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Abstract. In this paper, the possibility to use ceftriaxone (CEFTR) active compound from expired
Cefort® drug as additive in nickel electrodeposition from Watts bath has been investigated.
Electrochemical behaviour of CEFTR and preliminary information about its influence on nickel
electrodeposition process were obtained using cyclic voltammetry technique. Cyclic voltammograms
have been drawn on platinum electrode at scan rates between 5 and 500 mV s™. Linear voltammograms
recorded at low scan rate emphasized the influence of the drug concentration in 5 g L™ Ni** electrolyte
solution. Kinetic parameters such as exchange current density and cathodic transfer coefficient have
been calculated using Tafel polarization plots at different temperatures in the range of 25+65°C.
Further, activation energy has been determined from Arrhenius plots. Electrochemical impedance
spectroscopy technique was used to study the charge transfer resistance and surface coverage degree in

the same solutions at different deposition potentials.
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Introduction

Although known for over a century, nickel
and nickel alloys electrodeposition currently
maintain their utility due to the various
applications in branches of modern industry as
automotive, computer circuits, etc. [1,2]. The
wide use of nickel deposits is based on both
decorative qualities and anticorrosion properties
of the metal layers even in strong aggressive
media (H,SO,4, HCI, NaCl solutions) [3-5].

Known as the most effective nickel
deposition solution, Watts bath is characterized by
its simplicity as well as its long time stability and
low toxicity. In order to obtain high quality nickel
layers, besides the basic  components
(NlSO47H20, N|C|26Hzo and H3BO3), Ievelling,
brightening and anti-pitting agents must be
added [6].

Current research in this area is focused on
finding new compounds, cheaper than the existing
ones, possibly by recycling of non-compliant
substances from areas, for which they were
initially designed for, but having the same
behaviour as the well-known additives.

Watts baths have a high throwing power
even without additives, the reason why the current
density is constant on both the micropeaks and
microgrooves. In these circumstances, the
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deposited nickel layer is not able to cover the tiny
cracks and defects onto the substrate surface. In
order to obtain uniform deposits of nickel from
Watts baths, addition of levelling and brightening
agents is required [7-10]. As it is known,
brighteners from primary and secondary class are
used for mirror-bright ornamental nickel layers.
Generally, Watts baths additives are organic
compounds, which are preferentially adsorbed on
the micropeaks. Therefore, the current density in
these areas will decrease, while it will increase in
microgrooves [11]. The presence of unsaturated
bounds or aromatic structures in their molecules is
the main characteristic of these additives. Such
structural elements are also found in the active
substances from drugs, therefore it is expected to
have the same or similar effect as the traditional
additives used in Watts baths [12].

The quantity of unused drugs for medical
purpose daily increases mainly due to three
reasons: exceeding the expiration date, non-
compliant ~ or  counterfeit  batches and
discontinuation of patients treatment. A large part
of them are incinerated, but it also remains an
important quantity, which is eliminated in the
residual water, thus polluting the
environment [13,14]. To avoid the costs related to
incineration or depollution, recycling of unused
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drugs as additives in electroplating baths, Watts
bath in the present case, is an alternative use [15].

The aim of this paper is to study CEFTR
effect on nickel electrodeposition from Watts type
bath due to the presence of nitrogen and sulphur
heterocycles as well as C=C, C=0, C=N double
bonds into its structure. Also, the heteroatoms
with lone pair electrons are present in its
molecule, making it able to be adsorbed on the
metal surface. The object of this work involves as
well the electrochemical behaviour of CEFTR,
because of its interaction with the electrodes of
the electrochemical cell.

Experimental

Electrochemical experiments have been
performed using a PARSTAT 2273
potentiostat/galvanostat in a 100mL thermostatted
glass cell equipped with Pt and Ni working
electrodes (0.8 cm? exposed area), two graphite
rods counter electrodes, placed symmetrically to
the working electrode and a Ag/AgCl reference
electrode (Eagagcl = 0.197 V vs normal hydrogen
electrode). All further potentials are referred to
this reference electrode.

Before starting each electrochemical
measurement, platinum electrode was washed
with distilled water and nickel electrode has been
abraded with different grit emery papers, polished
with polycrystalline diamond (6 wm), washed with
distilled water and finally dried.

Electrochemical behaviour of CEFTR in
0.5 mol L™ Na,SO, + 30 g L™* H;BO; (BS) has
been studied by cyclic voltammetry. Boric acid
concentration added in the electrolyte solution is
the same as of the industrial baths for optimum
nickel deposition (pH = 3.5+4.5). Cyclic
voltammograms (CVs) have been recorded on
platinum electrode in BS with scan rates between
5and 500 mV s™.

Kinetic studies of nickel electrodeposition
in the absence and presence of different CEFTR
concentration, in 25+65°C temperature range,
have been done using linear voltammetry. Linear
voltammograms (LVs) were drawn on nickel
electrode in 5 g L* Ni* solution (30 g L™
HsBO; + 5 g L™ Ni** from NiSO,7H,0 and
NiCl,'6H,0), with low scan rate (5 mV s™). The
activation energy has been determined from
Arrhenius plots.

In order to obtain the charge transfer
resistance Ry and surface covering degree 6,
electrochemical impedance spectroscopy (EIS)
has been performed on nickel electrode in the test
solutions at different deposition potentials
established from LVs. EIS measurements were
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carried out in the 0.01 Hz + 100 kHz frequency
range with 10 mV AC voltage amplitude. For
each spectrum, 60 points were collected with a
logarithmic distribution of 10 points per decade.
Experimental electrochemical impedance data
were fitted to the electrical equivalent circuit by
CNLS Levenberg — Marquardt procedure using
ZView — Scribner Associates Inc. software.

All solutions have been prepared from
Sigma-Aldrich p.a. min. 99.8% reagents. IUPAC
name of CEFTR (C18H18N307S3) is (Z)'?'[Z-(Z'
aminothiazol-4-yl)-2-methoxyiminoacetamido]-3-
[(2,5-dihydro-6-hydroxy-2-methyl-  5-oxo0-1,2,4-
triazin-3-yl)thiomethyl]-3-cephem-4-carboxylic
acid [16], present as disodium salt
sesquaterhydrate in the commercial drug Cefort®.
Its chemical structure is represented in Figure 1
[15]. Concentrations used in experimental studies
were 10, 10®, 10 and 10° mol L™

H
ojA/N;r\[CHS O\ OH
0
Y
0 S //T:( o NH,
= / N:{
s =

O/N

/
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Figure 1. CEFTR chemical structure.

Results and discussion
Cyclic voltammetry

Voltammetric behaviour of CEFTR has
been studied on platinum electrode at 25°C in BS
in the absence and presence of all concentrations
of CEFTR used in test solutions. CVs were
recorded starting from open circuit potential
towards anodic polarization, at scan rates between
500 and 5 mV s™. To ensure a wide potential
range for the CV measurements where the
electrochemical behaviour was defined, studies
have been carried out in electrolyte solutions
without nickel ions. CVs drawn with 50 mV s*
scan rate are depicted in Figure 2.

The analysis of the above CVs emphasizes
the inhibitory effect of CEFTR addition in the
electrolyte solutions. It is observed that the
increase of CEFTR concentration leads to the
current density decrease for the characteristic
processes highlighted on the voltammogram
drawn in acidic media. Withal, the potential of the
hydrogen evolution reaction is shifted towards
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more negative values and oxygen evolution
reaction toward more positive ones, both
processes being inhibited by the presence of
CEFTR in the electrolyte solution.
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Figure 2. CVs (cycle 2) on platinum electrode in BS
without and with different concentrations of
CEFTR; dE/dt =50 mV s™.

At low scan rate, 5 mV s™ (Figure 3a), the
strong inhibiting influence is observed in the
presence of 10° mol L™ CEFTR by the significant
decrease of the current density characteristic for
hydrogen evolution reaction from 140 to 40 A m™
and for oxygen evolution reaction from 40 to
10 A m?, corresponding to the potential limits of
the experimental measurements.

Because nickel electrodeposition is a
cathodic process, for a more detailed outlook of
CEFTR electrochemical behaviour, CVs on
cathodic domain were recorded separately as well
(Figure 3b).

Because there cannot be distinguished the
supplementary peaks from the base curve
characteristic ones, it can be stated that CEFTR
does not undergo electrochemical transformations
within the studied potential range. Based on this
fact, it is expected that CEFTR will be stable
during nickel electroplating from Watts bath.

Linear voltammetry

The effect of CEFTR addition in the
electrolyte solutions on nickel electrodeposition
has been investigated by LV. LVs were drawn on
nickel electrode in 5 g L™ Ni** without and with
different concentrations of CEFTR in the
25+65°C temperature range (Figure 4).

The analysis of LVs (Figure 4a) pointed out
that the temperature increase favours nickel
electroplating, the characteristic overpotential
being shifted with approximately 50 mV/10°C

toward more values in
the 25+65°C range.

As regards the effect of CEFTR addition in
the electrolyte solution at low concentration
(10° mol L™ is insignificant compared to the
blank solution. In Figure 4c LVs drawn at 25°C
are presented. However, increasing the
concentration up to 10* mol L* leads to the
shifting of nickel electrodeposition overpotential
with more than 100 mV towards more negative
values, because of the organic molecule
adsorption onto the electrode surface according to

Eq.(1).

CEFTR(son + NH2O(ags) — CEFTRagy + NH2Osony (1)

positive

Accurate information regarding the kinetics
of nickel deposition process has been obtained
using Tafel method. In Table 1 the values of
exchange current density i, and cathodic transfer
coefficient 1-a are presented, for each
concentration of CEFTR used, at all temperatures
of the experimental study.

Analysing the results, it can be observed
that both in the absence and presence of CEFTR
in the electrolyte solution, the rate-determining
step is the monoelectronic charge transfer.
The catalytic effect of temperature rise on nickel
electrodeposition is emphasized by the decrease
of the cathodic transfer coefficient 1-a and by the
significant increase of exchange current density i,.

The cathodic transfer coefficient increases
along with CEFTR addition in the electrolyte
solution due to the shift of the reaction surface
(inner Helmholtz plane) towards the bulk of
solution, an obvious effect up to a temperature of
45°C. At higher temperatures (55, 65°C) it
remains almost constant, the blocking effect of
active sites with CEFTR being countered by the
increase of thermal movement.

Similarly, at lower temperatures (25, 35°C)
the exchange current density decreases
significantly (about 10° times) when 10 mol L™
is added in the electrolyte solution, this effect
being diminished with the increase of
temperature.

Activation energy for nickel deposition in
the absence and presence of different
concentrations of CEFTR was calculated from the
linear dependence: lgi, = f(T"). In Figure 5,
Arrhenius plots for this process are presented.

For the studied temperature range, where
there is a linear dependence lgi, = f(T™),
activation energy values are a measure of the
inhibition effect for nickel deposition due to the
adsorption of the organic compound onto the
electrode surface.
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Figure 3. CVs (5 cycles) on platinum electrode in BS and BS with 10° M CEFTR; dE/dt =5 mV s™.
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Figure 4. LVs and correspondent Tafel plots on nickel electrode in 30 g L™* HsBO; + 5 g L™ Ni#*
at different temperatures (a), (b) and in 30 g L™ H;BO; + 5 g L™ Ni** without and
with different concentrations of CEFTR (c), (d); dE/dt =5 mV s™.
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In the absence of CEFTR the activation
energy is reduced (27.2 kJ mol™), but increasing
the concentration of organic compound in the
electrolyte solution leads to the increase of the
activation energy up to 48.6 kJ mol™, when
10 mol L is added.

Table 1
Kinetic parameters for nickel deposition from
5 g L™ Ni?* solution without and with different

concentrations of CEFTR.
CEFTR .
conc Tempfrature -0 Iy »
(mol L l) (°0) (Am)
25 0.54 1.52:10°
35 0.52 2.71-10*
0 45 0.43 1.02:102
55 0.41 6.8510°
65 0.39 6.67:10™
25 0.55 8.21-10°
35 0.54 5.18:10°
10° 45 0.47 1.0910°3
55 0.41 9.78:10°
65 0.39 2.87-10*
25 0.64 6.70-10®
35 0.63 2.87-10°
10° 45 0.49 1.54:10°
55 0.42 3.8710°
65 0.40 8.47-10°
25 0.70 1.75-107%
10* 35 0.64 8.22:10°
45 0.55 1.83-10°
55 0.42 1.01-10°
65 0.40 1.32:102
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Figure 5. Arrhenius plots for nickel deposition
from 30 g L™ H3;BO3+5 g L™ Ni** without and with
different concentrations of CEFTR.

Electrochemical impedance spectroscopy

EIS measurements have been carried out in
order to evaluate the charge transfer resistance R
and the double layer capacity Cq, respectively, for
a complete characterization of the process
occurring at interface. Further, surface coverage
degree 6 has been calculated from Ry values.
Based on the surface coverage degree values, the
CEFTR levelling capacity in nickel deposition
baths can be anticipated.

Relying on the previously presented LVSs,
the optimal potential range was chosen, in which
nickel deposition is the only process that occurs at
the interface (-0.5 ~-1.1 V).

EIS results expressed as Nyquist plots for
nickel electrodeposition from 5 g L™ Ni*" in the
absence and presence of 10°+10° mol L™ CEFTR
at -0.6 V are presented in Figure 6.

The shape of Nyquist spectra as a slightly
suppressed semicircle indicates an electron
transfer limiting process estimated by the charge
transfer resistance (R;). The dependence between
the diameters of the semicircles and CEFTR
concentration added in the electrolyte solution has
been observed. The enlargement of the diameters
with the increase of the additive concentration
proves its inhibitory effect on nickel
deposition process.

Figure 7 presents Nyquist (a,b) and Bode
(c,d) plots for nickel deposition from 5 g L™ Ni**
with 10 mol L™ CEFTR, at different potentials.
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oW . :
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Figure 6. Nyquist plots recorded on nickel electrode
in 30 g L™ HyBO3+5 g L™ Ni** without and with
different concentrations of CEFTR; E=-0.6 V.
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Figure 7. Nyquist (a), (b) and Bode plots (c), (d) recorded on nickel electrode in 30 g L™ H;BO4+5 g L™ Ni®*
with 10* M CEFTR at different potentials.

Experimental data have been fitted to the
electrical equivalent circuit (Figure 8) consisting
of an ohmic resistance (R;) connected in series
with a parallel connection between the charge
transfer resistance (R;) and double layer capacity
(CPE), using a complex non-linear least squares
procedure.

Rs

A\

CPE

Rct

Figure 8. Equivalent electrical circuit for modelling
nickel electrodeposition.
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Calculated data of the circuit elements on
Ni in 5 g L™ Ni # without and with various
concentrations of CEFTR and surface coverage
degree values are presented in Table 2. From the
results presented in Table 2 it can be stated that
the solution resistance R remains constant within
reasonable limits. The charge transfer resistance
Ri is decreasing when the deposition
overpotential is shifted towards negative values.
At the same potential values, R increases along
with CEFTR concentration in the electrolyte
solution, thus confirming the results obtained by
LV. CEFTR strong adsorption at the interface is
demonstrated by the decrease of a double layer
capacity Cy when CEFTR is added in the
electrolyte solution. Surface coverage degree 6
values for CEFTR concentrations  over
10° mol L™ show a high levelling capacity.
Consequently, it is possible to obtain metallic
deposits having microcrystalline structure.
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Table 2
Calculated data of the circuit elements and experimental errors (between brackets).
(mol L) V) (Q cm®) (Fem™s™) (Q cm®) (Fem®) 10 (%)
-05 54.1(0.76 %) 56.4(2.00%) 0.84(0.75%) 2670(1.64 %) 60.02 115 -
-0.6 53.6(0.68%) 44.3(211%) 0.85(0.78%) 1627 (1.73%) 41.82 87 -
-0.7 533(0.75%) 41.8(2.66%) 0.86(0.93%)  881(1.67%) 3571 101 -
0 -0.8 53.9(0.57 %) 31.2(2.70%) 0.87 (0.80 %) 613 (0.99 %) 24.43 7.3 -
-0.9 54.1(0.18%) 18.4(4.21%) 0.89 (0.81 %) 31(0.52%) 9.88 2.2 -
-1.0 55.3(0.16%) 7.5(6.19%) 0.91 (0.96 %) 14 (0.65%)  3.81 3.1 -
-1.1 54.8(0.14%) 5.4(8.45%) 0.93 (1.18 %) 10 (0.80 %)  3.05 6.0 -
-05 66.5(0.63%) 52.2(1.00%) 0.83(0.42%) 3585(1.73%) 59.14 133 2552
0.6 70.1(0.33%) 42.0(1.05%) 0.84(0.28%) 2268 (0.58%) 41.61 3.1 28.26
0.7 66.1(0.53%) 34.3(1.52%) 0.85(0.57%) 1248 (1.82%) 2951 10.0 29.41
10°® 0.8 655(0.41%) 26.0(1.62%) 0.85(0.51%)  881(0.95%) 20.07 54 30.43
0.9 645(0.17%) 17.8(4.74%) 0.86 (0.92 %) 45(0.60 %)  8.18 3.0 3111
-1.0 65.9(0.13%) 7.8(6.88%) 0.89 (1.07 %) 21(0.77%)  3.65 2.0 3243
-1.1 67.2(0.09%) 6.2(7.01%) 0.92 (1.01 %) 14 (0.73%)  3.41 14 3407
0.5 70.4(0.39%) 46.4(0.84%) 0.80(0.25%) 4878 (0.79%) 56.96 4.3 4526
-0.6 66.2(0.57%) 37.4(1.19%) 0.83(0.49%) 3068 (1.29%) 3850 119 46.97
0.7 70.0(0.24%) 232(1.32%) 0.83(0.30%) 1683(0.38%) 19.15 19 47.65
10° 0.8 69.6(0.22%) 18.1(2.87%) 0.86(0.59%) 1204 (0.63%) 14.16 1.8 49.09
0.9 71.9(0.14%) 155 (4.77%) 0.87 (0.85 %) 63 (0.74%)  7.59 1.1 50.79
-1.0 67.5(0.14%) 12.3(7.47%) 0.87 (1.25 %) 29 (0.97 %)  5.32 14 5172
-1.1 71.0(0.14%) 8.2 (11.48%) 0.89 (1.72 %) 20 (1.32%)  3.83 2.3 5250
05 65.6(0.77%) 14.9(1.50%) 0.75(0.51%) 6511 (1.45%) 14.80 9.6 58.99
0.6 65.6(081%) 13.1(1.85%) 0.77(0.58%) 4010 (1.33%) 10.85 11.3 59.43
10" 0.7 65.6(0.82%) 12.4(252%) 0.77(0.71%) 2212(1.24%) 840 115 60.17
0.8 645(0.76%) 11.5(3.97%) 0.78(0.98%) 1584 (1.31%) 7.13  10.6 61.30
0.9 66.0(0.63%) 10.9(5.24%) 0.79 (1.22 %) 85(1.24%)  3.20 31 6353
-1.0 69.1(0.35%) 9.9(5.15%) 0.80 (0.01 %) 41 (0.85%) 2,51 1.2 65.85
-1.1 69.4(0.44%) 6.8(11.23%) 0.82 (1.92 %) 28 (L.77%) 171 26 66.07
-0.5 65.0(0.69%) 9.1(1.18%) 0.72(0.37%) 10049 (1.11%) 8.81 35 7343
0.6 65.8(0.48%) 8.2(1.07%) 0.74(0.31%) 6322(0.85%)  6.51 25 74.26
0.7 66.2(0.34%) 7.2(0.97%) 0.75(0.25%) 3528 (0.42%)  4.59 1.1 75.03
102 -0.8 67.8(0.19%) 6.2(0.94%) 0.75(0.21%) 2584 (0.26 %)  3.39 06 76.28
0.9 683(034%) 54(226%) 077(0.61%)  144(058%) 1.26 2.0 7847
-1.0 72.0(0.35%) 4.1(3.46%) 0.78 (0.92 %) 72 (0.67%)  0.81 2.4 80.56
-11 725(0.17%) 3.6(3.06%) 0.79 (0.70 %) 54 (0.44 %)  0.67 1.1 8241
Conclusions 10“ mol L™* CEFTR is added in 5 g L™ Ni*,

Cyclic voltammetry curves have revealed
that CEFTR does not undergo electrochemical
transformations, but strongly inhibit both cathodic
and anodic processes (hydrogen and oxygen
evolution  reactions, respectively) meaning
CEFTR is stable in the Watts baths.

Linear voltammograms have demonstrated
that CEFTR has a strong inhibitory effect on
nickel  electrodeposition. Whether CEFTR
addition in Ni*" solution increases the cathodic
transfer coefficient 1-a with the increase of the
inhibitor concentration, the overall process is
given by the significant decrease of exchange
current density i,. For instance, when

i, decreases about 10° times.

Overall effect of CEFTR addition on nickel
deposition has been illustrated in detail by the
activation energy, which increases from
27.2 kJ mol™ in the electrolyte solution without
additive to 48.7 kJ mol™ in the solution with
10 mol L™ CEFTR.

Electrochemical impedance spectroscopy
data have confirmed the conclusions reached
from the CV and LV measurements. From the
experimental data, CEFTR from expired
Cefort® drug should be recommended as an
additive in nickel electroplating Watts baths.
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