol/L (A) (A) cm?s | cm¥s | mollem? | mol/lcm? | (C) (€)
196 | 01 | 104 | 804 | 129 [ 109 | 019 | 1.02 6.08 4.04 3.12 5.4 8.4 | 7006.92
196 | 0.05 | 40 6.5 0.60 [ 1.05 [ 021 | 03 8.17 3.11 5.12 4.2 13.8 | 1361.54
196 | 002 | 36 4.2 0.86 | 1.04 | 023 | 06 8.33 7.08 8.19 95 22.1 | 530.58
196 | 001 | 01 3.4 0.02 | 068 | 021 | 0.0094 | 11.1 0.38 133 | 052 | 3605 | 0.78
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Fig.3: The plot of peak current versus different
concentrations of VOS0O,4.5H,0

3.2.2The impact of applying diverse scan rate

Randless Sevcik equation EQ.3 allows
studying the relation between the peak current
and the square root of the scan rate. The linear
relationship between the peak current and the

square root of the scan rate is indicative of
the diffusion controlled mechanism. Different
scan

rates 0.01, 0.02, 0.05, and 0.1 V/s were
applied to study the mechanism of the redox
reaction, as depicted in Fig. 4. The plot of Ip
versus v yielded a straight line, suggesting a
diffusion controlled mechanism, as depicted in
Fig. 5. Furthermore, all evaluated Kinetic
parameters, including ks, I'c, Qc, I'a, and Qa
were influenced by applying different scan
rates.

The scan rate is typically related to the volt
quantity consumed per time; thus, altering the
reaction scan rate causes altering of the current
response. The decrease of the scan rate from
0.1 to 0.01 V/s causes a decrease in the
observed current, which reflects the rate of the
oxidation and reduction processes occurring at
the electrode surface. This means that the
decreasing in the scan rate causes a decrease in
the rate of charge transfer that is responsible for
the progress of the oxidation reduction reaction
and vice versa, accordingly, the value of ks
decreases. The other kinetic parameters I'c, Qc,
I'a, and Qa,, which depends mainly on the
current response, as described in Eg. 4,6,
decreased due to the decrease in current [22], as
listed in Table 2.

= 19.6 X 10" M VO(ll)sc 0.1 V/s

= 19.6 x 10 M VO(ll)sc 0.05 V|
= 10.6 x 10 M VO(ll)sc 0.02 V/s|
e 19.6 x 10! M VO(ll)sc 0.01 V/s|

0.00003

0.00002

0.00001

0.00000

-0.00001

Current (A)

-0.00002

-0.00003

-0.00004 -

-0.00005

Poter;tsial Vvs. AZIOAgCI > e
Fig.4: Cyclic voltammogram of various scan
rates of 19.6 x 10 M VOS0,.5H,0 ina 0.1 M
NaClO, as supporting electrolyte.

= Ip,a
® Ipc
0.000008 |
0.000006 - °
0.000004 |
0.000002 -
< 0.000000
€ -0.000002
3
-0.000004 - =
-0.000006
-0.000008 -
-0.000010 -
-0.000012 T T T T T .
0.10 0.15 0.20 0.25 0.30 0.35

Potential V vs. Ag/AgCl

Fig.5: The plot of Ip against square root of a
19.6 x 10 M V0S0,4.5H,0 in a 0.1 M NaClO,
3.2.3Suggestion of reaction mechanism

he redox reaction mechanism of VOSO4.H,0
on the glassy carbon electrode surface can be
proposed with the aid of Nicholson theory,

which involves different hypotheses of reaction
mechanisms, as shown in Fig.6. These
hypotheses can be applied depending on the
relation between peak current ratio and scan
rate, as illustrated in Fig.7. The plot of peak
current ratio versus scan rate of the redox
reaction VO — VO* + 2e vyielded a
relationship, predicting that this reaction is a
reversible chemical reaction preceding a
reversible electron transfer, following this

general equation O + ne = R.[23]

18

3

0

i'l (amadic)/ ip[cnrhodit)

o
®

.01 oa 1.0 o oo
SCAN RATE

Fig. 6: The standard plot of Nicholson theory
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T T T T T
0.00 0.02 0.04 0.06 0.08 0.10
Scan rate V/s

Fig.7: The plot of peak current ratio versus
scan rate

3.3 The impact of the addition of HNP ligand
on the redox behavior of VO(II) cation

The redox activity of the VO(II) cation was
investigated in the presence of HNP ligand.
Upon the addition of 1.9 x 10* M of HNP
ligand to 19.4 x 10 * M of VO(II) ion, the
cyclic voltammogram showed a strong decrease
in peak current intensity, either the cathodic or
the anodic, and a shift of the peak potential to
new positions. This can be interpreted due to
the strong and stable complexation reaction
between the VO(II) and HNP, as depicted in
Fig. 8.

0.00003 - o 19.4 x 10*M VO(Il)
=== 1.9 x 10*M HNP
0.00002
0.00001 -

0.00000 +

-0.00001 -

Current (A)

-0.00002

-0.00003

-0.00004

-0.00005

T T T T 1
1.5 1.0 0.5 0.0 -0.5 -1.0
Potential V Vs. Ag/AgCI

Fig. 8: The impact of addition of a 1.9 x 10 M
of HNP to a 19.4 x 10 * M VO(I1) ion

3.3.1.impact of various concentrations of
HNP on the kinetic parameters

(3.7,7.2,10.5, 13.5, and 16.3) x 10™* M were
employed as various concentrations of the HNP
to study its complexation effect on the VO(II)
ion. It was observed that both cathodic and
anodic currents exhibited a linear decrease with
the addition of HNP, indicating a decrease in
the VO(Il) ion concentration due to the
complexation process, as shown in Fig. 9,10.
According to the complex formation, all
evaluated Kkinetic parameters and the rate of
electron transfer decreased [24], as listed in
Table 3.

0.00002 +

0.00001 +

0.00000 +

Current (A)

-0.00001 +

-0.00002 4

T T T T 1
15 1.0 0.5 0.0 -0.5 -1.0
Potential V vs. Ag/AgCI

Fig.9: The impact of increasing concentration
of HNP on the redox behavior of the VO(II)

on.
0.0000010 — e C©
0.0000005 \'\.

0.0000000 -

< -0.0000005

Curren

-0.0000010 —f

-0.0000015 —f

0000000000

- -
=
-0.0000025

T T T T T T T 1
0.0002 0.0004 0.0006 0.0008 0.0010 0.0012 0.0014 0.0016 0.0018
[HNP] mol/L

Fig.10: The plot of peak current versus
different concentrations of HNP

3.3.2.The impact of applying diverse scan
rate

Different scan rates 0.01, 0.04, 0.02, and
0.01V/s were employed to study the
complexation reaction between a 16.3 x 10 M
HNP with a 19.3 x 10™ M VO(II) within the
solution, as shown in Fig.11. It was concluded
that both cathodic and anodic peak current as
well as the peak potential separation decreased,
indicating a quasi-reversible complexation
reaction. Meanwhile, the plot of peak current
versus square root of scan rate yielded a
straight line, unveiling that the reaction was
diffusion controlled, as shown in Fig.12. All
evaluated Kinetic parameters decreased as a
result of complexation process, as listed in
Table 4

0.000010

0.000005 -
= 0.000000
e
3

-0.000005 +

-0.000010 +

T T T T d
15 1.0 0.5 0.0 -0.5 -1.0

Potential V vs. Ag/AgCI

Fig.11: Cyclic voltammogram of various scan
at final addition of HNP ligand
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Fig.12: The plot of Ip against square root of at
final addition of HNP3.3.3Suggestion of
reaction mechanism

According to Nicholson theory, the
mechanism of complexation reaction can be
suggested. A plot of peak current ratio against
scan rate was performed to propose the
mechanism of complexation related to the
hypotheses of Nicholson theory, as shown in
Fig.13. Accordingly, it was concluded that the
complexation between the HNP and VO(II)
followed a reversible chemical reaction
preceding a reversible electron transfer
mechanism, referring to this general equation O
+ne=R.

T T T T T
0.00 0.02 0.04 0.06 0.08 0.10

Scan rate V/s

Fig.13: The plot of peak current ratio versus
scan rate

3.4The investigation of the reaction spontaneity

Typically, Gipps free energy is very
important parameter from the thermodynamic
point of veiw. this parameter usually evaluates
the spontaneity of the process according to its
negative value. Lingane equation EQ.7 was
applied to estimate the stability constant of
complex formation. Afterward, Eq.8 was
applied to estimate Gipps free energy of the
process, as listed in Table 4. Hence, the
spontaniety of the reaction can be concluded
from the calculated stability constant and the
negative value of the Gipps free energy [25].

Table 3: The impact of increasing concentration of the HNP on the evaluated kinetic parameters.

O o] e [ [ [ 56T 20 | 15 | 58 T[]
A 1M MMM 2 2 2 2
mol/L | (A) (A) cms | cms | mol/cm® | mol/lem® | (C) | (C) cm/s
3.7 2.3 8.3 2.7 1.21 1 0.08 | 1.13 | 0.64 4.9 6.4 3.5 3.2 2.4 4.3 90
7.2 1.5 6.7 2.3 1151010 | 1.05 | 0.62 2.2 4.2 24 2.6 1.6 3.5 13
10.5 1.39 5.2 2.6 1.13 1 0.08 | 1.05 | 0.60 1.8 25 2.1 2.02 14 2.7 11
13.5 1.3 4.8 2.7 1.10 | 0.10 | 1.00 | 0.60 1.6 2.1 2.07 1.8 1.3 2.5 40
16.3 0.9 3.0 3.0 111011 /099 | 061 | 0.7 0.8 14 1.1 09 | 15 20

Table 4: The impact of employing different scan rates on the evaluated kinetic parameters.

[HNP;! Sc (-)Ipe IpC_7 Ipa/l pc Epa EpC AE Da.15 DC.4 ra.lo Te 5 Qa.s QC Ks
x 10 Vs X10 X10 A) V) V) V) X 10 X10 X10 X10 X10 ©) | cmss
mol/L A | (A cm?s | em?s | molicm? | moliem? | (C)
16.3 0.1 9.0 3.0 3 1.1 | 0.11 | 0.99 6.09 11.6 1.4 4.3 946 | 058 | 13.7
16.3 0.05 6.0 2.6 2.3 1.08 | 0.14 | 0.94 5.42 22.3 1.8 8.4 1.26 | 1.14 | 8.6
16.3 0.02 4.3 2.3 1.8 1.07 | 0.14 | 0.93 6.96 54.7 3.3 20.9 2.26 2.8 8.5
16.3 0.01 2.3 1.1 1.9 1.05 | 0.15 | 0.90 3.98 104 35 41.05 241 | 554 | 7.7

Table 4: The concluded Bc and AG (kJ) of the complexation process between the VO(II) cation and

HNP.
[HNP] x10* [ [VO*]x 10" . E1(C) E1n(M) AEq,
mol/L mol/L JIML] v V v pe AG(KJ)
3.7 19.6 0.19 0.64 0.64 0.002 5.67 -4.4
7.2 19.6 0.36 0.62 0.64 0.018 60.94 -10.4
10.5 19.6 0.53 0.60 0.64 0.038 737.25 -16.7
135 19.6 0.68 0.60 0.64 0.038 1790.28 -18.9
16.3 19.6 0.83 0.61 0.64 0.031 2264.13 -195
Mans J Chem. Vol (63)2024 39




4.Conclusion

In summery, Cyclic voltammetry technique
was applied as an appropiate method to study
the redox behavior of the VO(II) ion and its
ability to complex with the prepared ligand
HNP in solution. At the end of the study, it was
possible to obtain several conclusions. The
VO(I), in the form of VOSO,4.5H,0, is an

electroactive species, which undewent

oxidation and reduction reaction at glaasy
carbon electrode surface, following these redox
equations: VO?* + 2e »VO

VO-VO? +2e

The electrochemical behavior of VO(II)
cation exihbited one cathodic peak and one
anodic peak, recording peak cureent ratio # 1
and small AE, indicating a quasi-reversible
reaction. According to Nicolson theory
assumptions, the reaction mechanism was
propsed to be a reversible chemical reaction
preceeding a reversible electron transfer. The
peak current ratio Ipa/lpc recorded during the
reaction of the VO(I) and HNP # 1.
Futhermore, the peak potential seperation AE is
small value, clayfiying that the complexation
reaction was a quasi-reversible. Based on
Randless egation Eq. 3, it was found that the
the VO(II) ion’s redox activity in absence and
presence of HNP was governed by
diffusion.The reaction between the VO(II) and
HNP occurred spontanously, which can be
indicated from the calculated stability constant
and negative Gipps free energy. Nicholson
theory also revealed that the complexation

reaction followed a reversible chemical
reaction mechanism preceeding a reversible
electron transfer.
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