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ling and smart anti-corrosion
mechanism of polyurethane embedded with
a novel synthesized microcapsule containing
sodium dodecyl sulfate as a corrosion inhibitor

Iman Azamian, Saeed Reza Allahkaram * and Sadegh Rezaee

The self-healing and smart anti-corrosion behavior of a polyurethane coating enhanced with micro-sized

capsules have been investigated. An in situ polymerization technique was employed to synthesize a novel

microcapsule containing sodium dodecyl sulfate (SDS) as a corrosion inhibitor in linseed oil (LO). FE-SEM,

FT-IR and TG analysis were used to characterize the prepared microcapsules. The capsules were separately

embedded in polyurethane at 1, 4 and 7 wt% and the coating properties were investigated through the water

absorption rate and pull-off adhesion strength. The scratched coating was then subjected to 3.5 wt% NaCl

solution to investigate the self-healing ability. Electrochemical measurements were carried out by means

OCP, EIS and potentiodynamic polarization and the inhibition mechanism of SDS was discussed in terms

of interfacial interactions. Despite the adhesion strength, a positive effect was observed for the water

uptake, after addition of the microcapsules. 4 wt% of LO/SDS microcapsules showed the best results as

its inhibition efficiency was more than 90% compared to single linseed oil capsules. EDS mapping was

also employed to verify the successful release and distribution of the SDS, when subjected to scratching.
1. Introduction

The degradation of metals caused by corrosion phenomena has
become a problem of worldwide signicance, and usually leads
to functionality failure and serious economic loss.1 There are
several approaches to the matter of protection against corro-
sion, including cathodic protection, corrosion inhibitors and
surface coating, which differ based on the characteristics of the
system.2 One of the most common and effective strategies is the
application of a protective coating that isolates the underlying
substrate from aggressive mediums. Among them, organic
coatings have been of much interest in the past decades.
However, these coatings are highly prone to be failed when
subjected to mechanical abrasions. The mechanical damages
could open a path for localized penetration of aggressive
medium, leading to the initiation of corrosion on the metallic
substrate. The detriment caused by external factors is usually at
the scale of micro or nano, and therefore, it is hard to monitor
the initiation of anodic reactions on the surface. Therefore, self-
healing coating as a guest–host system for active corrosion
protection of metallic substrate has been proposed.3–8

Capsule-based systems have been utilized frequently to
achieve active protection due to their ability for smart releasing
of the healing material at the time of need.9–14 Micro/
ring, College of Engineering, University of
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the Royal Society of Chemistry
nanocapsules are dispersed through the matrix as storage
units for the healing agent that are ready to be freed when
required.15,16 The most important part of this technique is the
right selection of material for both shell and an incorporated
agent inside the capsule.17,18 Variety of materials have been used
for the core part of the capsule such as drying oil,19,20 pore
blocking agents21,22 and corrosion inhibitors.23,24 At the same
time, different types of shells such as polyurea,25 epoxy,26–28

polyurethane29,30 and poly(urea-formaldehyde)31–33 could be
synthesized. Among them poly(urea-formaldehyde) has shown
a proper distribution and uniformity in the polymer matrix and
also has been strong enough to remain intact in the process of
application.34 In addition, many researches have used linseed
oil as the core material that can be polymerized into a solid
form. Linseed oil contains a high percentage of polyunsaturated
fatty acids that can be oxidized to form a three-dimensional
network and seal the matrix defects caused by mechanical
damages.35

Recently, the use of corrosion inhibitors as the core material
has drawn much attention, regarding their self-healing capa-
bility on the matter of corrosion properties. Siva et al.,36 re-
ported the effective healing ability of urea formaldehyde (UF)
microcapsules loaded with mercaptobenzothiazole (MBT) as
core material and demonstrated that the self-healing system
could maintain protection in the corrosive environment for the
further 15 days. In another work,37 Najjar et al. utilized silica
encapsulated isophoronediisocyanate (IPDI) as the active
RSC Adv., 2022, 12, 14299–14314 | 14299
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healing agent in a polyurethane coating and reported an almost
full recovery and enhancement of the thermal stability. Mah-
moudian et al.38 also investigated the effect of anticorrosion
performance of industrial epoxy and polyurethane coatings at
the presence of linseed oil containing nano-sized capsules, with
potassium ethyl xanthate and benzotriazole as healing agent on
the copper metal lms and reported a synergetic effect at the
optimum level of 3% and 5% linseed oil and anticorrosion
agent, respectively.

In this paper, anticorrosion effectiveness of novel poly urea-
formaldehyde (PUF) microcapsule lled with linseed oil contain-
ing sodium dodecyl sulfate (SDS) as the active core material in an
industrial polyurethane coating was investigated. The signicance
of this work is the development of a novel capsule that can endow
a double-protection capability to the system through both the
barrier effect of the drying oil and anticorrosion performance of
the organic corrosion inhibitor. Recent investigations39 have
demonstrated the potential application of SDS as a corrosion
inhibitor for mild steel in an aqueous solution of 3.5% NaCl and
proved its anticorrosion performance against aggressive media.
Such a system can provide active protection against both
mechanical damages and corrosive mediums. In this work,
a simple procedure was used to synthesize the PUF/SDS micro-
capsules based on an in situ polymerization. The characteristics of
the capsules were investigated via thermogravimetric analysis
(TGA), Fourier transforms infrared spectroscopy (FT-IR). Scanning
electron microscopy (SEM) was also used to conrm the integrity
of microcapsules and coating matrix. Elemental mapping was
recorded through Energy-Dispersive X-ray Spectrometer (EDS) to
conrm the presence of inhibitor loaded capsules in the healing
position. The self-healing behavior of the coatings was evaluated
by open circuit potential (OCP), potentiodynamic polarization (PP)
and electrochemical impedance spectroscopy (EIS).
2. Experimental
2.1 Material

Sodium dodecyl sulfate (SDS) and linseed oil (LO) were used as
healing agent in analytical grade which were purchased from
Sigma Aldrich. Urea, formaldehyde, ammonium chloride,
resorcinol and polyvinyl alcohol were all used for encapsulating
the core material which were also purchased from Sigma
Aldrich. Hydrochloric acid obtained from Merck was used for
controlling the pH of the solution. Deionized water was the base
material for emulsication. Acetone and ethanol were used for
washing procedure of the synthesized capsules. Commercial
grade of polyurethane and its hardener (ALCO-2703) together
with ALCO-2700 as the thinner were obtained from Alvan paint
and resin Co. and were used as the polymer matrix. All of the
chemicals were used without further purication.
Fig. 1 A schematic of the capsule shell polymerization and healing
agent entrapment in the core content.
2.2 Synthesize of microcapsules

PUF microcapsules were synthesized based on an oil-in-water
emulsication through in situ polymerization technique.
Encapsulation procedure was similar to the process suggested
by Lang et al.40 for linseed oil micro-encapsulation. 5 mL of
14300 | RSC Adv., 2022, 12, 14299–14314
5 wt% PVA aqueous solution as the surfactant was added to
130 mL of deionized water. 2.5 g urea as the rst monomer,
0.25 g resorcinol as the cross-linker and 0.25 g ammonium
chloride as the hardener were added to the initial solution while
stirring to dissolve at 25 �C. The pH of the solution was carefully
monitored and maintained at 3 � 0.02 through a pH meter by
addition of approximately 1 wt% hydrochloric acid aqueous
solution. The solution was then transferred to a 250 mL two-
necked ask, which was suspended in temperature-controlled
water bath. A polytetrauoroethylene (PTFE) mechanical
stirrer with a rate of 900 rpm was used. For type 1 capsules,
30 mL linseed oil was slowly added to form an emulsion and
allowed to stabilize for 20 minutes under agitation. Aer the
addition of 6.4 g of 37 wt% formaldehyde aqueous solution as
the second monomer, the temperature was gradually increased
to 55 �C while stirring at 600 rpm for 4 h until the capsule walls
were completely polymerized. For type 2 microcapsules, 5 g of
SDS powder was dissolved in 25 g of linseed oil and the solution
was added as the healing agent. Other parts of the procedure
were the same as the type 1 microcapsule. A scheme of the
conguration of the chemical compounds for formation of the
microcapsules is presented in Fig. 1.

Aer 4 h, the contents were cooled down to ambient temper-
ature and were set aside for 1 h for separation of oil and aqueous
phases. The aqueous phase was disposed from the bottom, and
the rest of the suspension was centrifuged (Behsan HB 207) at
4000 rpm until the capsules, residual aqueous phase and the
unpolymerized urea-formaldehyde were separated. The capsules
were rinsed andwashedwith deionizedwater, ethanol and acetone
for at least seven times. Finally, aer 72 h of drying at room
temperature the microcapsules were ready to be directly added to
the resin. Fig. 2 illustrates a schematic of in situ polymerization
procedure used for synthesizing the LO/SDS microcapsules.
2.3 Fabrication of self-healing polyurethane coating

Polyurethane resin and its hardener with 6 : 1 ratio were mixed
with the thinner (25 wt% of resin) to dilute the prepared paint.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic of the synthesize procedure for LO/SDS microcapsules using in situ polymerization technique.
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Before addition of the thinner to the mixture, microcapsules
were dispersed in the thinner in 1 wt%, 4 wt% and 7 wt% of the
paint and then mixed in 200 rpm agitation rate with an ultra-
sonic probe. Aer addition of the thinner to the paint, it was
mixed with a mechanical stirrer (200 rpm) until an appropriate
dispersion of the capsules was achieved. A Q235 carbon steel
was used as the substrate and was prepared in 2.5 � 5 cm2

pieces with 2 mm thickness. Aer applying the coatings using
a painting brush on steel samples, they were maintained at
room temperature to dry completely. Since no immersion test
was intended, only one side of the metal was coated. Before
applying the coating, the specimens were abraded with emery
papers from 80 to 1000 grades and then washed with distilled
water and acetone.

The nal thickness of the cured coating with and without the
presence of microcapsules was 130 � 5 mm. In addition,
according to the ASTM D3363-92, three samples, including neat
polyurethane, 7 wt% LO and 7 wt% LO/SDS showed the same
pencil hardness of HB, which is reasonable since the amount of
OH groups and consequently urethane linkages do not change
in different samples.
2.4 Characterization of microcapsules

The FTIR spectra of linseed oil (LO) and linseed oil/sodium
dodecyl sulfate (LO/SDS) microcapsules were recorded using
Thermo-AVATAR instrument to identify their chemical
composition.

Thermogravimetric analysis were carried out using a TA-
Q600 analyzer for pure urea-formaldehyde, linseed oil and
SDS in a controlled nitrogen environment. Thermal stability of
substances were investigated at heating rate of 5 �C min�1,
between 25 to 500 �C.

A Hitachi S-4160 eld-emission scanning electron microcopy
was used to investigate the integrity and surface morphology of
urea-formaldehyde microcapsules. The size of the microcap-
sules were measured using Image J soware. Morphology and
elemental mapping of the scratch was also investigated using
a FE-SEM equipped with EDS in order to conrm the healing
ability of the SDS loaded microcapsules.
© 2022 The Author(s). Published by the Royal Society of Chemistry
2.5 Coating properties

The adhesion strength of the microcapsule-embedded coatings
was measured through a pull-off test on the intact samples
using an Elcometer-108. The cylindrical dollies were applied on
three different points of each sample and were vertically pulled
off aer the glue was cured at room temperature for 24 hours.

Water absorption test were carried out using gravimetric
technique. Five specimens were used for each sample for better
validation of the data. Specimens were immersed in distilled
water at 25 �C. Aer specic intervals they were removed from
water, dried and weighted until it reached a stable value. The
water absorption value was calculated using the following
equation;

W ð%Þ ¼ Mt �M0

M0

� 100 (1)

where W is the water absorption ratio and Mt and M0 are the
weights of the sample aer tmin immersion in water and before
immersion in water, respectively.
2.6 Evaluation of corrosion protection

Customized cell made of poly methyl methacrylate (PMMA) was
used to evaluate the electrochemical behavior of the encapsu-
lated coating. An X-shaped graze was scratched on the coating
until the substrate was exposed, letting the microcapsules to
commence healing process. Aer 24 h, the center of the scratch
was xed on the cell with an exposed area of 1.7 cm2. The
samples were subjected to 3.5 wt% NaCl solution at ambience
temperature. The OCP with respect to the saturated calomel
electrode (SCE) was recorded for 28 days to monitor the activity
of the surface during the healing process using a high input
impedance voltmeter (Ziegler RM-16) utilized with a data logger
plugin.

The corrosion resistance of the microcapsule-embedded
polyurethane coating was investigated via the electrochemical
impedance analysis. The tests were carried out using a Solarton
SI 1260 in a 3.5 wt% NaCl solution aer four different periods of
2, 7, 14 and 28 days. For all the electrochemical measurements,
a three-electrode set-up was used including SCE and platinum
electrode as the reference and counter electrodes, respectively.
RSC Adv., 2022, 12, 14299–14314 | 14301
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The measurements were performed in a frequency range of
100 kHz to 10 mHz with a sinusoidal potential perturbation of
10 mV versus OCP. The obtained data was tted using Zview
soware.

Aer 28 days of exposure, the corrosion potential and current
density were measured using the polarization method, in order
to investigate the effect of localized attacks on the polymer
matrix. The tests were carried out using EG&G-237A and the set
up was the same as for the impedance analysis. The potential
was scanned with a rate of 10 mV min�1 from �300 mV to
approximately +800 mV with respect to the OCP until no
obvious change was observed in the curve.
3. Results and discussion
3.1 Characterization of synthesized microcapsules

3.1.1 Morphology and particle size analysis. The shell
morphology of the synthesized microcapsules was analyzed by
FE-SEM and the results are illustrated in Fig. 3. A complex
morphology round homological shapes were observed for both
LO and LO/SDS microcapsules. However, they exhibited a rough
surface, which could either be attributed to the deposition of
unreacted components that had not participated in the process
of encapsulation or post-encapsulation reactions that occurred
because of the favored thermodynamic conditions for unreac-
ted materials. In a polymerization process, achieving a perfect
dispersion and at the same time, exact size distribution is
impossible. Hence, capsules would not necessarily have similar
characterization, yet the average physical and chemical
Fig. 3 FE-SEM micrographs of (a) LO, (b) LO/SDS and (c) shell morphol

14302 | RSC Adv., 2022, 12, 14299–14314
properties could be the same and hence they are considered
identical. The nano/micro-sized particles on the shell are
considered the residual monomers of urea and formaldehyde.
They have moved towards the organic/aqueous interface and
adsorbed on the capsule surface to reach a thermodynamically
stable condition. These beads and strings of uncapsulated
materials affect the self-healing performance in two ways. They
can cause interlocking between the capsule walls and lead to
aggregation and agglomeration of microcapsules which directly
affects the dispersibility and hence the self-healing capability.
On the other hand, the roughness on the outer surface of the
capsule enhances the additive/matrix interaction that improves
the barrier effect of the coating. LO/SDS capsules displayed
a relatively spherical shape with mildly rough shell surface that
could result in better interaction between the polymer matrix
and the capsule walls (Fig. 3c).

Fig. 4 shows the histograms of the particle size distribution
of the synthesized LO and LO/SDS microcapsule. It show that
the LO/SDS microcapsules have a mean size in the 1 to 45 mm
range and the size of more than 50% of them are less than 15
mm. LO capsules had approximately the same size distribution
as the inhibitor loaded ones.

3.1.2 FT-IR spectra. In order to conrm the validation of
encapsulation process, Fourier transform infrared spectroscopy
was utilized. FTIR spectrum of LO and LO/SDS microcapsules
are illustrated in Fig. 5. As shown in this gure, the stretching
vibration peaks of N–H at 1554 cm�1 and C]O at 1648 cm�1,
which are the characteristic peaks of pure urea-formaldehyde,
are observed for both types of microcapsules. A sign of
ogy of LO/SDS microcapsules.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Particle size distribution for (a) LO and (b) LO/SDS
microcapsules.

Fig. 5 FT-IR spectra of LO and LO/SDS microcapsules.
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a shallow broad band of N–H stretching vibration is also
detected between 3100 and 3500 cm�1, which is attributed to
the secondary amides that are formed in the wall forming
process.40,41 Characteristic peaks of linseed oil as the core
content are observed at 1746 cm�1, 1648 cm�1 and 1164 cm�1,
which are ascribed to C]O, C]C and C–O stretching vibra-
tions, respectively.36 Another peak is detected at 3010 cm�1,
which is due to the presence of –CH and –CH2 in the fatty
acids,.42 The 1460 cm�1 peak and the broad band between
2850 cm�1 and 3000 cm�1 are attributed to the sp3 C–H
stretching and bending vibration.40 As it can be seen, the FTIR
spectrum of both LO and LO/SDS microcapsules show the
© 2022 The Author(s). Published by the Royal Society of Chemistry
characteristic peaks of both pure polyurea-formaldehyde and
pure linseed oil, which veries the encapsulation process.

For LO/SDS microcapsule, characteristic peaks of a S]O
stretching vibration at 1216 cm�1, a C–H symmetric stretching
vibration at 1466 cm�1 and a C–H asymmetric stretching
vibration at 2916 cm�1 were observed.43 This conrms that the
SDS is embedded in the linseed oil, forming the double agent
core material. Therefore, the FTIR results prove that both LO
and LO/SDS microcapsules are successfully synthesized.

3.1.3 Thermogravimetric analysis. Thermal analysis of
microcapsules were carried out to investigate the thermal
stability of the synthesized capsules. In addition the pure core
materials (SDS and linseed oil) and pure urea-formaldehyde
were also tested to quantify the core content and evaluate the
encapsulation efficiency in the synthesize procedure. The
thermogram of LO microcapsules is shown in Fig. 6a. Almost
30 wt% of linseed oil is lost at 400 �C. For urea-formaldehyde,
decomposition starts at 200 �C and becomes intensied
approximately around 370 �C. LO microcapsules showed two
mass losses at the mentioned temperatures that conrms the
integrity of encapsulation method.40 In addition, almost 74 wt%
of the LO capsules are remained at around 400 �C, which shows
the weight percentage of the core content in the microcapsule.

Fig. 6b shows the thermograms for LO/SDS microcapsules
and its components. At 180 �C thermal decomposition of SDS
started, which indicated that the LO/SDS capsules were only
functional until temperatures below 180 �C. As it can be seen,
twomajor mass losses at 170 and 400 �C are observed, which are
attributed to urea-formaldehyde and linseed oil, respectively.
LO/SDS microcapsules had approximately the same core
content as LO microcapsules in such a way that almost 78 wt%
of them stayed intact at temperatures around 400 �C.
3.2 Performance of microcapsule embedded coating

In order to investigate the effect of embedded microcapsules on
the adhesion property of polyurethane coating on the steel
surface, pull-off test was carried out and the results are shown
in the Fig. 7. It was found that the addition of the capsules to the
polymer matrix decreased the adhesion strength of the coating
on the metal surface. This is probably due to the fact that some
of the embedded capsules may settle on the metal/coating
interface and reduce the contact surface between the poly-
urethane and steel. Increasing the percentage the microcap-
sules results in more defects on the interface and hence more
loss in adhesion strength. Both LO and LO/SDS microcapsules
had approximately the same effect on the adhesion property of
the coating.

Water absorption rate of polyurethane coating embedded
with microcapsules was evaluated via gravimetric method.
Three samples were used for each material and the results are
shown in Fig. 8. Since the microcapsules were not activated in
an intact coating the type of healing agent did not affect the
results of the test. Therefore only LO/SDS capsules were used in
this experiment. As shown in the gure, the water absorption of
all the samples were less than 30 wt% and they all reached the
steady state aer about 9 days. The water uptake was reduced
RSC Adv., 2022, 12, 14299–14314 | 14303

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01131j


Fig. 6 Thermal gravimetric curves of (a) LO and (b) LO/SDS microcapsules.

Fig. 7 The pull-off adhesion results for polyurethane coating
embedded with various concentrations of the microcapsules.

Fig. 8 Water absorption rate in the presence of various concentra-
tions of the microcapsules.
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with increasing the percentage of microcapsules in the coating.
This shows that there is a good entanglement between the shell
surface of the capsule and the polyurethane matrix, which
outcomes in less interfacial free energy. The results of this
experiment showed that the capsulated coatings had a suitable
water resistance.
3.3 Smart anti-corrosive performance

Open circuit potential of the scratched coating exposed to
3.5 wt% aqueous solution was recorded for 28 days in order to
monitor the activity of the system. Fig. 9 shows the OCP varia-
tion proles for the different concentrations of LO and LO/SDS
microcapsules. It was observed that with the addition of
microcapsules to the coating, the free potential of the system
shied to more positive values, resulting in a less active surface
14304 | RSC Adv., 2022, 12, 14299–14314
on the substrate. This shows that the released healing agents
have improved the barrier effect of the coating on the scratched
part.36 As it can be seen, all the capsulated coatings experience,
an initial potential increased for approximately 5 days and then
decreased until the steady state condition. Both LO and LO/SDS
at 4 wt% showed the best values for OCP (around �500 mV)
which is approximately +200 mV potential shi. In addition, at
4 wt%, both capsules reached the steady-state more quickly
than others. However when the capsules were embedded in
7 wt% of the polyurethane coating the steady-state potential was
�623 mV for LO and �611 mV for LO/SDS aer 28 days indi-
cating less protective property of the coating compared to
4 wt%. This behavior is a bit controversial since the more
linseed oil embedded in microcapsules, should generally mean
more oil to dry. Compared to 4 wt%, the potential drop at 7 wt%
is due to the agglomeration of microcapsules in the coating
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Open circuit potential values for scratched coating samples exposed to 3.5 wt% NaCl.

Table 1 Potentiodynamic polarization parameters extracted by Tafel
extrapolation method for the corrosion behavior of microcapsule
loaded coatings after 28 days of exposure to 3.5 wt% NaCl

Sample Ecorr (mV) Icorr (mA cm�2) ba �bc h (%)

NP �680 56.2 0.42 0.27 —
LO 1% �620 18.15 0.53 0.15 67.7

4% �521 16.25 0.45 0.22 71.09
7% �644 15.57 0.39 0.07 72.3

LO/SDS 1% �588 7.42 0.21 0.09 86.8
4% �497 6.69 0.29 0.11 88.1
7% �565 9.53 0.38 0.08 83.05
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leading to a non-uniform dispersion along the polymer matrix,
which results in a weak healing effect.

The effect of SDS on the healing ability of microcapsules was
recognizable from OCP measurements as approximately
a 40 mV potential shi was observed in the 28 days potential of
LO and LO/SDS microcapsules at a specic concentration.
However, for ensuring an explicate effect of SDS, potentiody-
namic polarization and EIS analysis were performed.

Potentiodynamic polarization scan were carried out for 1, 4
and 7 wt% of LO and LO/SDS microcapsule embedded coating
aer 28 days of exposure to 3.5 wt% NaCl solution at room
temperature. The polarization curves for LO and LO/SDS
Fig. 10 Potentiodynamic polarization curves for different concentrations of (a) LO and (b) LO/SDS embedded coatings after 28 days of exposure
to 3.5 wt% NaCl.

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 14299–14314 | 14305
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Fig. 11 Electrical equivalent circuits used for fitting the EIS data. (a)
neat coating, (b) after 7 days of exposure (c) after 28 days of exposure.
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specimens are shown in Fig. 10a and b, respectively. An active-
passive behavior was observed for all the specimens. Compared
to the control sample, both anodic and cathodic branches of the
curves were affected aer the addition of the microcapsules.
However, based on the gures, the reduction in anodic reac-
tions were more pronounced than the cathodic ones, indicating
the effectiveness of the capsules in the hindrance of the metal
Fig. 12 (a) Nyquist and (b) Bode plots of scratched neat polyurethane a

Table 2 EIS parameters for scratched neat polyurethane after various e

Sample Rs (U cm2)

Qp

Y0 (ms
n U�1 cm�2) n

NP 2d 107.8 — —
7d 125.9 4.12 0.98
14d 119.8 5.56 0.97
28d 150.5 34.47 0.77

14306 | RSC Adv., 2022, 12, 14299–14314
dissolution processes. Potentiodynamic parameters such as
corrosion potential (Ecorr), corrosion current density (icorr),
inhibition efficiency (IE%) and anodic and cathodic slops were
calculated through Tafel extrapolation and are shown in Table
1. The corrosion inhibition efficiency is calculated according to
the following equation;44

IE ð%Þ ¼ icorr � i
0
corr

icorr
� 100 (2)

where i0corr and icorr are the corrosion current density for capsule
embedded and the neat coating, respectively.

Both types of capsules resulted in reduction of icorr, and this
effect was intensied as the concentration of the embedded
microcapsules increased. The lowest corrosion inhibition effi-
ciency was more than 65% compared to the control sample. The
consequence of the addition of linseed oil as the general healing
agent to the scratched coating is that it would restore the
protection by recovering the barrier effect of the coating at the
position of the scratch. Therefore a huge difference in icorr is
expected aer the addition of the single agent capsules, which
in this case the IE% became more than 72% for 7 wt% LO
embedded samples. However, the difference between 4 wt%
and 7 wt% of LO capsules was not that signicant. This might
be because of the fact that higher percentage of the LO capsules
might result in unequal distribution or partial agglomeration of
the micro particles.
fter various exposure times to 3.5 wt% NaCl.

xposure times to 3.5 wt% NaCl

Rp (kU cm2)

Qdl

Rct (kU cm2)Y0 (ms
n U�1 cm�2) n

— 19.58 0.76 56.79
0.126 8.89 0.82 4.19
0.049 34.81 0.79 2.98
0.028 180.3 0.61 1.51

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 (a) Nyquist and (b) Bode plots of scratched coating specimens loaded with different concentrations of LO microcapsules after various
exposure times to 3.5 wt% NaCl.
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Although a sufficient inhibition efficiency was observed for
linseed oil loaded capsules, we suggest that this protection is
not stable since according to the water absorption results, water
© 2022 The Author(s). Published by the Royal Society of Chemistry
uptake for most of the samples were around 20 wt% of the PU
coating and this is for the intact specimens and not the ones
with articial scratches. Therefore, it is reasonable to assume
RSC Adv., 2022, 12, 14299–14314 | 14307
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that the absorbed medium to the coating, which comprises
corrosive agents such as Cl� ions, could eventually reach the
surface and once again trigger the metal dissolution reactions
on the surface.45 Hence, it is important to have a contingency
plan, when the polymerization reaction of linseed oil and
a physical barrier layer are not enough for guarantying the
corrosion protection. Therefore, presence of the SDS molecules
on the metal surface as the second corrosion inhibition mech-
anism is necessary.

Ecorr for the LO/SDS embedded coatings changed in the
range of �85 mV with respect to the LO loaded capsules, which
indicates the mixed typed behavior of the SDS as the corrosion
inhibitor. Compared to the control sample, more than +120 mV
shi was observed in the corrosion potential, which shows the
effect of SDS on the hindrance of anodic reactions on the metal
surface. With the presence of SDS as the second healing agent,
a secondary protection would be active in case if the aggressive
medium penetrates the matrix in the process of healing or aer
a certain amount of time. Sodium dodecyl sulfate is a polar
molecule that tends to move towards the surface as the result of
electrostatic attraction from the metal. The SDS behavior on the
surface is directly depended on the type of the oxide lm on the
metal. Charge of the metal and the donor–acceptor interaction
between the polar groups and metal species, which is well
explained in the EIS section, based on the concept of the elec-
trical double layer. The outcomes of potentiodynamic polari-
zation showed that all of the SDS loaded capsules resulted in
more than 83% inhibition efficiency. The best performance was
observed for the 4 wt% sample with 88.1% efficiency.

The corrosion behavior of the carbon steel in the presence
and absence of the various percentages of healing microcap-
sules was investigated by the electrochemical impedance spec-
troscopy technique. As described before, the samples were
articially scratched and exposed to a 3.5 wt% NaCl solution for
a period of 28 days. Because of the non-destructive nature of EIS
method, each sample was tested in the 2, 7, 14 and 28 days
intervals. The results are presented as Nyquist and Bode plots.
Based on the characteristics of each sample, electrical equiva-
lent circuits (EEC) were used to model and calculate the
Table 3 EIS parameters for scratched polyurethane coating loaded with
times to 3.5 wt% NaCl

Sample Rs (U cm2)

Qc

Rc (kU cm2)Y0 (ms
n U�1 cm�2) n

1-LO 2d 102.9 0.0069 0.87 29.3
7d 113.5 0.175 0.8 2.06
14d 128.6 4.24 0.52 1.12
28d 114.1 2.1 0.48 0.48

4-LO 2d 152.3 0.00077 0.93 246.3
7d 112.4 0.0059 0.78 349.1
14d 125.1 0.014 0.64 46.2
28d 116.8 0.59 0.52 7.9

7-LO 2d 141.7 0.0022 0.89 8971
7d 146.3 0.014 0.72 88.9
14d 119.7 1.55 0.49 1.48
28d 155.2 1.67 0.51 0.49

14308 | RSC Adv., 2022, 12, 14299–14314
numerical values corresponding to the physical and chemical
properties of the system under investigation (Fig. 11).

Fig. 12 shows the impedance spectra for the neat poly-
urethane coating as the control sample for evaluating the self-
healing ability of capsulated systems. The obtained data for
the neat coating was tted using a [Rs(RctQdl)] equivalent circuit,
which is shown in Fig. 11a. Rs is the resistance of the solution
while Rct and Qct represent the charge transfer resistance in the
interface and the double layer capacitance, respectively. For all
the equivalent circuits, a constant phase element (Q or CPE) was
used instead of a pure capacitor to describe the non-ideal
behavior of the system due to the presence of physical, chem-
ical, or geometrical heterogeneities on the interfaces and it is
calculated using the following equation;46

C ¼ (Y0R
1�n)1/n (3)

where Y0 and n represent the capacitance and heterogeneity
parameter of the CPE, respectively. As the parameter n moves
closer to 1, the corresponding interface becomes more uniform
and hence the CPE becomes more ideal. Homogeneity of the
interface is a great indicator for the amounts of active reactions
on the surface.

The EEC related to the 2 days exposure of NP is a single time
constant circuit showing that the barrier property of the coating
is completely lost as the result of the scratch. However, aer
7 days of exposure, the obtained data offered a great t with
a double time constant EEC of [Rs(Qp[Rp(RctQct)])]. Rp and Qp are
the pore resistance and pseudo capacitance of the corrosion
products on the surface of the scratched area, respectively.
Prolonging the exposure time results in the second time
constant, which is related to the ferric corrosion products.
These FeO$nH2O compounds have a porous structure. There-
fore, not only no barrier property is witnessed but also due to
their porous structure, a localized attack is expected. The
parameters extracted from the EIS spectra of the neat coating
are reported in Table 2.

According to the Table 2, the charge transfer resistance (Rct)
for 2 days exposure experienced a 97% drop from 56.79 kU cm2
different concentrations of LO microcapsules after various exposure

Qdl

Rct (kU cm2)
W
(mU s5 cm�2) h (%)Y0 (ms

n U�1 cm�2) n

0.475 0.48 1210 — 95.30
72.4 0.8 66.45 — 93.69
233 0.71 50.83 — 94.13
277 0.72 41.31 — 92.01
0.034 0.38 39 618 — 99.84
0.43 0.31 3511 — 99.88
10.2 0.66 1134 — 99.73
80.7 0.67 614 — 99.75
0.015 0.8 16 610 — 99.19
0.54 0.56 189 — 97.78
206.1 0.57 128 — 97.53
312.8 0.53 1.73 0.42 75.24

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (a) Nyquist and (b) Bode plots of scratched coating specimens loaded with different concentrations of LO/SDS microcapsules after
various exposure times to 3.5 wt% NaCl.

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 14299–14314 | 14309
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Table 4 EIS parameters for scratched polyurethane coating loaded with different concentrations of LO/SDS microcapsules after various
exposure times to 3.5 wt% NaCl

Sample
Rs
(U cm2)

Qc

Rc
(kU cm2)

Qdl

Rct

(kU cm2)
W
(mU s5 cm�2) h (%) hi (%)

Y0
(msn U�1 cm�2) n

Y0
(msn U�1 cm�2) n

1-LO/SDS 2d 108.3 0.00054 0.89 2690 0.0292 0.58 16 440 — 99.65 92.63
7d 111.5 0.0071 0.78 62.3 0.0743 0.51 15 800 — 99.97 99.57
14d 143.6 0.0054 0.67 16.2 24.9 0.66 514 — 99.42 90.11
28d 161.8 0.75 0.52 2.61 198.4 0.61 17.68 0.48 96.03 50.39

4-LO/SDS 2d 121.6 0.00027 0.92 651 0.017 0.79 41 150 — 99.86 10.75
7d 128.4 0.0022 0.81 1140 0.023 0.58 59 120 — 99.99 94.06
14d 115.8 0.0049 0.76 219 0.11 0.58 44 310 — 99.99 97.44
28d 147.4 0.015 0.62 47.1 16.7 0.56 6292 — 99.97 90.24

7-LO/SDS 2d 142.3 0.0037 0.91 136.1 0.149 0.62 7491 — 99.65 57.28
7d 151.6 0.0056 0.77 552 3.88 0.42 1615 — 99.74 88.29
14d 111.7 0.23 0.52 50.3 86.1 0.63 285 — 99.14 59.39
28d 136.8 0.52 0.54 4.01 229.8 0.62 32.1 0.77 89.79 58.7

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

9:
15

:1
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
to 1.51 kU cm2, aer 28 days. In addition, the n parameter
reduced for both Qdl and Qp, which shows that the level of
heterogeneities on themetal surface and the corrosion products
is rising. This conrms the presence of unstable compounds on
the surface that change with time and act as localized paths for
further diffusion of the aggressive agents such as Cl� ion. For 14
days of exposure, the n value for Qdl experiences a huge reduc-
tion from 0.79 to 0.61 at the day 28, which could indicate an
increase of the active reactions on the electrical double layer.
The level of protection loss could also be understood from the
Fig. 15 jZj0.01Hz value change for different concentrations of microcaps

14310 | RSC Adv., 2022, 12, 14299–14314
Bode plot presented in Fig. 12b with low frequency impedance
values. Aer 4 weeks exposure time, the value of jZj0.01Hz

decreased from 5.4 to 3.9 kU cm�2. These data hold great
importance for investigating the level of protection brought
from embedding the microcapsules.

Fig. 13 shows the EIS results for the linseed oil loaded
capsules in the PU coating. Aer addition of the LO microcap-
sule, the overall response of the system is increasing the
protection against the corrosive medium. A minimum of 75%
was observed for the protection efficiency for the linseed oil
ule after various exposure times to 3.5 wt% NaCl.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 A simplified schematic of the corrosion inhibition mechanism
by SDS loaded microcapsules.
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microcapsule. Drying oils are usually selected based on the level
of chemical reactions that they have aer a period of exposure
to air. Here, the polymerization caused from the crosslinking by
the action of oxygen is responsible for sealing the mechanical
damages on the coating. Among all, linseed oil is distinctive due
to its unusually large amount of a-linolenic acid, which is
relatively more susceptible to oxidation and will become rancid
more quickly than many other oils.47 Therefore, addition of the
linseed oil to the system results in fast sealing of the mechanical
defects which ensures a great barrier property and hence
Fig. 17 FE-SEM micrograph and elemental mapping of Fe, N, O, Na and
coating after 24 h of exposure to air.

© 2022 The Author(s). Published by the Royal Society of Chemistry
corrosion protection. The results from EIS spectrum are tted
using two time constant equivalent circuits presented in
Fig. 11b and are reported in Table 3. Here, Rc and Qc are the
coating resistance and coating capacitance on the healed posi-
tion. Prolonging the exposure time for 7 wt% LO to 28 days
resulted in diffusion of the aggressive electrolyte to the metal
surface, which is shown by W as the Warburg impedance in the
corresponding EEC (Fig. 11c). This is evident from the Nyquist
plot as a diagonal line with a slop of 45� was appeared. Even-
tually diffusion of the electrolyte at 7 wt% LO led to about 12%
efficiency, which is a huge decrease compared with other
contents of the microcapsule.

Increasing the capsule percentage to 4 wt% led to better
corrosion performance. However, at 7 wt% LO microcapsules,
compared to 4 wt%, an efficiency drop was observed, which as
described earlier, is caused by the problems originated from
agglomeration of the microcapsules. Protection efficiency is
calculated based on the corresponding exposure time for the
capsule-free polyurethane. No matter how much capsules were
embedded in the coating, still a drastic drop of the Rct was
witnessed aer 28 days of exposure and is expected to experi-
ence even more reduction with higher exposure times. Never-
theless, the protection efficiency for the optimum percentage of
the LO capsules was close to 99% which guarantees an
outstanding effectiveness of linseed oil as the self-healing
agent. This is mainly because aer the scratch is sealed by the
polymerization reaction of linseed oil, the polyurethane would
much likely act as an intact coating. Bode plot also shows
S of scratched surface for (a) neat polyurethane and (b) 4 wt% LO/SDS

RSC Adv., 2022, 12, 14299–14314 | 14311
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Fig. 18 Elemental composition of the scratched surface for neat polyurethane and 4 wt% LO/SDS coating after 24 h of exposure to air.
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a great efficiency as the jZj0.01Hz value increased from 3.9 to
69.3 kU cm�2 for 4 wt% LO capsule embedded coating aer 28
days of exposure.

Impedance spectra for the application of LO capsules loaded
with SDS as the corrosion inhibitor in the polyurethane coating
is shown in Fig. 14. A great corrosion inhibition efficiency was
witnessed for the LO/SDS microcapsules. Although aer 28 days
of exposure, a drastic decrease was observed for each of the
contents, the results show an obvious improvement compared
to the neat samples. Based on the gure, the optimum
concentration of capsules in the coating was 4 wt% since
jZj0.01Hz value increased from 3.9 to 343 kU cm�2 for 4 wt% LO/
SDS capsule embedded coating aer 28 days of exposure. The
EIS results for the LO/SDS capsules are tted using the same
EEC's as for the LO capsules and are presented in Table 4. For
the 1 and 7 wt% contents a Warburg impedance was appeared,
which shows the concentration gradient of the aggressive ions
from the electrolyte towards the surface. In this table, hi is
presented as the corrosion inhibition efficiency compared to the
LO capsules. The results show a great effectiveness even
compared to the linseed oil microcapsules, which is directly
related to the inhibition mechanism of SDS.

SDS is an organic compound that performs through an
adsorption mechanism. As the result of the electrostatic forces
from the surface, the negatively charged groups of the SDS will
tend to move towards the surface to donate lone pair electrons
to the vacant d-orbital of iron metal. This interaction results in
adsorption of the molecules by the polar head, which could lead
to corrosion inhibition in three ways.48,49 The rst is that as the
result of the interaction the possible diffused aqueous
14312 | RSC Adv., 2022, 12, 14299–14314
electrolyte would have to go through a lot of struggles to pass
the hydrophobic tales of the adsorbed molecules.39 The second
is that there is a great chance for the long hydrophobic chain to
relax on the metal and make the surface inaccessible for the
corrosive medium by covering the active areas.16,50–52 Another
way for corrosion inhibition by the SDS lies in the fact that aer
the adsorption on the surface, the metal becomes more stable
as the active spots are now stabilized though the covalent bond
with the organic molecules.53–55 As the result, less electrostatic
force would be sensed by the aggressive agents such as Cl� to
move towards the surface and therefore better corrosion inhi-
bition efficiency would be expected. The jZj0.01Hz value change is
presented in Fig. 15. According to the gure, the healing effect
of SDS aer 28 days of exposure, specially in 4 wt%, is obviously
recognizable as there is an almost 81% change in the jZj0.01Hz

value of the coatings embedded with LO/SDS capsules
compared to the ones with LO.

A simplied schematic of the inhibition mechanism by
SDS loaded microcapsules is presented in Fig. 16, which
shows the hydrophobic-based mechanism of SDS in adsorp-
tion process.
3.4 Self-healing evaluation

To investigate the self-healing process in the LO/SDS micro-
capsule embedded coating, the morphology of the scratched
area aer 24 h exposure to air was examined bymeans of the FE-
SEM and the micrographs are shown in Fig. 17. For the purpose
of comparison, the coating was loaded with the 4 wt% LO/SDS
capsules as the optimum concentration. As it can be seen, in
the presence of the microcapsules, the articial scratch is lled
© 2022 The Author(s). Published by the Royal Society of Chemistry
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with the healing agents that went free aer the rupture of the
capsule walls. A complex bulk of polymerized linseed oil was
observed which restores the barrier property of the coating.

To conrm the presence of SDS as the second healing
mechanism for the corrosion inhibition of steel, EDS mapping
was employed and the outcomes are illustrated in Fig. 17a and
b. An appropriate distribution of S and Na is observed for
capsule embedded sample. In addition, the depletion of S
around the scratched part of LO/SDS sample shows the
successful release of microcapsules load to the damaged
section. The chemical composition of Fe, C, O, S and Na
elements are reported in Fig. 18. 3.8% S and 3% Na was recor-
ded for the LO/SDS capsules embedded system, ensuring the
presence of SDS along the scratch line. The outcomes of this
experiment was in full agreement with electrochemical analysis,
which conrms the self-healing ability of the polyurethane
coating loaded with the LO/SDS microcapsules.

4. Conclusion

Two kinds of microcapsules, with and without SDS as the
corrosion inhibitor were separately incorporated into poly-
urethane in order to obtain self-healing coating. FT-IR and TG
analysis conrmed the successful encapsulation of SDS.

� Synthesized microcapsules and in particular the ones with
LO/SDS showed a mildly rough surface on their shell which
resulted in an appropriate entanglement between the capsules
and the polymer bulk. Therefore, the water absorption rate was
lower than the neat coating since a good additive-matrix inter-
facial compatibility was achieved and it was further decreased
by increasing the capsule concentration.

� A negative effect was observed on the adherence of the
coating on steel specimens as the adhesion strength was
reduced aer the addition of microcapsules, which is probably
because of some metal/coating interface accumulations that
leads to less available areas on the steel surface.

� Open circuit potential was monitored for 28 days and
approximately +200 mV potential shi was observed for
samples with 4 wt% LO/SDS microcapsule.

� Potentiodynamic results showed a minimum of 83% effi-
ciency for each percentage of LO/SDS capsules. The best
performance was observed for 4 wt% LOS/SDS microcapsules
with 88.1% inhibition efficiency.

� In the EIS measurements, although prolonging the expo-
sure time reduced the protection efficiency, both microcapsules
demonstrated an outstanding self-healing effectiveness. This is
reasonable since based on the FE-SEM images of the scratch,
the release of healing agents from microcapsules could effec-
tively seal the defect and therefore push the coating to act as
a semi-intact polyurethane.

� According to EIS results, presence of SDS as the corrosion
inhibitor in the released linseed oil increased the inhibition
efficiency by more than 90% for 4 wt%, compared to the single
LO capsules. It was suggested that the corrosion inhibition
efficiency of SDS is through adsorbing on the surface by the
polar head and blocking the accessible area and simultaneously
stabilizing the active spots on the metal. EDS mapping was also
© 2022 The Author(s). Published by the Royal Society of Chemistry
employed to verify the successful release and distribution of the
SDS to the scratch. All the data were in a good agreement with
each other and conrmed the self-healing capability of poly-
urethane incorporated with LO/SDS microcapsules.
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