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Self-healing smart nanomaterials are fast responsive materials that can be used to repair organic
coating defects. In this work, the ability of smart nanomaterials based on iron oxide nanoparticles
capped with Myrrh to form protective films for epoxy nanocomposites defect in corrosive medium is
investigated. The functionalization of iron oxide nanoparticles with Myrrh, their crystal shape and
morphologies were confirmed by advanced analyses. The mechanical characteristics of iron oxide
epoxy nanocomposites such as impact strength, bending and abrasion resistances and their adhesion
performances with steel were measured using different iron oxide nanoparticles contents ranged from
0.1 to 10 W1t%. The corrosion resistances of epoxy iron oxide nanocomposites were measured using
salt spray resistance and electrochemical methods to investigate the barrier properties and self-healing
performance of the epoxy coatings without and with the additions of iron oxide nanoparticles.
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1. INTRODUCTION

Self-healing smart materials have been recently attracted the attention as high performance
advanced materials that would be economically reasonable, durable and the paradigm of damage
prevention during use of materials. These materials are nanomaterials, composites, functional
materials, ceramics and shape memory alloys [1-4]. The self healing mechanisms can be classified to
be automatic and non-autonomic when they did not require and required additional energy,
respectively. Moreover, self-healing polymer systems were divided to be smart and re-mendable
materials depend on chemical nature of healing processes [5, 6]. However, the healing agents were
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generally encapsulated and embedded into composite matrixes. They were released into cracks or
damaged composites by capillary effect and heal the cracks. They were single components such as
cyanoacrylate [7, 8] and polyvinyl acetate [9] or two-component ones. There are different proposed
mechanisms, such as molecular inter-diffusion, UV-photo-induced healing and recombination of
polymer chain ends, living polymers and self-healing via reversible bond formation, used to explain
the healing of polymeric materials [9]. It was also reported that a novel pressure delivery mechanism
explained the self- healing of epoxy nanocomposite using poly[ethylene-co-methacrylic acid] (EMAA)
particles [11-13]. Recently, nanomaterials attracted great attention and applied as fascinating self-
healing materials for different organic coating composites due to their versatile functions high surface
area, and enhanced transport property offer the time and saving the materials [14, 15]. These materials
were applied as nanotubes, nanocapsules, nanofibers and nanorods [14-16]. Moreover, these materials
used to fill the cracks and without breaking and rejoining of polymer chains.

Epoxy resins have been reported as commercially applied materials that used as organic coating
to protect steel from corrosion and mechanical damages [17]. One of epoxy drawbacks that would fail
the epoxy coats was non- detected damage or crack which produced from high crosslinked epoxy
networks. These damages required repair plan systems to protect the coating failures. In this respect,
micro/nanocapsules as nanocontainers can be used to with a liquid healing agent to repair epoxy
organic coatings [18]. The carbon nanotubes, layered nanoclay, zirconia, hallow silica, titania, silver
nanomaterials were reported as nanocontainers self- healing repair for epoxy coatings [19, 20]. The
important aspects to design self-healing nanomaterials were attributed to their high compatibility with
coatings and sensitivity to environmental changes such as pH, ionic strength, temperature, magnetic
field or electromagnetic field. In this respect, it was previously reported that the magnetite and
maghemite have great ability to form passive protective layers that can protect steel from atmospheric
corrosions. The main problems to apply these materials produced from their lower adhesion to steel
surfaces. In our previous works [21-25], we succeeded to prepare self- assembled magnetite
nanocomposites at steel surfaces which used to protect steel from corrosion in aggressive acidic
medium. The aim of the present work is to apply oxygen and salt sensitive magnetite nanoparticles as
smart self-healing via passivation materials for damaged epoxy nanocomposite at steel surfaces. The
magnetite/epoxy nanocomposites claimed to react with oxygen to undergo passivation at the steel
surfaces when any damages or pinholes formed in the salt water. The effect of magnetite/maghemite
nanoparticles on self- healing activity of damaged epoxy coatings at the steel surfaces was investigated
by evaluation mechanical properties, salt spray and corrosion resistance tests. The self-healing
efficiencies of damaged epoxy were evaluated by scanning electron microscope (SEM) and X-ray
powder diffraction (XRD) of damaged area. The corrosion inhibition efficiencies were measured using
different electrochemical techniques.

2. EXPERIMENTAL
2.1. Materials

Two component solvent free epoxy resin with polyamine curing agent ( SigmaGuard ™ CSF
650 ) produced by Sigma Coatings, SigmaKalon group was used as organic coating for carbon steel.
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The mixing ratio between epoxy and polyamine hardner by volume was 4:1. Myrrh gum is a
commercial polysacharide natural product with yellowish red color. The soluble fraction of Myrrh
gum was extracted using ethanol/water (1:1 volume %). Anhydrous ferric chloride (FeCls), potassium
iodide, and ammonium hydroxide (28%) were obtained from Aldrich Chemical Co. and used as
reagent for preparation of iron oxide nanoparticles. Carbon steel specimens having chemical
composition (wt.%): 0.14% C, 0.57% Mn, 0.21% P, 0.15% S, 0.37% Si, 0.06% V, 0.03% Ni, 0.03%
Cr was used and blasted before apply the epoxy resins as organic coatings.

2.2. Preparation of irom oxied Myrrh capped nanoparticles

The method used to prepare iron oxide nanoparticles capped with Myrrh was discussed briefly
to produce magnetite nanoparticles [26]. In brief, 13.2 g (0.08 mol) of potassium iodide dissolved in 50
ml of distilled water was mixed with 40 g of anhydrous FeCl; solution in 300 ml under stirring at
room temperature. The iodine precipitate was formed as product of reaction. The solution was heated
slowly up to 50 °C. Soluble fraction (ethanol/water) of Murrh (5 g in 100 ml of ethanol: water solvent
1:1 vol %) was added dropwise to the reaction mixture. Ammonia solution ( 200ml of 28 %) was
added at the same time at temperature 50 ° C. The reaction temperature was kept at this temperature
under stirring for 4 hrs. The dispersed iron oxide nanoparticles were isolated by ultracentrifuge at
8,000 rpm for 30 minutes. The precipitate was washed with ethanol and air dried without heating to
produce iron oxide capped with Myrrh nanoparticles having yield percentage of 99.5 %. This product
was abbreviated as iron oxide / Myrrh / I,.

The same procedure was repeated except that the iodine precipitate was removed from reaction
mixture before adding Myrrh and ammonia solution. The products of reaction was designated as iron
oxide / Myrrh nanoparticles.

2.3. Coating of steel with epoxy/iron oxide nanocomposite

The blasted and cleaned panels were coated with two component epoxy as blank and with
epoxy / iron oxide nanocomposites. The iron oxide contents were 0.1, 1 and 10 Wt % related to the
epoxy resin and hardener contents. The iron oxide nanoparticles capped with Myrrh was mixed with
epoxy resin by ultra-sonication rod with power of 25 % for 25 min. The epoxy resins were mixed with
amine based hardener at mixing ratio 4:1 of epoxy : hardener. The mixtures were applied on the steel
panels by means of a conventional spraying to obtain dry film thickness ( DFT) of 100 um after
curing at room temperature for 6 hrs. The same procedure was used without adding iron oxide
nanoparticles as blank for evaluating the mechanical properties and corrosion resistance tests.

2.4. Characterization of Epoxy/iron oxide nanocomposites
2.4.1 Capped iron oxide nanoparticles
The chemical structure of iron oxide nanoparticles and their composites with epoxy was

determined using FTIR model Nicolet FTIR spectrophotometer using KBr in a wave number range of
4000-400 cm™ with a resolution accuracy of 4 cm ™.
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Transmission electron microscopy (TEM; model JEOL JEM-2100F; JEOL, Tokyo, Japan) was
used to study the morphologies of nanoparticles at an acceleration voltage of 200 kV.

The surface morphologies of iron oxide nanoparticles and their composites with epoxy were
investigated using scanning electron microscopy (SEM, model JSM-T 220A, JEOL) at an accelerated
voltage 200 kv.

X-ray powder diffraction (XRD) patterns were recorded using a D/max 2550 V X-ray
diffractometer (X’Pert, Philips, Eindhoven, The Netherlands).

2.4.2. Antimicrobial activity of iron oxide nanoparticles

Gram-positive and negative Bactria strains based on Escherichia coli ATCC 8739,
Staphylococcus aureus ATCC 6538, Bacillus subtilis ATCC 6633 and Pseudomonas aeruginosa ATCC
10145 were used to determine the antimicrobial effects, minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) of the iron oxide nanoparticles as reported previously[24].

2.4.3. Mechanical resistance of coated epoxy/ iron oxide nanocomposites films

The mechanical properties of cured films on the steel panels were carried out according to
appropriate ASTM standard test methods. More details about the mechanical properties of epoxy
coatings were discussed in previous work [27]. The steel panels were blasted and cleaned according
ASTM D 609-00. The DFT was measured according to ASTM D 1005-07. The adhesion pull-off test
was evaluated according to (ASTM D 4541-02 ) using a hydraulic pull-off adhesion tester in the range
of 0-25 MPa. The bend test was used to measure the film flexibility according (ASTM D 522-93a).
The impact resistance used to evaluate the resistance of films to mechanical was evaluated using
(ASTM D2794-04). The film hardness was evaluated by means of the pencil test (ASTM D 3363-00).
The hardness was determined by using Erichsen hardness test pencil, model 318S, scratching force in
the range of 0.5-20 N.

The abrasion resistance of epoxy cured films was evaluated according ASTM D4060-07 by
applying 5000 cycles with 1000 g load on the tested panels.

2.5. Corrosion resistance of epoxy films

2.5.1 Salt spray resistance

A salt spray cabinet manufactured by CW Specialist equipment Itd. model SF/450, was used to
evaluate the salt spray resistance of coated panels according to ASTM B117-03. The corrosion
resistance was evaluated in terms of blistering, scribe failure and a degree of rusting, in relation to
ASTM standards, i.e. ASTM D714-02, D1654-00 and D610-01 respectively.
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2.5.2 Electrochemical Measurements

Electrochemical measurements were performed using Solartron 1470E (multichannel system)
as electrochemical interface and the Solartron 1455A as Frequency response analyzer. EIS
measurements were initiated applying to the electrode a sinusoidal amplitude of 10 mV on the
frequency range from 10* to 10% Hz. Potentiodynamic polarization curves were recorded with a scan
rate of 1 mV/s.

3. RESULTS AND DISCUSSION

Passivation of carbon steel is one of the most important techniques used to control either
atmospheric or wet corrosion problems [28]. Passivation describes the formation of stable ferric oxide
layers on carbon steel to minimize the formation of ferrous rust from exposure to atmospheric
corrosion. The formation of a solid uniform maghemite (y -Fe,O3), produced from oxidation of ferrous
cations into a ferric state, forms a strong passivity for steel. Magnetite and maghemite were preferred
as part of the passivation process to protect the steel surfaces from further atmospheric corrosion. The
dissolution of iron oxide (rust) in water activates the carbon steel surface and creates other corrosion
problems elsewhere [28]. It was previously reported that magnetite can be converted to other oxide
(rust) either in dry or wet atmosphere according to the following equations [29]:

2Fe?*Fe,*" O4(magnetite)+1/20, —» 3-Fe,"03(hematite) (1)

Fe,"0;(hematite) + nH,O0 — Fe,03.nH,O(limonite)  (2)

The sensitivity of magnetite or maghemite to water or oxygen can be controlled by particle
size, shape and coating of magnetite nanomaterials with a suitable capping agents. The present work
aims to prepare highly dispersed magnetite nanomaterials with controlled shape and size to disperse in
epoxy resin as organic coatings for carbon steel. Moreover, the formation of undesirable oxide film on
the carbon steel coated with cracked or damaged epoxy can be inhibited by release of magnetite from
epoxy by capillary forces to act as self-healing for the uncoated carbon steel surface. The releasing of
the magnetite nanoparticles into the environment is unavoidable [30, 31]. For this reason, the present
work aims to prepare antimicrobial magnetite nanoparticles.

3.1. Characterization of iron oxide nanoparticles

In our previous works [26] the water soluble extract of Myrrh gum was used to prepare highly
dispersed magnetite nanoparticles having uniform particle size distribution. The magnetite
nanoparticles were prepared by a simple method with high yield by reacting ferric chloride with
potassium iodide without removal of iodine in alkaline ammonium hydroxide solution pH 9 according
to following equation [32]:

3FeCl; + Kl + 8NH,OH —> Fe304 +% 1, +4H,0 + KCI + 8NH,Cl - (3)

It was reported that the presence of iodine in the reaction mixture produced mixture of iron
oxide based on magnetite and maghemite [26]. For this reason, the present work used Myrrh
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water/ethanol soluble fraction as capping agent in the presence and absence of iodine to prepare
capped iron oxide nanoparticles as described in the experimental section.

FTIR spectra of capped iron oxide nanoparticles in presence and absence of iodine were
represented in Fig. 1 a and b, respectively. All spectra indicate the presence of band at 570 cm™ (Fig. 1
a and b) that attributed to Fe-O stretching of magnetite. The appearance of new bands at 650 and 750
cm™ in spectrum of iron oxide capped with Myrrh in presence of iodine indicates the presence of
maghemite [26]. Moreover, the absence of broad intense band at 3450 cm™ in all spectra confirms the
absence of OH groups of a-Fe203 (hematite) nanoparticles [26]. The presence bands at 1630 and
1550 cm™ in all spectra confirms the presence of -COOH and C=C stretching of Myrrh gum [26] that
indicates the capping of iron oxide with Myrrh.
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Figure 1. FTIR spectra of a) iron oxide/Myrrh, b) iron oxide/Myrrh/l,, and ¢) damaged epoxy iron
oxide/Myrrh/I, nanoparticles.

The composition of iron oxide nanoparticles capped with Myrrh in the presence and absence of
iodine can be determined by XRD as represented in Fig. 2 a and b. The diffraction patterns of
magnetite capped with Myrrh in absence of iodine (Fig. 2a) are identical to pure magnetite peaks
(JCPDS No. 07-0322) that confirms the FTIR data. The diffraction peaks at (110), (220), (311), (400),
(422), and (511), which are the characteristic peaks of the Fe;O, crystal with a cubic spinal structure.
The appearance of peak at 2-theta 41.3° ( Fig. 2b) confirms the presence of maghemite diffraction of
(111) and indicates the presence of maghemite with magnetite and disappearance of hematite
diffractions [26]. These data concluded that the iron oxide nanoparticles capped with Myrrh in the
presence of iodine produced magnetite and maghemite nanoparticles while pure magnetite was
produced by capping of magnetite with Myrrh and removal of iodine from the reaction medium.
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Figure 2. XRD diffractograms of a) iron oxide/Myrrh, b) iron oxide/Myrrh/l,, and c) damaged epoxy
iron oxide/Myrrh/l, nanoparticles.

Figure 3. TEM micrographs of a) iron oxide/Myrrh, and b) iron oxide/Myrrh/l, nanoparticles.

The morphologies of the iron oxide nanoparticles capped with Myrrh in the presence or
removal of iodine from reaction medium are illustrated from TEM micrographs as represented in
Fig.3a and b. The micrographs indicate that the capped iron oxide nanoparticles with Myrrh have
spherical shapes. Moreover, the particles form aggregates when the iodine removed from reaction
medium. It is also observed that the presence of dark points inside the spherical particles indicates the
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encapsulation of magnetite nanoparticles into the Myrrh to form nanocomposite. TEM images show
core shell morphologies and confirm also that there is no iron nanoparticles formed without capping
with Myrrh.

3.2. Antimicrobial activity

It is necessary to measure the antimicrobial activity of iron oxide nanoparticles capped with
Myrrh before application as self-healing material for epoxy organic coatings of steel to detect their
effects on the environments as described in the experimental section. The influence of iron oxide
nanoparticles on micro-organisms is ambiguous. The antimicrobial activity of capped iron oxide
nanoparticles with Myrrh in vitro level as described in the experimental section are evaluated and
listed in Table 1. The data indicate that the iron oxide nanoparticles prepared without removal of
iodine acheived good results with all tested bacterial strains. The MIC values were ranged from 5 to 10
ug mL_l that completely inhibited the growth of S. aureus and E coli. This means that the good
dispersion of iron oxide nanoparticles increases their adsorption on the bacterial wall. The data
represented here agree with other studies [33-35] which proved that iron oxide nanoparticles
substantially inhibited the growth of E. coli and S. aureus due to their ability to absorb at interfaces and
forming bio films at the nanoparticle surfaces [35].

Table 1. Antimicrobial activity MIC of Myrrh capped magnetite nanoparticles.

Antimicrobial materials MIC (pg mL™) The reduction of organism (%)
1 25 5 10
pug mL™ ug mL™ ug mL™ ug mL™

Iron E. coli 10 - 2544 52+7 80+8
oxide/Myrrh/l, S. aureus 5 2543 455 857 95+4

B. subtilis - - - - -
P. aeruginosa - - - 4547 65+7

Iron oxide/Myrrh E. coli - - - - -
S. aureus >10 - 37+8 63£5 75+4

B. subtilis - - - - -

P. aeruginosa - - - - -

3.3. Mechanical properties of Epoxy

Cured epoxy resins offer good protection for carbon steel due to their good adhesion beside
they show special chemical characteristics such as absence of by-products or volatiles and low
shrinkage during curing reactions [36]. However, the properties of cured epoxy resins such as low
fracture toughness and cracks affected their performance. There are many approaches used to improve
the epoxy performance using additives such as nano-fillers, rubber agents or modification of epoxy
chemical structures [37, 38]. The main drawback of epoxy composites is weakness of mechanical
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properties due to impact forces that produced cracks. In the present work, iron oxide nanoparticles
capped with Myrrh are used for developing epoxy self-healing property. It is expected in the present
system that the iron oxide nanoparticles can be chemically bonded with epoxy resin and polyamine
hardener as illustrated in Scheme 1.
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Scheme 1. Chemical interaction between iron oxide nanoparticles and two component epoxy system.

Table 2. Mechanical tests data of the cured epoxy iron oxide nanocomposites.

Nanoparticles % Hardness Adhesion (pull off T-bend Impact Abrasion
(N) resistance) (Joule) Resistance
MP weight loss (mg)
blank 3 3 pass 5 65
0.1 10 8 pass 12 19
Iron oxide/Myrrh/I,
1.0 13 11 pass 14 14
10 20 14 pass 18 9
0.1 4 3 pass 7 40
Iron oxide/Myrrh

1.0 5 4 pass 9 35
10 9 7 pass 10 28

FTIR spectra (Fig. 1) confirm the presence of hydroxyl groups due to presence of Myrrh
(polysaccharide) and maghemite hydroxyl groups [26]. Moreover, the chemical interaction between
hydroxyl groups of iron oxide nanoparticles and amine or epoxy groups of epoxy/hardener system
introduces new shell based on amines or epoxy groups that reduce the formation of physical chain
entanglements that could produce from epoxy/polyamine systems [39]. This will reflect on
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enhancement of the mechanical properties of the modified epoxy resins with iron oxide nanoparticles.
Accordingly, it is necessary to evaluate the mechanical properties of cured epoxy resins such as impact
and abrasion resistances, hardness, bending and adhesion force with steel. The data of mechanical tests
of cured epoxy resin in presence and absence of capped iron oxide Myrrh nanoparticles were
determined and listed in Table 2 and represented in Fig. 4.

Figure 4. Impact resistance photo of epoxy using different weight contents of a) 0.1, b)1 and c¢) 10 Wt.
% of iron oxide/Myrrh/I, nanoparticles.

The adhesion (pull-off test) of cured epoxy resins increased with increment of iron oxide
capped with Myrrh in the presence of iodine contents more than magnetite capped with Myrrh in
absence of iodine content. The superior adhesion of epoxy with steel capped with Myrrh in the
presence of iodine confirms the good dispersability of iron oxide nanoparticles in the films and
enhanced interaction between nanoparticles and epoxy polymer matrix that improve the mechanical
and adhesion of epoxy with steel. The good nanoparticle dispersability leads to provide higher cross-
linking density, improved thermal and chemical resistance properties of epoxies [40]. The increment of
impact resistance of cured epoxy resins with increasing the iron oxide contents indicates the absence of
any visual or internal cracks and formation of good adhered epoxy films with steel. Therefore, the
intimate interaction between nanoparticles and epoxy polymer matrix reduces the impact stresses
which transferred from the polymer matrix into the iron oxide nanoparticles. This good interaction
between nanoparticles and epoxy system ensures a reduction of any internal crack propagation that
occurs from curing of unmodified epoxy/polyamine system. This speculation can be confirmed from
SEM of cured epoxy/iron oxide-Myrrh nanoparticles as illustrated in Fig.5. The SEM micrograph of
unmodified epoxy resin (not represented for brevity) indicates smooth, glassy and homogenous
microstructure. The SEM micrograph of cured epoxy/iron oxide-Myrrh nanoparticles (Fig. 5) shows
good iron oxide nanoparticle dispersion even at high weight contents ( 10 Wt %) . Moreover, it
confirms the absence of phase separation between nanoparticles and epoxy resins. The high
dispersability of iron oxide nanoparticles among the networks confirms the good adhesion between
iron oxide nanoparticles capped with Myrrh in the presence of iodine and epoxy resins. It was also
observed that there is no any void formed (Fig. 5) which indicates the strong chemical interactions
between iron oxide nanoparticles and epoxy system (scheme 1). Fig 5b confirms the formation of
aggregates and iron oxide nanoparticles with poor dispersion in epoxy system. This reflects on the
lowering mechanical properties when the iron oxide nanoparticles capped with Myrrh in absence of
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iodine blended with epoxy due to lower adhesion between these nanoparticles and epoxy system. This
can be referred to lower hydroxyl group contents surrounded iron oxide nanoparticles.

aggregates

(b)

x 10, 000 SEM * 1pm

Figure 5. SEM micrographs of epoxy nanocomposites blended with 1 wt. % of a) iron oxide/Myrrh/I,,
and b) iron oxide/Myrrh nanoparticles.

3.4. Testing corrosion resistance of coating

The durability of epoxy resins as organic coatings for carbon steel can be estimated by
evaluation of mechanical and corrosion tests. In the previous section we have estimated the mechanical
tests of the cured epoxy with and without iron oxide nanoparticles. In the present section, we will
estimate the corrosion resistance of the cured epoxy system using salt spray resistance and
electrochemical tests.

X50,000 SEM

Figure 6. SEM images of damaged cured epoxy a) with 1 Wt % of iron oxide/Myrrh/l, nanoparticles
and b) blank on steel panels.

In this section, the continuous salt spray cabinet, as illustrated in the experimental section, used
to evaluate the effect of salt and humidity on the defected cured epoxy system coated on blasted and
cleaned carbon steel panels. The duration times of tests were evaluated at the maximum 1000 hours
recommended to the marine organic coatings. The disbanded area according to rust formation was
measured as defected area to the total area of panel according to ASTM D1654. The results of salt
spray test for cured epoxy system as blank and cured epoxy/iron oxide nanocomposites were listed in
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Table 3. Moreover, the morphologies of the disbanded area of defects were represented in Fig.6 to
estimate the self-healing properties of iron oxide nanoparticles.

The data, Table 3, indicate that the presence of iron oxide nanoparticles capped with Myrrh in
the presence of iodine possess high salt spray resistances. It is well known from previous works [40-
42] that the salt spray resistance increased with increasing the adhesion of substrate with coat which
prevents the moisture vapor penetration through the coats, Moreover, it was reported that the
production of more hydroxyl groups of the cured epoxy amine networks increased the adhesion of
epoxy with steel [40].

Table 3. Salt spray resistance of the cured epoxy iron oxide / Myrrh nanocomposites.

Nanoparticles % Disbonded area Rating

Number

cm’ % (ASTM

D1654)
blank 16.5 9 6
Iron 0.1 1.6 1 9
oxide/Myrrh/I, 1.0 1.2 0.7 9
10 0.5 0.1 10
Iron oxide/Myrrh 0.1 4.2 2.3 8
1.0 3.1 1.7 9
10 1.6 1 9

SEM image (Fig. 6 a) indicates the formation of rust and cracks of epoxy films without iron
oxide nanoparticles. Fig. 6 b confirms the self-healing of iron oxide nanoparticles on the defect area of
cured epoxy/iron oxide nanocomposites. The self-healing characteristics of iron oxide nanoparticles
capped with Myrrh in the presence of iodine can be referred to their lower particle size can easily
infiltrate the free-volumes of the epoxy networks; thus, the decrement of the free-volume of epoxy
will lead to a further increase of self- healing of iron oxide to repair the defect coat area. The chemical
structure and crystal structure of the materials formed at defected area are confirmed by FTIR and
XRD as represented in Figs. 1c and 2c, respectively. The analyses confirm the presence of iron oxide
nanoparticles (magnetite and maghemite without hematite) capped with Myrrh and epoxy on the
defected area of steel.

3.5. Evaluation of corrosion resistance of epoxy nanocomposites.

3.5. 1. Open circuit potential (OCP) measurements

Fig. 7 shows the variation in open circuit potential of epoxy coated samples without and with
iron oxide/Myrrh/I; nanoparticles as function of immersion time in 3.5 wt.% NaCl solution. The OCP
values shifted to negative direction during the initial stage of immersion then gradually and slowly
shifted to more positive values as immersion time elapsed during the last stage of monitoring. Fig. 7
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displayed more positive OCP values of the epoxy coating samples with nanoparticles than the blank
solution. The presence of high percent of nanoparticles causes a shift in potential to more positive
OCP values compared to low percent of nanoparticles at all immersions times. It can be seen that
there is a considerable difference in OCP value between blank and the epoxy samples containing
nanoparticles. It can be stated that simultaneous penetration of oxygen and chloride ions through the
scratched area enhances the steel corrosion. Therefore, active corrosion occurred and followed by
gradual decreases of OCP values to negative direction during the initial stage of immersion. This result
suggests that even in the presence of nanoparticles in the epoxy coating, active corrosion occurs under
the coating layer during the initial immersion time.  The nobler OCP value of epoxy coating
containing nanoparticles can be attributed to the formation of protective layer, which lower and
restrict the corrosive species access to the active sites of the coating surface in the 3.5 wt% NaCl
solution. The protection action of the nanoparticles can be clearly seen from the ennobling the OCP
values of the samples as shown in Fig. 7. The results indicated that the additions of nanoparticles to
the epoxy coating enhanced the corrosion protection capabilities of the coating.
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Figure 7. Influence of nanoparticle content on the OCP monitoring data for epoxy iron
oxide/Myrrh/l,coating nanocomposite on steel.

3.5.2. Potentiodynamics polarization measurements

Polarization curves of the epoxy coated samples without and with iron oxide / Myrrh / I,
nanoparticles immersed in 3.5 wt.% NaCl solution were represented in Fig. 8. Tafel cathodic and
anodic slopes (pa and fc; mV) and corrosion current density (lcor; pA/cm?) obtained by extrapolation
of the Tafel are determined and summarized in Table 4. The data confirmed that the addition of the
nanoparticles to the epoxy coating reduced the current densities of both anodic and cathodic
polarization curves [43]. Also, the Ecor shifted toward more positive values for the samples containing
nanoparticles. Results show that nanoparticles affect both the anodic and cathodic polarization
curves more than experienced by the blank. However, the high percent of nanoparticles influenced
the polarization curves more than lower one. The data presented in Table 4 show that the icor
decreased in the presence of nanoparticles. It can be seen that the reduction in i Were most
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pronounced for the specimens containing high percent of nanoparticles. It can be seen from the results
that icorr decreases with prolonged immersion times owing to the formation barrier film and causes a
shift in the potential towards positive direction. The protection performance of the coating can be
attributed to the formation of barrier film as a consequence of self-healing of the epoxy coating in
presence of nanoparticles.

10
-1 B 1 Blank after 1 day immersion
10 # 2 Blank after 10 day immersion
2 # 3 10 Wt. % iron oxide 1 day immersion
10 = 4 Blank after 10 day immersion
10°
~1x10"
5 ;
E 1x10°
—_ 10 -6
107
107 .
10 ? 1 v T T T T
-1.6 -1.2 -0.8 -0.4 0.0 0.4

E/V vs Ag/AgCl

Figure 8. Influence of epoxy iron oxide/Myrrh/l,coating nanocomposite on the polarization curves for
the epoxy coating measured at different immersion times in 3.5% NacCl solution.

Table 4. Electrochemical parameters calculated by polarization and EIS methods at different
immersion time.

System Polarization Method EIS Method
pa Be Ecorr lcorr, , Rp
(mV/decade) | (mV/decade) | (V) | nA/cm «10° Ohm
Blank after 1 day 193 356 - 38.6 0.06186
0.782
Blank after 10 days 191 146 - 17.7 0.09021
0.805
Epoxy nanocomposite with 154 123 - 2.94 0.73743
iron oxide/Myrrh/12 after 0.802
lday
10 days 202 198 -0.19 | 0.322 0.92071
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The protection performance of the coating can be attributed to the formation of barrier film as a
consequence of self-healing of the epoxy coating in presence of nanoparticles. The addition of
nanoparticles to the epoxy coating can also reduces the cathodic reaction by moving the potential
towards positive direction due to limitation of the cathodic reaction, which results in raising its over
voltage [44]. It can be concluded that the self-healing of the scratched area results in the formation of
corrosion products, which acts as barrier film for access of the active species as chloride ions to attack
the underlying substrate. These results clearly illustrate the corrosion protection performance of epoxy
coating samples containing nanoparticles. The action of nanoparticles is due to their barrier properties,
which limits the pathway whereby aggressive ions achieve the underlying substrate.

3.5.3 Electrochemical impedance spectroscopy (EIS) measurements

EIS was utilized in order to analyze the protection of the coating performance immersed in the
3.5% NaCl solution. Fig. 9. shows the Bode plots of the coating samples without and with
nanoparticles at different immersion times. Results confirm that as immersion time increased the
impedance of the coating samples containing nanoparticles increased. The difference in impedances
measured at low and high frequencies was used to determine polarization resistance (Rp) [45].
Moreover, the difference in the modulus of impedance between the blank and coating samples
containing nanoparticles increases with the immersion time. The increment of impedance was most
pronounced in the presence of high percent of nanoparticles.

7

® ] Blank after 1 day immersion

® 2 Blank after 10 day immersion

® 3 10 Wt. % iron oxide 1 day immersion
» 4 Blank after 10 day immersion
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Figure 9. The Bode plots of epoxy coating with different percentages of iron oxide/Myrrh/l,
nanoparticles at different immersion times in 3.5% NaCl solution.

A significant difference between the blank and coating samples containing nanoparticles was
observed (Fig. 9) and suggesting that the nanoparticles increased the barrier properties of the coatings.
The impedance at 10 mHz of the coating is also increased using nanoparticles. The increase of the
impedance is more pronounced at 10 wt.%. It seems that the nanoparticles could efficiently restrict
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the access of the aggressive ions to the underlying substrate surface through forming protective layer
on the coating surface by self-healing of the scratched area. The highest polarization resistance (Rp) is
reported for coating sample with highest percent of nanoparticles, while the lowest is experienced for
blank sample. The penetration of the aggressive ions into the coatings through the scratched area
makes the coating resistance diminished. The gradual penetrating of the aggressive ions during the
initial stage of immersion results in increasing the active area and more aggressive species reach the
surface. At this condition, the corrosion process of the substrate beneath the coating layer is facilitated
and enhanced especially during the initial immersion. As the immersion time elapsed, a significant
improvement in coating protection is detected due to formation of barrier film by self-healing of the
scratched area of the coating samples with nanoparticles. Also with releasing the corrosion products,
coating samples with nanoparticles can form corrosion products underneath the coating and protect the
underlying substrate surface. The additions of nanoparticles to the epoxy coating enhance the ability
of the coating to create a protective layer on the underlying surface by self-healing. Therefore, the
protection performance of the coating is increased. The increment of the percent of nanoparticle
contents in the epoxy coating increases the self-healing of the coating for formation the barrier layer.
It can be also concluded that a barrier layer was released after scratching the coating containing
nanoparticles, which limited the access of the aggressive ions to attack the underlying substrate and
provided more protection performance of the coating by self-healing effect.

By comparing the antimicrobial activity and the mechanical properties of the epoxy modified
iron oxide / Myrrh / 1, nanocomposite with previous work for addition of iron oxide capped with rosin
amino-amidoxime [46], it was found that the mechanical properties such as abrasion resistance was
increased by capping of iron oxides with Myrrh more than rosin amino-amidoxime. Moreover, the
corrosion resistance of epoxy coatings in sodium chloride solutions was increased for epoxy networks
embedded with iron oxide / Myrrh / 1, nanoparticles more than that cured with iron oxide capped with
rosin amino-amidoxime due to improvement in the mechanical properties and salt spray resistance. It
was also noticed that the interaction between iron oxide nanoparticles and epoxy networks increases
the corrosion resistance of the system more than individual magnetite nanoparticles that used as
anticorrosive materials for steel in acidic medium [20-26].

4. CONCLUSIONS

New antimicrobial iron oxide nanoparticles capped with natural product of Myrrh gum were
prepared with high yield. The iron oxide nanoparticles show strong interaction with epoxy cured amine
system and enhance the adhesion and mechanical characteristics of epoxy nanocomposite films on the
steel surfaces. The inclusion of small concentrations (0.1%) of iron oxide NPs can significantly
enhanced the mechanical properties such as bending, abrasion and hardness of the nanocomposites
because of well dispersion of iron oxide into epoxy composites and their chemical interactions with
epoxy amine system. The additions of iron oxide nanoparticles to the epoxy coating provides more
protection performance of the coating by self-healing effect. A barrier layer was released after
scratching the coating containing nanoparticles, which limited the access of the aggressive ions to
attack the underlying substrate. Epoxy nanocomposite coatings achieved higher corrosion resistance
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to salt or marine environment than the other epoxy coating without iron oxide nanoparticles. The
polarization data showed that the corrosion rate decreased in the presence of nanoparticles and the
decrease in corrosion rate was most pronounced for the specimens containing high percent of
nanoparticles. The nobler OCP value of epoxy coating containing nanoparticles can be attributed to
the formation of protective layer, which restricted the corrosive species access to the active sites of the
coating surface. The results obtained from the present investigation revealed that the presence of iron
oxide nanoparticles based on magnetite and maghemite in the epoxy matrix endows it with various
properties that make the epoxy nanocomposite a promising candidate as an self-healing and
antimicrobial environmentally friendly organic coating epoxy for steel.
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