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Tannins are polyphenols synthesized by plants and useful for the coating industry as corrosion inhibitors.
In addition, lanthanum salts have a great inhibitory effect on steel corrosion. The aim of this study was to
obtain lanthanum ‘‘tannate’’ with adequate solubility to be incorporated as the corrosion inhibitor in a
wash-primer. The ‘‘tannate’’ was obtained from commercial ‘‘Quebracho’’ tannin and 0.1 M La(NO3)3.
The soluble tannin was determined by the Folin–Denis reagent, while the concentration of Lanthanum was
obtained by a gravimetric procedure. The protective action of ‘‘tannate’’ on SAE 1010 steel was evaluated
by linear polarization curves and corrosion potential measurements. Lanthanum ‘‘tannate’’ was incorpo-
rated in a wash-primer formulation and tested by corrosion potential and ionic resistance measurements.
The corrosion rate was also determined by the polarization resistance technique. Besides, the primer was
incorporated in an alkyd paint system and its anticorrosion performance assessed in the salt spray cabinet
and by electrochemical impedance spectroscopy. Results showed that lanthanum ‘‘tannate’’ primer inhibits
the development of deleterious iron oxyhydroxides on the steel substrate and incorporated into a paint
system had a similar behavior to the primer formulated with zinc tetroxychromate.

Keywords coatings and paints, corrosion, electrochemical im-
pedance spectroscopy, lanthanum, tannins

1. Introduction

The original concept of temporary protective coatings has
been codified in BS 1133:1966 (Section 6) (Ref 1). This
standard is a packaging one concerned with the protection of
machinery, components and hardware while ‘‘in transit’’ to
customer or while in storage during assembly. The standard
recognizes ten cases but, taking into account the manner of
application and removal, five main types may be identified: (a)
lacquers and organic films, (b) rust-preventatives oils and
waxes, (c) anti-fretting oils, (d) vapor-phase inhibitors and, (e)
conversion coatings. The first four are removable, and the last is
permanent, and may be regarded as a pre-treatment for a later
coating system (Ref 1-3).

A wash-primer is a kind of conversion coating which may
generate an organic coating when a film forming material is
incorporated into the formulation (Ref 4-7). A traditional wash-
primer is formulated with zinc tetroxychromate (ZTC) as the
inhibitor, phosphoric acid to phosphatize the metal surface and

polyvinylbutiral as the film forming material. This primer
proved to be efficient in protecting steel against corrosion (Ref
8). The main drawback with this formulation is concerned with
the presence of chromate in the primer formula (Ref 9).
According to modern trends, it will be desirable to replace ZTC
by a more eco-friendly corrosion inhibitor.

Many other inhibitors were proposed to replace chromates,
among them, phosphates constitute the most numerous group
(Ref 10-14). Intrinsically conducting polymers proved to be as
efficient as chromates and phosphates, and they could be
synthesized at the nanoscale (Ref 15, 16). More recently,
natural and synthetic reservoirs were employed to be loaded
with different inhibitors. In this sense, the employment of
halloysites and mesoporous silica nanocontainers for powder
coatings was reported (Ref 17, 18). Layered double hydroxides
and hydrotalcites were designed to contain organic inhibitors
and/or inorganic anions like tungstates, vanadates, etc. (Ref 19,
20). Other miscellaneous reservoirs like cellulose nanofibers
(Ref 21) and layer by layer assembled ZnO nanocontainers
filled with benzotriazole (Ref 22) were prepared.

Tannic acid, tannins and related compounds (ellagic acid,
gallic acid, etc.) were also found to inhibit steel corrosion (Ref
23-25) with efficiency higher than 85% (Ref 26). The presence
of gallic acid enhanced tannin inhibitive properties (Ref 27).
The protective layer generated by tannins was mainly com-
posed of a kind of ferric ‘‘tannate,’’ an insoluble dark blue
compound, which may act as an electrical insulator between
anodic and cathodic sites (Ref 28-30). The formation of the
ferric ‘‘tannate’’ film depends on the pH of the solution, and it
was considered that it begins at pH = 3 (Ref 29, 31-33). A
correlation between the phenolic profile of the tannin and its
inhibitive properties was reported (Ref 34).

Several types of tannins, from different trees, were
employed in anticorrosion technology. The most widespread
ones were extracted from the following plants: mimosa (Ref 24,
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32, 35), chestnut (Ref 36, 37), pine (Ref 38), ‘‘quebracho’’ (Ref
25, 26, 28), mangrove (Ref 39, 40), etc. As the exploitation of
woods and forests continues, new sources of tannin are being
encountered (Ref 41, 42).

The degree of protection afforded by tannins is affected by
the presence of chlorides on the metal surface. An increase in
the surface concentration of chlorides rendered the metal
surface more active. No passivation can be found for chloride
concentrations higher than 500 mg m�2 (Ref 43).

Particularly, tannins were extensively used in different
wash-primers� formulations to generate conversion coatings,
principally on steel substrates. Many commercial formulations
were available from the 80� (Ref 43-46). As a general rule,
these rust converters did not show exceptional protective
properties and, when applied on rusted surfaces, they did not
match the anticorrosion performance of a conventional primer
(Ref 44-47). Rust converters applied on marginally prepared
substrates were reported to transform the oxide layer into a kind
of magnetite with different stoichiometry than the natural one.
Mössbauer parameters of this oxide were found to have
intermediate values between natural magnetite and ferric oxide
(Ref 46).

Results obtained with the use of tannins are controversial
although, as a general rule, when applied on corroded substrates
they improve the corrosion behavior of the coating system (Ref
33, 34, 48).

Tannin derivatives such as ‘‘tannates’’ are being employed
in anticorrosion paint technology with promising results (Ref
49-51). Recently, Flores and co-workers begun to employ zinc
‘‘tannates,’’ obtained from tara tannin, to formulate wash-
primers and anticorrosion coatings. These ‘‘tannates’’ showed a
similar anticorrosion behavior to chromates (Ref 52, 53).

The object of this research was to develop an ecological
wash-primer by replacing the toxic and carcinogenic ZTC by
more environment friendly inhibitors. In this case lanthanum
‘‘tannate’’ (LT), synthesized in the laboratory from ‘‘quebra-
cho’’ tannin (QT, Schinopsis sp.) and lanthanum salts. Lan-
thanum compounds are referred to as effective cathodic
inhibitors for a great number of metals (Ref 54-56). Different
strategies were proposed in order to incorporate this passivating
cation in a great variety of coatings (Ref 57-60). In this paper,
lanthanum ions were immobilized by tannin macromolecules.
The presence of tannins enhanced the formation of a protective
film over the metal surface (Ref 61). The anticorrosion
performance of LT and that of formulated wash-primer were
assessed by electrochemical techniques. Finally, the wash-
primer was incorporated into a painting scheme and its
behavior evaluated by electrochemical impedance spectroscopy
(EIS) together with accelerated assays (salt spray and humidity
chambers). Results showed that LT anticorrosion efficiency
was� 94%. The wash-primer pigmented with LT behaved
satisfactorily in accelerated and electrochemical tests.

2. Materials and Methods

2.1 Pigment Preparation and Characterization

The solution of QT to carry out the experiment was prepared
as follows: 60.0 g of tannin was placed in a 1000 mL beaker
and suspended in 600 mL of hot deionized water (90 �C), with
continuous stirring. Then, 300 mL of 1 M KNO3 was added to

coagulate colloidal materials and the system was left to stand for
24 h, filtered and transferred to a 1000-mL volumetric flask. An
aliquot of 50 mL of the as-prepared tannin solution was placed
in a 250-mL beaker, and increasing volumes of 0.1 M La(NO3)3
were added to precipitate LT. The precipitation was carried out
at two different pH values: 4.0 and 8.0. After 24 h, the pH was
controlled and adjusted to the corresponding specified values.
Finally, the suspension was filtered and the precipitated mass of
LT was determined by drying at 100± 5 �C until constant
weight. The mass of La(III) was obtained by calcination of the
LT precipitated, at 900 �C, until constant weight. The residue
after calcination was La(OH)3. The mass of precipitated tannin
was the difference between both values.

The solubility of the as synthesized LT was determined by
dosing the content of tannin in the saturated solution by the
Folin–Denis method (Ref 62-64). The Folin–Denis� method is
used for analyzing total polyphenols present in tannins
solutions. Folin–Denis� reagent was prepared by dissolving
10.0 g of sodium tungstate (Na2WO4Æ2 H2O), 2.0 g of phos-
phomolybdic acid (H3P(MoO10)4ÆH2O) and 5.0 mL H3PO4 in
80 mL of deionized water, at the boiling temperature. After
cooling, the final volume was adjusted to 100 mL. Tannic acid
was used as the standard for polyphenols. Standard solutions of
tannic acid, containing 1.0, 2.0, 4.0, 5.0, 6.0, 7.0 and 10.0 ppm,
were prepared from a stock solution. The tannic acid solution
was mixed with 2.0 mL of saturated Na2CO3 solution and
2.0 mL of the Folin–Denis� reagent; then, the final volume was
adjusted to 25 mL with distilled water. The reaction was
completed after 15 min, and spectrophotometric measurements
were performed at 750 nm.

The concentration of La(III) was also determined by
precipitation with 0.1 N sodium oxalate and further calcination
at 900 �C to obtain a precipitate of lanthanum oxide.

Corrosion potential (Ecorr) and corrosion rate (Icorr)
determinations were carried out in order to assess the inhibitive
properties of LT. The corrosion potential of a SAE 1010 steel
electrode was monitored, as a function of time, in the LT
suspensions. The supporting electrolyte was 0.025 M sodium
chloride (NaCl). A saturated calomel electrode (SCE) was used
as reference.

Corrosion rates (Icorr) were determined by the polarization
resistance technique (Ref 65, 66) employing the Potentiostat–
Galvanostat EG&G PAR Model and a conventional three
electrode cell. The working electrode was a SAE 1010 steel rod
(area: 0.28 cm2), the reference was the SCE, and the counter-
electrode was a Pt mesh. The supporting electrolyte was 0.1 M
NaCl to improve cell conductivity. The sweep amplitude
was± 20 mV o.c. and the scan rate 0.166 mVs�1.

The inhibitive efficiency was calculated with the equation

E ¼ I0 � I

I0
� 100 I0 ¼ Icorr for the blank;

I ¼ Icorr for the sample

Duplicate electrochemical measurements were carried out in
normally aerated stirred solutions (300 rpm). The behavior of
the steel electrode in QT suspensions was also studied.

2.2 Wash-Primer Preparation and Characterization

The wash-primer was prepared on the basis of a tetroxy-
chromate formulation reported elsewhere (Ref 67) which
consisted of two different parts, A and B. The active
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components of the primer were ZTC and phosphoric acid. The
pigments and the film forming material, the polyvinylbutiral
resin (Ref 68), were contained in part A. Phosphoric acid and
the solvents constitute part B. The volume fraction of ZTC was
replaced by LT to formulate the alternative wash-primer.
Phosphoric acid was replaced by citric acid just to avoid the
precipitation of the very insoluble lanthanum phosphate. The
composition of part A was given by volume because the
properties of the coatings are normally related to the pigment
volume concentration (PVC) and its relationship with the
critical pigment volume concentration (CPVC) (Ref 69, 70).
The final composition of both parts of the primer could be seen
in Table 1. Part A was elaborated by dispersing the pigments in
a ball mill for 24 h to achieve an acceptable dispersing degree.
Part B was obtained by simply mixing the solvents and citric
acid. Other primers formulations were obtained by substituting
LT either by QT or by talc; this last one was used as a control.
Prior to painting, sandblasted SAE 1010 steel panels were
degreased with toluene and the primers were applied by
brushing, to match a final dry film thickness of 7± 2 lm. The
panels were allowed to stand for 7 days before testing.

The anticorrosion performance of the different wash-primers
was assessed by electrochemical techniques: corrosion potential
and ionic resistance variations were monitored as a function of
time.

The electrochemical cells employed to evaluate the primed
panels were constructed by delimiting 3 cm2 circular zones on
the painted surfaces. An acrylic tube (5.0 cm high) was placed
on the specimen and filled with 0.1 M sodium chloride. The
resistance between the coated steel and a platinum electrode
was measured employing an ATI Orion (model 170) conduc-
tivity meter at 1000 Hz.

The corrosion rate of primed steel was also determined
following the procedures described in a preceding paragraph.
The determination of corrosion rates by the linear polarization
method was possible due to the low ionic resistance of the
primers (Ref 71).

Primed steel panels were submerged 24 h in distilled water.
After this period, the coating was removed with acetone and the
morphology of the protective layer was observed by scanning
electron microscopy (SEM) employing a microscope FEI
Quanta 200 with tungsten filament. The surface elemental
composition of the protective film was obtained with an energy
dispersive RX microanalyzer and the EDX detector Apollo 40.

2.3 The Behavior of the Wash-Primer in a Paint System

2.3.1 Formulation, Elaboration and Application of
Paints. The anticorrosion behavior of the wash-primers was
assessed by incorporating them in a complete painting

scheme constituted by one of the primers, anticorrosion alkyd
paint and a finish alkyd coating. The dry film thickness of each
alkyd coat was 35 lm.

The binder employed to formulate the coatings was a
solvent-borne-medium oil alkyd (50% linseed oil, 30% o-
phthalic anhydride, 8% pentaerythritol and glycerol and 12%
pentaerythritol resinate). The solvent was white spirit. It was
decided to check the anticorrosion properties of the primers
employing solvent-borne paints because their behavior has
been well documented for many years (Ref 72). The PVC/
CPVC relationship for the anticorrosion paint was 0.8 as
suggested in previous research (Ref 73, 74), and its composi-
tion is consigned in Table 2. The topcoat formulation may be
found in Table 3. All pigments were dispersed 24 h in the
vehicle (resin and solvent), employing a ball mill, to achieve an
acceptable dispersion degree.

2.3.2 The Performance of Anticorrosion Paints Systems
Through Accelerated Tests. A set of three panels was placed
in the salt spray chamber (ASTM B 117) to evaluate the rusting
degree (ASTM D 610). Painted panels were evaluated during
120 days; the mean value of the obtained results was reported
in this paper.

Failure at the scribe (ASTM D 1654) was evaluated in other
set of panels exposed also to the salt spray cabinet until a
qualification 8 was attained; in this case after 25 days of testing.

Table 1 Wash-primers composition

Formulationv/v% Zinc tetroxyChromate (ZTC) Quebracho tannin (QT) Lanthanum ‘‘tannate’’ (LT) Talc

Polyvinylbutiral resin 8.18 8.18 8.18 8.18
Pigment 2.21 2.21 2.21 2.68
Talc 0.47 0.47 0.47
Carbon black 0.05 0.05 0.05 0.05
Butanol 22.89 22.89 22.89 22.89
Isopropanol 64.06 64.06 64.06 64.06
Water 2.14 2.14 2.14 2.14
PVC 0.22 0.22 0.22 0.22

Table 2 Anticorrosion paint composition expressed as
percentage by volume

Components Percentage

Zinc molybdenum phosphate 6.54
Non-fibrous magnesium silicate 6.37
Barite 6.20
Titanium dioxide 2.55
Alkyd resin 60.23
Solvent 18.11
PVC 42

Table 3 Topcoat paint composition expressed as percent-
age by volume

Components Percentage

Titanium dioxide 10.8
Alkyd resin 66.2
Solvent 23.0
PVC 24.6
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Afterward, they were removed from the chamber, creepage was
evaluated, and the panels were finally observed by SEM.

A similar set was placed in the humidity chamber (ASTM D
2247); and blistering degree (ASTM D 714) was also evaluated
during 26 days.

Impedance spectra of painted panels (frequency range:
1.10�3 Hz £ f £ 1.105 Hz) were performed in the potentio-
static mode, at the Ecorr. Measurements were carried out as a
function of the exposure time in 0.5 M NaCl, using the 1255
Solartron FRA and the 1286 Solartron EI. The amplitude of the
applied AC voltage was 0.010 V peak to peak. Two acrylic
tubes were attached to each coated panel (working electrode)
with an epoxy adhesive. The geometric area exposed to the
electrolyte was 15.9 cm2. A large area Pt-Rh mesh of negligible
impedance and the SCE were employed as auxiliary and
reference electrodes, respectively. This electrochemical exper-
iments were carried out at laboratory temperature (20± 2 �C),
using a Faraday cage. Simultaneously, corrosion potential
values were recorded as a function of immersion time. The
experimental impedance spectra were interpreted on the basis
of equivalent electrical circuits using a suitable fitting proce-
dure developed by Boukamp (Ref 75).

3. Results and Discussion

3.1 Pigment Preparation and Characterization

The mass of tannin precipitated for a given amount of
La(III) was higher at pH 8 than at pH 4 (Fig. 1). At pH = 4, the
mass of precipitated tannin did not increase significantly as the
amount of La(III) was increased. On the other hand, at pH = 8,
the mass of tannin in the precipitate increased as the volume of
0.1 M La(III) increased to finally reach a plateau when 3 mmol
of La(III) was added to the tannin suspension. The amount of
precipitate increased if the colloidal substances in the tannin
dispersion were not previously coagulated with 0.10 M KNO3

(Fig. 1). The mass of La precipitated together with tannin was
very low at pH = 4. However, at pH = 8, La increased as the
volume of 0.1 M La(III) increased. The mass of precipitated La
also reached a plateau when 3 mmol of La(III) was added to the
tannin suspension previously coagulated with KNO3 (Fig. 2).
According to these results, it was decided to precipitate LT at
pH = 8, employing potassium nitrate and a TQ: La(III)
relationship equal to 3.0 g: 3.0 mmol.

The solubility of tannin as determined by the Folin–Denis�
reagent was 7.0 ppm. La(III) concentration was very low. The
oxalate method to determine La content did not yield the
formation of any precipitate. As no precipitate was formed, it

Fig. 1 Mass of tannin precipitated as a function of the volume of
0.1 M La(NO3)3 at pH = 4 and pH = 8

Fig. 2 Mass of lanthanum precipitated as the corresponding oxide

Fig. 3 Steel corrosion potential in pigments suspensions in
0.025 M NaCl
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was concluded that La(III) was under the detection limit.
However, LT can act as a reservoir of La(III) which may be
released, particularly after the acidification of the anodic sites.
La protects steel at very low concentrations (Ref 55).

QT displaced the Ecorr of SAE 1010 steel to more positive
values, with respect to the control (SAE 1010 steel in the
supporting electrolyte). The displacement was higher as the
tannin concentration was increased, but the Ecorr diminished as
time elapsed, matching the most negative values in the case of
the higher tannin concentration. The highest displacement was
achieved with LT suspension and Ecorr maintained fluctuating
around�� 0.250 V during the test period. The displacement
was higher as time elapsed, and it was, as an average, 0.170 V
(Fig. 3). Evidently, LTwas the best inhibitor for steel corrosion.

Preceding results were also confirmed by Icorr determina-
tions (Table 4). Both QT and LT inhibited steel corrosion. For a
given QT concentration, steel corrosion rate decreased as time
elapsed. Icorr decreased as the concentration of QT increased
from 7 to 12 ppm, but the most concentrated solution was
detrimental to steel protection. Steel corrosion rate was lower in
LT suspension and also diminished continuously during 24 h of
exposure. LT reduced significantly steel corrosion rate, being its
efficiency� 94%. The anticorrosive efficiency for the ‘‘que-
bracho’’ tannin was 83, 91 and 84% for 7, 12 and 16 ppm
solutions, respectively.

3.2 Wash-Primer Characterization

The primer formulated with zinc tetroxychromate caused
steel Ecorr to be displaced to more positive potentials with
respect to the other primers (Fig. 4). The primers containing
QT, LT or talc showed, at the beginning of the test period, very
negative potentials which seemed to be related to metal
dissolution to form a protective film. In the case of tannin
compounds iron ‘‘tannates’’ may be formed. This displacement
was more noticeable in the case of the primer formulated with
LT. As time went on, Ecorr decreased for the chromate primer
and increased in the other cases. At the end of the test period
measured Ecorr values did not differ significantly. In every
case, measured potentials corresponded to the formation of iron
oxides (Fig. 4).

As it could be expected, the ionic resistance of every primer
was rather low and, as a consequence, the control of the
corrosion process was principally kinetic in nature (Ref 76, 77)
(Fig. 5). The ionic resistance of the primers containing ZTC
and LT increased continuously after the first hours of immer-
sion. The primers formulated with QT and that containing talc
exhibited a similar behavior till 1 day of exposure. Then, the
ionic resistance dropped off to match a final value which was
slightly higher than the initials ones. The increased resistance
could be interpreted in terms of pore plugging by corrosion
products.

Table 4 SAE 1010 steel corrosion rate in LT suspension in 0.10 M NaCl

Time, h

SAE 1010 steel corrosion rate, lA.cm22

Quebracho tannin concentration, ppm
Lanthanum tannate Supporting electrolyte

7 12 16

2 22.8 10.2 33.1 7.89 152
5 19.8 11.2 29.2 6.40 138
24 17.4 9.11 15.7 5.82 101

Fig. 4 Corrosion potential of primed panels, as a function of time,
in 0.1 M NaCl

Fig. 5 Ionic resistance of primed panels, as a function of time, in
0.1 M NaCl
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The primer formulated with ZTC was effective in reducing
steel corrosion rate. Initially, Icorr of the panels coated with the
rest of the primers was, at least, double than that of the chromate
primer (Fig. 6). After 2 h of immersion, Icorr of all primed panels
did not differ significantly from each other. Icorr of the primer
containing talc begun to increase after 4 h of exposure, while that
of the panel coated with the primer containing LT increased after
6 h of immersion. Differences became greater at the end of the
immersion period and the highest corrosion rate corresponded to
the primer containing talc.

The protective layer formed beneath the primer, after 24 h of
immersion in distilled water, was observed once the primer was
removed with acetone.

The steel surface in contact with the primer containing talc
was covered with an oxide layer. Regular amounts of globular
oxides were also observed in certain regions of the scanned
surface (Fig. 7). The density of these formation increased with
the exposure time from 5 (Fig. 7a and b) to 24 h (Fig. 7c).
After 24 h coarse oxide formation was also observed (Fig. 7c).
The base protective film exhibited cracks and certain ‘‘peeling’’
(Fig. 7b). The film composition was, basically, iron oxyhy-
droxides with rests of talc.

(1000X) (500X)

(500X)

(a) (b)

(c)

Fig. 7 SEM micrographs of the steel surface coated with the primer pigmented with talc. (a) and (b) 5-h exposition, (c) 24-h exposition

Fig. 6 Corrosion rate of primed panels, as a function of time, in
0.1 M NaCl
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(200X) (200X)

(1000X)

(a) (b)

(c)

Fig. 8 SEM micrographs of the steel surface coated with the primer pigmented with zinc tetroxychromate. (a) 5-h exposition, (b and c) 24-h
exposition

(a) (200X) (b) (200X)

Fig. 9 SEM micrographs of the steel surface coated with the primer pigmented with ‘‘Quebracho’’ tannin. (a) 5-h exposition, (b) 24-h exposi-
tion
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The protective layer under the primer with chromate was
composed by iron oxyhydroxides. Globular formations were
also detected but they were much smaller (Fig. 8a and b). At
higher magnifications, it could be seen that they were in the
formation process (Fig. 8c). Cr(VI) and Zn(II) ions incorporated
into the protective film in variable percentages; 0.7 to 1.1% for
Cr(VI) and higher values, 7.3 to 10.6%, for Zn(II). It must be
kept in mind that both ions may inhibit steel corrosion (Ref 78).
QT was not as effective as ZTC on inhibiting steel corrosion
(Fig. 9); the development of some globular oxides was detected.
The presence of LT in the primer film inhibited the development
of these oxides as chromate did (Fig. 10). The presence of LT in
the primer generated similar protective films to that of chromate
(Fig. 10a and b). The basic composition of the film was iron
oxyhydroxides with a relative high C content (� 9.2%) due to

the presence of the iron ‘‘tannate’’ film. The signal of La was
scarcely higher than that of base signal (Fig. 10c).

The primer containing LT as well as that with ZTC protected
steel for more than 6 months in a laboratory atmosphere
(20± 2 �C, 65% RH).

3.3 The Behavior of the Wash-Primer in a Paint System

Results from the salt spray chamber revealed that all wash-
primers had a similar anticorrosion behavior than that formu-
lated with ZTC, after one month and a half of exposure
(Table 5), except the control. The poor behavior of the control
panels could be due to the absence of a primer that inhibits
corrosion. The presence of the primers extended the useful life
of the paint system.

(a)  (200X) (b) (200X)

(c)

Fig. 10 SEM micrographs of the steel surface coated with the primer pigmented with lanthanum ‘‘tannate.’’ (a) 5-h exposition, (b) 24-h exposi-
tion, (c) EDX spectrum of the primed surface after 5-h exposition
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At longer exposure time, the panels with the primer
pigmented with talc must be taken off the chamber after
50 days of exposure (qualification 5G). The primer formulated
with QT almost had a similar performance than ZTC, but failed
after 110 days of exposure (qualification 5G). After 120 days
of exposure, only the primer containing LT (qualification 8P)
performed as that containing ZTC (qualification 9P).

No significant differences were found among creepage for
the different paint systems, after 25 days of exposure.

The metal surface coated with the different paint systems
and exposed to the salt spray cabinet was examined by SEM
after paints removal with suitable solvents.

Figure 11(a) shows ZTC panel after 25 days of exposition,
while Fig. 11(b) shows the metal surface under the paint. The
metal surface, which was in contact with the chromate primer,
presented two different zones. One of them was covered with a
corrosion products layer, while the other seemed to be the base
metal, free from oxides, after the attack by the acid fraction of
the primer (Fig. 11c). Figure 11(d) shows with certain detail the
base metal. The protective layer was composed, basically, by
iron oxides as it was revealed by the percentage of iron found in
it (69.0%). Zn and Cr from ZTC were also found in the
protective layer but in lower proportions (4.5 and 1.3%,
respectively). Two different regions were observed in the
surroundings of the crosscut (Fig. 11e and f). One of them
consisted in an oxide layer of the non-expansive type
(Fig. 11e). The Fe content in the film was high (91.6%), while
that of O was too low (2.8%). This fact led to think that the

protective film was very thin and the percentage of Fe was
highly influenced by the base metal. A small amount of Cr
(0.17%) was incorporated into the protective layer. Iron oxides
in Fig. 10(f) seemed to be of the expansive type and contained
small amounts of Cl (0.25%) and Cr (0.24%).

In the case of the primer formulated with QT, Fig. 12(a)
shows the exposed panel, while Fig. 12(b) shows the unpainted
exposed panels. The steel surface appeared to be covered with a
protective layer (Fig. 12c) which broke in certain areas
(Fig. 12d) allowing to see the base metal. The protective layer
was composed by iron oxyhydroxides as it could be deduced
from the Fe (57.6%) and O (11.6%) contents. The relatively
higher content of C (25.0%) led to think that iron ‘‘tannate’’
was also formed. In the vicinity of the crosscut, most of the
metal surface remained free from oxides and only small areas
were covered with iron oxyhydroxides (Fig. 12e). A micro-
graph of the oxide layer region is included in Fig. 12(f).
Figure 12(g) is a view of the steel bare surface and some spots
of iron oxide.

The surface under the paint system containing the primer
with LT was covered with a porous and continuous film
mainly composed by iron oxyhydroxides (Fig. 13a and b).
The zone adjacent to the crosscut (Fig. 13c) presented a
morphology similar to that of the primer formulated with QT;
this is to say, a spot of iron oxyhydroxides, the base metal
free from oxides and another spot with La (1.3%). The
presence of tannins in the primers restrained the formation of
an oxide film.

Table 5 Rusting degree (R) (ASTM D 610) and creepage from the scribe (C) (ASTM D 1654) of painted panels in the
salt spray test (ASTM B 117)

Wash-primer

Time, days

2 4
17 25

32 40 45
R R R C R C R R R

Zinc tetroxychromate 10 10 10 10 9P 9 9P 9P 9P
Quebracho ‘‘tannin’’ 10 9P 9P 10 9P 8 9P 9P 9P
Lanthanum ‘‘tannate’’ 10 9P 9P 10 9P 9 9P 9P 9P
Talc 10 9S 9S 10 9S 9 9P 9P 9P
Control 10 9S 9S 9 9S 8 8P 7G 6G

R: Rusting degree (ASTM D 610)

Rusting degree 10 9 8 7 6 5 4 3 2 1
% rusted area No rust 0.03 0.1 0.3 1 3 10 16 33 50

C: Mean creepage from the scribe (ASTM D 1654)

Rating number 10 9 8 7
mm 0 Over 0–0.5 Over 0.5–1.0 Over 1.0–2.0

S spot (the bulk of the rusting is concentrated in a few localizes areas); G general (various size rust spots are randomly distributed across the surface);
P pinpoint (the rust is distributed across the surface as very small individual speaks of rust)

Journal of Materials Engineering and Performance Volume 27(2) February 2018—695

Author's personal copy



Blistering in the humidity chamber begun after 15 days of
exposure for the primers containing QT and LT; the blistering
degree was 6F and 8F, respectively. The controls blistered after
26 days, and the blistering degree was 4F in every case. The
paint system with the ZTC primer blistered lately, and the
degree was 8F. According to ASTM D714, F means few
blisters, while size 8 represents the smallest size seen by
unaided eye, while 6, 4 and 2 represent progressively larger
sizes.

The analysis of Ecorr variations of painted panels revealed
that the paint systems displaced the values to more positive
ones. However, within the first week of immersion, Ecorr
moved to more negative values, particularly in the case of the
systems with the primer formulated with QT and talc (Fig. 14).

Electrochemical impedance spectroscopy proved to be a
powerful tool for investigating the metal-coating interface (Ref
79-81). Bode�s plots are included in Fig. 15. All paint systems
exhibited a capacitive–resistive response except those systems

(c) (d) 500X  500X

Exposed panel (a) (b) Unpainted panel

(e) 500X (f) 200X

Iron oxide layer

Base metal

Fig. 11 SEM micrographs of the steel surface coated with the paint system containing the chromate primer exposed to the salt spray test for
25 days. (a) Exposed panel, (b) unpainted panel; after removal of the alkyd paints (c) far from the crosscut, (d) bare metal surface, (e) and (f) in
the crosscut
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(c) (500X) (d) (500X)

(e) (200X) (f) (1000X)

(a) Exposed panel

(b) Unpainted panel

Iron oxide layer

Iron oxide layer

Base metal

(g) 500X

Fig. 12 SEM micrographs of the steel surface coated with the paint system containing the primer formulated with ‘‘Quebracho’’ tannin exposed
to the salt spray test for 25 days. (a) Exposed panel, (b) unpainted panel; after removal of the alkyd paints (c) and (d) far from the crosscut, (e-
g) adjacent to the crosscut
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(c) 1000X (d) 200X

(a) Exposed panel (b) Unpainted panel

(e) 200X

Iron oxide layer

Base metal

Iron oxide layer+La

Fig. 13 SEM micrographs of the steel surface coated with the paint system containing the lanthanum ‘‘tannate’’ primer exposed to the salt
spray test for 25 days. (a) Exposed panel, (b) unpainted panel; after removal of the alkyd paints (c and d) far from the crosscut, (e) adjacent to
the crosscut
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containing the primers with ZTC and LT which showed a
capacitive behavior during the first days of immersion.
Impedance data could be fitted using the two equivalent
circuits depicted in Fig. 16 which were previously discussed in
the literature (Ref 82, 83). The first one, with only one time
constant, describes the film properties, and the other was
employed to fit experimental data once the corrosion process
was started. The point of view adopted in this paper was that of
Amirudin and Thierry in the sense that the exact number of
time constants is better determined from the fitting of
experimental data by dedicated software (Ref 84).

All tested paint systems exhibited a barrier to ion diffusion
as it could be deduced from the values of the pore resistance
(Rm) in Fig. 17. These values were higher than
1.09 106 X cm2, the threshold value suggested in the literature
(Ref 77, 78). Initially, during the first two days of immersion,
the pore resistance of the inhibited primers was higher than
1.09 109 X cm2, indicating full barrier effect; the exception
was the system with the primer containing QT. The primer with
talc also showed this effect, but the resistance descended after
the first day of immersion. During the first month of immersion
the pore resistance fluctuated between 2.09 106 and
7.09 107 X cm2. Taking into account the low ionic resistance
of the primers (Fig. 5), it is clear that the alkyd system was
responsible for the high ionic resistance values measured.
However, the ionic resistance of the primed panels was, as a
general rule, higher than the control, particularly during the first
2 weeks of immersion. The primer containing ZTC caused the
ionic resistance to be higher than the control during 12 days of
immersion, while this period increased to 17 days in the case of
the LT primer. The primer formulated with talc showed a higher
pore resistance than the control during 28 days; maybe due to
the accumulation of corrosion products in the primer film.
Finally, the pore resistance of the panel coated with the primer
containing LT showed full barrier protection at the end of the
test period. The values of the film capacitance (Cm) for the
systems containing a wash-primer were lower than that of the
control paint system. This fact showed that the wash-primers
contributed to improve the integrity of the paint film. Differ-
ences among the different wash-primers were not significant
(Fig. 17).

The charge transfer resistance (R1) was higher in those
systems containing a primer; so, the presence of a wash-primer
increased the resistance of the coated metal to corrosion
(Fig. 18). It is also interesting to note that the corrosion process
was delayed in the primed systems pigmented with ZTC and
LT; the second time constant appeared later (1-5 days) with

Fig. 14 Corrosion potential of primed panels coated with the alkyd
system, as a function of time, in NaCl 0.5 M
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Fig. 15 Bode�s plots of different painting schemes. (a) zinc tetroxychromate primer, (b) ‘‘quebracho’’ tannin primer, (c) lanthanum ‘‘tannate’’
primer, (d) talc primer, (e) without primer
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respect to the control. The highest value of the R1 was
measured for the primer containing ZTC. R1 for the primer
with LTwas lower than that of the primer with ZTC and similar
to the values obtained for the primer with QT at the end of the
test period. The lowest value of R1 was detected for the primer
with talc; however, the differences were not so high. This fact
points out that the primer with talc could be also useful for steel
temporary protection. The capacitance of the double layer (C1)
was lower for the inhibited primer, thus revealing that the active
surface area in the primed systems was smaller.

4. Conclusions

1. Lanthanum ‘‘tannate’’ (LT) could be precipitated by mix-
ing a tannin suspension and a lanthanum nitrate solution
in the following proportion: 3 g of tannin: 3.0 mmol of
La(III).

2. The as-prepared LT inhibited steel corrosion rate in chlo-
ride media. Lanthanum ‘‘tannate’’ displaced steel corro-

Fig. 16 Equivalent circuits to fit EIS experimental data

Fig. 17 Pore resistance (Rm) and film capacitance (Cm) of primed
panels coated with the alkyd system, as a function of time, in NaCl
0.5 M
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sion potential to more positive values. Its anticorrosion
efficiency was� 94%.

3. It was possible to formulate a wash-primer replacing zinc
tetroxychromate (ZTC) by Lanthanum ‘‘tannate’’.

4. The primer formulated with LT inhibited steel corrosion
rate, but the primer formulated with ZTC had a slightly
better anticorrosion performance.

5. The primer formulated with ZTC incorporated into a
complete alkyd paint system performed slightly better
than that with LT in the salt spray test.

6. Results from the electrochemical assessment revealed that
the presence of a wash-primer in the paint system de-
layed the onset of the corrosion process. The primers for-
mulated with ZTC and the one containing LT had a
similar anticorrosion behavior. The charge transfer resis-
tance of the former was slightly higher.
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13. C. Deyá, G. Blustein, B. del Amo, and R. Romagnoli, Evaluation of
Eco-Friendly Anticorrosive Pigments for Paints in Service Conditions,
Prog. Org. Coat., 2010, 69(1), p 1–6

14. N.M. Ahmed, H.T.M. Abdel-Fatah, and E.A. Youssef, Corrosion
Studies on Tailored Zn Co Aluminate/Kaolin Core–Shell Pigments in
Alkyd Based Paints, Prog. Org. Coat., 2012, 73(1), p 76–87

15. M.R. Bagherzadeh, M. Ghasemi, F. Mahdavi, and H. Shariatpanahi,
Investigation on Anticorrosion Performance of Nano and Micro
Polyaniline in New Water-Based Epoxy Coating, Prog. Org. Coat.,
2011, 72(3), p 348–352

16. N. Elhalawany, M.M. Saleeb, and M.K. Zahran, Novel Anticorrosive
Emulsion-Type Paints Containing Organic/Inorganic Nanohybrid Par-
ticles, Prog. Org. Coat., 2014, 77(2), p 548–556

17. E. Shchukina, D. Shchukin, and D. Grigoriev, Effect of Inhibitor-
Loaded Halloysites and Mesoporous Silica Nanocontainers on Corro-
sion Protection of Powder Coatings, Prog. Org. Coat., In Press,
Corrected Proof, Available online 20 May 2016

18. J.M. Falcón, F.F. Batista, and I.V. Aoki, Encapsulation of Dodecy-
lamine Corrosion Inhibitor on Silica Nanoparticles, Electrochim. Acta,
2014, 124(1), p 109–118

19. D. Li, F. Wang, X. Yu, J. Wang, Q. Liu, P. Yang, Y. He, Y. Wang, and
M. Zhang, Anticorrosion Organic Coating with Layered Double
Hydroxide Loaded with Corrosion Inhibitor of Tungstate, Prog. Org.
Coat., 2011, 71(3), p 302–309

20. D.N. Thuy, H.T.T. Xuan, A. Nicolay, Y. Paint, and M.-G. Olivier,
Corrosion Protection of Carbon Steel by Solvent Free Epoxy Coating
Containing Hydrotalcites Intercalated with Different Organic Corrosion
Inhibitors, Prog. Org. Coat., 2016, 101, p 331–341

21. A. Yabuki, A. Kawashima, and I.W. Fathona, Self-healing Polymer
Coatings with Cellulose Nanofibers Served as Pathways for the Release
of a Corrosion Inhibitor, Corr. Sci., 2014, 85, p 141–146

22. S.H. Sonawane, B.A. Bhanvase, A.A. Jamali, S.K. Dubey, S.S. Kale,
D.V. Pinjari, R.D. Kulkarni, P.R. Gogate, and A.B. Pandit, Improved
Active Anticorrosion Coatings Using Layer-by-Layer Assembled ZnO

Fig. 18 Charge transfer resistance (R1) and double layer capaci-
tance (C1) of primed panels coated with the alkyd system, as a func-
tion of time, in NaCl 0.5 M

702—Volume 27(2) February 2018 Journal of Materials Engineering and Performance

Author's personal copy



Nanocontainers with Benzotriazole, Chem. Eng. J., 2012, 189–190, p
464–472

23. B.H. Cruz, J.M. Dı́az Cruz, C. Ariño, and M. Esteban, Heavy Metal
Binding by Tannic Acid, AVoltammetric Study, Electroanalysis, 2000,
12, p 1130–1137

24. T.K. Ross and R.A. Francis, The Treatment of Rusted Steel with
Mimosa Tannin, Corros. Sci., 1978, 18, p 351–361

25. V.F. Vetere and R. Romagnoli, Chemical and Electrochemical Assess-
ment of Tannins and Aqueous Primers Containing Tannins, Surf. Coat.
Int., 1998, 81, p 385–391

26. A. Jaén, J. De Obaldı́a, and M.V. Rodrı́guez, Application of Mössbauer
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