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 i g  h  l  i  g  h  t  s

Carvacrol  (Carv)  is a  natural  com-
pound, component  of  origanum
essential  oil.
Cu  corrosion  in  chloride  medium  is
inhibited  by  treatments  with  Carv.
A  highly  protective  layer  was
obtained  by  electropolymerization
of  Carv  (polyCarv).
Carv  adsorptive  layer  was  not  protec-
tive  enough  to inhibit  corrosion.
PolyCarv  shows  ether  bonds,  reduces
Cu ions  release  and  is  ecofriendly.
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a  b  s  t  r  a  c  t

The  release  of  copper  ions  by copper-containing  devices,  equipments  and facilities  represents  a  poten-
tial  risk  for biological  systems.  Different  inhibitory  treatments  (CuIT)  that  use  organic  compounds  have
been proposed  to reduce  this  environmental  hazard  but many  of them  are  not  in  accordance  with  new
regulations.  The  development  of an  ecofriendly  CuIT  based  on the  use  of carvacrol,  a natural  phenolic
compound  present  in  essential  oils,  is  reported  here.  The  effects  of  carvacrol  adsorption  (adCarv)  and  its
electropolymerization  (polyCarv)  were  examined.  Electropolymerization  was attained  after  cycling  the
copper electrode  in  the  0.3–1.0  V potential  range.  Electrochemical  techniques  complemented  by  ATR-
FTIR,  XPS,  SEM  and  AFM surface  analyses  were  used  to  evaluate  the composition  and  characteristics
of  the  layers.  Results  demonstrated  that adCarv  includes  cetonic  structures  while  polyCarv  additionally
opper

orrosion inhibitor
cofriendly
henolic compound

contains  ether  bonds.  AFM  and  SEM  observations  showed  the presence  of round  nanoglobules,  larger  for
adCarv (close  to 50 nm  diameter).  Cytotoxicity  of  adCarv  and  polyCarv  layers  on copper  was also  evalu-
ated. The  comparative  analysis  of both  treatments  revealed  that  polyCarv  nanolayer  is highly  protective
while  the  adCarv  layer  is  weakly  protective  and  reduction  in cell viability  was  found.  It was concluded
that  CuIT  that  leads  to  polyCarv  nanolayer  is  very  effective  and  ecofriendly.
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1. Introduction
Due to their excellent thermal and electrical conductivity
together with their simple fabrication and joining, copper and its
alloys have been widely used in several industries such as pipeline,
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utomotive, electrical and manufacturing industries as well as in
acilities that include heat exchangers, gathering pipelines, and

edical devices (intrauterine devices, IUD). However, in aggressive
edia, deterioration of metallic materials by chemical interaction
ith their surrounding environments occurs [1,2]. Corrosion of
etals is a form of waste that pollutes the environment. Partic-

larly, copper ions are one of the most harmful heavy metals for
quatic ecosystems. The environmental consequences often extend
ar beyond the immediate issue of resource depletion. Greater
wareness of detrimental consequences of corrosion will help us
o preserve the environment [3]. Corrosion processes occurring in
opper-containing devices, equipments and facilities lead to the
elease of copper ions in the surroundings [4]. Although copper is a

icroelement necessary for various vital functions at the same time
t is one of the most toxic heavy metals for aquatic organisms (e.g.,
rustaceans, algae, bacteria) acting adversely already at sub-ppm
oncentrations [5].

With the aim of controlling copper ions release, a wide variety
f organic compounds have been proposed as corrosion inhibitors.
hey frequently form adsorptive films mediated by electronega-
ive functional groups [6,7]. Unfortunately, the impact of these
ompounds on the environment is frequently unknown. Some
nhibitors may  cause reversible (temporary) or irreversible (per-

anent) damage to living organisms. Their toxicity may  manifest
ither during the synthesis, application or disposal of the com-
ound [8].

In the past two decades many alternative environmentally
riendly corrosion inhibitors have been developed. Thus, the
esearch in the field of “green” corrosion inhibitors has been
ddressed towards the goal of using cheap, effective molecules at
ow or “zero” environmental impact [9].

In the search of a new strategy natural substances have been
onsidered since most of these substances are safe and can
e extracted by simple and cheap procedures. Different plant-
xtracts-based green inhibitors have recently been proposed as
on-toxic corrosion inhibitors. El-Etre et al. [10] found that extract
f leaves of henna (Lawsonia sp.) acts as a very good corrosion

nhibitor for steel, nickel and zinc using polarization techniques.
ew information on the possible application of the Ocimum
acilicum extract and Ambrosia maritime as an environmental-
riendly aluminum corrosion inhibitors [11,12] as well as the
nticorrosive activity of some herb plants frequently used as
erbal medicine [13] were provided. Among them, Thymus vul-
aris extracts (TVE) showed excellent protection for steel, copper
nd �-brass surfaces [14]. The inhibitory action was attributed to
dsorption of these phytochemicals to the metal/solution interface.
owever, inhibitory action is based on the addition of the inhibitor
ithin the corrosive environment with the purpose of forming an

dsorptive protective film on the metal surface.
With the aim of improving the stability of the organic protec-

ive films, treatments other than adsorptive films formation were
eveloped. It was shown that phenolic compounds are able to be
lectropolymerized on metallic surfaces [15,16]. Results showed
hat polymerized films have perfect adhesion and provided corro-
ion protection for the metallic materials [15–18].

Considering the above information and with the purpose of
ttaining an effective eco-friendly corrosion inhibition treatment
voiding the addition of the inhibitor to the surrounding envi-
onment, the evaluation of carvacrol (Carv) is reported here. Carv
s a natural phenolic derivative component of Origanum vulgare
nd T. vulgaris essential oils. Considering its phenolic nature it is

nteresting to assay possible electrochemical procedures to develop
rotective polymeric nanolayers.

In order to guarantee the non-toxic characteristics of the new
nhibitory strategies toxicological analysis were performed. This
s particularly important in case of Carv since this compound not
Fig. 1. Chemical structure of carvacrol.

only exhibits beneficial impact due to antioxidant effects at cel-
lular level, but can also induce harmful effects on a large variety
of organisms including bacteria, virus, fungi, protozoa, parasites,
insects, mollusks, etc [19]. Cytotoxic and morphological changes
caused by an organic agent depend on its nature and concentration
and on the period in contact with the cells [19].

The aim of this work is to develop an efficient treatment for
Cu corrosion that must meet three prerequisites: i) it should be
obtained from a natural source; ii) it should not be added to the
corrosive solution; iii) the whole treatment should be compatible
with the environment.

The performance of Carv both, adsorbed on copper (adCarvCu)
or electropolymerized (polyCarvCu), as copper corrosion inhibition
treatments were compared. Electrochemical techniques comple-
mented by Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy (ATR-FTIR), X-Ray Photoelectron Spectroscopy (XPS),
Scanning Electron Microscopy (SEM) and Atomic Force Microscopy
(AFM) surface analyses were used. Cytotoxicity of adCarvCu and
polyCarvCu was also assessed to test their compatibility with the
biological environment.

2. Materials and methods

2.1. Chemicals

Carvacrol (Carv) (Sigma, St. Louis, MO,  USA), which chemical
structure is shown in Fig. 1 was  used in the experiments. All chem-
icals used in the assays were of analytical grade and ultrapure water
was used to prepare the solutions.

2.2. Cu samples and protection treatments

Cylindrical copper bars (99.7% electrolytic metal copper, 0.9 cm
diameter) (Merck, Darmstadt, Germany), whose lateral surfaces
were covered with polyoxymethylene, leaving an exposed area of
0.626 cm2 were used as working electrodes (WE) for electrochem-
ical experiments. Each electrode was  mechanically polished with
emery paper of different grain sizes using water as lubricant and
then washed with water and ethanol, and dried with nitrogen. The
electrode surface was carefully observed under optical microscope
(Olympus BX51, Olympus Corp., Tokyo, Japan), before and after the
experiments, to evaluate possible changes in color and/or texture
of copper.

Electrochemical assays were made in a conventional cell with
double wall to allow the circulation of water at constant tem-
perature. A platinum foil was used as counter electrode (CE) and

a saturated calomel electrode (SCE) as reference electrode. The
potential values in the text are referred to the SCE.

Two  treatments (adsorption and electropolymerization) were
performed to protect Cu samples from corrosion. The adCarvCu was
obtained after the immersion for 24 h in a 0.01 M Carv ethanolic
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Fig. 2. Polarization curves made in KCl solution (0.136 M),  Scan Rate = 1 mVs−1 with:
(a) (Black) Bare Cu; (b) (Green) Cu + Adsorbed Carv (adCarvCu); (c) (Red) electropoly-
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experiments.
erized Carv (polyCarvCu). (For interpretation of the references to colour in this
gure legend, the reader is referred to the web  version of this article.)

olution. In order to obtain a layer of polymerized Carv (poly-
arvCu) different procedures were tested. The best results were
btained when polyCarv film was attained by successive cycling
he electrode potential at 50 mV s−1 (39 cycles) within 0.3 and 1.0 V
otential range in 0.1 M Carv, 0.3 M NaOH 70:30 water/ethanol
olution. This procedure is a modification of that previously used
y Guenbour [20–22] with another phenolic inhibitor. Successive
ycling in the 0.3 M NaOH solution and in the ethanolic alkaline
olution without Carv was  used for comparison. Each test was run
n triplicate to verify the reproducibility of the data. In all cases a
otentiostat-galvanostat TEQ03 was used.

Cycling between the open circuit potential (OCP) and 0.07 V at
 mV s−1 in 0.136 M KCl solution, with chloride concentration simi-

ar to the cell culture medium and other biological media were also
ade to evaluate the stability of the protective layer.

For biological assays copper disks were obtained from a pure
opper sheet (99.7%, 0.1 mm thick and 6 mm diameter) (Merck,
armstadt, Germany). These disks were washed with (5% v/v)
2SO4, rinsed with ultrapure water and then dried with nitrogen.
he polyCarv formation on the disks was carried out as previously
escribed for cylindrical copper samples.

.3. Measurement of copper ions release

The copper ions released from the disks covered by polyCarv
lms after their immersion in 3 ml  of 0.136 M KCl solution for 3 h,
4 h and 10 days at room temperature was measured by atomic
bsorption spectroscopy. Flame atomic absorption spectrometer
Shimadzu AA-7000, Kyoto, Japan) was used for the determination
f soluble copper concentration, after total dissolution with 1 ml
.28 M nitric acid. Hollow cathode lamps were used as radiation
ources (limit of detection = 0.02 �g/ml, obtained using internal
uality control, according to standard procedures).

.4. Electrochemical tests
Potentiodynamic polarization (Tafel curves) studies were made
n 0.136 M KCl in the OCP −0.3 V and OCP to −1.0 V potential ranges
t 1 mV  s−1 scan rate using different electrodes for each assay. The
volution of OCP after the treatments was also measured during
s Materials 313 (2016) 262–271

3 h in 0.136 M KCl. Each test was  run in triplicate to verify the
reproducibility of the data.

2.5. Surface analysis

XPS measurements were performed using Al K� source (XR50,
Specs GmbH) and a hemispherical electron energy analyzed (PHOI-
BOS 100, Specs GmbH) operating at 40 eV pass energy. A two-point
calibration of the energy scale was performed using sputtered
cleaned gold (Au 4f7/2, binding energy BE = 84.00 eV) and copper
(Cu 2p3/2, BE = 932.67 eV) samples. C 1s at 285 eV was used as
charging reference.

ATR-FTIR spectra were obtained in a Varian 660 spectrometer
equipped with an attenuated total reflection (ATR) accessory (MIR-
acle ATR, Pike technologies) with a ZnSe prism. In all cases, each
spectrum was  the result of 256 scans taken with a resolution of
2 cm−1.

Tapping® mode AFM (Nanoscope V; Bruker, Santa Barbara,
CA) in topographic mode was used to characterize the sub-
strates, using silicon tips (ArrowTM NCR; NanoWorld, Neuchâtel,
Switzerland) (spring constant, 42 N/m; resonance frequency,
285 kHz). Nanoscope 7.30 and Nanoscope Analyis 1.5 softwares
were employed to obtain the images (Bruker).

Scanning electron microscopy (SEM) images of adCarvCu and
polyCarvCu were taken using an environmental SEM FEI Quanta
200.

2.6. Biological assays

MC3T3-E1 is an osteoblast precursor cell line derived from Mus
musculus (mouse). It was originally obtained from American Type
Culture Collection (ATCC) (Rockville, MD,  USA). Cells were grown
as monolayer in Falcon T-25 flasks with DMEM culture medium
(GIBCO-BRL, LA, USA) supplemented with 10% inactivated fetal calf
serum (Natocor, Carlos Paz, Córdoba, Argentina), 50 IU/ml penicillin
and 50 �g/ml streptomycin sulfate, (complete culture medium:
CCM) at 37 ◦C in a 5% CO2 humid atmosphere. Cells were counted in
an improved Neubauer haemocytometer and viability was deter-
mined by the exclusion Trypan Blue (Sigma, St. Louis, MO,  USA)
method; in all cases viability was higher than 95%.

The influence of polyCarv and adCarv films formed on Cu-disks
on the viability of the surrounding cells was measured by epifluo-
rescence microscopy after Acridine Orange staining (AO).

For this set of experiments 1 × 106 cells were seeded in Petri
dish (10 cm diameter) and grown at 37◦ C in 5% CO2 humid atmo-
sphere in CCM for 24 h. Then, the medium was  removed and a bare
Cu disk (according to Section 2.3), polyCarvCu or adCarvCu was
added in the center of each Petri dish. Subsequently, fresh medium
was incorporated. Cells were grown under these conditions during
24 h. In addition, a cell culture without metal disk was used as nega-
tive control. After the exposure period, adherent cells were stained
with AO dye (Sigma, St Louis, MO,  USA) and immediately after,
they were examined by fluorescence microscopy (Olympus BX51,
Olympus Corp., Tokyo, Japan) equipped with appropriated filter,
connected to an Olympus DP71 (Olympus Corp., Tokyo, Japan) color
video camera. The images were taken immediately after opening
the microscope shutter to the computer monitor. Surface densi-
ties of cells were obtained from digital images using Image-Pro
Plus program. Each assay was  repeated three times in independent
For microscopic analyses Petri dishes were divided into three
regions (A, B, and C, outer radii = 5 mm,  10 mm and 18 mm,  respec-
tively) in order to evaluate the influence of the presence of polyCarv
films formed on Cu-disks on cell viability.
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Table  1
Electrochemical parameters (Ecorr, icorr and IE%) for bare copper, copper with adsorbed Carv and copper with polyCarv layer.

Ecorr (mV) Icorr (uA/cm) IE%(Icorr) IE%(100 mV)  IE%(200 mV) IE%(300 mV)

Bare Cu −264.2 ± 4.1 4.0 ± 0.7 – – – –
Adsorbed Carv −179.8 ± 5.9 0.4 ± 0.1 91.0 ± 0.1 21.7 ± 3.2 8.7 ± 0.9 15.3 ± 1.0
polyCarv  −182.0 ± 5.1 0.4 ± 0.1 88.8 ± 2.0 99.7 ± 0.2 98.6 ± 1.1 95.7 ± 1.5

Fig. 3. First and second voltamperometric cycles made at 50 mV s−1 with Cu elec-
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Fig. 4. First and second voltamperometric cycles between the OCP and 0.07 V made
rodes in ( ) 0,1 M Carv, 0.3 M NaOH 70/30 H2O/EtOH, (− − − − −) Control without
arv. Inset shows the detail of successive cycles made in the presence of 0.1 M Carv.

. Results

.1. Electrochemical response of bare Cu and adCarvCu

Polarization curves were recorded in 0.136 M KCl solution using
 bare Cu electrode and Cu previously immersed in a 0.1 M Carv
olution for 24 h (adCarvCu) (Fig. 2). It can be noticed that the cor-
osion current (icorr) measured for adCarvCu is lower in nearly one
rder of magnitude than that of the control. However, adCarvCu
howed a sharp increase of current reaching values similar to those
f the control at potentials more anodic than Ecorr.

.2. PolyCarv film formation

With the aim of developing a procedure able to form an elec-
ropolymerized layer on copper we assayed different perturbation
rograms. After several attempts, the electrochemical polymeriza-
ion of Carv was achieved by successive voltamperommetric cycles
arried out in 0.1 M Carv, 0.3 M NaOH 70:30 water/ethanol solution.

During the 1st and 2nd cycles current values of copper in the
lkaline electrolyte solution without ethanol (see Supplemental
nformation Fig. 1S) show a voltamperommetric response similar
o that previously reported [23] with a sharp increase of current
t potentials more anodic than 0.7 V. In 70:30 ethanol-water solu-
ion an abrupt current increase was found at potentials close to
.4 V, and a nearly linear i/E relationship was recorded (Fig. 3). This

mportant current growth has been previously attributed to the
xidation of ethanol on copper [23–25]. However, if Carv is present

n the solution, an anodic contribution was detected at 0.3 V that
ormed a peak in the 0.3–0.5 V potential range. Subsequently, cur-
ent decreased sharply and remained very low at potentials higher
han 0.5 V and no significant further oxidation was detected. This
ndicates that the oxidation of Carv on Cu begins at potentials more
athodic than that of ethanol hindering ethanol oxidation. It can
e noticed that the largest variations in current density related
o Carv oxidation, leading to the passivation of copper surface,
ere observed during the 1st cycle in the 0.3–0.5 V potential range.
n electro-adsorbed layer that leads to polymerization reactions
locking the electrochemically active sites seems to be formed.
pon increasing the number of cycles, current variations became
maller reaching values close to 1 �A/cm2 after 20 cycles. At the
nd of 39 cycles the electrode surface was covered by a transparent
omogeneous film of polyCarv.
in  0.136 M KCl solution with: (a) bare Cu; (b) adsorbed Carv (adCarvCu) and (c) the
electropolymerized Carv (polyCarvCu).

3.3. Comparison of protective characteristics of adCarv and
polyCarv layers

OCP evolution was  evaluated for bare and film-coated Cu elec-
trodes during 3 h in chloride solution. The curves showed a similar
potential evolution but OCP values were c.a. 70 mV more anodic
in case of samples with polyCarv layer (OCP = −200 mV  for bare
electrodes and −130 mV  for film-coated electrodes).

The Tafel curve for polyCarvCu (Fig. 2) depicted similar cathodic
branch and icorr value to those obtained for adCarvCu. However, the
anodic branch showed current densities that were up to two orders
of magnitude lower than for adCarvCu.

Current Efficiency (IE) values for adCarvCu evaluated at 0.1 V,
0.2 V and 0.3 V decrease to values lower than 20% (Table 1).

IE% was calculated according to:

IE%(Ei) = i◦ − i
i◦

× 100

i◦ is the current density corresponding to bare Cu and i is the cur-
rent density of the adCarvCu or polyCarvCu measured at Ei = Ecorr,
100 mV,  200 mV  or 300 mV.

Unlike adCarvCu, polyCarvCu shows high IE% values at poten-
tials more anodic than Ecorr (99.7%, 98.6%, and 95.7% for 100 mV,
200 mV  and 300 mV,  respectively).

The stability of the polyCarv and adsorbed layers was also tested
by cycling the electrode in 0.136 M KCl solution in the OCP ±0.07 V
potential range. Fig. 4 shows that the current density in case of poly-
Carv is lower than 1 �A cm−2 while current densities three orders

−2
of magnitude higher (>2 mA cm ) were recorded for the bare elec-
trodes and adCarvCu. These results confirm the high stability and
inhibitory action of polyCarv and the low protection of adCarv.
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ig. 5. ATR-FTIR spectrum of (a) Carv (pure drug), (b) adsorbed Carv (adCarvCu) and
c) electropolymerized Carv (polyCarvCu).

.4. Surface analysis

.4.1. ATR-FTIR analysis of adCarvCu and polyCarvCu
The infrared spectra of Carv, adCarvCu and polyCarvCu disks are

hown in Fig. 5. The ATR-FTIR analysis of the spectra obtained with
dCarvCu showed several signals that characterize the spectra of
henol and phenolic derivatives. Among these a contribution at
288 cm−1 (�(O H) vibration band) that is accompanied by 1457
OH in plane deformation vibration), 1277 cm−1 (C OH stretching
and) and region band at 1132 and 976 cm−1 (C O stretching vibra-
ion) are attributed to OH presence [26,27]. Additionally, peaks at
649 could be assigned to vibration of quinone structures ((C O))
15,27].

Higher transmittance was detected in case of polyCarvCu spec-
rum with an intense peak at 1181 characteristics of polysustituted
henolic compounds. Peaks at 1494 and 1457 cm−1 are assigned to

 C stretching in polysustituted aromatic rings together with the
044–2800 cm−1 band. Importantly, OH contribution at 3300 cm−1

haracteristic of phenolic groups vanished and the signal of cetonic
tructures was revealed. Besides, the spectrum shows the signal at
457 cm−1 that corresponds to a C C stretching vibration. Unlike
dCarvCu, peaks at 1243, 1494, 1617 and 1042 cm−1 were detected
or polyCarvCu and can be assigned to ether bonds for phenolic
erivatives [26,27]. In agreement, in previous works [15,28] sig-
als in the 1220–1242 cm−1 range were assigned to ether bonds.

nterestingly, the contribution at 1650 cm−1 is associated to cetone
onds, indicating a probable oxidation of the organic compound to

 quinone structure.

.4.2. XPS analysis of adCarvCu and polyCarvCu
XPS spectra show that the C/Cu ratio for pristine substrate is

reater than for the adCarvCu sample. It must be taken into account
hat this adCarvCu sample was obtained after the immersion of a
ristine substrate in the Carv-containing solution for 24 h. Thus, the

ower C/Cu ratio can be explained by a nearly complete or fully com-
lete replacement of the original adventitious C by Carv, indicating

 stronger Carv interaction with the original substrate.
The Cu2p region of the photoelectron spectra for adCarvCu and

olyCarvCu (Fig. 6A) shows the typical Cu+2 shake up satellites

t higher binding energies than the characteristic Cu2p3/2 line.
he adCarvCu shows sharper peaks for Cu2p3/2 and Cu2p1/2 than
or polyCarvCu. PolyCarvCu (with an organic layer thicker than
hat of adCarvCu) shows a relatively enhanced shake up satellite.
he copious organic layer obtained on the Cu surface by elec-
s Materials 313 (2016) 262–271

tropolymerization, probably attenuates the underneath metallic
photoelectron signal. Therefore mostly the Cu-polyCarv interface
shapes Cu2p signal in polyCarvCu (Fig. 6A polyCarvCu).

In adCarvCu spectrum three components at the C1s signal were
fitted (Fig. 6B). The first one at 284.8 eV attributed to C C and C H
[29–32]. The second one at 285.8 eV may  be assigned to the pheno-
lic C O bond (C(ph) O) [29–31,33]. Finally a third component at
288.0 eV is close to that associated to C O, that is carboxyl-quinone
group [29,31,33,34].

Similarly, for polyCarvCu samples (Fig. 6C), the C1s was fitted
with three components (Fig. 6C): the first two  at 284.7 eV and
285.5 eV were attributed to (C C; C H) and C(ph) O,  respectively.
A third contribution at 291.1 eV, is due to the � ≥ �* shake up satel-
lite of the aromatic structure. Considering that it is absent in case
of adCarvCu it could be inferred that there is a higher number of
Carv molecules on Cu surface with polyCarvCu than in the case
of adCarvCu. Several authors also include a fourth contribution
at 286.8 eV that could be attributed to C carboxyl-quinone group
[29,31,33,34].

On the other hand, O1s spectra for adCarvCu and bare Cu
showed a contribution at 533.7 eV that may  be assigned to several
oxygen-containing species such as H2O adsorbed on Cu [35,36]. The
polyCarvCu showed widening with the concomitant increase in the
peak area at 533.7 eV. It could be associated to a higher concentra-
tion of several oxygen-containing species such as those with ether
bonds [20,32,37]. Additionally, both, polyCarvCu and adCarvCu,
showed wide bands at 531.6 and 530.8 eV respectively that could
be assigned to C O*, C O or C O-Me (Me  = metal) [20,37].

3.4.3. SEM and AFM imaging
SEM images (Fig. 7a) show the surface morphology of poly-

CarvCu after the cycling process (39 cycles). It can be noticed
that polyCarv film looks very smooth and homogeneous at a high
magnification (X40000) with loosely perceptible cracks due to
dehydration process that takes place in the vacuum environment
necessary for SEM observations. Unlike polyCarv layer, adCarv film
additionally includes aggregates of globules. AFM images at higher
magnification show (Fig. 7b) closed packed morphology of poly-
CarvCu that fully covered the Cu surface where small round flakes
can be distinguished. The line profile of the AFM image and the
statistical analysis revealed that these particles are very small, less
than 5 nm height in case of polyCarv and several times larger (18 nm
height) in case of adCarv. Roughness parameters are included in the
figure revealing the higher roughness of the adCarv layer (Ra = 9.1
for adCarv and Ra = 3.3 for polyCarv).

3.5. Measurement of copper released by atomic absorption
spectroscopy

The concentrations of copper ions released by copper disk
with and without the electropolymerization treatment, during 24 h
in 0.136 M KCl solution measured by atomic absorption spec-
troscopy show values around 21.8 ± 5.2 �g cm−2 for bare Cu and
2.6 ± 0.7 �g cm−2 for polyCarvCu. Results of assays with adCarvCu
were more scattered than the others but in all cases copper release
was at least 8 times higher than that of polyCarv. Thus, copper ions
release measurements showed a trend similar to that shown in
electrochemical experiments of Fig. 4.

3.6. Biological assays
The toxicity of copper ions and organic products released by
the treated disks was  evaluated by viability assays (AO) previ-
ously described. Fig. 8 shows the percentage of living cells in each
region after 24 h exposure to Cu, adCarvCu and polyCarvCu disks.
According to our previous work, the reduction of cell viability in the
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ig. 6. XPS spectra. A: Cu2p spectra for adsorbed Carv (adCarvCu) and electropolym

resence of bare Cu disk is very high near the metal (region A) and
ecreases with the distance from the metal surface in agreement
ith previous results [38] (significant decrease in all the tested

egions, p ≤ 0.001 to control). Conversely, polyCarvCu disks were
ell tolerated by the cells around the disk, thus, cell viability was

lose to that of the control without Cu disk in all the regions. In
ase of adCarvCu the viability was close to the control (without
isk) only in region C, far from the disk. However, at shorter dis-
ance (Regions A and B) viability was close to bare Cu (less than
0%, in case of Region A).

. Discussion

.1. Copper corrosion and copper ions release

Copper is one of the most toxic heavy metals for aquatic sys-
ems. Copper release is induced by the adsorption of chloride ions
o the surface with the subsequent formation of CuCl2

− complex.
ccording to Kear et al. [2]:

u + Cl− ↔ CuClad (1)

uClad + Cl− ↔ CuCl2
− (2)

2 + 2H2O + 4e− ↔ 4OH− (3)

Then the hydrolysis of a CuCl deposit into a porous layer of Cu2O
ccurs which further hydrolyzes to form a top layer of atacamite

+ −
CuCl + H2O ↔ Cu2O + 2H + 2Cl (4)

u2O + Cl− + 2H2O ↔ Cu2(OH)3Cl + H+ + 2e− (5)

It is widely accepted that the release of copper in chloride solu-
ions is under mass transport control. It was concluded that the
 Carv (polyCarvCu); B: C1s spectrum for adCarvCu; C: C1s spectrum for polyCarvCu.

limiting step is the movement of cuprous chloride complex away
from the electrode surface to the bulk solution [2].

4.2. Corrosion inhibition by adCarv and polyCarv layers

Many organic compounds have been proposed to inhibit the dis-
solution by forming an adsorptive film on the copper surface able
to limit copper ions diffusion, some of them with hetero-cycles
compounds [6,7,39]. Recently, new derivatives were designed
(triazolyl-acylhydrazone and 1,2,4 triazol derivatives) to form
adsorptive films that were tested in inhibitor-containing solutions
[1,40,41]. The decrease in copper dissolution is achieved by forming
a thin layer that covers the active sites hindering the formation of
cuprous chloride, cuprite and atacamite. Their inhibition efficiency
increased with time of immersion in the inhibitor-containing solu-
tion and with inhibitor concentration up to its maximum solubility
in aqueous solution [40].

The election of a suitable inhibition treatment for a particular
application is complex. The final choice of the inhibitor for a particu-
lar application is restricted by two  factors: increased environmental
awareness and the need to promote environmentally friendly pro-
cesses. New environmental regulations requires the replacement of
toxic compounds with the so called “Green chemicals” [42]. How-
ever, the compatibility of the inhibitor with the environment is
rarely evaluated when a new designed compound is proposed. On
the other hand, some treatments require an inhibitor-containing

solution to avoid the progressive decrease in their efficacy; these
treatments are not suitable for several systems that do not allow
the use of inhibitors within the corrosive solution (biological
fluids for medical applications, solutions that must be wasted to
the neighboring environment).
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ig. 7. (A) SEM images of the adCarvCu and polyCarv layers formed on Cu surface (po
o  Bare Cu (a), adsorbed Carv (adCarvCu); (b) and electropolymerized Carv layer for

Considering these restrictions Carv, a natural compound (com-
onent of origanum and thymus) was used and treatments with
ero environmental impact were designed. These treatments con-
ist in (i) formation of an adsorptive layer previous to the immersion
n the corrosive solution (adCarvCu) and, (ii) development of elec-
ropolymerized layer (polyCarvCu).

Electrochemical tests revealed that icorr measured for adCarvCu

ere close to one order of magnitude lower than the control with-

ut treatment. Unfortunately, the adsorptive layer was  not stable
nd during the anodic polarization and after voltamperometric
ycling in a chloride solution (within a potential range close to
he OCP value) the molecules were desorbed. Thus, the succes-
Cu). Aggregates of globules can be seen on adCarvCu. (B) AFM images corresponding
n Cu surface (polyCarvCu) (c). Section analyses are shown on the left.

sive cycles of adCarvCu in the corrosive medium without Carv
showed the increase of current indicating that the passivating
action decreased due to this processes. In agreement, polarization
curves showed very low IE values for potentials more anodic than
the corrosion potential.

As a second strategy, potential cycling was tested with the aim
of polymerizing Carv on Cu surface. Fig. 3 shows that during the

first cycle there is a peak in the 0.3–0.5 V that is absent in the con-
trol and can be attributed to the oxidation/polymerization of Carv
on the copper surface. According to ATR-FTIR and XPS results the
oxidation products kept on the surface blocking the active sites.
This is connected with the sharp decrease in current density and
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ig. 8. Viability of cells (% of the Control value) by Acridine Orange staining after 2
polyCarvCu) disk and control without disk. Different regions A,B,C were analyzed t
ifference (***, p ≤ 0.001) with respect to bare Cu at the corresponding region.

ubsequently, during the following cycles, to the very low current
alues related to the growth of the protective layer.

Unlike adCarvCu, the polyCarvCu layer was very stable in chlo-
ide solutions without Carv since current density values in the order
f �A cm−2 were recorded during cycling at potentials more anodic
han OCP. Our results show that the polymerization process for
olyCarvCu is similar to that found with some phenolic derivatives
43]. It is believed [15] that the polymers formed from substituted
henols are more passivating than the polymers obtained from
henol, which may  be associated with effects from the substituting

n the phenolic structure. It is widely accepted that the decrease of
xidation current density during the successive cycles and the lack
f reduction peaks in the reverse scan confirm the blockage of the
lectrode surface due to the formation of the electropolymerized
ayer [15,27,43]. This layer is able to deactivate the electrode sur-
ace by hindering the diffusion of the copper-chloride complexes to
he bulk solution or the removal of products from the active sites
nd interfering with the supply of fresh reactants from the bulk
olution (see Eqs. (1)–(5)).

It has been reported that the electropolymerization of phenolic
tructures such as cresol, begins with deprotonation of the phenyl
unctional group and the formation of the phenoxy radical, or the

olecule can react with another molecule to give predominantly
 para-linked dimeric radical. Further oxidation of radicals may
ead to a neutral dimmer that may  be further oxidized creating
ligomers to polymers [27]. In this way an insoluble polyphenolic

ayer is formed. According to XPS and ATR-FTIR data, the polymer-
zation of Carv involves a mechanism similar to that of cresol.

The comparison of ATR-FTIR and XPS surface analysis of
dCarvCu and polyCarvCu shows that different bonds are formed
n copper surfaces. Adsorbed layer leads to the formation of cetonic
tructures within a thin layer that partially inhibit the dissolution
rocess. Results of XPS spectra indicate that there is a strong inter-
ction of adsorbed Carv molecules with the surface evidenced by
he characteristic signals of phenol which are higher than those
f the polymeric structures. It has been reported that adsorption
eometry changes with potential and parallel or vertical orienta-
ion of the ring may  be found according to the potential value and
oncentration of the phenolic molecule [27].
On the other hand, ATR-FTIR shows ether bonds for PolyCarv
onfirming the presence of polyether layer in agreement with
esults related to the polymerization of other phenolic derivatives
15,27]. A shiny and uniform layer was observed with naked eye on
xposure to: bare Cu disk, adsorbed Carv (adCarvCu) disk, electropolymerized Carv
uate the variation of the number of cells with the distance from Cu disk. Significant

polyCarvCu surface. AFM images showed round flakes close to 5 nm
height on this surface. Larger surface irregularities were observed
in the section profile and in SEM images in case of adCarvCu.

4.3. Electropolymerization mechanism

Results showed that the anodic current density recorded at
potentials ≥0.5 V in the ethanolic solution without Carv could be
associated to EtOH oxididation on Cu surface. However, in the
presence of Carv, at more cathodic potentials, Carv oxidized on
Cu blocking the surface with the oxidation products that were
detected by ATR-FTIR and XPS analysis. Interestingly, the inhibi-
tion was  probably so strong that no particular signals related to
EtOH oxidation were detected in the analysis. A mechanism to
interpret these complex oxidation processes is proposed here and
was adapted from Garfias-García et al. [44] involving the reactions
shown below. Initially, the molecules adsorbed on the metal sur-
face (Reaction (6)) and heterogeneous reactions take place at the
electrode-solution interface. These adsorbed molecules are proba-
bly associated to the ATR-FTIR contribution in the region close to
3300 cm−1. Subsequently, they may  be oxidized and form dimmers
in one or two steps (Reactions (7a)–(7c)).

Carv ↔ Carv(ad) (6)

Carv(ad) + Carv(ad) ↔ Carv2(ad) + 2e− + 2H+
(ac) (7a)

Carv(ad) ↔ Carv◦+
(ad) + e− (7b)

Carv◦+
(ad) + Carv(ad) ↔ Carv2(ad) + e− + 2H+

(ac) (7c)

Carvn(ad) ↔ Carv◦+
n(ad) + e− (8)

Carv◦+
n(ad) + Carv(ad) ↔ Carvn+1(s) + e− + 2H+

(ac) (9)

Carv◦+
n(ad) + Carv(ad) ↔ Carvn+1(ad) + e− + 2H+

(ac) (10)

In Reaction (8) Carv ◦+
n(ad) is an adsorbed radical cation oligomer

resulting from the oxidation of the oligomer Carvn(ad) which further
oxidation leads to Carvn+1(ad) (Reaction (10)) and in case of adsorp-
tion treatment leads to Carvn+1(s) (Reaction (9)) that may  result in

the formation of aggregates on the surface (see Fig. 7a).

At potentials near 400 mV  it seems that the adsorbed molecules
and oligomers can be quickly assembled into an ordered layer lead-
ing to a very compact and highly protective transparent film of
polyCarv that inhibits further oxidation.
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.4. Biological response

In order to evaluate the toxicity of the treatments cytotoxicity
ssays were performed and revealed a correlation between copper
ons release and the biological response. Thus, high cytotoxicity

as found for copper without treatment in agreement with the
esults of similar assays made with copper in different chloride-
ontaining media [45–47]. A less toxic effect was found in the case
f adCarvCu, particularly at longer distance from the copper ions
ource. Conversely, polyCarvCu showed very good tolerance by the
ells. It is known that the concentration of ions close to the bare
opper disks is higher than at further distance and the cell viability
s lower close to the bare disk [47]. Interestingly, our results showed
hat the viability is distance-dependent not only for Cu without
reatment but for adCarv as well.

Electrochemical experiments made with bare copper, adCarvCu
nd polyCarvCu (Fig. 4) show that current densities for polyCarvCu
re three orders of magnitude lower than that of the bare electrodes
nd adCarvCu at +300 mV.  Consequently, the release of copper ions
hould be higher in case of bare copper and adCarv layer. In fact,
he concentration of copper ions measured by atomic absorption
pectroscopy after 24 h immersion at OCP in the 0.136 M KCl solu-
ion was at least 8 times lower for polyCarv than for bare samples
nd adCarv. In earlier works [45,47] we studied the dependence of
ells viability with copper ions released by copper metal samples
nd results demonstrated that concentration and distance from
he source of ions were inversely proportional. Since experimental
esults presented here showed that the cell viability is markedly
igher in case of polyCarvCu samples than for adCarvCu and bare
opper it can be inferred that viability results are also inversely
elated with the concentration of copper ions release. Besides, con-
idering that viability of cells exposed to the control without copper
isk and polyCarvCu are similar, it could also be concluded that
olyCarv layer is not toxic for the surrounding cells.

Importantly, polyCarvCu maintains a low level of copper con-
entration able for medical purposes (contraception in case of
ntrauterine devices) or for environmental purposes.

. Conclusions

Two eco-friendly strategies (adCarvCu and polyCarvCu) were
esigned to be tested with the aim of reducing the release of cop-
er in the environment. Adsorptive layer (adCarvCu) that contains
etonic structures detected by ATR-FTIR did not fulfill the require-
ents since it was not effective enough to inhibit copper ions

elease. The electrochemical tests showed that the protective char-
cteristics were lost at potentials slightly more anodic than the
orrosion potential.

PolyCarvCu was obtained by an anodic electropolymerization
rocess. The coating showed a good adherence and protective
roperties up to 0.3 V. The growing process probably involves the
eprotonation of the molecules followed by the electropolymeriza-
ion reactions. In this process, the polymerization affects the OH
roups by formation of quinonic structures and ether bonds ( OH
ignal disappears).

The shielding character of the coating provides an excellent pro-
ective action to this layer inhibiting the corrosion process and,
onsequently, the release of copper ions to the aqueous medium.

Cytotoxicity assays showed that viability of cells decreased in

ase of adCarvCu but it was not significantly affected by poly-
arvCu. Thus, the reduction in copper ions release and the non-toxic
roperties of this polymeric layer obtained from a natural pheno-

ic derivative guarantee the reduction of toxicity by copper in the
urrounding cells.

[

[

s Materials 313 (2016) 262–271

Consequently, polyCarvCu strategy is able to satisfy the eco-
friendly prerequisites since it is obtained from a natural source (O.
vulgare) and is a non toxic corrosion protective treatment. Impor-
tantly, it is able to inhibit the release of copper avoiding the addition
of the inhibitor to the corrosive solution, which is an advantage for
medical and environmental applications.
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