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ABSTRACT: In this study, Pine Pollen (PP) was introduced into the structure of sodium
montmorillonite (Na*-MMT), and then these new nanoparticles (PP-MMT) were added to the Epoxy Resin (EP),
and new nanocomposites were prepared. The results of the PP-MMT investigation confirmed
the presence of PP in the structure. The results of polarization and salt spray tests showed that
the presence of PP-MMT in the matrix improves corrosion resistance, so the coating containing
1.5wt. % PP-MMT showed an inhibition efficiency of about 87%. The storage module (E') for EP
was 2170 MPa, which increases with increasing PP-MMT content up to 2350 MPa, also the effect
of PP-MMT on the glass transition temperature (T4) was up to 2.5 °C. Also, the strength and Young s
modulus increased up to 13 and 126 MPa, respectively. Moreover, the antimicrobial results showed
that the presence of PP-MMT made the nanocomposite effective against Bacillus subtilis,
Staphylococcus epidermidis, Escherichia coli, and Shigella dysenteriae.
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INTRODUCTION

Corrosion is an important issue that can be triggered by methods are used to protect metals and reduce their
natural or manmade activities and reduce the strength and corrosion rate, of which the use of polymer coatings is one
quality of metallic and metal-based alloys [1-3]. Different of the most important [4]. Meanwhile, EPs are that high-
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Table 1: Percentages of the elements present in the mild steel
(Element Fe C Si Mn P S Al w
k wt% | 99.01 | 019 | 034 | 032 | 0.05 | 0.05 0.04)

performance polymer coatings that were prepared in 1909
are actually low molecular-weight pre-polymers [5,6]. EPs
are in the group of thermoset resins and are cured with
different types of curing agents. The final properties of the
product depend on the specific combination of EPs and
curing agents [7]. EPs have excellent mechanical
properties, strong adhesion for many substrates,
dimensional stability, and suitable heat and chemical
resistances [8,9]. Therefore, they can be used in different
applications such as structural adhesives, electrical insulation,
coatings, and injection molding materials [10,11]. Also, EPs
are highly compatible with polysulfide polymers [12-20].
Moreover, nanofillers such as clay and graphene can be used
to improve the properties of polymer coatings [21-22].
On the other hand, the high resistance of many bacteria and
fungi is relatively worrying issue [23,24]. Over the years,
one of the biggest advances has been antimicrobial
materials because they can be used in hospitals and
crowded environments [25]. Therefore, it is very important
to use a cover that can be effective in all fields. Today, one
of the important issues is the use of non-toxic, cost-
effective, and environmentally friendly materials [26].
Hence, PP is a remarkable particle because it has anti-
corrosive and antimicrobial effects due to its richness
in important compounds such as proteins, amino acids,
lipids, flavonoids, nucleic acids, and saccharides [27-29].
Dehghani et al. [30] loaded the benzimidazole inhibitor
within a B-Cyclodextrin (B-CD) reservoir and used it
as an anti-corrosion additive in silane (sol-gel) coatings
to protect mild steel in a corrosive saline medium. Due to
the controlled release of the inhibitor from the reservoir,
the corrosion of mild steel decreased by about 84%.
Dong et al. [31] inserted the 2-mercaptobenzothiazole
inhibitor inside the interlayer space of layered double
hydroxide anionic clay. After that, it was dispersed as
an anti-corrosion nanopigment in an epoxy polymeric
matrix and was afterward on a steel sample. SEM images
clearly showed that after 13 h of immersion in the electrolyte
solution, the epoxy coating containing nanopigment filled
the scratch due to the release of 2-mercaptobenzothiazole
from the layered double hydroxide nanocapsule that
resulted in the healing of this coating. Here, we prepared
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new nanocomposites using PP-MMT and EP and
investigated their anti-corrosion, mechanical, adhesion
and antimicrobial properties.

EXPERIMENTAL SECTION
Materials

The sodium montmorillonite nano clay was obtained
from Rockwood Company (USA). Epoxy resin (Bisphenol
A diglycidyl ether) and jeffamine D230 (Curing agent)
were obtained from Taak Resin Kaveh Company (Iran).
Methyl ethyl ketone and xylene were purchased from
Merck Chemicals Co. (Germany). Moreover, pine (Picea
abies) pollen was collected from Lajim forest (Savadkuh
city, Iran). The substrates used were made of mild steel
with dimensions of 5 cm x 10 cm, which were purchased
from the Iranian Mobarakeh Steel Company in Isfahan.
The elemental analysis of this mild steel is presented
in Table 1. To prepare the surface, the steel plates
were mechanically polished by corundum papers ranging
from 600 to 1200 grades then cleaned using acetone.

Modification of Na*™-MMT by PP

To begin the modification, the Na*-MMT was first
swollen [32]. For this purpose, Na*-MMT (10 g) was added
to distilled water (700 mL, 25 °C) and stirred for 24 h. Next,
PP (4 g) was added to distilled water (200 mL, 25 °C),
stirred for 2 h and added to the previous mixture. The
mixture containing Na*-MMT and PP was stirred at room
temperature (25 °C) for 24 h and then the mixture
was allowed to rest for 24 h. Finally, PP-MMT was obtained
by centrifuging the mixture (for 15 min at 5000 rpm) and was
vacuum-dried (for 24 h at 30 °C).

Preparation of EP/PP-MMT nanocomposite

To prepare the nanocomposites, PP-MMT and a
solvent mixture (to reduce the viscosity of resin)
containing xylene and methyl ethyl ketone (the ratio was
1:1) were added to bisphenol A diglycidyl ether. Then, the
mixture was stirred for 45 min (by mechanical stirrer at
3000 rpm). Next, jeffamine D230 was added to the mixture
(the ratio of hardener to resin was 1:2) and mixed for 3 min.
Then, the mixture was cast coated on the mild steels with
a thickness of 100 um. The samples were kept up at ambient
temperature for 7 days and after that placed in an oven
at 60°C for 1 h. Finally, the dry film thickness of 55 pm
was obtained. The PP-MMT content in the nanocomposites was
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Fig. 1: (a) FT-IR spectra of Na*-MMT, PP, and PP-MMT, (b) XRD patterns of Na*-MMT and PP-MMT, (c) SEM images of Na*-

MMT and PP-MMT, and (d) TEM images of PP-MMT

0.5, 1,and 1.5 wt. %. A sample without PP-MMT was also
prepared.

The measurements and characterization

Fourier Transform InfraRed (FT-IR) was a Equinox 55
spectrometer (Bruker, Germany). Xpert Pro MPD
diffractometer (Panalytical, Netherlands) was used for
X-Ray Diffraction (XRD) measurements. EDS combined
with Scanning Electron Microscopy (SEM) (SEM-EDX)
was performed on a Cambridge apparatus. SEM images
were provided using a S4160 (Hitachi, Japan). The
Transmission Electron Microscope (TEM) was a Philips
CM10 (Netherlands). The adhesion strength was
investigated by a pull-off adhesion tester (PosiTest AT-M,
Defelsko, USA), and three repeats were performed
per each sample. The film thickness was investigated
by Elcometer A456CFBI1 (United Kingdom, 0-1500um,
Ferrous). The friction properties were measured using
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the friction-wear tester (UMT-2MT, Bruker, Germany).
Also, the friction coefficients were tested upon friction
with a GCr15 stainless steel ball with 3 mm in diameter for
30 min (under a 5 N load at 5 Hz friction frequency).
Dynamic mechanical analysis (DMA) was a NETZSCH
DMA 242C (Netherlands). The frequency was 1 Hz and
the range was -20 to 180 °C. A tensile test of the samples
(five repeats for each sample) was performed on Hiva 200
(Hiva, Iran) at a speed of 10 mm min? (ASTM D-2370).
Salt spray tests were carried out for samples on a S83-V300
cabin test (Pars Horm, Iran) at 40 °C (pH: 7) according
to ASTM B117. To prevent rusting, the back and edges of
substrates were covered via a mixture of Beeswax melt and
colophony resin with aratio of 2.5 to 1. Also, scratches 0.5 mm
thick were made on the coatings using Elcometer 1538
(United Kingdom). The polarization measurements were executed
in an electrochemical cell (platinum as counter and
Ag/AQCI as reference), and coated samples with an exposed
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Fig. 2: XRD patterns of samples

area of 1 cm? (as working) electrodes in brine solution after
30 days of immersion. This analysis was performed using
a AUTOLABPGSTAT 302N (Switzerland). The datacollection
was accomplished thoroughly from beneath 200 mV
to over 200 mV of the open circuit potential (Eocp)
at a scanning rate of 0.5 mV/s. Tafel plots were analyzed
meticulously with the aim of acquiring the polarization
resistance (Ry) considering Stern Geary equation (Eq. (1))
[33,34].

__ba b 1 1)
2.303(BatBc)  lcorr

P

In the mentioned equation, the anodic Tafel slope,
cathodic Tafel slope, and the corrosion current density
are fa, e, and leorr, respectively. Also, the Corrosion Rate
(C.R) was also calculated via Eq. (2) [35].

0.0032 I Mw
co

C.R=——tor — @)

In the mentioned equation, corrosion current density
(uA/cm?), molar mass (g/mol), charge number, and density
(g/cm®) of the tested metal are leor, MW, n, and d,
respectively. The percentage Inhibition efficiency (IE%)
for each EP/PP-MMT nanocomposite coatings was calculated
using Eq. (3) [36].

IE(%) _ Icorr (neat coating)_lcorr (nanocomposite coating) x 1 00 (3)

corr (neat coating)

Where, Icorr (neat coating) and Icorr (nanocomposite coatings) are
the corrosion current densities of coatings without and
with the PP-MMT, respectively.

Antimicrobial test

Antibacterial properties were investigated through the
agar diffusion method as described in the literature [37],
and the Minimum Inhibitory Concentration (MIC) and
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Minimum Bactericidal Concentration (MBC) were also
investigated.

RESULTS AND DISCUSSION

Fig. 1 shows the results for the PP-MMT maodification
investigation. As shown in the FTIR results (in Na*-
MMT), the peaks at around 439 and 1135-1299 cm
correspond to the Si-O vibration [38,39]. Also, the peaks
appeared around 511, 591, 839, and 941-960 cm™ are
corresponded to those in SiOAl and MgO vibration
groups, FeOSi or MgOSi groups, AIMgOH vibration
groups, and Al,OH bending groups, respectively [39,40].
Moreover, peaks at around 1615-2140 and 3638 cm™ are
attributed to scissoring vibrations and symmetric vibrations
of OH units and stretching of OH (SiOH groups) [40,41].
In PP spectrum, peaks at around 2856-2930 and 1734 cm
are attributed to stretching vibrations of CH, groups and
stretching vibrations of C=0 groups (the absorptions of
lipids) [42]. The peaks at around 1568 and 1601-1688 cm-
! are corresponding to the N-H bending inside (protein
(amide I1)) and C=0 stretching (protein (amide 1)) [42,43].
Also, the peak at around 3417 cm™ is related to the
hydroxyl absorption of polysaccharides [39,40]. Moreover,
the peaks at around 519, 833, 1059-1168, 1263, and 1447 cm*
correspond to those in the skeletal mode (glucan),
C-H vibrations (polysaccharides), C-C vibrations
(polysaccharides), CH,OH vibrations (polysaccharides), and
CH, vibrations (polysaccharides), respectively [39,42]. Finally,
PP and Na*-MMT peaks are observed in the PP-MMT
spectrum. XRD results show that Na*-MMT has a peak
at20=7.9° (d-spacing = 11.56 A) and PP-MMT has a peak
at 26 = 5.9° (d-spacing = 16.44 A). As the results show,
after modification 20 and d-spacing change in the samples,
which is due to the presence of PP and also the absence
of Na* cation, which increases the MMT interlayer space.
As the SEM images show before and after modification,
the structure is plate and the morphology does not change
significantly, which this behavior has been reported in the
literature [44]. But, the TEM image (Fig. 1(d)) clearly shows
that PP particles are located between the MMT plates.
According to the results, it can be said that the exchange of
Na* cations with PP has been successful.

XRD patterns were used to study the effect of PP-MMT
on the structure (see Fig. 2). The results showed that EP
lack a peak, but nanocomposites have a peak due to the
presence of PP-MMT (see XRD discussion of PP-MMT).
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Fig. 4: Dispersion of PP-MMT in matrix: (a) EP / 0.5% PP-MMT (b) EP / 1% PP-MMT (c) EP / 1.5% PP-MMT

With increasing the PP-MMT content in the matrix (5.62°
(d-spacing = 19.21 A) for EP/0.5% PP-MMT, 5.43°
(d-spacing = 20.16 A) for EP/1% PP-MMT, and 5.2°
(d-spacing = 21.44 A) for EP/1.5% PP-MMT), the peak
is seen at 20 lower values; furthermore, the intensity and
d-spacing increase. The penetration of EP polymer chains
into MMT galleries is the reason for these changes in XRD
pattems [45,46]. The morphology of EP and EP/1.5% PP-MMT
was evaluated using SEM images (see Fig. 3). The SEM

Research Article

images (Fig. 3a-b) show that the surface of EP is very
smooth. Unlike EP, the nanocomposite has a rough surface,
and a plate structure is observed due to the presence of PP-
MMT (see Fig. 3c-d). Also, the red points in Fig. 4 (SEM-
EDX mapping) are Si atoms, showing the distribution
of PP-MMT in the nanocomposites.

The results obtained from the potentiodynamic polarization
curve are presented in Fig. 5 and Table 2. The values of Egyr
and loorr for EP were -0.629 V and 9.642 x 107 pA, respectively,
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Table 2: Polarization parameters of samples immersed in 3.5 wt. % NaCl solution

4 Samples Ecorr (V) leorr (MA.CM2) Ba (V/dec) Bc (V/dec) C.R (mm/year) Rp (Q.cm?) 1E (%) )
EP -0.629 9.642x107 0.204 0. 064 1.139x10%? 2.949x10°
EP/0.5% PP-MMT -0.601 7.863x107 0.269 0.077 9.34x10°8 5.64x10° 18.45
EP/1% PP-MMT -0.552 4.697x107 0.324 0.091 5.539x103 1.389x10* 51.28
\_ EP/1.5% PP-MMT -0.549 1.238x107 0.212 0.086 1.44x10°3 3.321x10* 87.16 )
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Fig. 5: The polarization curves of samples immersed in 3.5 wt.
% NaCl solution

which confirmed that this coating was susceptible to
corrosion. According to the results, it is clear that
the nanocomposite coatings showed a completely different
corrosion resistance from EP coatings [47,48]. With
increasing PP-MMT content in the matrix, Ecr moved to
higher-level values while l¢o decreased. The reduction of
lcorr and the increase of Ecqrr can be ascribed to the anodic
inhibition mechanism, although for coatings containing
PP-MMT nanocompounds, both anodic and cathodic
segments in Fig. declined to lower quantities of current
densities, representing mixed (anodic-cathodic) corrosion
inhibition. Steel surfaces coated with EP/1.5% PP-MMT
with more positive values of Ecnr (-0.549 V) and
a significant decrease in lerr (1.238x107 pA), as well
as an increase in R (3.321x10* Q.cm?) and a decrease in
C.R (1.460x10 mm/year) showed better anti-corrosion
performance than other samples. The anti-corrosion
performance of the nanocomposite coatings can be
explained by the synergistic influence of MMT and PP
compounds [49,50]. The sheet- or plate-like structure
of MMT in the matrix of EP elongates the penetration path
of corrosive ions and acts as a physical barrier against
aggressive species. The MMT also reacts with hydroxyl
ions in the cathodic region, producing insoluble compounds
and preventing oxygen from reaching the cathodic region.
On the other hand, PP has many bioactive compounds
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including flavonoids, lignin, phenolic acid, amino acids
(glutamic acid, glycine, valine), and polysaccharide
[51,52]. These organic compounds contain benzene rings,
heteroatoms (carbon, oxygen and nitrogen), and carbonyl
groups that share their free electron pairs with the empty
orbital of iron atoms of the metal surface and are absorbed
by a chemisorption mechanism on the metal surface [51].
This leads to the creation of a barrier layer at the
metal/coating interface and blocks anodic regions. Also,
PP repels water and increases corrosion resistance because
it has different amino acids that have hydrophobic side
chains [53,54].

Fig. 6 shows the corrosion inhibitory behavior of
coated plates by the salt spray test after 400 h. Rusts,
blisters, and acute corrosion products are observed on the
EP coating indicating that the EP coating has poor
corrosion resistance. The results show that the corrosion
around the scratch decreases with increasing PP-MMT
content. Meanwhile, the nanocomposite coating contains
15 wt. % PP-MMT, showing only very few rust spots.
This proves the corrosion resistance due to the presence of
PP-MMT.

Fig. 7 illustrates the adhesion strength, coefficient of
friction, and the wear rate of coatings. The adhesion
strength of EP, EP/0.5% PP-MMT, EP/1% PP-MMT,
and EP/1.5% PP-MMT were 7.1, 7.2, 7.8, and 8.2 MPa,
respectively. It can be seen that with increasing the nanoparticle
content, the adhesion property improves due to the release
of residual stress inside the coating by PP-MMT. Fig. 7b shows
the coefficient of friction increasing rapidly, which is due to
the smooth surfaces of all coatings in the first stage.
As the results show, that with increasing PP-MMT content,
the coefficient of friction is stabilized at a less value. During
friction due to the presence of PP-MMT, the surface
morphology gradually deformed, increasing the surface
roughness while decreasing the mechanical contact area [55].
The wear rate of the coatings decreased with increasing
PP-MMT content in the matrix (see Fig. 7c). The wear
rates of EP, EP/0.5% PP-MMT, EP/1% PP-MMT, and
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Fig. 6: Images of coatings after 400 h exposure to salt spray test: (a) EP (b) EP /0.5% PP-MMT (c) EP / 1% PP-MMT (d) EP / 1.5%

PP-MMT
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Fig. 7: (a) Adhesion strength, (b) coefficient of friction, and (c) wear rate of samples

EP/1.5% PP-MMT were 0.734, 0.722, 0.692, and 0.652
respectively. The wear rate of coatings decreases with
increasing PP-MMT content in the matrix because, during
the friction process, PP-MMT mixes with EP to form
a sintered layer [56].

Table 3 shows the tensile test results of the samples.
The results show that the presence of PP-MMT in the matrix
increases the strength and Young's modulus, the behavior
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of which has been reported in the literature [57,58].
As the XRD and SEM-EDX mapping results of
nanocomposites showed, the polymer chains were able
to penetrate into the MMT galleries and a uniform
distribution of nanoparticles was obtained in the matrix.
Hence, many stress damping reduction sites are created
in the matrix, and the nanocomposite can easily eliminate
the stress without destruction.
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Table 3: Tensile strength results of samples containing different amounts of PP-MMT

4 Samples Strength(MPa) Young’s modulus (MPa) )
EP 46+0.1 397+2
EP/0.5% PP-MMT 49+0.1 412 +1
EP/1% PP-MMT 54+0.1 460+ 1
\_ EP/1.5% PP-MMT 59+0.1 523+1 Y,
Table 4: Antimicrobial activity of samples
K Microorganism DD MIC MBC \
2 _a a
Bacillus subtilis & 500P 1000°
A _a a
Staphylococcus epidermidis
phy P 4v 500° 1000°
L. . - _a a
Escherichia coli 3 1000° 2000°
. . a a a
K Shigella dysenteriae o 1000° 2000° /

Note:

* DD: Disk diffusion method, inhibition zones in diameter (mm) around the impregnated disk.

** DD: 600 pg per well
*** Concentrations of MIC and MBC as pg/mL
*%*% 3P PEP[]1.5% PP-MMT

/ 2500 = 3.50E-01 = \
— 3.00E-01 =
— EP 2.50E-01 =
= — EP/0.5 % PP-MMT -
o 1500 A — EP/1%PP-MMT = 2.00E-01 -
= — EP/1.5 % PP-MMT S
- A 1.50E-01 =
1) 1000
1.00E-01 = —_EP N
500 = — EP/0.5 % PP-MMT
S5.00E-02 - — EP/1% PP-MMT
. a) b) — EP/1.5 % PP-MMT
(o] 50 100 150 200 (o] 50 100 150 200
\_ Temperature (°C) Temperature (°C) )

Fig. 8: Dynamic-mechanical

Fig. 8 shows the dynamic-mechanical studies of the
samples. The results show that (Fig. 8a), EP presented
a high E' of 2)Y+ MPa at 0 °C. Due to the increased
mobility of macromolecules with increasing temperature,
the E' of EP decreases. With the addition of PP-MMT,
the storage modulus is increased. As can be seen, this increase
continues at higher temperatures. It can be said that this
behavior at higher temperatures is due to the low content
of PP-MMT, which can slightly affect the viscosity of
macromolecules at higher temperatures. Storage modules
were observed for EP/0.5% PP-MMT, EP/1% PP-MMT, and
EP/1.5% PP-MMT 2180, 2245, and 2350 MPa, respectively.
It can be seen that with the addition of PP-MMT, the position,
and intensity of the tan & peak change (Fig. 8b). The shift of
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the tan d peak to higher temperatures (0.3 °C for EP/0.5%
PP-MMT, 1 °C for EP/1% PP-MMT, and 2.5 °C for
EP/1.5% PP-MMT) indicates the limitation polymer
chains in the structure [59]. Also, the T4 of EP, EP/0.5%
PP-MMT, EP/1% PP-MMT, and EP/1.5% PP-MMT were
90 °C, 90.3 °C, 91 °C, and 92.5 °C, respectively.
In addition, a decrease in tan & is due to the interactions
and penetration of macromolecules into the MMT galleries
(see XRD discussion of nanocomposite).

Behavior of samples: (a) E', (b) tand curves

In this study, the antimicrobial properties of EP and EP/1.5%
PP-MMT against two types of gram-positive bacteria (Bacillus
subtilis (ATCC 6633) and Staphylococcus epidermidis (CIP 81.55))
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Fig. 9: Antibacterial activity of (I) EP and (I) EP/ 1.5% PP-MMT:
(a) Escherichia coli, (b) Shigella dysenteriae, (c) Bacillus
subtilis, and (d) Staphylococcus epidermidis

and two types of gram-negative bacteria (Escherichia
coli (ATCC 25922) and Shigella dysenteriae (PTCC
1188)) were investigated (see Table 4 and Fig. 9). The
results show that EP does not affect gram-positive and
gram-negative bacteria. The formation of inhibition zones
by EP/1.5% PP-MMT is due to the presence of PP in the
structure. PP contains proteins, amino acids, lipids,
flavonoids, phenolic acids, nucleic acids, saccharides,
vitamin D, and other nutrients, which is why it has immune-
enhancing, anti-inflammatory, and anti-cancer, antioxidant,
and antibacterial effects [43,60-62]. Phenolic compounds
have the ability to suppress membrane perturbation,
reduction of host ligand adhesion, and neutralize bacterial
toxins [63-65]. Hence, PP was known as a medicinal plant
in the past and was used in some countries such as China
[52,66]. The results show that PP has a greater effect
on gram-positive bacteria, which is owing to the difference
in the structure of the bacterial cell wall [67-69]. The cell
wall of gram-positive bacteria is simple and porous, so it is
easier to penetrate, but the structure of the cell wall
of gram-negative bacteria is complex and less porous [37].
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CONCLUSIONS

To sum up, we swollen Na*-MMT and successfully
added PP to the structure, and the results of FT-IR, XRD,
SEM, and TEM confirmed this modification. The results
showed that after modification of Na*-MMT, 20 changes
and the d-spacing increases, which was owing to the
presence of PP in the interlayer space of MMT. According
to X-ray patterns, polymer chains were able to easily
penetrate MMT galleries, and also with increasing
the PP-MMT content in the matrix, the peak intensity and
d-spacing increased. Also, by an increase of PP-MMT in
matrix, E', T, Young’s modulus, corrosion resistance, and
adhesion strength were increased. The antimicrobial study
showed that PP-MMT even in the content used in this
study (up to 1.5wt. %) could have an inhibitory effect on
bacteria. It is very important to use environmentally
friendly corrosion inhibitors because they are non-toxic
and do not harm the environment. Many green inhibitors
are highly capable of controlling steel corrosion, but
are not fully available. According to the properties
of PP-MMT, it can be said that PP is a suitable candidate
in the field of anti-corrosion and antimicrobial due to its
low cost, availability and compatibility with the environment.
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