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Abstract

The effect on the corrosion behaviour of zinc of a new organic molecule with chelating groups was investigated.
Electrochemical studies of the zinc specimens were performed in aqueous sulfate±chloride solution (0.2 M

Na2SO4 +0.2 M NaCl, pH 5.6) using potentiostatic polarization techniques with a rotating disk electrode. Zinc
samples, previously treated by immersion in the inhibiting organic solution, presented good corrosion resistance.
The in¯uence of the treatment bath pH and temperature on the protection ef®ciency has been emphasized. The
recorded electrochemical data indicated a basic modi®cation of the cathodic corrosion behaviour of the treated zinc
resulting in a decrease of the electron transfer rate. Corrosion protection could be explained by a chelation reaction
between zinc and organic molecules and the consequent growth of an organometallic layer strongly attached to the
metal surface which prevented the formation of porous corrosion products in the chloride-sulfate medium. This
protective ®lm was studied using several surface analysis techniques such as X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM±EDS) and Fourier transform infrared spectroscopy (FTIR).

1. Introduction

Zinc is ametal with numerous industrial applications and
is mainly used for the corrosion protection of steels. In
moist atmospheres zinc corrodes formingwhite corrosion
products (white rust). Chromate solutions have been
applied successfully in order to protect the zinc, but recent
environmental restrictions require the chromate solutions
to be replaced with other reagents. Some authors have
proposed soluble salts of rare earthmetals such as cerium,
nickel or bismuth salts [1, 2] for white rust prevention.
Organic reagents [3±14] also provide effective corro-

sion inhibition. Chelating agents have shown particular
promise in this ®eld [15±18]. These substances form
stable, almost insoluble metal chelates or metal com-
plexes which act as protective coatings. In the literature
the number of papers dealing with chelation agents is
limited. One of the few authors working on zinc

chelation is Leroy [19±22] who found several organic
molecules suitable to inhibit zinc corrosion.
In this work a new organic chelating reagent is

proposed (Figure 1). The synthesized molecule contains
covalent (>NH) and coordinating (@S and @NA)
groups in order to form a ring complex with zinc and
a hydrophobic ring oriented to the environment which
protects the zinc surface against corrosion. The effect of
this molecule was studied in aqueous solutions using
potentiostatic techniques with a rotating electrode.
Emphasis was given to the investigation of the mecha-
nism of corrosion inhibition by chelation. The protective
layers formed on the zinc surface after immersion in the
treatment solutions were analysed by X-ray photoelec-
tron spectroscopy (XPS), Fourier transform infrared
spectroscopy (FTIR) and scanning electron microscopy
combined with energy dispersive spectroscopy (SEM±
EDS).
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2. Experimental details

2.1. Inhibitor and test materials

The organic molecule CSN5 used in this study contains
the chelating 5-thioxo 4-hydro 1H-pyrazole group and a
hydrophobic cyclic part (Figure 1).
Commercial zinc sheet (thickness 0.7 mm and com-

position Cu 0.17%, Ti 0.075%, Al < 0.005%, Pb±
Cd < 0.003%, Fe 0.002%, Sn 0.001%, Mg 0.0005%)
was cut into 1 cm2 discs. The samples were mechanically
polished using SiC paper of successive grades from 180
to 4000 then rinsed with ethanol and distilled water.
The treatment solutions were prepared by dissolving

2% (CM = 9.6 � 10ÿ2 M) or 5% (CM = 2.4 � 10ÿ1 M)
of the organic molecule in 96% ethanol. The pH of the
CSN5 solutions was 4.1. For the tests at different pH
values, pH adjustment was carried out with HCl or
NaOH. The treatment of zinc specimens was achieved
by dipping in CSN5 solutions for variable immersion
times and at different treatment bath temperatures.
After that, the samples were rinsed once more with
ethanol, washed with distilled water and dried in air.

2.2. Electrochemical investigation

Electrochemical experiments were performed in aerated
aqueous solution of 0.2 M Na2SO4 +0.2 M NaCl,
pH 5.6 at 25 �C by means of a potentiostatic technique.
Polarization curves were obtained using a Schlumber-
ger±Solartron electrochemical apparatus. The cell con-
tained a saturated calomel reference electrode (SCE), a
platinum disc of l cm2 area as counter electrode and the
rotating working electrode (zinc specimen). The rotation
rate was 1000 rpm and the potential scan rate was
20 mV for every 3 min. The cathodic and anodic curves
were recorded separately starting from the free corro-
sion potential after a 30 min preliminary hold time.

2.3. Surface analysis

The surface morphology of the samples, after immersion
in the CSN5 solutions and after the electrochemical test,
was investigated by scanning electron microscopy using
a SEM±EDS Jeol JSM 6400 microscope.

Fourier transform infrared spectroscopy (FTIR), by
re¯ection as well as by transmission, was also applied
using a Perkin±Elmer FT 1600 infrared spectrometer.
An Escalab MKII VG Scienti®c spectrometer was used
for the XPS experiments. It was equipped with an argon
ions beam of 2 kV (50 lA) or 4 kV (100 lA) for
sputtering and with an aluminum K-alpha source. The
source was run at 13 kV and 300 W. The emitted
photoelectrons were sampled from 10 mm2 area.

3. Results and discussion

3.1. Electrochemical investigation

The polarization curve of the untreated zinc sample is
presented in Figure 2. The corrosion potential (Ecorr)
was found to be ÿ1045 mV. In the anodic region the
current density increases rapidly indicating extensive
dissolution of the metal. The cathodic curve exhibits two
well-separated diffusion plateaus due to the dissolved
oxygen reduction:

O2 � 4 eÿ � 2 H2O! 4 OHÿ �1�

The oxygen reduction mechanism becomes complex in
such systems where mass transport takes place in the
liquid phase as well as on the metal surface (system
corrosive medium-corrosion products-metal). It is men-
tioned in the literature [24] that in the vicinity of the

Fig. 1. Structure of the organic molecule CSN5.

Fig. 2. Polarization curves in aerated 0.2 M Na2SO4 +0.2 M NaCl

aqueous solution. Solid line: untreated zinc; broken lines: treated with

CSN5 zinc (2 h, 25 �C, pH 4.1). Treatment bath concentrations: (m)

2% CSN5 and (d) 5% CSN5.
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corrosion potential the oxygen reduction occurs through
a more or less porous layer (®rst plateau). This layer
consists of corrosion products and is formed during the
short preliminary hold time at the free corrosion
potential. At higher cathodic overpotentials (second
plateau) the whole surface behaves as quasi-uniformly
active, the oxygen reduction takes place at the layer-
solution interface and the current density increases.
Because for untreated zinc the corrosion process in

aerated sulfate solution was found to be cathodicaly
controlled [24, 25], the corrosion current density can be
obtained from the diffusional cathodic current at the
®rst plateau; in the present work it was found to be
58 lA cmÿ2.
Figure 2 also presents the polarization curves of the

zinc samples treated at 25 �C for 2 h in 2% and 5%
CSN5 solutions. Treatment in the solution of the
organic molecule resulted in a shift of the corrosion
potential (Ecorr) towards more positive values by 15±
35 mV in comparison to untreated zinc. Both the
cathodic and the anodic curves were decreased. The
higher corrosion resistance was exhibited by the zinc
samples treated in 5% CSN5 solutions indicating that
the surface exposed to the corrosive medium is less
active, due to the improvement of the surface coverage
by the more concentrated inhibitor. Moreover, the
CSN5 treatment of the zinc samples induced a basic
modi®cation of the metal cathodic behavior. When the
CSN5 concentration increased, the two typical diffu-
sion plateaus progressively disappeared and the ca-
thodic curve tended towards a continuous linear shape
with lower current densities. This effect could result
from the presence of an organometallic protective ®lm
on the electrode surface inhibiting the formation of the
porous oxide layer during the preliminary hold time at
the free corrosion potential and decreasing the electron
transfer rate at the interface. Thus, the cathodic
reaction would become substantially under charge
transfer control. In this case Icorr was obtained by
extrapolation of the linear part of the cathodic
polarization curves [18].
The protection ef®ciency (g) was estimated to be 60%

for samples treated in 2% CSN5 solution (25 �C, 2 h)
and 80% for those treated in 5% CSN5 solution (25 �C,
2 h). These results were calculated using the following
expression:

g � �Icorr�o ÿ Icorr
�Icorr�o

� 100 �2�

where �Icorr�o and Icorr denote corrosion current
densities for the untreated and treated zinc, evaluated
from the polarization curves. The g values are

comparable to the protection performances estimated
by Felloni et al. [23] who recorded polarization curves
in 0.6 M NaCl aqueous medium for coatings obtained
by treatment of zinc with chromate solutions; in this
case g was 66%.
The protection ef®ciency (g) increased with immersion

time as shown in Figure 3, which presents data for
samples treated at 25 �C in 2% CSN5 solution, giving
evidence of the progressive formation of a protective
®lm on the electrode surface. After seven hours g was
stabilized and reached 75%.
The effect of treatment bath pH on the performance

of samples treated with 2% CSN5 solution (25 �C, 2 h)
is illustrated in Figure 4. Satisfactory protection was
obtained only for weakly acid pH values around 4.
Similar behaviour was observed by Leroy [20] who
related the strong peak in protection offered by
aqueous solutions of 2,5-dimercapto-1,3,4-thiadiazole
to zinc, to the incipient solubility of metal in the 4±6.5

Fig. 3. Treatment time dependence of the corrosion current density

(Icorr) and the protection e�ciency (g) for samples treated at 25 �C in

2% CSN5 solution.

Fig. 4. E�ect of the treatment bath pH on the corrosion current

density (Icorr) and the protection e�ciency (g) for samples treated at

25 �C in 2% CSN5 solution for 2 h.
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pH range. In more alkaline solutions, extensive oxide
or hydroxide formation occasions insuf®cient adhesion
between the zinc and the organometallic ®lm. In more
acidic baths, the high dissolution rate of zinc hinders
the formation of a protective layer on the electrode
surface.

The electrochemical behavior of the treated samples
depended strongly on the temperature of the treatment
bath as shown in Figure 5(a), which gives the polariza-
tion curves of zinc treated for 2 h 30 min in 2% CSN5
solutions (pH 4.1). Both cathodic and anodic branches
shifted towards lower current densities and their shape

Fig. 5. (a) Polarization curves in aerated 0.2 M Na2SO4 +0.2 M NaCl aqueous solution. Solid line: untreated zinc; broken lines: treated zinc (2%

CSN5, 2 h 30 min, pH 4.1). Treatment bath temperature: (h) 40 �C; (d) 50 �C and (r) 60 �C. (b) Temperature dependence of the corrosion

current density (Icorr) and the protection e�ciency (g).
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changed appreciably especially above 50 �C. The pro-
tection offered by CSN5 was greatly enhanced and, in
the case of 60 �C treatment, reached 86% (Figure 5(b)).
The effect of temperature is believed to be related to an
acceleration of the chemical reaction of organometallic
complex formation on the zinc surface leading to a more
homogenous protective layer.

3.2. SEM-EDS examination

To investigate the performance of the protective coating,
a SEM study of zinc samples was carried out after
recording the anodic polarization curve. While the
untreated zinc appeared strongly corroded, in the case
of treated samples no generalized attack was observed:
the surface shows only a few pits covered with white
corrosion products (Figure 6, a-region).
For untreated zinc the EDS spectrum indicated strong

S and Cl peaks due to the corrosive agent (Figure 7(c)).
For the treated zinc, analysis of the pit corrosion
products showed these peaks greatly reduced (Fig-
ure 7(a)). Moreover, outside the pits, the Cl signal was
practically undetected (Figure 7(b)); the observed sulfur
signal originated from the organic molecules covering
the zinc surface.

3.3. XPS study

XPS measurements were performed to study the ®lm
formed on the surface of a zinc specimen after immer-
sion for 24 h 2% CSN5 solution (treatment bath
temperature 25 �C, pH 4.1). Detailed information was
also obtained from analysis of the Auger signal. The
treated specimens were rinsed in ethanol for 20 s,
washed with distilled water and dried in air, following
which they were introduced into the ultrahigh vacuum.
Figure 8 allows the comparison of the Zn±LMM

spectra of the untreated and treated zinc. The spectrum

Fig. 6. SEM micrograph of treated zinc (2% CSN5, 24 h, 25 �C,
pH 4.1) taken after anodic investigation in the corrosive medium.

Fig. 7. EDS spectra of zinc surface after anodic investigation in the

corrosion medium (a, b) respectively for a and b regions of Figure 6

(treated zinc); (c) for untreated zinc.
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of the surface of the untreated zinc specimen (curve 1)
shows two peaks: peak A at 992 eV was ascribed to the
metallic zinc, whereas peak B at 986.5 eV to the zinc
oxide formed naturally in air. For the untreated zinc this
peak was removed after sputtering for 2 min with 2 kV
argon ions (corresponding sputtering depth was �20 AÊ )
as shown in Figure 8, curve 3. In the case of treated zinc
peak A was not observed (Figure 8, curve 2) indicating
the presence of a thick protective layer which hindered
the participation of the metallic zinc peak in the
spectrum. Sputtering on this sample for 2 min, as well
as for 8 min with 2 kV argon ions, did not affect the
shape of peak B (not shown in Figure 8). These results
along with the large structure of the peak B on the low
kinetic energy side indicate the formation of new zinc
bonds between the metal and the organic molecule,
respectively.

The Zn 2p3=2 and Zn 2p1=2 peaks (Figure 9) for treated
zinc also include two components which can be ascribed
to zinc oxide (1023.2 and 1046.2 eV) and to the
organometallic compound (1024.6 and 1047.7 eV).
After sputtering for 1 min (2 kV) the ZnO-shoulders
(Figure 9, curve 2) are almost removed. This super®cial
formation of zinc oxide could result from possible
uncoated zones on the zinc surface.
The presence of the organic molecule on the zinc

surface was also established by the strong nitrogen and
sulfur peaks. XPS analysis in the N1s region for the
treated zinc (Figure 10, curve 1) exhibits an asymmetric
peak with a shoulder on the low-energy side; these two
components correspond to different N bonds. Compar-
ison with the CSN5 powder spectrum (Figure 10, curve
2) which also presents the main peak but with a shoulder
on the high-energy side, indicated that one of the two N
atoms of the organic molecule was affected by new

Fig. 8. Zn±LMM±Auger signal. Curves: (1) treated zinc (2% CSN5, 24 h, 25 �C, pH 4.1); (2) untreated zinc; and (3) untreated zinc after

sputtering (10 min, 4 kV).
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chemical surroundings, probably because of the estab-
lishment of chemical bonds with the metallic zinc.
The great width of the S2p peak for the coated

specimen (Figure 11, curve 1) compared to that for
CSN5 powder (Figure 11, curve 2) is dif®cult to explain,
except by the presence of several components due to the
participation of sulfur atoms in low energy bonds with
the metallic zinc.
A number of subsequent sputterings on the treated

zinc surface showed that a notable nitrogen and sulfur
content persisted up to depth of about 100 AÊ giving an
estimation of the thickness of the organometallic layer.

3.4. FTIR study

The FTIR spectrum of the organic molecule CSN5,
obtained by transmission is presented in Figure 12(a).
The characteristic bands at 3255.6 cmÿ1 and

3112.0 cmÿ1 were attributed to the stretching vibrations
of the secondary amino ANH group [26]. These bands
do not appear in Figure 12(b) which reports the FT
re¯ection infrared spectrum of the zinc specimen treated
for one day in solution containing 2% CSN5 (25 �C,
pH 4.1). The vanishing of these bands indicates the
deprotonation of the ANH group through the forma-
tion of chemical bonds between the organic compound
and the metallic substrate.
The C@S band was dif®cult to identify because the

carbon atom is linked directly to a nitrogen atom which
induces coupling effects. In consequence, there are a
number of different bands, each of which contains a
contribution from the C@S stretching mode; the avail-
able data indicated a wide range of values concerning
this band [27, 28]: 1480±1260 cmÿ1, 1140±940 cmÿ1,
800±600 cmÿ1. The re¯ection spectrum of the zinc
specimen treated with the inhibitor CSN5 (Figure 12(b))

Fig. 9. Zn 2p3=2 ± Zn 2p1=2 XPS spectra on the treated zinc (2% CSN5, 24 h, 25 �C, pH 4.1). (1) at the surface and (2) after sputtering (1 min,

2 kV).

Fig. 10. N1s XPS spectra. Curves: (1) - treated zinc (2% CSN5, 24 h,

25 �C, pH 4.1) and (2) CSN5 powder (pure).

Fig. 11. S2p XPS spectra. Curves: (1) treated zinc (2% CSN5, 24 h,

25 �C, pH 4.1) and (2) CSN5 powder (pure).
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shows several modi®cations in these three domains
especially the disappearance of the band at 624.1 cmÿ1.
These data indicate participation of the function C@S in
molecule-substrate binding in accordance with the
results of the XPS analysis.
The above observations lead to the conclusion that

treatment of zinc in CSN5 solutions results in the
formation of a Zn±CSN5 compound on the metal surface
with a contribution of the deprotonated nitrogen and
probably the sulfur atom. Taking into account the results
of XPS as well as FTIR analysis, a chelate structure can
be proposed with Zn±N and Zn±S bonds. However, the
formation of a zinc complex cannot be excluded.

4. Conclusion

Electrochemical study showed that zinc treated before-
hand with CSN5 has good corrosion resistance in

aqueous chloride±sulfate solution. The observed protec-
tion was particularly affected by the pH and the
temperature of the treatment bath: a maximum protec-
tion ef®ciency of about 90% was obtained at 60 �C and
for weakly acid CSN5 solution (pH 4). The treatment
induced a basic modi®cation of the cathodic behaviour
of zinc decreasing the electron transfer rate. The
protection resulted from the formation of a stable
organometallic ®lm strongly attached to the zinc surface
by the establishment of chemical bonds through the
5-thioxo 4-hydro 1H-pyrazole group of the CSN5
organic molecule involving the nitrogen of the second-
ary amino ANH group and probably the sulfur atom.
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