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ABSTRACT

The present work focuses on the use of layered double hydroxides (LDH) as containers for cor-
rosion inhibitors in an epoxy coating. 2-Benzothiazolylthio-succinic acid (BTSA), used as corrosion
inhibitor, was intercalated by co-precipitation in magnesium-aluminum layered double hydroxides. The
obtained LDH-BTSA was characterized by infrared spectroscopy, X-ray diffraction and scanning electron
microscopy. BTSA release from LDH-BTSA in NaCl solutions was investigated by UV-vis spectroscopy. The
inhibitive action of LDH-BTSA on carbon steel corrosion was characterized by electrochemical methods
and the protective properties of an epoxy coating containing LDH-BTSA were evaluated by electrochemi-
calimpedance spectroscopy. It was shown that the BTSA was intercalated in the layered double hydroxide
and its loading was about 33%. The BTSA release was dependent on the NaCl concentration in the elec-
trolyte. The polarization curves obtained on the carbon steel sample showed that the LDH-BTSA is an
anodic inhibitor. Its efficiency was about 90% at a concentration of 3 g/l. The impedance results showed
that the incorporation of LDH-BTSA (3%) in the epoxy matrix improved the corrosion protection of the
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carbon steel.

1. Introduction

Organic coatings are widely used to prevent corrosion of metal-
lic structures because they are easy to apply and cost effective.
It is generally accepted that the coating efficiency is dependent
on the intrinsic properties of the organic film (barrier proper-
ties), the substrate/coating interface in terms of adherence, the
inhibitive or sacrificial pigments used and the degree of environ-
ment aggressiveness. Corrosion inhibitors are usually incorporated
in organic coatings to provide active corrosion protection. In the
past, chromates were the most commonly used inhibitive pig-
ments. However, due to their high toxicity, many studies have been
devoted to the development of more environmentally acceptable
organic coatings.

Bentonite clays modified by environmentally friendly inorganic
corrosion inhibitive species like cerium (III) bentonite, calcium
(1) bentonite for protective coatings have already been studied
[1-3]. The results showed that coatings containing Ce-exchange
bentonite provide good corrosion protection, but lower than coat-
ings containing chromates. Clays modified by organic corrosion
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inhibitors were also investigated. Incorporation of modified clays
in epoxy coatings provides both good barrier properties due to
the lamellar structure of the clay and significant corrosion inhi-
bition at the carbon steel/coating interface thanks to the presence
of functional organic groups adsorbed at the metal interface [4-7].
Layered double hydroxides (LDH) are known as anionic clays.
They are composed of positively charged hydroxide layers with a
structure similar to that of brucite with intercalated anions and
water molecules between the layers [8]. The general formula can be
expressed as Mp2*M3*(OH)242q(A1/m™ )XH20, where M2* and M3*
are divalent and trivalent cations occupying octahedral positions
within the hydroxide layers, which are positively charged and A™~
is an interlayer exchangeable anion balancing the positive charges
on the layers. The distance between hydroxide layers allows a wide
range of anions (both organic and inorganic) of different sizes and
orientations to be inserted [9-11]. The intercalated anions can be
released and substituted by other anions from the environment.
Application of LDH is based on adsorption, anion exchange capacity
and mobility of the anion between the layers. LDH and LDH-derived
mixed oxides have been widely used as adsorbents, ion exchangers,
base catalysts, polymer additives and corrosion protection agents
thus attracting extensive attention over recent decades [12-15].
LDH can be used to trap anionic inhibitors [16-19]. In this
case, the release of inhibitor anions can be triggered by exchange
with aggressive chloride ions. The anion-exchange pigment can



Fig. 1. Molecular structure of 2-benzothiazolylthio-succinic acid.

play a double role: absorbing the chlorides and releasing the
inhibitive ions. LDH containing decavanadate or molybdate anions
has been studied in application overlay for corrosion protection
of aluminum alloys. However, coatings containing decavanadate
intercalated in Zn/Al-LDH are not able to confer corrosion pro-
tection equivalent to that afforded by chromate anions [3,20].
Mg/Al-LDH and Zn/Al-LDH doped with divanadate anions as corro-
sion inhibitor were used in primers for corrosion protection of 2024
aluminum alloy. Electrochemical results and accelerated corrosion
tests showed that coatings doped with Zn/AI-LDH give higher cor-
rosion protection than chromate-based coatings [21].

The corrosion protection of aluminum alloys afforded by organic
anions intercalated in LDH such as benzotriazolate, ethyl xan-
thate and oxalate salts has also been investigated [22]. The
results show that inhibition efficiency depends on the struc-
ture of the organic anion. Inhibition efficiency increases in the
order ethyl xanthate <oxalate <benzotriazolate. Benzotriazolate
has been demonstrated to interact specifically with the aluminum
alloy surface. 2-Benzothiazolylthio-succinic acid (BTSA) is a well-
known corrosion inhibitor used in organic coatings. BTSA can be
incorporated into the iron oxide layers which are always present
on the steel surface and can forminsoluble precipitates with ferrous
ions [23].

The objective of the present work was to use
magnesium-aluminum LDH as containers for corrosion inhibitors
which can then be incorporated into an epoxy matrix for protection
of carbon steel. BTSA was used as corrosion inhibitor and was
intercalated by co-precipitation in the LDH structure (LDH-BTSA).
The LDH-BTSA was characterized by infrared spectroscopy, X-ray
diffraction and scanning electron microscopy. BTSA release from
LDH-BTSA in NaCl solutions was investigated using UV-vis spec-
troscopy. The inhibition efficiency of LDH-BTSA and the protective
properties of the epoxy coating containing it were evaluated by
polarization curves and electrochemical impedance spectroscopy,
respectively.

2. Experimental
2.1. Materials

Sodium  hydroxide, magnesium nitrate hexahydrate,
Mg(NO3);-6H,O0 and  aluminum  nitrate  nonahydrate,
Al(NO3)3-9H,0 were purchased from Merck. BTSA was obtained
from Ciba Company. The chemical structure of BTSA is shown in
Fig. 1.

To characterize the inhibitive efficiency of LDH-BTSA, arod of XC
35 carbon steel with 1 cm? cross-sectional area was used as working
electrode. Its composition in percent weight was C=0.35, Mn = 0.65,
Si=0.25,P=0.035,S=0.035 and Fe to 100. A heat-shrinkable sheath
was used to leave only the tip of the carbon steel cylinder in con-
tact with the solution. For all experiments, the carbon steel samples
were polished with SiC paper down to grade 1200, cleaned in per-
muted water in an ultrasonic bath and dried in warm air.

For the coatings, carbon steel sheets (150 mm x 10 mm x 2 mm)
were used as substrates. The sheets were ground with abrasive
papers from 80 to 600 grades and cleaned with ethanol.

2.2. Synthesis of magnesium-aluminum layered double
hydroxides (LDH)

The magnesium-aluminum LDH were synthesized using the
co-precipitation method [24]. The preparation was performed
in a nitrogen atmosphere to exclude CO, which would lead
to the incorporation of carbonate in the LDH. A solution of
32.0g of Mg(NO3),-6H,0 (0.125 mol) and 23.4 g of AI(NO3)3-9H,0
(0.0625 mol) in 125 ml of degassed and deionized water was added
dropwise to a solution of 12.5g of NaOH (0.313 mol) in 145 ml of
degassed/deionized water. The pH of the solution was maintained
at8-10byadding 1 M NaOH solution as needed. The resulting white
precipitate was aged for 24 h at 65°C, and then filtered until the
supernatant was completely removed. The sample was washed sev-
eral times with deionized and degassed water, and finally dried at
50°C in a vacuum oven.

2.3. Synthesis of magnesium-aluminum BTSA layered double
hydroxides

The LDH intercalated with BTSA were prepared following the
same procedure as in Section 2.2, but using 0.313 mol of BTSA with
the molar equivalent of NaOH in degassed/deionized water.

2.4. Epoxy coating preparation

The epoxy resin was an epoxy bisphenol A, Epotec YD 011-
X75, epoxy equivalent weight is about 469-490 g/eq. The hardener
was a polyamide, equivalent weight per active H is 266 g/eq.
Both compounds were purchased from Thai Organic Chemicals Co.
(Thailand). The LDH-BTSA was incorporated in the epoxy resin at a
concentration of 3 wt.%. The LDH-BTSA was dispersed in the epoxy
resin by magnetic stirring and then sonication. The liquid paint was
applied by spin coating and dried at ambient temperature for 24 h.
The dry film thickness was 30+ 3 wm (measured by Minitest 600
Erichen digital meter).

2.5. Analytical characterizations

Fourier transform infrared spectra were obtained using the KBr
method on a Nexus 670 Nicolet spectrometer operated at 1cm™!
resolution in the 400-4000 cm~! region.

UV-vis spectra were obtained using a GBC Cintra 40 spectrom-
eter.

X-ray diffraction measurements were performed with a
Siemens diffractometer D5000 with Cu K, X-ray diffraction.

FE-SEM observations were carried out using a Hitachi 4800 spec-
trometer.

2.6. BTSA content in LDH-BTSA

The loading amount of BTSAin LDH-BTSA was determined using
the following protocol: 0.05 g of LDH-BTSA and 0.5 ml of 6 M HNO3
solution were mixed in a 10 ml volumetric flask, the balance was
filled with ethanol. The concentration of BTSA in the resulting solu-
tion was determined by UV-vis spectroscopy at Amax =283 nm [25].
The concentration was calculated using a calibration curve obtained
from a series of standard solutions of BTSA from 1x 10> M to
3x1074M.

2.7. Release of BTSA from LDH-BTSA

The release of BTSA from LDH-BTSA was determined as follows:
0.5 g of LDH-BTSA was dispersed in 500 ml water/ethanol solution
(volume ratio 8:2) with different NaCl concentrations under mag-
netic stirring. Aliquots (2 ml) of supernatant were withdrawn at



Table 1
Characteristic bands of FTIR spectra obtained for LDH, BTSA and LDH-BTSA.

LDH (cm™1) BTSA (cm!) LDH-BTSA (cm~1) Bond
450 447 Al-0
649 673 Mg-0
758 764 Aromatic ring
1383 1376 NO3~
1632 -OH of H,0
1721 -COOH
1405 -C00-
1583 -CO0~
3062 —CH of aromatic ring
3441 3421 3433 -OH

different times and replaced by the same amount of fresh medium.
The aliquots were filtered and their BTSA contents were determined
by UV-vis spectroscopy at 283 nm.

2.8. Electrochemical characterizations

For the electrochemical measurements, a three-electrode cell
was used with a large platinum auxiliary electrode, a saturated
calomel reference electrode (SCE) and a working electrode with
an exposed area of 1cm? for the bare carbon steel and 28 cm?
for the coated samples. Anodic and cathodic polarization curves,
in the presence and absence of LDH-BTSA, were obtained after
2 h of immersion at a scan rate of 1mVs~! starting from the cor-
rosion potential. The electrochemical impedance measurements
were performed using an Autolab PGSTAT30 over a frequency range
of 100 kHz-10 mHz with six points per decade using 10 mV and
30mV peak-to-peak sinusoidal voltage for the experiments with
the bare carbon steel and for the coating, respectively.

The corrosive medium was prepared from distilled water by
adding NaCl (reagent grade). To evaluate the inhibitor efficiency in
aqueous solution, ethanol (20%) was added to a 0.1 M NaCl solution
to improve the BTSA solubility. To characterize the performance of
the coatings, the NaCl solution concentration was 0.5 M. For each
system, three samples were tested to ensure reproducibility.

3. Results and discussion

3.1. Characterizations of LDH-BTSA and epoxy coating
containing LDH-BTSA

BTSA loading of LDH-BTSA was determined using UV-vis
spectroscopy. The calibration curve determined from a series of
standard BTSA solutions was:

C=0.8518A

where C is the concentration of BTSA (in 10~4 mol/l) and A is the
absorption intensity at 283 nm. The BTSA loading in LDH-BTSA was
33.2%.

The FT-IR spectra of LDH, BTSA and LDH-BTSA are shown in
Fig. 2, and the characteristic bands of the spectra are given in
Table 1. The IR spectrum of LDH shows a strong band at 1385 cm™!
characteristic ofthe NO3~ group [26]. In addition, the strong band at
450 cm~! and the broad one at 650 cm~! are attributed to the vibra-
tions of Mg-0 and Al-0. A very broad band at around 3450 cm™!
belongs to OH stretching of the hydroxide layer and water [11,27].
The band at about 1631cm~! can be attributed to the deforma-
tion vibration of water molecules in the interlayer domain. The
spectrum of BTSA shows bands at 3421 cm~!, 3062 cm~! charac-
teristic of the OH and CH groups of the aromatic ring structure.
The band at 1721cm! is attributed to the vibration of COOH.
The band at 758 cm~! corresponds to the aromatic ring with four
adjacent hydrogen atoms. The spectrum of LDH-BTSA presents
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Fig. 2. FTIR spectraof(a) layered double hydroxide (LDH); (b) 2-benzothiazolylthio-
succinic acid (BTSA); (c) layered double hydroxide containing BTSA (LDH-BTSA).

the bands characteristic of Mg-0 and Al-O vibrations at 447 cm™!
and 673cm~1. It can be seen that the band characteristic of the
COOH group in BTSA at 1721 cm~! disappeared and a new band
is observed at about 1600cm~!; this band is attributed to the
vibration of the COO~ group. The band characteristic of the aro-
matic ring with four adjacent hydrogen atoms also appears at
764 cm~! in the LDH-BTSA spectrum. This result indicates the pres-
ence of the BTSA in the carboxylate form in the LDH interlayer
space.

The XRD patterns of LDH, LDH-BTSA and epoxy coating con-
taining 3% LDH-BTSA are shown in Fig. 3. In the XRD pattern of
LDH, two distinct reflections (003) and (006) are observed. The
value of the (00 3) reflection corresponds to the basal spacing of
the hydroxide layer and is 0.81 nm, which is within the range of
values reported in the literature (0.81-0.89nm) [11,28,29]. In the
XRD pattern of LDH-BTSA, the reflection peaks observed at 1.65 nm

0.813 nm

0.398 nm

(a)

1.649 nm

0.822 nm
0.398 nm

Relative Intensity / a.u.

(c)

1 5 10 15 20 25 30
20 / degrees

Fig. 3. XRD patterns of (a) LDH; (b) LDH-BTSA; (c) epoxy containing 3% LDH-BTSA.



Fig.4. FE-SEM images of(a) LDH; (b) LDH-BTSA; (c) epoxy containing 3% LDH-BTSA.

and 0.822nm are attributed to the basal spacing. The d-spacing
values of the LDH-BTSA, higher than that of pristine LDH, indicate
that BTSA molecules were intercalated in the LDH structure. For
the epoxy coating containing LDH-BTSA no diffraction peak was
observed. This result could indicate that LDH-BTSA was exfoliated
in the epoxy matrix or that the amount of LDH in the epoxy coating
is too low to be detected by XRD.

SEM images of LDH, LDH-BTSA and epoxy coating containing
3% LDH-BTSA are shown in Fig. 4. Both LDH and LDH-BTSA have
the typical plate-like morphology of LDH. The size of the LDH parti-
cles ranged from 50 nm to 200 nm. The size of LDH-BTSA particles
was smaller, more homogeneous and more separated than those
of LDH. For the epoxy coating containing 3% LDH-BTSA, the sheets
of the LDH-BTSA can be clearly observed. The sheets are uniformly
distributed through the epoxy matrix and have an average size of
about 100 nm.

70

60

50

)
[0}
[72]
8 30
°
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20
10
0 1
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Fig. 5. Release curves of BTSA from LDH-BTSA NaCl solution at different concentra-
tions: (O) 0%; (a) 0.5%; (@) 1%; (¢) 3%.

3.2. Release of BTSA from LDH-BTSA

In neutral media, corrosion processes generally occur in the
presence of aggressive anions in solution. Thus, inhibitor release
in the presence of anions is sought in order to impede corrosion
and confer self-healing properties to organic coatings. The release
curves of BTSA from LDH-BTSA were determined in NaCl solutions
having different concentrations and are shown in Fig. 5. It can be
seen that release was rapid in the first hours of immersion (8 h) and
then slowed down. This result is similar to the results reported in
the literature [25]. By comparison with conditions without NaCl,
BTSA release in NaCl solution was much higher and increased with
an increase of the NaCl concentration. After 72 h of immersion in
the ethanol/water mixture containing 0%, 0.5%, 1% and 3% NacCl,
the release of BTSA was 20%, 50%, 53% and 61% respectively. These
results confirm that the release of BTSA is based on an exchange
reaction between BTSA and chloride ions. The rate of this exchange
reaction increased with the NaCl concentration.

3.3. Corrosion inhibition effect of LDH-BTSA

The polarization curves for the carbon steel electrode obtained
after 2 h of immersion in 0.1 M NaCl solution for three LDH-BTSA
concentrations (1g/l, 3g/l and 5g/l) are presented in Fig. 6. The
curve obtained without LDH-BTSA is shown for comparison. In the
presence of LDH-BTSA, a shift of the corrosion potential towards
more positive values and lower anodic current densities can be
observed. The cathodic curves were not modified with LDH-BTSA
addition. The polarization curves proved that LDH-BTSA is an
anodic inhibitor.

Fig. 7 shows the impedance diagrams, plotted in Bode coordi-
nates, obtained for the carbon steel electrode after 2 h of immersion
at the corrosion potential in the sodium chloride solutions with and
without LDH-BTSA. The diagrams are characterized by a single time
constant. The polarization resistances were extracted graphically
and the values were used to evaluate the inhibitor efficiency [30].

Ry — Rpo

o _
E% = Ry

Rp and Ryo are the polarization resistances in the presence and
the absence of LDH-BTSA respectively. Ry is about 200 2 cm? and
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Fig. 6. Polarization curves obtained for the carbon steel electrode for three
LDH-BTSA concentrations after 2 h of immersion in the 0.1 M NaCl solution: (@)
1¢g/1; (#) 3¢g/l; (a) 5g/1; (=) without inhibitor.

the polarization resistances obtained in the presence of LDH-BTSA
are higher. Ry increases when the LDH-BTSA concentration rises
from 1g/l to 3 g/l. For an LDH-BTSA concentration of 3 g/l, Ry is
about 1600 2 cm?. For this concentration, the calculated inhibitor
efficiency is about 90%.

3.4. EIS measurements on coated samples

Impedance diagrams were obtained at the corrosion potential
to characterize the corrosion resistance of the carbon steel covered
by the pure epoxy coating and the epoxy coating containing 3 wt.%
LDH-BTSA. The diagrams obtained after different exposure times
to the NaCl solution are presented in Fig. 8.

For the pure epoxy (Fig. 8a), at the beginning of immersion, the
impedance diagrams are characterized by a single time constant
and the impedance modulus is very high. In the low frequency
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Fig. 7. Electrochemical impedance diagrams (Bode representation) obtained for the
carbon steel electrode for three LDH-BTSA concentrations after 2 h of immersion in
the 0.1 M NaCl solution: (O) without inhibitor; (@) 1g/l; (¢) 3g/l; (0) 5g/l.

domain, the impedance modulus decreased rapidly after 2 days
of exposure to the aggressive solution and then progressively
diminished with immersion time. After 35 days of exposure a mod-
ification of the low frequency part can be observed. For the epoxy
containing 3 wt.% LDH-BTSA, independently of the immersion time,
the diagrams present a single time constant (Fig. 8b). During the
first two days of immersion, the impedance modulus decreased
rapidly and then remained stable for longer immersion times.

It was proposed by Kittel et al. [31] and the group of Bierwagen
[32-34] that the impedance modulus at low frequencies (such as
|Z|11z OT |Z|10mHz) Measured versus exposure time could serve as
an estimation of the corrosion protection of a painted metal. Fig. 9
plots |Z|1omu; versus immersion time in 0.5M NaCl solution for
the carbon steel covered by pure epoxy and epoxy containing 3%
LDH-BTSA.

For both coatings, the impedance modulus decreases rapidly
during the first two days of immersion. After this exposure time,
the modulus at low frequency continues to decrease for the
pure epoxy. It remains relatively stable for the epoxy coating
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Fig. 8. Electrochemical impedance diagrams obtained after different exposure times to 0.5 M NaCl solution for the carbon steel covered by (a) pure epoxy coating and (b)

epoxy coating containing 3 wt.% LDH-BTSA.
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containing 3% of LDH-BTSA. By comparison with the pure epoxy,
the impedance modulus of the LDH-BTSA containing coating is
higher. These results show that the addition of LDH-BTSA improved
the performance of the epoxy coating for the corrosion protection
of the carbon steel.

After 35 days of exposure to 0.5 M NaCl solution, corrosion prod-
ucts were observed on the carbon steel covered by the pure epoxy
coating, while no corrosion was observed for samples with coatings
containing 3 wt.% LDH-BTSA.

4. Conclusions

LDH-BTSA were synthesized by the co-precipitation method.
It was confirmed that BTSA was inserted into the galleries of the
LDH and its loading was 33%. The release of BTSA from LDH-BTSA
investigated for different NaCl solutions was dependent on the NaCl
concentration. The BTSArelease increased with the NaCl concentra-
tion. After 72 h in a 3% NaCl solution, 61% of the BTSA was released
from LDH-BTSA. The polarization curves obtained on a carbon steel
sample showed that LDH-BTSA is an anodic inhibitor. Its efficiency
was about 90% at a concentration of 3 g/l. The presence of LDH-BTSA
in an organic coating improved the corrosion protection of carbon
steel.

This study has shown the feasibility of developing new formu-
lations without toxic inhibitors.
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